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Abstract: The aim of this study was to investigatenonviral pDNA carriersbasedon
diblock-copolymersconsistingof poly(2-(dimethylamino)ethylmethacrylatejpDMAEMA)
and poly(2-hydroxyethyl methacrylate) (p0HEMA). Specifically the block-lengths and
molecularweights werevariedto determinethe minimal requirementgor transfectionSuch
vectors should allow better transfection at acceptabletoxicity levels and the entire
diblock-copolymershouldbe suitablefor renalclearanceFor this purposealibrary of linear
poly(2-(dimethyl  amino)ethyl  methacrylatéblockpoly(2-hydroxyl =~ methacrylate)
(P DMAEMA -blockpHEMA) copolymerswas synthesizedsia RAFT (reversibleaddition
fragmentation chain transfer) polymerization in a molecular weight (Mw) range
of 17 35.7 kDa and analyzedusing *H and **C NMR (nuclearmagneticresonance)ATR
(attenuatedotal reflectancg GPC (gel permeationchromatographyand DSC (differential
scanning calorimetry) Copolymers possessing short pDMAEMA -polycation chains
were1.4i 9.7 timesless toxic in vitro thanpolyethyleniming(PEI) 25 kDa, andcomplexed
DNA into polyplexesof 100/ 170 nm, favorablefor cellular uptake.The DNA-binding
affinity and polyplex stability against competing polyaniors was comparable with
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PEI 25kDa. The zetapotential of polyplexesof pPDMAEMA -grafted copolymersemained
positive (+151 30 mV). In comparisonwith earlier reportedlow molecularweight homo
pDMAEMA vectors, these diblock-copolymersshowed enhancedtransfectionefficacy
underin vitro conditionsdueto their lower cytotoxicity, efficient cellularuptakeandDNA

packaging.The homo pDMAEMA 115 (18.3 kDa) seltassembledvith DNA into small
positively chargedpolyplexes,but was not able to transfectcells. The grafting of 6

and 57 repeatingunits of pHEMA (0.8 and 7.4 kDa) to pDMAEMA 115 increasedthe
transfectionefficacy significantly, implying a crucial impact of pHEMA on vectorcell

interactions.The intracellulartrafficking, in vivo transfectionefficacy andkinetics of low

molecularweight pDMAEMA -block-pHEMA aresubjectof ongoingstudies.

Keywords: low molecular pPDMAEMA; linear pDMAEMA -blockpHEMA diblock
copolymers RAFT-polymerization poly(2-(dimethyl amino) ethyl methacrylate)
poly(2-hydroxyethylmethacrylate) physicechemical characterization in vitro pDNA
transfection cytotoxicity

1. Introduction

The field of nonviral genedelivery remainsa topic of intensiveresearchefforts, and numerous
polycationsare underinvestigation[1,2]. One prominentvectorin pDNA delivery is poly(ethylene
imine) (PEI) 25 kDa, a branchedpolycationwith a high chargedensitywell known for its effective
complexationhigh transfection put alsosignificanttoxicity [3]. To improvebiocompatibility of PEI,
severalstrategieswvere pursuedsuch as a reductionof the molecularweight [4] or introduction of
shieldingcompment,e.g, PEGylation[5,6].

As the toxicity of a polymer,amongotherfactors,is relatedto its chargedensity[3], polycations
with more broadly spreadcharge distribution along the polymer chain, namely poly(2-(dimethyl
amino)ethyl methacrylate (pDMAEMA) could be of interest In comparisonto PEI 25 kDa,
pDMAEMA containsonly tertiary amino groups and the charge density is lower than in PEI.
pDMAEMA showsan averagepK, of 7.5[7], andis thussufficiently protonded at physiologicalpH
for effective polyanioncomplexation PreviousreportsdescribedoDMAEMA to possess decreased
proton spongeeffect comparedto PEI 25 kDa [8] implying alternativemechanismsf membrane
interaction,suchas membranedestabilization9]. This eventuallyled to reducedcell death,but the
polymerretainedthe capacityto escapdrom endosomeglO].

A relationship betweenthe polymerDNA dissociation rate and transfection efficiency was
established suggesting that pPDMAEMA more readily releags DNA from polyplexes than
polylysine [11]. The classof pPDMAEMA was intensively investigatedoy Hennink and coworkers
demonstratingthat homopolymers with  molecular weights (Mw) of 300 kDa are effective
DNA-carriers [12]. With increasing molecular weight, its transfection efficiency, complexation
efficiencybut alsotoxicity increased10,13. Scarceinformationon the performanceof low molecular
weight (<43 kDa) pPDMAEMA is availablefrom the literature,althoughsuchpolymerscould possibly
be eliminatedby renalexcretion[9]. Therefore alibrary of low molecularweighthomepDMAEMAS
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with the chain length varying from 15 to 23.7 kDa was synthesizedand grafted with pHEMA
(poly(2-hydroxyethylmethacrylate))resultingin watersolublelinear diblock copolymerswith a total
Mw below 40 kDa. The numberof tertiary amino groupsof the chargedcopolymerpart exceeds20
to 30-fold the minimal requiremenbf 4-6 groupsreportedio be necessaryor efficientinteractionwith
DNA [14].

Instead of applying ATRP (atom transfer radical polymeaization) [10,15, in this study, the
synthesiswvas performedvia RAFT polymerization(reversibleadditionfragmentationchaintransfer)
to avoidthe useof toxic organometallicatalystsandto attainnarrowpolydispersityindices(PDIs).

To improve biocompatibility and colloidal stability, unchargedlocks consistingof pHEMA were
introduced in an attempt to reduce undesirableadverse interactions such as aggregationand
cytotoxicity reported previously [16]. PEGylation of pDMAEMA has resultedin a decreaseof
zetapotential and good steric stabilizationof polycationsat the cost of poor polyplex uptakeinto
cells [17]. Another disadvantageof PEGylationcould be seenin anfi a c c e |Iblwodat edr an c e
phenomenoif fi A B[Q8]), pccurringafterrepeatedapplicationof PEGylatedvectorsdueto ant-PEG
IgM-productionand activationof the complemensystem.The hydrogetforming pHEMA wasearlier
reportedto be nontoxic and water soluble if not crosslinked [19], and biodegradablen linear
form [20]. So far, no complementactivation by pHEMA was reporteddespitelongtime usagein
medicalapplicationg19].

Several pP DMAEMA-pHEMA vector systemshave been investigatedrecently showing their
potential as gene delivery systems:blends of pDMAEMA and pHEMA were used to obtain
nanoparticleg21], polymer with brushlike structuresbasedon shortchain pDMAEMA graftedon
pHEMA backbonesby cleavable carbonateester linkage were reported [15]. Also star shaped
pDMAEMASs with cleavabledisulfide bonds synthesizedvia grafting with multiple short chain
pDMAEMA -armsshowedmprovedtransfectiorefficiency[22].

Sincehigh molecularweight homopolymersof pPDMAEMA (300 kDa) were efficient transfection
reagentshere,the molecularweightwassystematicallyariedin the rangefrom 290to 15 kDa using
RAFT to determinethe minimal chainlengthrequiredfor transfectionefficiency. Subsequentlysuch
structureswere modified using pHEMA to improve cytotoxicity and colloidal stability. Theselinear
diblock copolymersjn contrastto previouslystudiedpDMAEMA/pHEMA vectors,were designedo
posseswyery narrow polydispersitiesa lesscomplicatedsteric structureand thus betteraccessibility
for chargeto chargeinteractionwith geneticmaterial,aswell aslow total moleailar weight, allowing
renaleliminationwithout previousdegradation.

2. Resultsand Discussion
2.1. Synthesis

2.1.1.Synthesiof the ChainTransferAgentCPT & theMacroChainTransferAgent(macroCTA)
pDMAEMA

The 'H NMR (nuclear magneticresonancespedrum of 4-Cyanopentanoi@cid dithiobenzoate
(CPT) is displayedin Figure 1(A), for the *C NMR spectrum,see Supplementaryinformation
FigureS1 Strongagreementvith theliteraturevalueswasfoundin bothcaseg23-29].
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Figure 1. *H NMR spectraof (A) CPT in CDCl, (B) pDMAEMA in D,O and
(C) pDMAEMA -blockpHEMA in D,O; the numbersdesignatethe atoms within the

molecules.
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For this study, four different pDMAEMA homaopolymers designated as pDMAEMA g7,
pDMAEMA 105, PDMAEMA 115 and pPDMAEMA 15, were synthesizedThe index denoteshe number
of repeatingunits calculatedby NMR measurementd-or this calculation,the signal of the benzyl
group at the end of eachpolymer strand(7.4i 8.1 ppm) was correlatedwith the signd of the two
methylenegroups of the side chain (3.5 3.6 + 4.414.5 ppm). Shown here are the results from
pDMAEMA 115 (1) while the other homapolymersbehavedsimilarly. The NMR spectrashownin
Figure1(B) correspondto thatreportedin [9]. In the attenuatedotal reflection(ATR) IR spectrathe
two typical ester bang at 1,720 (C=0) and 1,150 (CiO), and the band of the backbone
at2,960wavenumbersverefound.

2.1.2.Synthesiof pPDMAEMA -blockpHEMA Block CopolymergpDMAEMA -block-pHEMA)

To calculatethe numberof HEMA repeatingunitsin the polymer,the signalof the known number
of methylenegroupsof the macroCTAwas correlatedwith the signal of the methylenegroups of
HEMA (3.974.1 + 4.2/ 4.3 ppm). This was possiblebecauseahe signalsof the different partsdo not
overlapasdisplayedin Figure 1(C). Additiondly, in the ATR IR spectraof the copolymersthe typical
bandfor the hydroxyl groupof pHEMA at3,390cm * wasfound. Theesterbandat 1,720and1,150cm *
belong to both blocks of the copolymer.The T4 of pDMAEMA [19] (16 €) and pHEMA [21]
(=70 €) are known from the literature and decreasedas expectedto lower temperatues for the
copolymerswith increasingpDMAEMA part. The different block copolymersare shownin Table 1.
For illustration of the synthesif diblock copolymersseeSchemel.

Table 1. Molecular weight and nomenclature of synthesized pPDMAEMA and
pDMAEMA -block-pHEMA copolymerscalculatedrom NMR andGPC

M (NMR) Mn Mw

Name Polymer (kDa) (kDa) (kDa) Mw/Mn
1 pDMAEMA 115 18.3 36.3 39.0 1.08
2 pDMAEMA g7-b-pHEMA 11 17.0 43.9 45.5 1.04
3 pPDMAEMA g7-b-pHEMA4 18.5 38.4 40.0 1.04
4 pDMAEMA 105b-pHEMA4 19.9 312 315 1.01
5 pPDMAEMA 115-b-pHEMAg 19.1 31.7 324 1.02
6 pDMAEMA 115b-pHEMASs, 25.7 25.9 26.5 1.02
7 pDMAEMA 15:-b-pHEMAg; 35.7 33.3 34.4 1.03
8 r-n-DMAEMA-pHEMA 1.31 29.0 26.6 27.4 1.03
9 r-pDMAEMA-pHEMA 4.3-1 29.0 22.4 26.9 1.20
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Schemel. Syrthesisof pPDMAEMA -blockpHEMA.
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2.1.3.Synthesiof pPDMAEMA -pHEMA RandomCopolymergr-pDMAEMA -pHEMA)

The synthesisof the random polymerswas achievedby simply mixing the monomersbefore
startingthe reaction.The weightswere calculatedas describedor the macroCTA by correlatingthe
signal of the benzyl group with the signal of the side chainsof the different monomers.Here, the
differentratiosbetweerthe two monomersn the polymerwerealsocalculatedThe NMR spectraand
the ATR spectrawere comparableto the onesof the block copolymersasexpectedThe ratio of the
monomerss denoteddy thelastnumberin the abbreviatedermof the polymersasshownin Table1l.

2.2. GPC(Gel PermeationrChromatographyResultof the Polymers

Comparingthe valuesin Table 1, therewasa discrepancyetweerthe molecularweight calculated
by NMR andthosevaluesdeterminedoy GPC. Sincethe resultsfor molecularweight dependon the
way of calculation,a discrepancybetweenNMR and GPC was expectedfor the copolymers with
molecular weights of more than 20 kDa. However, the large differences for the polymers
below 20 kDa containinga smallamountof pHEMA wereunexpectedThe calculatedrefractiveindex
was possibly not correct as these copolymersmay interact with the column material leading to
incompleteelution. All the polymersshoweda PDI aroundl, asexpectedor RAFT polymerization.

2.3. Nomenclaturef the SynthesizedDMAEMAblock-pHEMA Copolymers

A library of copolymerscontaining different amountsof DMAEMA (2-(dimethyl amino)ethyl
methacrylateand HEMA (2-hydroxyethyl methacrylate) repeating units was synthesized.The
polymersweredesignate@ndclassifiedasshownin Figure2(A,B).
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Figure 2. A, B The library of diblock copolymes sorted accordingto an increasing
amountof pPDMAEMA (A). The proportionandweight of eachblock-partin the various
pDMAEMA -pHEMA copolymerswerecalculatedaccordingto therepeatingunits (B).

pDMAEMA-b-pHEMA copolymers

A
B3 pDMAEMA, Da EE8 pHEMA, Da
r-pDMAEMA-pHEMA 4.3-1
r-pDMAEMA-pHEMA 1.3-1
pDMAEMA151-b-pHEMA91
pDMAEMA115-b-pHEMA57
pDMAEMA115-b-pHEMA6
pDMAEMA105-b-pHEMA24
pDMAEMA97-b-pHEMA24
pDMAEMA97-b-pHEMA11
pDMAEMA115
0 10000 20000 30000
Molecular weight, Da
B Mw of Mw of Total of pPDMAEMA Total
pDMAEMA pHEMA in copolymer pDMAEMA
in in related to to
Copolymer compositon copolymer copolymer pDMAEMA115 pHEMA
repeating units, fraction kDa kDa % w/w
pDMAEMA115 18.3 0 100 1/0
pDMAEMAS97 -b-pHEMA11 156.3 1.4 84 10.6/1
pDMAEMAZ97 -b-pHEMA24 15.3 3.1 84 4.9/1
pDMAEMA105-b-pHEMA24 16.5 31 91 5.3/1
pDMAEMA115-b-pHEMAG 18.3 0.8 100 2311
pDMAMEMA115-b-pHEMAS7 18.3 7.4 100 2.4/1
pDMAEMA151-b-pHEMA91 23.7 1.8 131 211
random pDMAEMA:pHEMA 1.3:1 16.2 12.5 90 1.3/1
random pDMAEMA:pHEMA 4.3:1 23.3 5.4 129 4.3/1

The synthesizedpolymers can be divided into three groups: homepDMAEMA, linear diblock
pDMAEMA -blockpHEMA copolymers, and random copolymers with alternating sequenceof
pDMAEMA andpHEMA. The hypothesidor this work wasthattherewould be a lower limit of the
homo pDMAEMA chain length for effective transfection,and that the lack of transfectionefficacy
could be compensateébr by grafting linear pHEMA. A pretestwith a panelof homapolymerswith
subsequentlylecreasinggDMAEMA chainlengthwas performedin form of in vitro transfectiondo
point out the limit of transfecton capacityof shortchainpolycations.Togetherwith cytotoxicity data,
the results from the transfection pretest of homopDMAEMA 15290 kDa are presentedin
Figure S2 Supplementarynformation. It was found that a pPDMAEMA g5 homopolymerof 15 kDa
pos®ssing95 repeatingunits wasineffective in genedelivery, whereagppDMAEMA 406 With 64 kDa
efficiently mediatedransgenexpressionThesefindingsarein line with earlierstudiesyeportingthat
a43kDahomopDMAEMA [9] mediatedho significantluciferaseexpressiorat N/P 8i 20, but thatthe
efficacy asvectorcould be increasedat molecularweightsabovel12 kDa. Accordingly,in the present
study it was found that the pPDMAEMA 115 homapolymer of 18.3 kDa was inefficient and therefore
chosenas low molecularweight i s i | refarenaevector. The copolymerspDMAEMA 115-block
pHEMAs; & pDMAEMA 115-blockpHEMAg synthesizedherecontainthe samepolycationicpart, but
have increasedmolecular weights of 25.7 and 19.1 kDa, respectively,due to pHEMA grafting.
Moreover,longer and shorterpDMAEMA chainswere incorporatedinto other diblock constructto
investigatethe effect of pDMAEMA -blockpHEMA compositionon DNA-complexation,charge,
stability, toxicity, transfection efficacy and cellular uptake. The random pDMAEMA -pHEMA
copolymerswith largerand smallerpolycationic partswere alsoincludedin the polymer library for
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investigationsof structurefunction relationships(r-pDMAEMA-pHEMA 4.3/ 1 and r-pDMAEMA -
pHEMA 1.3/1). The created copolymer library allowed for evaluation of the impact of the
pDMAEMA/pHEMA proportion as well as the percentageof the polycationic part in relation to
homopDMAEMA 115 concerningvectorefficacyin vitro.

2.4. DNA ComplexatiorEfficiency
2.4.1.AgaroseGel Electrophoresis

According to the gel electrophoresiperformedwith diblock and randompDMAEMA -pHEMA
copolymers(Figure 3(Ai D)), the N/P ratio of 2 was sufficient for complexingand immobilizing
pPDNA in caseof all testedpolymers The N/P ratiosof 10, 15 and20 usedfor transfectiorexperiments
showedcompleteretardatiorof pDNA (datanot shown) No differences wereobservedoncerninghe
complexation efficiency of homo pDMAEMA 115 comparedto its diblock derivaives with 6
and57 pHEMA units and comparedo pDMAEMA 1ps5-blockpHEMA,4. CopolymerpDMAEMA 15:-
blockpHEMA; performedsimilarly as pDMAEMA 115, but showedmore completeretardationat
N/P 1. Copolymer pDMAEMA g7-blockpHEMA;1 performed similarly to pDMAEMA 15:-block
pPHEMA;. Yet, the randomcopolymersand pDMAEMA g7-blockpHEMA,4, wereableto retardDNA
at N/P 1 already, outreachingPEI 25k in its compkxation properties.Basedon the obtainedgel
electrophoresisdata, all tested low molecular pPDMAEMA-pHEMA constructs showed good
pDNA-complexationevenat low N/P ratios. The marginaldifferencesof DNA-retardationat N/P 1
may be evidenceof theimpactof the polymerstructureon interactiors with pDNA. Oneof theseslight
differences can be seenin Figure 3(C), where pDMAEMA g7-blockpHEMA,4 shows a better
complexationof DNA thanpDMAEMA g7-blockpHEMA;; at N/P ratio 1. The efficient complexation
ability of the 15.3 kDa polycationic part of diblock copolymer pDMAEMA o7-pHEMA,4 was
unexpectedasa 11l.1kDahomopDMAEMA wasreportedby Jiangetal. to beapoorcomplexerf15].

Figure 3. A, B, C, D. Electrophoretianobility of freeandcomplexedDNA in agarsegel
(Eachrow startswith free DNA andis continuedby N/P 0.5, 1, 2 complexe with the
indicatedpolymers Polymersareseparatedby white verticallines).
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2.4.2.HeparinAssayd Stability againstCompetingPolyanions

The trend observedin gel retarddéion experimentsusing polyplexes of lower N/P ratios
correspondeavell with the heparincompetitionassayof polyplexesat N/P 15 (Figure 4(Ai D)). The
copolymerswith the samecationicblock lengthof 115 unitsreleaseddNA uponadditionof the same
hepam amountof 0.46 internationalunits (IU). The copolymes pDMAEMA i51-blockpHEMAg;,
pDMAEMA 105-blockpHEMA;,4 aswell aspDMAEMA 11s-derivatvesappearedo be moreresistanto
competitionwith heparinthan PEI 25k at 0.46 IU heparin,whereas pDMAEMA 151-blockpHEMAg;
had a less pronouncedfluorescent band in lane 4 (0.46 IU). The random copolymers and
pDMAEMA ¢7-blockpHEMA;; were even more resistantto the presenceof heparinreleasingDNA
only at higher concentrationsof 0.93 IU. The highest resistanceto competitive polyaniors was
observedn caseof pDMAEMA ¢-blockpHEMA,4, where1.87 IU of heparinwas neededo release
DNA from the complex. Taken together,the most stable complexeswere obtainedusing random
copolymersandshortchaindiblock copolymerswith only 97 pDMAEMA units. This may be dueto a
better interaction of copolymerswith DNA thus providing a tighter polyplex structure.All tested
copolymer complexesreleasedDNA at heparin concentrationshigher than the ones neededfor
destabilizationof PEI 25k polyplexes This fact can be interpretedas an advantagefor protecting
geneticmaterial,butaswell asa disadvantagegsfar asDNA releasas concernedat the site of action
Accordingly, decreasedNA releasemay causeredu@d transfectionefficiency of the most stable
complexes

Figure 4. A, B, C, D. Heparin assay:displacementof DNA from polyplexeswith
polyanionon agarosegel.
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2.5. Sizeand ZetaPotential
2.5.1.SizeandZeta Potentiabf Polyplexedn Isotonic Glucose

Isotonic glucose solution was used to formulate polyplexes with  pDNA. For complete
selfassemblyof polyplexes,a 20 min incubationtime wasmaintainedafter mixing. In measurements
after shorteror no incubation,higher polydispersityindicesand larger complexsizeswere obtained
(datanot shown).PEI 25k yieldedDNA-polyplexesin the sizerange<100nm atall N/P ratios.At N/P
ratiosof 10, 15 and 20, the polyplex sizesof pPDMAEMA -block-pHEMA diblock copolymersdid not
show statistically significant differencesin hydrodynamic diametes comparedto each other. All
polymers wereableto complexpDNA into polyplexeswith hydrodynamicdiametersof 100i 170 nm.
This is considereda size rangesuitablefor cellular uptake[31,39. Larger polyplexeswere formed
only in caseof pDMAEMA 105-blockpHEMA,4 at N/P ratio 10, which may be due to complexation
irregulariies reflectedin the broadstandarddeviation(Figure 5(A)). The hydrodynamicdiameterof
nakedplasmidwas earlierreportedto bein therangeof 300 400nm[12].

The zetapotentialsof polyplexesfrom diblock copolymersrangedfrom 10 to 30 mV dependingon
the N/P ratio (Figure 5(B)). A significantincreaseof the zetapotentialat N/P 20 wasonly registered
for pDMAEMA j05-blockpHEMA,4 and r-pDMAEMA-pHEMA 1.3:1. In general,no reduction in
positive charge density could be observed for pHEMA-grafted copolymes in comparison to
homopDMAEMA, suggestinghatthe pHEMA chainsmay not be localized on the polyplex surface
but closerto the core of pPDMAEMA and pDNA. The polyplex size also remainedin the rangeof
homopDMAEMA complexeswith no obvious disturbanceof complexationcausedby grafting of
pHEMA. Additionally, Figure 6(A,B) demonstrees similar trendsin polyplex size and zetapotential
concerningpDMAEMA ;;5-derivatves.

Figure 5. A, B. Polyplexsizesand zetapotentias of all synthesizegolymersin isotonic
glucose.Significant differencesin size and zeta potential comparingN/P 15 versusall
other N/P 10 and 20 of one polymer accordingto two-way ANOVA are labeled
(**p <0.001,**p <0.005and*p <0.01).
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Figure 6. A, B. Polyplexsizesandzetapotentialof pPDMAEMA 115 derivatvesin isotonicglucose
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2.52. PolyplexAggregdion Behaviorin Isotonic SallandGlucose Solutioover Time

According to the measurementsf hydrodynamicdiametes of polyplexesincubatedin isotonic
glucoseandNacCl solution similar trendswereobservedor pPDMAEMA 115 andpDMAEMA 115-block
pHEMAs7. In glucose both polymer types showedgood stability of their polyplexeswith pDNA
(Figure 7). In high ionic strengthsolution on the contrary significantpolyplex aggregatiorcould be
observedandlarge sizedconstructsappearedver time. From the aggegationexperimentit may be
expeced that both types of polymersbehave similady in cell experimentsas polyplexesof both
typesaggregatedapidly in the presencef high ionic strengthmedium However,the Henninkgroup
prevously reportedthat the transfectionefficiency of pPDMAEMA polyplexeswas not decreasedn
spiteof anobservedncreasen sizein the presencef serum[10,17.

Figure 7. Polyplex behaviorof homo and diblock-copolymes in isotonic glucose and
NaClasafunctionof incubationtime.



