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Abstract

Herein, wedescribea new method forthe synthesis ofsuperhydrophilicpoly(2-alkyl-2-
oxazoline)s (PAOx) from poly(2ethyl2-oxazoline) (PEtOXY. A well-defined linear
polyethyleniminewas prepared from PEtQoy controlled acididydrolysis of its sidechains
followed byre-acylationwith different carboxylic acids. Using this protocol, we obtained a
seriesof new hydrophilic PAOx containingide-chain ether groupswith potential in the
biomateriak science The relative hydrophilicity of polymers was assessed, revedtag
poly(2-methoxymethy2-oxazoline) (PMeOMeOx])s the most hydrophilic PAOxo date
Additionally, the amorphougpoly(2-methoxyethoxyethoxymethyl2-oxazoline) (PDEGOX)
showsthelowestreported glassansitiontemperature-25 °C) within thePAOx family to date
The biomedical potential gireparedolymers was further fortified bgnin vitro cytotoxicity
study, where all polymers appeared to be fogtotoxic. The describedynthetic protocol is
universal and can be extremely versatigpeciallyfor PAOx thatare difficult toprepare by
conventional cationiging openingpolymerizationdue to the monomer interference and/or

degradation.



Introduction

The ynthesis of weldefined biopolymers continues tttract substantiahttention in
chemical and biomedical research, playthg key role in the construction of systems for
druggenedelivery or tissue engineeritd. In the last decadepoly(2-alkyl-2-oxazoline}
(PAOx) gained considerablepopularity due to their synthetic versatility andtunable
properties ! The polymer propertiesan be modulated by selecting appropriate-slugn
substituerd, chairend functional groups arithe polymer chain length!? Within this class
poly(2-ethyl2-oxazoline) (PEtOx) and poly {&ethyt2-oxazoline) (PMeOx have found
widesprad biomedicahpplicatiors resulting fromtheir hydrophilicity, biocompatibility®131°
norrimmunogenicity® andflexibility. 1’ These properties are often superidthimse otheother
polymers extensively used in biomedical research (pajyethylene oxide opoly(N-(2-

hydroxypropyl) methacrylamidg§é'8

Well-defined PAOxcan besynthesized bliving cationic ringopening polymerization
(CROP) of their respective monomevih alkyl tosylateseing themost common initiator&
The polymerization is terminatdn nucleophilegprovidingan easyoutefor introduction of
chain-end functionalityby simply selecting the appropriate terminating agent. Under strictly
inert conditions, the CROP of@azolines proceeds without termination and chain transfers,
yielding polymers with narrow molar mass distributidrhe polymerization the can be
substatially reducedby employing pressurized high temperature conditions, e.g. using
microwave irradiationyielding polymers withina couple of minute$*>?° Finally, the potential
of PAOx was further enhanced by the recent discovery of a synthetedure forthe

preparation of definetdigh molar mass PAO%.

Despitethe synthetic versatilityand broad applicability, the synthesis of PAOx still
presentssome major challenges. As the propagating oxazolinium chexics react with
nucleophiles monomers bearing such groups (efgee amines, alcohols, thiols, carboxylic
acids) cannot bpolymerized by CROPThis can be solved by employing suitable protective
groups, followed by the pospolymerization deprotectioff:2® Furthermore, CROP cannot be
utilized for monomers that interfere with standard polymerizapoocess(e.g., monomers
bearing aliphatic bromide or tosylate) monomers rapidly degrading at elevated temperature
As thepreparation ohew, highly functionalized PAOX islesirablethe search foalternative

synthetic strategies provides an appealing quest in polymer chemistry.



The living character of CROP allows us to synthesize a wide range of copolymer
architectures including statiséic gradient or block copolymet$?> Recently, Mees et al
reportedanalternative routeo PAOXx cgolymers consisting in the partial acidic hydrolysis of
PEtOx homopolymerto statistical poly(2-ethyl2-oxazoline)co-polyethylenimine (PEtOx
PEI) copolymers, that were further modified by acylatising methyl sccinyl chloride?¢2’

This postpolymerization strategy might be the only effective waysyothesiz statistical
copolymers, where different reactivities of respective monomers lead to copolymers with strong
gradient of compositior(e.g., 2phenyt2-oxazoline with MeOx¥® In another study, the
PEtOxPEI copolymer wasexploited in the synthesis of glycopolymers using reductive

aminationreaction?®

Despite manyreports on full hydrolysis of PAOx yielding well-defined linear
polyethylenimine PEI),?*3! the reverse reaction, i.e., the complete acylatibRE! yielding
defined PAOxhomopolymersvas notyet employed for the preparation of novel PAGhe
reacylation of PElobtained from hydrolysisof poly(2-methyl2-oxazoline) with acetic
anhydride washowever,already shown in one of the first papers reporting the CROP of 2
oxazolines’? This reacetylatiormethod ofPEI towardsPAOx synthesis might be an elegant
alternative to the conventional cationic rHagening polymerizatigrespeciallyin the case of
unstdble monomersor functional monomers interfering with the polymerization pracess
Herein, we describe suanprotocol for the straightforward synthesis défined functional
PAOQOX, via acylation of PElthatcannotbestraighforwardy synthesiedvia the monomerTo
demonstratéhe versatility of this reacetylation routex series ohew hydrophilic PAOx was
prepared and their physic chemical and biologicgbroperties were studied by different
techniques withmphasis ortheir potentiain biomedical researcMore specifically, a series
of PAOx having defined oligoether side chains is reported, which was inspired higkhe
hydrophiliaty and good antifouling behavior of the structurally related methoxyethyl
substitutedpolypeptoid.>*3* Furthermore, our attempts to prepare theethoxyethy2-
oxazoline monomer revealed that it is unstable and undergoes repmutaelimination of
methanol, partially, yielding-2inyl-2-oxazoline(seeSupporting hformation), indicating the

need for an alternative pathway to prepare such PAOx with oligoether side chains.



EXPERIMENTAL SECTION
Materials.

2-Ethyl-2-oxazoline EtOx) was kindly donated by Polymer Chemistry Innovataond was
distilled over CaH before useMethyl p-toluenesulfonate (MeOTs) was obtained frEigma
Aldrich and was distiled from CaH prior to wuse. (Benzotriazoll-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) was purchased from-Sigma
Aldrich and was used as receivéatetonitrile (SigmaAldrich) was purified over aluminum
oxide using a solvent purification system from J.C. Mei&ther chemicals, includingatic

acid, 2-ethanolamine, -8nethoxypropionitrile, methoxyacetic acidethoxyacetic acid, -3
methoxypropionic acid,-8thoxypropionic acid, [#2-methoxyethoxy)ethoxy]acetic acid,N-
diisopropylethylamine (DIPEA)fluorescein5-isothiocyanate (FITC) an@®L-dithiothreitol
(DTT) were purchased from TCI Europe and were used as rec@iled?EtOx DP @0 and

400 were synthesized accordingditerature procedure®

Synthesis of2-methoxyethyl2-oxazoline(MeOEtOXx)

A suspension of Zn(OAgRH>O (10.97 g, M5 mol,0.05 equiv.) in Zthanolamine§0.7 g,
1.32 mol,1.2 equiv.) and 8nethoxypropionitrile 93.7 g, 100 ml, 1.10 moll equiv.) was
heated to 130°C fot4 hours until no 3nethoxypropionitrile was detected anymore by gas
chromatography (GC). Ehobtained product consisted afL:2 mixture of MeOEtOx and- 2
vinyl-2-oxazoline (VinOx)resulting from elimination of methanakdeterminedoy *H-NMR
spectroscopy (Figure S3Attempts to purify the MeOEtOx by distillation led to further

elimination of methanol. Therefore, this route was not further pursued.
Synthesis of poly(2ethyl-2-oxazoline) (PEtOx)

In the glove-box, the maomerEtOx (10 g,101 mmol) andthe initiator MeOTs (152 L,
1.0mmol,[EtOX:[MeOTq = 100:1)weredissolved in dry acetonitrildl6.2mL) and stirred at

80 °C for 3h. Thenasample for GC was taken and the mixture was mixture was cooled down
to room temperature, followed by termination with solid N&28mg, 5.1mmol) overnight.

The GC analysis revealed P8 conversion of the monomer. The reaction mixture was
precipitatedm cold diethyl ether, filtered and dried under reduced pressureciTide polymer

was dissolvedind purified by dialysis (MWC@ 1 kDa) againsdistilled water followed by
freezedryingto obtain PEtOx{.3g, 73%) as a white powder.
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Synthesis of poly(éhylene imine) (PEI)

PEtOx @g) was dissolved in aqueous hydrochloric acid (w186, 80 mL) and refluxed
overnight (14h) under argon atmosphere. All volatiles were then removed undermand
the crude PEhydrochloridewas suspended in imold distilled water (80 mL). Ice-cold
agueous sodium hydroxide k2 was added dropwise to the suspensiotil it dissolved, but
with further addition of NaOH the free base of PEI precipitated at pH110 he precipitate
was filtered, washed with distilledater, recrystallized twice from the same solvand dried
underhighvacuum to obtain PEI as a white powd#f.(g,88 %). Mn(SEC)= 3.0kDa,J (SEC)
=1.09

Acylation of PEI

General procedureA. PyBop @.84g, 9.3mmol) and the corresponding carboxykcid

(Table 1, 9.3mmol) were dissolved in drij,N-dimethyl formamide (DMF, 3@1L). DIPEA

(2.43mL, 14.0mmol) was added dropwise and the mixture was stirred at room temperature.
After 2min, the mixture was transferred into a solutionP&l (200mg, 4.7 mmol amine
groups)in dry DMF (30mL), followed by stirring at room temperature overnight il 4inder

argon atmosphere. The solvent was evaporated under reduced pressure and the polymer was
isolated by dialysis (MWCO = kDa) against digted water followed by freezdrying. The

full conversionof amineswas confirmed byH-NMR spectroscopy antihe Kaiser test. In the

latter method the prepared polymers were dissolved iM1solution of ninhydrin in ethanol

(Coor = 10mgmL1) andincubded at 50°C for 24h. The absencef coloration indicated full

conversion otheamino groups.

Poly(2-methyi2-oxazoline) (PMeOxyas synthesized according to the general procedure using
acetic acid in 786 yield.'THNMR ( 0 i3@D, DOMHz, ppm)3.63i 3.45 (m, 4H)2.207
1.94 (s, 3H)

Poly(2-methoxymethy2-oxazoline) (PMeOMeOxyas synthesized according to the general
procedure using acetic acid86 % yield.'H NMR ( U  i3@D, -DOMHz, ppm): 4.27 4.09
(m, 2H), 3637 3.46(m, 4H), 3.41 §, 3H).

Poly(2-ethoxymethyP-oxazoline) (PEtOMeOxwas synthesized according to the general
procedure using acetic acid8 % yield.*H NMR ( U i3@D, -DOMHz, ppm): 4.364.18
(m, 2H), 3.70° 3.45 (m, 6H), 287 1.23(m, 3H).
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Poly(2methoxyethyP-oxazoline) (PMe@&tOx) was synthesized according to the general
procedure using acetic acid90% yield.'HNMR ( U i s, 4@DEZ, ppm)3.731 3.60
(m, 2H), 3.58 3.35 (m, 4H), 3.299 3H), 2.68 2.40 (m, 2H).

Poly(2ethoxyethyR-oxazoline) (EEtOEtOx) was synthesized according to the general
procedure using acetic acid8s % yield.*H NMR ( U  i:@D, 4DOMHz, ppm): 3.78 3.43
(m, 8H), 2.74 2.55 (m, 2H), 1.21 1.09 (m, 3H).

Poly(2[methoxyethoxyethoxymethyH2-oxazoline PDEGOXx) was synthesized according to
the general procedure using acetic acidiifo yield.'H NMR ( i  i3@D, DOMHz, ppni)
4.357 4.25 (m, 2H), 3.74 3.47 (m, 12H), 3.36 (s, 3H).

Labeling of polymers with fluorescein

Azide-functionalizedPAOx (80mg) and DTT(10 equiv of azide) were dissolved in phosphate
buffered-saline PBS,2 mL, pH= 7.4, c= 150mM) and stirrecat room temperatur@vernight
(16 h). Theresultingaminefunctionalized PAOx was recovered by gel filtrationad®ephadex
PD-10 column using distilled water as an eluend molated byfreezedrying. The obtained
solid polymer (72 81 mg) and FITC (2equiv) weredissolved inDMF (0.5mL) followed by
addition of triethylamine (8quiv). After stirring at room temperature owvight, the reaction
mixture was diluted with distilled water (OmL) and separated by gel filtration aisephadex
PD-10 column using distilled water as an eluend aolated byfreezedrying the polymer
fractions This separation procedure was repe&teobtainthe purefluoresceinlabeled PAOXx

sampleg641 77 mg) as darlorange solids.
Characterization of polymers.

Gas chromatography (GGyas used to monitor thEROP of EtOxemployingan Agilent

7890A system equipped with a VWR Carsi50 hydrogen generator and an Agilent-5P
column of 30 m length and 0.32 mm diameter. An FID detectous@dand the inlet was set
to 240°C with a split injection ratio 25:1. Hydrogen was used as cagas at a flow rate of 2

mL min't.

Size exclusion chromatography (SE&As used to determindédd molecular weightsMm -
massaveraged molecular weigh¥l, - numberaveraged molecular weight) and dispersity
(B = Mn/My) of the preparedpolymers This wasperformedusing arHPLC Ultimate 3000
system (Dionex, USA) equipped with a SEC column (TSKgel SuperAW300& &30m,
4 ¢ nfor PAOX, respectively TSKgel G5000PWXLP 300% 7.8 mm, 10¢ nfor PEI). Three
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detectors, UVNS, refractive indexRI) Optilad®-rEX and multiangle light scattering
(MALS) DAWN EOS (Wyatt Technology Co., USA) were employed; with a methanol
andsodiumacetate buffer (0.8, pH 6.5) mixture 80:20vol%, flow rate of 0.5nL min?) as
mobile phaseA differential refractometer (Wyatt Opaib T-rEX) was used to determine the
dn/dc valus of the polymes (Table S1). The molecular weights dhe fluoresceinlabeled
PAOx weredetermined by SEC usiran Agilent 1260series HPLC system equipped with a
1260 ISGpump, a 1260 autortia liquid sampler, a thermogtad column compartment at 50
AC equipped with -Duoolumn angaprecddumsimsenes, 8 8260 diode
array detector and a 1260 RI detector. The used eluent was DMA contaimmg 60LICI at

a flow rate of 0.5mlI mint. Molar mass values anfl values are calculated agaimstrrow
dispersityPMMA standards

High performance liquid chromatograpidPLC) analyses were performed withHPLC

Ultimate 3000 system (Dionex, USA) usingeaersephase columiiChromolith Performance
RP-18e 100x 4.6mm, Merck, Germany) anthulti-angle light scattering (MALS) DAWN
EOS detection.A gradient of acetonitrile/water from% to 95% in 10min was usd as a

mobile phase (flow rate of @L min™)

Nuclear magnetic resonanc&NIR) spectra were measured withBauker Advance MSL

400 MHz NMR spectrometerll chemical shifts are given in ppm.

Fourier transformed infrared (FTIRgpectra were recorded on an IRAffirityShimadzu FT
IR spectrophotometer with MIRacle Attenuated Total Reflectance Attachment at resolution of

4 cm' t accumulating 50 scans.

The cloud point temperature §J of PEtOEtOx was measured on a Crystal*1arallel
crystallizer turbidimeter (Avantium Technologies) connected to a recirculation chiller at
concentration & = 10mgmL* and heatinfgoolingrate of 0.5 °Gnin™t. The T, was reported

as the temperature with 80 transmittance in the heating ruAdditionally, the T¢p was
measuredoy dynamic light scattering (DLS)ising a Zetasizer NanoZS instrument, Model
ZEN3600 (Malvern Instruments, UK). The polymer was dissolved in distilled wates (€0

mg mL'Y) and filtered through an 0.22 um PVDF syringe filter. The total light scattering
intensity was determined at a scattering angld ©f173° and the DTS (Nano) program was
used to evaluate the data. After each increase in temper@tbreC(step), the sapte was
equilibrated for 5 min followed by the DLS measurement. Tdwecorresponds to the onset of
the increase of the scattered light intensity.



Differential scanning calorimetry (DS®as perbrmed on a MettleToledo DSC1 radule in
a nitrogeratmosphere with a heating/cooling rate of @™, Indium was used as a standard
for temperature and enthalpy calibratiolbe valuef the glass transition temperatufig)(

weredeterminedrom the second heating run.

Thermogravimetri@analysegTGA)were performed on a Mettldioledo TGA/SDTA851e in a
nitrogen atmosphere in the range from?25to 800 °C with a heating rate of 10 °C hiirThe

samples were dried in a vacuum oved@EtC for 24 h prior to use.

The fluorescein content iIPAOxfluorescein conjugatesvas measured by UV/VIS
spectrometry (Evolution 220 Spectrometer, Thermo Scientific) in sodium carbonate buffer
(pPH=9.2, c= 0.15M) at 25°C (U= 115001 mol'tcmi’; =&88nm). All measurements were

performed in triplicate.

Partition coefficientof PAOxfluorescein conjugatesas determined by extraction experiment
according toa literature procedur® Briefly, PAOx-fluoresceinconjugate (2 mg) were
dissolvel in PBS (pH =7.4, 150mM) to achieveequimolar solutions with comparable
absorbance at 488n (Ao a ). From this stock solutions, L were aliquoted into the clean
vial followed byaddition ofeither Xoctanolor dichloromethan€2 mL). The sealedial was
mixed by shaking for at lea& h followed bystanding for another 2 to allow the phase
separation. fe concentration in each fraction was determined fhyorescent
spectrophtome t rey=480@m, em3518 nm) For this, standard curves of each polymer
were created using boflioctanoldichloromethansaturatedvith PBSor PBSsaturatedvith
1-octanoldichloromethang respectively The partition coefficient (P) was calculated as
P =corg/Cres Where 6rg is polymer concentration irthe organic phase ¢bctanol or
dichloromethane) andrgs beingthe polymer concentration in PBS. All measurements were

performed in triplicate.

Thein vitro cytotoxicityof the prepared PAOx was evaluated usihgcervicalcarcinoma cell
line HeLa. 5x 10* of HeLa cells were seeded in 100 pL of media intan@dl flat-bottom TPP
plates (Thermd-isher Scientific, Czech Republic) for 24 h before addingpiblgmers of
which the concentration wasried in the range 1000.1 pg ml. The cells were cultivated at
37°C for 72 h under 5 % C{atmosphere. AlamarBlue® cell viability reagent (10 pl; Thermo
Fischer Scientific) was added to each well and incubated at 37 °@ .fdihé active component
of the AamarBlue reagent resazn was reduced to the highly fluorescent resorufin only in
viable cells. Its fluorescence was detected in a Synergy Neo plate read@ekBM/inooski,



VT, USA) using excitation at 570 nm and emission at 600 nm. As a control, the cells cultivated
in medum withoutPAOXx were utilized. The assay was repeated two to three times in triplicate
andquadrupicate.

RESULTS AND DISCUSSION

The synthetic approachesed inthis work are depicted i8cheme 1The startingnaterial a
well-definedpoly(2-ethyl2-oxazoline) (PEtOxhavingadegree of polymerizatiofDP) of 80,
was synthegied byliving cationic ringopening polymerization (CROP) of EtOx in acetonitrile
followed by the terminationf thepolymerizationwith sodium azide. The lattetep introduces
the chairend azide group suitable for further functionalizatidhe obtainedPEtOx was
subjected t@controlled acidic hyblysis in aqueous hydrochloracidto yieldlinear PElwith
alow molar mass distributio@ = 1.09,Figure S1). The full conversion was confirmed by
NMR spectroscopywhere both signals of the PEtOx si®inscompletelydisappeared and
the main backbone ethylene signalsshifted fromti 3.5 ppm (FEtOx ethylenegroupsadjacent
to theamide to U 2.8 ppm (PEEthylene adjacent to amindyifure 1). TheFTIR spectroscopy
also revealed thedisappearancef characteristi®EtOxamide carbonyibrationat 1620cm't
(Figure S2) while anew strong pealippearect 14cm' !, which can bassigned to the M
stretchvibration of PEI Finally, the presence of the chand azidegroupwas confirmed by

its characteristivibration at2100cm™.

Scheme 1Synthesis of new PAOxa acylation ofwell-definedPEI.
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Figure 1.RepresentativéH NMR spectra (4001Hz) of PEtOx (A), PEI (B), PMeOMeOx (C)
and PEtOEtOx (D) in CEDD.

For certainbiomedical applicationssuch as noifiouling coatings and drug carrietthie high
hydrophilicity and biocompatibilityof new polymers is desired. Thereforéet obtained PEI
was reacylated witha series ofelatively hydrophilic ethecontaining carboxylic acid9 éble

1) to obtaina library of new watersolublePAOXx. Additionally, acetic acid was used for the
synthesis othewidely used hydrophilic PMeOx forove that its properties do not differ from
those of the same polymer prepared by CRI@spiration for the synthesis of such PAG=a
acylation rather than the synthesis and polymerization of novel mosevasrour previous
unsuccessfuttempt to synthesizbe MeOEtOxmonomer During the monomer synthestise
basecatalyzed elimination of methanol occurred, resultingleOEtOxheavily contaminated

with 2-vinyl-2-oxazoline Figure S3). The new acylation protocol overcomes this difitigu
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The PEI amidation was performed &gtandard peptide coupling protocol usibgr{zotriazol
1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyB@a coupling ageriDIPEA

as basand dry DMF as solvenyielding the new PAOX as colorless produttslote that this
method was preferred over the use of acid chlordethe latter leads to brown coloration of
the polymers, presumably due to partial oxidation of the amino gropsensure full
conversion of the secondary amines, the reaction mixture was stirred overhigtgpproach

is rather universal and can beed for a variety of carboxylic acide quickly synthesize
libraries of different PAOx without the need of monomer synthesis and purification, which can
be difficult or timeconsumingAdditionally, it can be used for the synthesis of random PAOx
copolymes in cases, where different monomer reactivities cause gradigolymerstructures
(e.g., MeOx with PhOx3> As thisstandard protocol can be used for coupling of amino acids
with unprotected hydroxyl grosge.g., serine), we attempted to acylate PEI with lactic acid
with theaim to make avery hydrophilic poly(2hydroxy-2-ethyl2-oxazoling. Unfortunately,

the lower reactivity othe PElsecondary amirsgogether withthe requiredonger reaction time
resuted in the unwanted acylation of lactic hydroxgisl incomplete acylation of the polymer
backbongFigure S4).

Table 1 Characteristics of prepared PAOX.

My Mn Tg aCp Td
Polymer R-COOH Jb

(kDay (kDay (°Cy @g'khHe oy
PEtOx - 7.6 7.1 1.07 53.2 0.51 388
PMeOx Acetic acid 7.9 7.5 1.15 73.7 0.40 354
PMeOMeOx MeOMeCOOH 9.0 8.3 1.10 324 0.56 356
PEtOMeOx EtOMeCOOH 8.4 7.1 1.18 20.2 0.59 332
PMeOEtOx MeOEtCOOH 8.3 7.5 1.11 214 0.78 334
PEtOEtOx EtOEtCOOH 9.3 8.3 1.18 8.0 0.52 320
PDEGOx  MeOEtOEtOMeCOOH 14.7 124 1.18 -25.2 0.85 312

aCarboxylic acid used for PEI acylatidiDetermined by SEG methanol- sodiumacetate
buffer (80:20)with light scattering detectiofDetermined by DSC from the second heating run
(5 K minY).9Degradation temperatust 5% mass loss determined by TGA.

12



The obtained hydrophilic PAOwere analyzed byarious methods including NMR, FTIR
spectroscopy, SEGJPLC, turbidimetry, DLS and DSC. Thi#H NMR spectroscopy showed
the completalisappearancef PEI signalat ti 2.8 ppm, whilenew peaks originatg from the
PAOx backbone(3.41 3.6ppm)and side chains appear@edgure 1 andFigure S5). In the
case otthe potential signadverlap (e.g., PEtOEtOx), the polymer structure was confirmed by
H-IH COSY NMR spectrgFigure S6). Additionally, the quantitative conversion of amines
was confirmed by Kaiser testfor which synthesized polymers were dissolved in ninhydrin
solution. While the color ofhe PEI sample turned dattirown after several mine$ at room
temperature, the color ttie obtainedPAOx polymers remained unchanged even after one day
of heating at 50C (Figure S7). The FTIR spectrosipy revealed the disappearante¢he PEI

N-H vibration at3214cm?, while astrong band corresponding to the amide carbonyl vibration
appeared at 680cm?! andt he characteristic fAumbrell ao
observed around 137, Furthermore, the polymet®ntainingether groups shosdstrong

C-O stretchingibrationsat ~1100cm. As many biological propertiesf the polymerslepend

on their size (e.g., renal clearance, biodistribution, cellular uptakehjgh uniformity of the
polymer size is dé®d. In this work,all synthesized polymers were well defined, with low
molar mas distributionJ( < 1.2),albeit slightly less defined as the parental PEtOx, seithe
minor shouldering in the SEC chromatogram dusaime unavoidable (at least under thedus
polymerization conditions) chain transfer and chain coupling side regctbman interactions
andbr the polymer fragmentation dugnPEtOx hydrolysigFigure 2; Table 1). To further
explore the scope of the new acylation protocol, a series of PMeOMeOx with different DP (50,
100, D0 and400, respectively) was synthesiz@hble S2 Figure S8. All polymers were of

low dispersity, however the low molar mass SEC shouldeviag apparent in the polymers
with DP 250 and 500 polymengresumablyesulting from the main chain fragmentation during

the hydrolysis of high molar mass PEt&x.
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Figure 2. SECtraces of preparedAOx polymersin methanol sodiumacetate buffer (80:20)

eluent

The termal properties athe new PAOXx vere studiedby differential scanning calorimetry
(DSC).All polymers exhibit amorphous behavior with glassisitiontemperature(Tg) in the
rangefrom 1 25°C to74°C (Table 1, Figure 3). The low Ty of amorphous polymsrcan be
beneficial in many respects their higihchain flexibility generallyleads to faster dissolution.
Also, the higher chain segment mobility is beneficial in the construction of various self
assembling architectures, increasing ithie of chain association/dissociatiamd facilitating
the reproducible formation of equilibmn structuresor in the construction of magnetic
resonance imagin@RI) contrast agentsvherethehigh chain mobility ensures fast traresge
relaxation and high MRI contra&tFinally, the lowTq polymers can be used as plasticizers to
improve mechanical properties of various polymer bléfAds date the lowestTy achieved
within the PAOx family was reportetb bei 6 °C for poly(2-(3-ethylheptyl}2-oxazoling.**

In the currentsstudy,the PDEGOx sample showeheven lowerTg of T 25°C. Thislow Tq of
PDEGOxcan be explained ks structural similarity with low molar mass polyethylegigcol
(PEG)that exhibits lowTy due to the low rotational activation enerafyits chain segments.
The second polymewith a Ty significantly lower than room temperature is PEtOEtOx
(Tg=8°C). The other ethecontaining PAOx (PMeOMeOx, PMeOEtOx and PEtOMeOXx)

displayTy valuesaround room temperature (R@B2°C; Table 1)
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Figure 3. DSC curves otheprepared polymers

The thermal stability of the new PAOx was determined by thermogravinasiigsis (TGA)

All the polymers were stable up &aademperaturef at least 300C (Table 1 andFigure S9.

With further heatingthe polymers started degrading. The +4sbimer containing polymers
(PEtOxandPMeOx), as well as the polymers containdmgethylene group between the amide
carbonyl andheether(PMeOMeOx, PEtOMeOx and PDEGQOa¢graded in one ste@n the

other side the polymers containing ethylene group between the amide carbonyl and ether
(PMeOEtOx and PEtOEtOx) degraded in two steps. firse degradation step (at ~ 320
335°C) can be explained by thermal elimination of &tloxy substituent to obtainvnyl-2-

oxazoline units, while the second step (&00°C) indicates the full degradation of polymers.

All thesynthesized polymemserewatersoluble at room temperatuwath a solubility higher
than100mgmL™* (maximum concentration that was testef3 some PAOXx (e.g., PEtOX,
PPrOx)werereported to exhibit lower critical solutidsemperaturéLCST) behaviorin water*
theaqueousolubility of thenewly synthesizegolymers at different temperatures was studied
by turbidimetry BesidedPEtOx, which showacloudpointtemperaturéTcp) of 89 °C (Figure
S10), the only polymer exhibiting LCST behavian water wthin the measured range
(107 95 °C) was PEtOEtOxvith aTcp of 59.5°C (Figure 4 and S11). The pocess was fully

reversible withow hysteresis of 4C. To gain more detailed insight into its phase separation,
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the selfassembly ofPEtOEtOx was further investigatéy dynamic light scattering (DLS)
revealing a very similavalue of Tcp of 59°C. The LCST behavior of PEtOEtOmay be
interesting foradvanced thermoresponsive sadsembling architectures.
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Figure 4. LCST behavior of PEDEtOx in water (go=10mgmL™) as determined by DLS

(bluesquars) and turbidimetry (rediamond).

The hydrophilicity of a polymer plays a key role in ifsotentialin biomedicalapplications*

Extremely hydrophilic polymers possess a strioydrationlayer, which protects them frothe

unwanted interactions with blood proteinsyivo****Thi s so cal | edesuklsst eal t

in improved polymer pharmacokinetics ey evade plasmapsonization and clearancg b
monauclear phagocytic systemherefore, the synthesis extremely hydrophilic polymers is
desired.Herein we assessed the relative hydrophilicitytioé prepared polymers by high
performancdiquid chromatographyHPLC) on areversed phase colum@18). Multi-angle
light scattering detection was usasl the polymers haweery low UV absorptionThe higher
hydrophilicity of polymersis indicatedby a lower retention timen HPLC due to the lower
interactions with the hydrophobic column stationary pR&®éthin the prepared PAOX series
the ethercontaining polymemith the shortest side chain (PMeOMeOx) showbd highest
hydrophilicity (Figure 5, S12), evenslightly higherthanPMeOx whichwas considered as the
most hydrophilic PAOx so far.As such our firstt i me synt hesi s of
PMeOMeOxmight provide a significant progressin the field of new fistealttd biopolymers
which we will explore in future workOn the othehand the most hydrophobic polymeiom

the series, PEtOEtOx, shovegynificant interactions with the column surfac&his more
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amphiphilic character of PEtOEtOx is also reflected in its abovementioned LCST behavior.
Besides PMeOMeOx, PMeOx @PEtOEtOx, all prepared polymers posselgdrophilicity

that is comparable to PEG standard. Interestinglyg found a significant differencan
hydrophilicity between the isostructur@iMeOEtOx and PEtOMeQxiffering only in the
position of thesidechain ethergroup. The higher hydrophobicity of PEtOxMeOx can be
attributed to thesloserdistance of the solvated ethgmoup to the polymer backbone, leaving
more hydrophobic ethyl groups exposed for interactions twehydrophobic column surface.
This observation is in line with the previous report on lower hydrophilicity of paditi2i2-
oxazoline) compared to the isomeric poli@thyt2-oxazine)s that has an additional

methylene group in the main chain rather than the side ¢hain.

7'|-|'|-|'1-|-|-1
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Figure 5. Reversed phaddPLC retention times of preped PAOx and PEG.

To further investigate the hydrophilicibf the synthesized PAQxheywere conjugated with
thefluoresceindye First, thechainend azide group was reduced with-Dithiothreitol (DTT)

in PBS. The obtained polymer chand amines werthenfunctionalized with fluorescein by
coupling with fluorescein isothiocyanate (FITC)he polymeitfluorescein conjugates {F
PAOx) had relatively high chairend functionality $60%) and acceptable molar mass
distribution Table S3). Further, he fluorescently labeled polymers were used to quantitatively
evaluatetheir hydrophilicity by mesuring theirdistributioncoefficients P) between PBS and

organic solvers (Figure 6, S13).3% As the fluorescence intensity of fluorescein label highly
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depends of pH, the polymeonjugatesveredissolved in PBS (pk 7.4) and extracted with-1
octanol, respectively dichloromethane. Surprisinghg distribution experiments between 1
octanol and PBS suggested higher hydrophilicitpath alkyl sidechain PAOx (PMeOx and
PEtOx) compared ttheether sidechain PAOXx (including PMeOMeOXThisobservatiorcan
be explained bythe increased hydrogen bonding betwebe polymer ether groups and 1
octanol, resulting in increased solubility of ethsidechain PAOXx inthis organic phase.
Therefore, doctanol was replaceay the norrinteractingorganic solventichloromethane to
obtain unbiased measures of polymer hydrophiliciti/ith this method,the obtained
hydrophilicities followed theimilar pattern as observad HPLC experimentconfirmingthat
PMeOMeOxis the most hydrophilic PAOx to date, PEtOEtOx the most hydrophobic polymer
from the series and PMeOEtOx being more hydrophilic that the isostructural PEtOMeOXx.
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\[N/\,}Na 1.DTT/PBS \lN/\,}N N o
X LT UL

2.FITC, Et,;N / DMF
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PAOXx F-PAOX O
OH
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3-
(B) I Dichloromethane/PBS
| B octanol/iPBS

Figure 6. Labeling of PAOxwith fluorescein(A) and partition coefficients of prepared
conjugategB).
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The noncytotoxic characterf the synthesized PAOx wasonfirmed in vitro using an
AlamarBIlué® cell viability assayin cervical carcinoma HelLa csll The polymers were
incubated with cells for 76 at 37°C, after which the cell viability was assessé&iy(re 7).

All polymers (including PMeOMeOxWwere norcytotoxic in the concentration rangéup to
0.1mgmL* proving theirexcellentin vitro biocompdibility . In the future, detailed biological
evaluationof the synthesized polymers (especially PMeOMe@#l) be performed, as they
possess interesting potential for the construction of new drug/gene delivery systems and surface

biocompatibilization.

Figure 7. Cytotoxicity of prepared PAOxDependence of HelLa cell viability on PAOx

concentration (after 7& incubation at 37C).

Conclusiors

In summary,we developeda new method for the synthesis of functional PADRe easily
available PEtOxs hydrolyzed to avell-defined linear PEI, which is furthee-acylatedwith
different carboxylic acid$o obtaina series ofnew PAOxpolymers The described synthetic
protocol is universal and can be used for the synthesis of PAOX libraries withamaeithef
preparingparticular 2alkyl-2-oxazoline monomers, as well as avoiding the individual cationic

ring openingpolymerization proceduse
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