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Abstract
For thedesign of newpolymeric-based drugdelivery systems, understandinghowmultiple
functionalities in the polymer structure are influencing eachother in particle formation is important.
Therefore in this study, the balance betweenhydrophobic and electrostatic interactions has been
investigated for thermosensitive plasmidDNA (pDNA)-loaded polyplexes.NPD triblock copolymers
consisting of a thermosensitive poly(N-isopropylacrylamide) (PNIPAM,N), a hydrophilic poly(ethylene
glycol) (PEG,P) and a cationic poly(2-(dimethylamino)ethylmethacrylate) (PDMAEMA,D)blockwith
different block lengthswere preparedusing a hetero-functional PEGmacroinitiator. Cloudpoints of the
thermosensitive polymers inHBSbuffer (20mMHEPES, 150mMNaCl, pH7.4)were determinedby
light scattering and ranged between33 °Cand34 °C for the different polymers. The binding and
condensationproperties of these thermosensitive polymers andpDNAwere studied taking non-
thermosensitive PDpolymers as controls. The size, surface charge, and stability of the formed colloidal
particles (‘polyplexes’)were studied as a functionof polymer block lengths,N/P charge ratio, and
temperature. TheNPDpolymerswere able to self-assemble intopolyplexnanostructureswith
hydrodynamic sizes ranging between150 and205 nmat room temperature inHBSbuffer as determined
by dynamic light scattering. Polyplexes preparedwith a lowN/P charge ratio of 1 aggregatedupon
heating to 37 °C,whichwas not observed at higherN/P charge ratios.When the length of the cationicD
blockwas relatively long compared to the thermosensitiveNblock, stable polyplexeswere formed at all
N/P ratios and elevated temperatures. 1H-NMRstudies, static light scattering and ζ-potential
measurements further supported the stability of these polyplexes at 37 °C. Finally, the presence of
thermosensitive blocks inNPD-basedpolyplexes resulted in better cytocompatibility compared toPD-
based polyplexeswith similar efficiencies of delivering its cargo intoHeLa cells.

1. Introduction

Gene therapy is afield of research that emerged already a few decades ago, inwhich nucleic acid-based
therapeutics are used tomodulate cellular expression levels of specific genes and their functional proteins.
However, widespread applications are still hampered by the difficulties to deliver the highly charged and large
nucleic acidmolecules to their intracellular targets, indicating the requirement of an advanced delivery system
[1, 2]. Complexation of nucleic acids with polymeric carriers into polyplexes, is nowadays a recognized approach
to facilitate the delivery and uptake by the target cells. The rationale to use these polymericmaterials for gene
delivery, is that cationic polymers are able to efficiently condense the negatively charged nucleic acids by
electrostatic interactions into a polymer-nucleic acid complex, also named polyplexes [3]. A large number of
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different cationic polymers have been developed and investigated as nucleic acid carriers, including
polyethylenimine (PEI), poly-L-lysine (PLL), polyamidoamine (PAMAM), and poly(2-dimethylaminoethyl
methacrylate) (PDMAEMA) [4, 5].

One of the advantages of using synthetic polymers, is the ability to control the chemical structure and
composition to tailor theproperties for specific applications. Block copolymerswithwell-defined architectures are
an extensively studied category, since variousmultiphase structures on a nano- andmacroscale canbe formed
when twoormore polymeric blocks, havingdifferent physical properties, are covalently linked to each other [6].
Moreover, stimuli-responsive block copolymers forman interesting class of block copolymers because their self-
assembly behavior can be influenced bybiological or external physical triggers [7, 8]. Especially thermosensitive
block copolymers have shown to be attractive for the preparation ofmaterials for biomedical andpharmaceutical
applications [9–12]. They undergo a phase transition froma soluble state to an insoluble state in aqueous solutions
at a certain temperature.Awell-studied polymer in this class is poly(N-isopropylacrylamide) (PNIPAM), because it
has a lower critical solution temperature (LCST) inwater of approximately 32 °Cwhich is very close to body
temperature [13]. Combiningmultiple stimuli-responsive groups into a polymer design, such as pH- and
thermosensitivity, is an attractive approach to further improve nucleic acid delivery [14, 15]. For example, random
copolymers ofDMAEMAandNIPAMwere studied as potential carriers for nucleic acids [16]. In addition,
Kurisawa et al showed thatDNAbinding and transfectionwere enhancedby introducing the hydrophobic
comonomerbutylmethacrylate into P(NIPAM-co-DMAEMA) [17, 18]. The groupofAlexander compared
complex formation of branchedPEI graftedwithPNIPAMblockswith randomcopolymers ofP(NIPAM-co-
DMAEMA) and foundhigherDNAaffinities above theLCSTwith the branchedPEI-g-PNIPAMpolymers
[19, 20]. Thisfindingmay also suggest that separationof themultiple functionalities, electrostatic and
thermosensitive, in thepolymer byusing block copolymers insteadof randomcopolymers could further improve
thepolyplexproperties. Furthermore, PNIPAM-based block copolymers have extensively been studied to develop
‘smart’polymer gels since they can formahydrogel networkupona temperature trigger [12, 21]. For example,
such systemswere investigated for the controlled-release of vascular endothelial growth factor (VEGF) [22] and
drug-loadedmicelles [23]. Recently, hydrogels have also been developed to facilitate local and sustained release of
nucleic acids to reduce side effects and increase in vivo efficacy [24, 25]. Besides cationic and thermosensitive
blocks, the use of block copolymers containing non-charged hydrophilic blocks aswell has been described to
provide a protective layer of hydrophilic domains on the surface of the polyplexes to increase their stability and
biocompatibility in vivo [3, 5]. Themacromolecule poly(ethylene glycol) (PEG)has beenwidely used as shielding
polymer block, and the corresponding polyplexes indeed showed improved stability and reduced aspecific
interactionswith negatively charged biomolecules [26, 27].

Understanding howmultiple functionalities in the polymer structure are influencing each other inDNA
polyplex formation is essential in the design of new controlled-release systems. The stability and dynamics of
polyplexes depend on the architecture and composition of the block copolymer [3, 14, 28], and optimizing the
thermosensitive/electrostatic balance of the polymersmight offer away tofine-tune these properties. In this
study, wefirst report the preparation of various linearNPD triblock copolymers consisting of a thermosensitive
PNIPAM (N), an hydrophilic PEG (P) and a cationic PDMAEMA (D) block using a recently reported hetero-
functional PEGmacroinitiator [29]. Secondly, the in vitro behavior of these thermosensitive polymers in the
formation of plasmidDNA (pDNA)-based polyplexes was comparedwith non-thermosensitive polymers. The
size, surface charge, and stability of the polyplexes formed are studied as a function of polymer block
composition and length, charge ratio, and temperature. This work aims at investigating how electrostatic and
temperature-induced hydrophobic interactions are influencing each other and providing new insights for the
design of polymers for advanced nucleic acid delivery systems.

2.Materials andmethods

2.1.Materials
Allmaterials were obtained fromSigma-Aldrich (Zwijndrecht, theNetherlands) and used as received unless
noted otherwise.α-t-Butyloxycarbonylamino-ω-hydroxy poly(ethylene glycol)with PEGmolecular weight of
5000 Da (Boc-NH-PEG5000–OH)was obtained from Iris BiotechGmbH (Marktredwitz, Germany) and dried
overnight in a vacuumoven at room temperature (RT) before use. 4-(Dimethylamino)pyridinium-4-toluene-
sulfonate (DPTS)was prepared according to a literature procedure [30]. Triethylamine (TEA) and 2,4,6-
trinitrobenzene sulfonic acid (TNBSA) solution (5%w/v)were obtained fromThermoFisher Scientific
(Bleiswijk, theNetherlands). Peptide grade dichloromethane (DCM),N,N-dimethylformamide (DMF),
tetrahydrofuran (THF) and diethyl ether were purchased fromBiosolve (Valkenswaard, theNetherlands). All
solvents were dried bymolecular sieves for 24 h before use. To remove the inhibitor, 2-(dimethylamino)ethyl
methacrylate (DMAEMA)was passed through a columnof alumina prior to use. Slide-A-lyzer™Dialysis
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cassettes (Mwcut-off: 3500–10,000 Da)were obtained fromThermoFisher Scientific (Bleiswijk, the
Netherlands). The pGL3-control reporter vector, encoding forfirefly luciferase, with simian virus 40 (SV40)
promoter was purchased fromPromega (Leiden, theNetherlands). The plasmid (5256 bp)was amplifiedwith
DH5α competent E. coli bacteria cells and purified usingNucleoBond® PC2000DNApurification (Macherey-
Nagel, Bioke, Leiden, theNetherlands). Linear polyethylenimine (L-PEI,Mw25,000 Da)was obtained from
Polysciences (Hirschberg an der Bergstraße, Germany), agarosemulti-purpose was purchased fromRoche
Molecular Biochemicals (Mannheim, Germany) andDNALoadingDye fromFermentas (St. Leon-Roth,
Germany).Midori GreenDNAgel stainwas obtained fromNipponGenetics (Dueren, Germany). Human
epithelial ovarian carcinoma cells (HeLa)were originally obtained from theAmericanTypeCulture Collection
(Maryland, USA). Luciferase assay kit andCellTiter 96®AQueousOne SolutionCell ProliferationAssay (MTS)
kit were purchased fromPromega (Leiden, theNetherlands).

2.2. Synthesis ofNPD triblock copolymers
The synthesis of thehetero-functional PEGmacroinitiator ((Br–C(CH3)2–CO–NH–PEG5000)2-ABCPA)was
performedaccording to a three-step synthesis route as previously reported [29]. ThePEGmacroinitiator contains
both an atomtransfer radical polymerization (ATRP) initiator as an azoinitiator for classical free radical
polymerization (FRP), namely 4,4’-azobis(4-cyanopentanoic acid) (ABCPA).NPD triblock copolymers, having
various block lengths of PNIPAM (N) andPDMAEMA (D),were synthesized following a two-stepprocedure. The
first step involved atomtransfer radical polymerization followedby free radical polymerization (FRP) (scheme1).

2.2.1. Synthesis of PNIPAM-PEG-PEG-PNIPAM (NPPN) polymers by atom transfer radical
polymerization (ATRP)
The PEGmacroinitiator (1 equiv.), NIPAM (283 or 566 equiv.) andCuBr (8 equiv.)were dissolved inwater (3.5
or 7.0 ml) in an airtight screw-cap glass vial with afinalNIPAMconcentration of 90 mgml−1. The reaction
mixturewas flushedwith nitrogen for 15 min at RT and subsequently another 15 min on ice. The reactionwas
started by adding 18 equiv. of tris[2-(dimethylamino)ethyl]amine (Me6TREN), which changed the color of the
mixture immediately from colorless to blue/green. The polymerization reactionwas carried out for three hours
on ice. Next, the polymer solutionwas transferred into a dialysis cassette and dialyzed against water for 48 h at
4 °C (Mwcut-off: 10 kDa), while changing the dialysate frequently (three times a day). Finally, the resulting
NPPNpolymerwas recovered by freeze dryingwith a typical yield of 80%–90%and analyzed by 1H-NMR
spectroscopy andGPC.

2.2.2. Synthesis of PNIPAM-PEG-PDMAEMA (NDP) polymers by free radical polymerization (FRP)
TheNPPNpolymer (1 equiv.) andvarious amounts of theDMAEMAmonomer (ranging from396–1011 equiv.)
weredissolved indryDMF (ranging from1–2ml) in an airtight Schlenkflaskwith afinalDMAEMAconcentrationof

Scheme 1. Schematic drawing of the synthesis route ofNPD triblock copolymers using the hetero-functional PEGmacroinitiator
(PP polymer). Atom transfer radical polymerization (ATRP) is used in thefirst step to polymerizeNIPAM, yielding the intermediate
NPPNpolymer. Next, DMAEMA is polymerized by free radical polymerization (FRP) usingNPPN asmacroinitiator to obtain the
finalNPDpolymer.
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300mgml−1.At least three freeze-pump-thawcycleswere applied todegas the solution, afterwhich the reaction
mixturewas placed in anoil bath at 70 °Cand stirred for 24 hunderN2 atmosphere.Thepolymer solutionwas
transferred into adialysis cassette (Mwcut-off: 10 kDa) anddialyzed againstwater for 48 h at 4 °C,while changing the
dialysate frequently (three times a day). ThefinalNPDpolymerwas recoveredby freeze dryingwith a typical yield of
65%–70%.Non-thermosensitive PDpolymers, lacking thePNIPAMblock,were synthesized as a control. For this, a
PEGmacroinitiatorwithoutATRP initiator (Boc-NH-PEG5000)2-ABCPA (1 equiv.) togetherwith various amounts of
DMAEMA (ranging from391–692 equiv.)weredissolved indryDMFand subjected to the same steps as described
above.The synthesizedpolymerswere analyzedby 1H-NMRspectroscopy andGPC, and the cloudpoint (CP)was
determined for thermosensitive polymers.

2.3. 1H-NMR spectroscopy
Themacroinitiator and polymers were characterizedwith 1H-NMR spectroscopy on anAgilent 400MR-NMR
spectrometer (Agilent Technologies, Santa Clara, CA,USA). Polyplexes were analyzed on a Bruker 500MHz
NMR spectrometer at 10 and 40 °C in bufferedD2O (137 mMNaCl, 2.7 mMKCl, 11.9 mMphosphates,
pH7.4). Chemical shifts are referred to the residual solvent peak (δ=7.26 ppm forCDCl3 and δ=4.80 ppm
forD2O). Data analysis was performed usingMestReNova Software version 10.0.1-14 719.

2.4. Gel permeation chromatography (GPC)
The obtained polymers were characterized byGPCusing aWaters Alliance System (Waters Corporation,
Milford,MA,USA) equippedwith a refractive index detector and a PLgel 5 μMMIXED-D column (Polymer
Laboratories) usingDMF containing 10 mMLiCl as eluent. Polymer concentrationwas 3 mgml−1 and 50 μl
was injected into the column. The column temperature was set to 65 °Cand the flow rate to 1.0 ml min−1.
Calibrationwas performed using PEG standards of narrow and definedmolecular weights. Data analysis was
performed using Empower 3 Software 2010.

2.5.Determination of cloud point (CP) of thermosensitive polymers
TheCPof thermosensitive polymers was determined by light scattering using a Jasco FP-8300
spectrophotometer (JASCO, Easton,MD). The polymers were dissolved overnight at a concentration of
2 mg ml−1 in 20mMN-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) buffer, pH7.4. Next,
1 ml of the polymer solutionwas transferred into a clean glass cuvette and the scattering intensity wasmeasured
at 550 nmwhile increasing the temperature from10 °C to 60 °Cwith a heating rate of 1 °Cmin−1. TheCPwas
taken as the onset point of increasing scattering intensity.

2.6. Particle preparation
Polymer stock solutions (ranging from40–939 μg ml−1, depending on polymer type and intendedN/P ratio)
and pDNA stock solution (150 μg ml−1)were prepared inHEPES buffer (20 mMHEPES, pH7.4) and pre-
cooled at 0 °C. The use ofHEPES buffered aqueous solutions for the preparation of the polyplexes is a standard
method reported in literature [31]. Subsequently, 600 μl polymer solutionwas added to 300 μl pDNA solution,
and themixture was vortexed for 10 s. The polyplexes, with a final pDNA concentration of 50 μg ml–1, were
allowed to form at 0 °C for 30 min before further use. For the preparation of polyplexes above theCP of the
NPD-polymers, all stock solutionswere pre-warmed at 37 °Cbeforemixing and incubated at 37 °C for 30 min
to allow for polyplex formation.Micelles, without the addition of pDNA,were formed by rapidly heating the
NPD-polymer solutions (1 mgml−1) to 37 °C and incubating for 15 min. For polyplex characterization by
1H-NMR spectroscopy, buffered deuterated-water (137 mMNaCl, 2.7 mMKCl, 11.9 mMphosphates, pH7.4)
was used during the preparation.

2.7.Dynamic light scattering (DLS)
DLSwas used to determine the hydrodynamic size and polydispersity index (PDI) of the polyplexes. The
measurements were performed on anALVCGS-3 system (Malvern Instruments,Malvern, UK)with a JDS
Uniphase 22 mWHe–Ne laser operating at 632.8 nm, an optical fiber-based detector, a digital LV/LSE-5003
correlator with temperature controller set at 4 °C, 25 °C, or 37 °C. Polyplexes forDLS analysis were prepared as
described in section 2.6 and then dilutedwith concentratedHBS buffer to yield afinalNaCl concentration of
150 mMand afinal pDNA concentration of 20 μg ml−1.Measurements were analyzed corrected for viscosity at
the different temperatures using the ALV-5000/E/EEP&ALV-60×0 4.0 software.
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2.8. LaserDoppler electrophoresis (LDE)
The ζ-potential of the polyplexes wasmeasured using laserDoppler electrophoresis on a ZetazizerNano-Z
(Malvern Instruments). Samples weremeasured inHEPES buffer (20 mMHEPES, pH 7.4) at afinal pDNA
concentration of 20 μg ml−1.

2.9. Agarose gel retardation assay
Polyplexes preparedwith differentNPD- or PD-polymers at variousN/P ratios were prepared as described in
section 2.6. Polyplex dispersionswere dilutedwith concentratedHBS buffer to yield afinalNaCl concentration
of 150 mMand afinal pDNA concentration of 20 μg ml−1. Next, 20 μl of the polyplex sample wasmixedwith
4 μl heparin sodium salt solution (50 mgml−1) or 4 μl HBS buffer and incubated for 1 h at RT. Afterwards, 4 μl
of loading dyewas added to themixture and loaded into a 0.8% agarose gel containingMidori Green in a tris-
acetate-EDTA (TAE) buffer. The gel was run at 35 V for 40 min and analyzed by aGelDocXR+ system (Bio-
Rad Laboratories Inc., Hercules, CA) equippedwith Image Lab software.

2.10. Static light scattering (SLS)
The radius of gyration and hydrodynamic radius of the polyplexes were determined by SLS using anALV7004
correlator, ALV/LSE-5004Goniometer, ALV/DualHighQEAPDdetector unit withfiber splitting device with a
setup of 2 off detection system and aUniphaseModel 1145 PHe−NeLaser. The laser wavelength and power
were set to 632.8 nm and 22 mW, respectively, and the temperaturewas controlled by a JulaboCF41
Thermostatic bath.

2.11. In vitro transfection and cytotoxicity studies
In vitro studies were performed according to the recommendations as previously described [31]. HeLa cells were
cultured inDulbecco’sModified Eagle’sMedium (DMEM)with high glucose (4.5 g l−1 glucose) supplemented
with 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere containing 5%CO2. Transfection
studies were done in 96-well plates, withHeLa cells seeded at a density of 8000 cells/well 24 h before
transfections. At the day of the experiment, cells were washed oncewith PBS and incubatedwith pDNA-loaded
polyplexes (0.50 and 0.75 μg pDNA/well) in completemedium for 6 h at 37 °C. As a positive control for nucleic
acid delivery, l-PEI (25 kDa)was used at an optimalN/P ratio of 6 [31]. Each conditionwasmeasured in octuple.
Afterwards, transfectionmixtures were replaced by freshmedium and plates were incubated for 24 h at 37 °C.
The following day, cells were lysedwith 100 μl lysis buffer (25 mMTris, 2 mMDTT, 2 mMDCTA, 1%Triton
X-100, 10%glycerol) on a shaking board at RT for 15 min. Subsequently, 50 μl of lysatewas transferred into a
white luminescence plate andmixedwith 50 μl of Luciferase Assay Reagent. Reagent was injected using a
FLUOstarOPTIMAmicroplate reader (BMGLabtech,Ortenberg, Germany) equippedwith an injection pump.
Two seconds after injection, luminescence wasmeasured for ten seconds according to supplier’s
recommendation. To assess the cytotoxicity of the tested formulations, anMTS assaywas performed in parallel
on a separate plate. The transfection protocol was similar as described above, but instead of adding lysis buffer,
100 μl freshmediumwas added to eachwell followed by 20 μlMTSAssay Reagent. After 1–2 h incubation at
37 °C, the absorbance at 490 nmand 690 nmwasmeasured using the iMark™Microplate Absorbance Reader
(Bio-Rad Laboratories Inc., Hercules, CA) and cell viability was calculated relative to untreated cells.

3. Results and discussion

3.1. Synthesis and characterization ofNPD triblock copolymers
The hetero-functional PEGmacroinitiator was synthesized according to a three-step synthesis route, as reported
before (scheme SI, table SI is available online at stacks.iop.org/MFM/2/024002/mmedia) [29]. NPD triblock
copolymers with different block lengthswere synthesized following a two-step synthesis route (scheme 1). In the
present study, NPDpolymers consisting of a PEGmidblock,flanked by blocks of PNIPAMandPDMAEMA to
introduce thermosensitive and cationic properties to the polymer structure, respectively, were synthesized and
characterized (figure 1(a)). Thefirst block, consisting of PNIPAM,was polymerized byATRP and the
correspondingNPPNpolymers (N=PNIPAM, P=PEG)were obtainedwith amonomer conversion ranging
from85%–94%based on 1H-NMRanalysis and a typical yield of 81%–90% (table S2). GPC analysis shows that
the peak of themacroinitiator (14 min)was almost completely shifted to lower retention times (11–12 min),
which corresponds to a higherMn of the formed polymer (table 1) and thus confirmed the successful synthesis of
theNPPNpolymers. In the second step of the synthesis route, DMAEMAwas polymerized by classical FRP to
yield thefinalNPD (N=PNIPAM, P=PEG,D=PDMAEMA) triblock copolymers (table 1). Typically, the
monomer conversionwas 70%–80%as determinedwith 1H-NMR (figure S1), and the different polymers were
obtained in a yield ranging from60%–75%. The characteristics of the synthesized polymers are shown in table 1.
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PNIPAMhas, almost independent ofmolecular weight and concentration, a CP of 32 °C in aqueous solutions,
whichmakes it an attractive building block for biomedical and pharmaceuticalmaterials [12, 13]. TheCPs of the
studiedNPDpolymers are 33 °C–34 °C (table 1 andfigure S3), independent of cationic block lengths.
Additionally, PDdiblock copolymers lacking the thermosensitive PNIPAMblockwere synthesized, which
served as control polymers in further experiments (figure 1(b)). Similarmonomer conversion ofDMAEMAand
polymer yieldswere obtained, as for theNPDpolymers (table 1,figure S2).

3.2. Polyplex formation and characterization at 25 °C
The effect of theNPDandNDcomposition on the formation of pDNA-based polyplexes (prepared atN/P ratios
ranging from1 to 10)was studied. TheN/P ratio is defined as themolar ratio between the amine groups (N) on
the cationic polymers and the phosphate groups (P) on the pDNA. The pDNA-loaded polyplexes were prepared
at 0 °C, to allow the PNIPAMblock to be fully hydrated, and afterwards the particles were characterized in terms
of size and ζ-potential at 25 °C (figure 2). The hydrodynamic size of all polyplexes varied between 150 and
205 nm, andno clear trend between polymer composition and size of the polyplexwas found. In addition,most
polyplexes had acceptable PDIs ranging between 0.19 and 0.35 pointing to a narrow size distributions. In
contrast, forN27P5D20 and P5D19-based polyplexes high PDIs (>0.4)were observedwith increasingN/P ratios.
This is likely due to the short cationic block of the polymer, hampering effective condensation of the pDNA [32].
Furthermore, the ζ-potential ofmostNPD-polyplexes was neutral, indicating complete shielding of the surface
charge. A previous study using random copolymers consisting ofNIPAMandDMAEMA, showed that the
ζ-potentials even at themaximumcontent ofNIPAM (85 mol%)were all higher than 10 mV [16]. By separating
the cationic block from the thermosensitive block in theNPDpolymers, the charge of the polyplexwas
completely shielded by the PNIPAM-PEGblocks (both hydrophilic at 25 °C) even at highDMAEMAcontents.
Negative ζ-potentials were observed for a few polyplex dispersions prepared at aN/P<2, suggesting
incomplete complexation and condensation of the negatively charged pDNA. Indeed, these formulations also
showed the presence of free pDNAbands in the agarose gel (figure S4). The absence of free pDNAbands in the
agarose gel for all the other samples confirmed that all pDNAwas complexed the polymer. Furthermore, upon

Figure 1. (a)Chemical structure ofNPD triblock polymer consisting of a 5 kDaPEGmidblock (P),flanked by blocks of PNIPAM (N)
and PDMAEMA (D). (b)Chemical structure of PDdiblock polymer consisting of a 5 kDa PEGblock (P) and a PDMAEMA (D) block.

Table 1.Characteristics of variousNPD triblock and PDdiblock copolymers synthesized by radical polymerization using the hetero-
functional PEGmacroinitiator. The polymer names are abbreviated according to the block composition (N=PNIPAM, P=PEG,
D=PDMAEMA).

Name

Feed initiator:

monomer ratio

mol/mol (N
block)

Feed initiator:

monomer ratio

mol/mol (D
block)

MnN

block

(kDa)a

MnP

block

(kDa)a

MnD

block

(kDa)a

Total

Mn

(kDa)a
TotalMn

(kDa)b PDIb

Cloud

Point

(°C)c

N27P5D20 1:566 1:498 27 5 20 52 49 2.5 34

N27P5D43 1:566 1:789 27 5 43 75 83 1.8 34

N27P5D56 1:566 1:983 27 5 56 88 62 2.1 34

N15P5D20 1:283 1:396 15 5 20 40 46 2.1 33

N15P5D33 1:283 1:481 15 5 33 53 54 1.8 34

N15P5D43 1:283 1:789 15 5 43 63 51 1.8 34

N15P5D64 1:283 1:1011 15 5 64 84 62 1.8 34

P5D19 n.a. 1:391 n.a. 5 19 24 20 1.8 n.a.

P5D47 n.a. 1:692 n.a. 5 47 52 27 2.1 n.a.

a Determined by 1H-NMR.
b Determined byGPC.
c Determined by light scattering at 550 nm. n.a.=not applicable.
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addition of the strongly negatively charged heparin, pDNAwas released from the polyplexes showing that the
complexation is reversible. PD-polyplexes had slightly positive ζ-potentials (ranging from4.5–8.7 mV), which is
in linewith previous reported values for such polyplexes and significantly lower than non-PEGylated polyplexes
[27, 32]. Further, theNPDpolyplexes show a lower ζ-potential than the PD-based polyplexes, which is likely due
to the additional shielding of the PNIPAMblocks. Taken all together, these data indicate that the presence of
thermosensitive PNIPAMblocks ofNPDdoes not hinder the electrostatic interactions between the cationic part
of the polymers and pDNA, and thus the formation of stable polyplexes at 25 °C. Furthermore, the size of the
polyplexes was not dependent on themolecular weight of the PNIPAMblock (15 or 27 kDa).

3.3. Polyplex stability at 37 °C
To investigate whether temperature-induced hydrophobic interactions changed the size and stability of the
polyplexes, the polyplex dispersions were prepared at 0 °C (below theCPofNPD) followed by incubation at
37 °C (above theCP ofNPD). First, the effect of temperature increase on the hydrodynamic size of polyplexes
was studied. For this, polyplexes with variousN/P ratios were formed at 0 °C, and subsequently heated from
4 °C to 25 °C and further to 37 °C. In addition, the polyplexes were cooled down again to 25 °C to assess the
reversibility of temperature-induced change in hydrodynamic size. For all tested polyplex formulations, no
significant changes in particle size were observedwhen the temperaturewas increased from4 °C to 25 °C.This
result is in linewith expectations, as 25 °C is still below theCPof the thermosensitive polymers (33 °C–34 °C,
table 1).When heated from25 °C to 37 °C, polyplexes formedwith theN15P5D43 polymer atN/P 1 showed a
significant increase in particle size from195 to 516 nmwhichwas non-reversible (figure 3(a)). Additionally, the
ζ-potential of the polyplexes further decreased from−24.1 to−32.0 mV (figure 4(a)). TheDLS results indicate
that heating the sample above theCPof the polymer, results in irreversible aggregation of the polyplexes.
However, this was not observed for polyplexes formedwith the same polymer at higherN/P ratios (N/P of 2, 5
and 10). In addition, heating to 37 °Cof polyplexes formedwith polymers having longer cationic blocks from43
to 64 kDa, did also not lead to irreversible aggregation at all testedN/P ratios (figure 3(B)). Polyplexes formed
with polymers having a longer thermosensitive block (27 kDa) showed similar temperature-dependent behavior
regarding particle size (figures 3(c)–(d)). The size ofN27P5D20-polyplexes only atN/P 1was dramatically
increased from171 to above 1000 nm,when the temperature of the polyplex dispersion increased fromRT to
above theCPof the polymer. In addition, ζ-potentialmeasurements showed a significant decrease in surface
charge ofN27P5D20-polyplexes at this lowN/P fromneutral to−29.9 mV (figure 4(c)), clearly indicating
exposure of pDNA. Increasing the cationic block length of the polymer from20 to 56 kDa, still resulted in a
significant increase in particle size after incubation at 37 °C (from180 to 262 nm), whereas this was not the case
forN27P5D56-polyplexes atN/P ratios higher than 1. Interestingly, the ζ-potential ofNPD-polyplexes, except
for those formulations showing irreversible aggregation, increasedwhen the temperature was changed from

Figure 2.Particle size (a) and polydispersity index (PDI) (b) of polyplexesmeasured at 25 °Cby dynamic light scattering (DLS) inHBS
buffer (20 mMHEPES, 150 mMNaCl, pH 7.4). ζ-potential (c) of polyplexesmeasured at 25 °Cby laserDoppler electrophoresis
(LDE) inHEPES buffer (20 mMHEPES, pH7.4).
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25 °C to 37 °C. Thismight be explained by temperature-induced hydrophobic interactions between PNIPAM
blocks present on the polyplex shell and free polymer chains. Subsequently, this can result in coating of the
polyplex particle with free polymer chains having cationic PDMAEMAblocks on the outer shell. Especially at
highN/P ratios, where not all polymer chains are expected to participate in the polyplex formation, this increase
in ζ-potential ismost evident. For example forN15P5D64-polyplexes, at N/P 1 the ζ-potential increases from
−0.6 to 1.5 mV,whereas atN/P 10 the increase was from2.5 to 9.9 mV (figure 4(b)).Moreover, interaction
between free polymer chains and the polyplexes can also explain the slight temperature-dependent increase in
hydrodynamic size observed for these polyplexes samples (from162 to 183 nm), whichwas completely
reversible (figure 3(b)). Interestingly, no effect of temperature-induced shrinking of PNIPAMon the polyplex
sizewas observed. In order to attribute the observed changes in particle size during the temperature cycle to the
presence of the thermosensitive block in theNPDpolymers, non-thermosensitive PDpolymers were included
in this study as control. Only negligible temperature-induced changes in hydrodynamic size and ζ-potential
were observed for PD-based polyplexes at all N/P ratios testedwhen exposed to the same changes in
temperature (figures 3(e)–(f) andfigures 4(e)–(f)). Overall, these results indicate that there is a critical balance
between the electrostatic and hydrophobic interactions between themultifunctional polymer and pDNAat
temperatures above theCP. To explain, when the length of the cationic block and theN/P ratio are high enough,
the electrostatic interactions between the pDNAand the cationic block of the polymer are dominant over the
hydrophobic thermosensitive interactions, resulting in sustaining the polyplex core structure (scheme 2).

To further investigate the balance between electrostatic and hydrophobic interactions, the preparation
method of the polyplexes was changed from formation of the particles at 0 °C to formation at 37 °C. It is known

Figure 3. Influence of temperature andN/P ratio on the hydrodynamic size of thermosensitive (a)–(d) and non-thermosensitive
(e)–(f)polyplexesmeasured by dynamic light scattering (DLS) inHBS buffer (20 mMHEPES, 150 mMNaCl, pH7.4). All polyplexes
were formed at 0 °C, andwere subjected to a temperature change from 4 °C to 25 °C, 37 °Cand back to 25 °C (direction of the
temperature change is indicatedwith the arrows). All values are given as themean±SD (n=3).
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thatNIPAM-based block copolymers with a permanent hydrophilic block, such as PEG, can self-assemble into
micelles above their CP and their criticalmicelle concentration [33, 34]. Indeed, also theNPDpolymers showed
this self-assembly behavior intomicellar structures at 37 °C,without the addition of pDNA (figure 5(a)). Sizes of
the self-assembledmicellar aggregates varied between 111–129 or 140–156 nm,when formedwith polymers
having a thermosensitive block length of 15 or 27 kDa, respectively. The relatively big size deviates from
conventional core–shellmicellar structures. However, the ζ-potentials of themicelles at pH7.4were all positive,
ranging from17.2 to 25.6 mV, indicating the formation of structures with a PNIPAMcore and cationic
PDMAEMA shell (figure 5(b)). To evaluate whether the formation ofmicelles influences the complexation
between pDNA and the polymer, polyplexes were allowed to formupon addition of pDNAat 37 °C.
Noteworthy, the polyplexes prepared at 37 °Cdisplayed a slightly lower PDI value compared to polyplexes
prepared at 4 °C suggesting thatmore uniformparticles were formed in this preparationmethod.However, the
samewas observed for the PDdiblock polymers, lacking the thermosensitive PNIPAMblock,making this
unlikely to be an effect of PNIPAM.No differences in hydrodynamic size at 25 °Cwere observedwhen the
polyplexes were either formed at 0 °Cor at a temperature above the polymer’s CP (37 °C,figure 5(c)). These data
suggest that thermosensitive hydrophobic interactions are dynamic enough to allow rearrangement of the
structure to polyplexes upon addition of pDNA.

Figure 4. Influence of temperature andN/P ratio on the ζ-potential of thermosensitive (a)–(d) and non-thermosensitive (e)–(f)
polyplexes prepared at 0 °C,measured by laser Doppler electrophoresis (LDE) inHEPES buffer (20 mMHEPES, pH7.4). All values
are given as themean±SD (n=3).
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Scheme 2. Sketch of proposed polyplex structure using theNPD (a) or PD (b) polymer. If themolecular weight of the cationic block is
above 20 kDa and theN/P charge ratio higher than 1, the electrostatic interactions between the pDNA and the cationic block of the
polymer are dominating over the hydrophobic thermosensitive interactions, resulting in preservation of the polyplex core structure
even at temperatures above the cloud point.

Figure 5. (a)–(b)Characterization of self-assembled thermosensitiveNPDpolymers into self-assembledmicellar aggregates at 37 °C.
Hydrodynamic size and PDIweremeasured by dynamic light scattering (DLS) inHBS buffer (20 mMHEPES, 150 mMNaCl, pH 7.4)
and ζ-potential by laserDoppler electrophoresis (LDE) inHEPES buffer (20 mMHEPES, pH7.4) at 1 mg ml−1 polymer
concentration. (c) Influence of preparationmethod on the hydrodynamic particle size (bars) and PDI (crosses) of variousNPD- and
PD-polyplexes atN/P 10. Polyplexes were either prepared at 0 °C (black bars) or at 37 °C (grey bars), and subsequentlymeasured at
25 °CbyDLS inHBS buffer. All values are givens as themean± SD (n=3).
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Static light scatteringmeasurements were performed to study the influence of temperature on the radius of
gyration (Rg) and the hydrodynamic radius (Rh) of polyplexes. Polyplexes were prepared atN/P 5with two
representative polymers (N15P5D43 and P5D47) having similar cationic block lengths. No substantial differences
inRg andRhwere observed forN15P5D43-polyplexes, when the temperature was increased from10 to 37 °C
(table 2). This is in agreementwith the data obtainedwithDLS, as therewere no significant changes in
hydrodynamic size observed for the same polyplexes at thisN/P ratio. In addition, the Rh values of the
polyplexes found by SLS (80–87 nm) are in accordance with the hydrodynamic diametersmeasured byDLS
(178–195 nm,figure 3). As expected,Rg andRh values of polyplexes preparedwith the control P5D47 polymer did
also not change in response to the temperature increase, which is in linewith previous results (figures 3(e)-(f)).
No significant differences inRg/Rh ratiomeasured at 10 °C and 37 °Cwere observed for both polyplex samples
(table 2). The ratio betweenRg andRh provides information about the shape and compactness of the particles.
Changes in this ratio upon increasing the temperature above the polymer’s CP can imply the possibility of
morphological transformations of the polyplexes. These SLS data further support the finding that for polyplexes
prepared at highN/P ratio for theN15P5D43 triblock copolymer, the complexwas stable upon the temperature
change (figure 3). It is reported that for naked plasmidDNAhaving 5400 base pairs theRg is∼210 nmand the
Rg/Rh ratio∼1.8, in aqueous buffer solutionwith 150 mMNaCl [35, 36]. The lower values of bothRg andRg/Rh

ratio for the polyplexes samples, confirm the condensation of theDNA chains and the formation of particles, as
reported before [36–38]. Furthermore, theRg/Rh ratio found for theN15P5D43-polyplexes is very close to earlier
reported values for PDMAEMA-based polyplexes [39]. Interestingly, a higherRg/Rh ratio was found for
P5D47-polyplexes, which could suggest a slightly different polyplexmorphology. To explain, it has been shown
in literature for example that PEGylated polyplexes can form rod like structures, whichmay explain theRg/Rh

ratio above 1 indicating non-spherical particles [40, 41]. In addition to the polyplexes, also the formation of
N15P5D43-micelles (no addition of pDNA) at 37 °Cwas studiedwith SLS. BothRg andRh values were smaller
than compared to those for the polyplex samples, as also shownbyDLS.Moreover, theRg/Rh ratio of 0.9 clearly
indicates amore spherical-like structure of themicelles, which is in agreement with literature [33].

The polyplexes were studied by 1H-NMR inD2Obelow and above theCPof the thermosensitive polymer to
investigate the electrostatic interactions between PDMAEMAand pDNAat different temperatures. At 8 °C, the
signal corresponding to PDMAEMAat 2.3 ppm (methyl group, (−CH3)2)was suppressed upon the addition of
pDNAcompared to the signal of the polymer alone (figure 6). The decrease in intensity of this characteristic
PDMAEMA signal confirmed the interactionwith pDNA and the formation of polyplexes with decreased
mobility of the PDMAEMAblocks.More importantly, suppression of the PDMAEMA signal was still observed
when increasing the temperature above the polymer’s CP, suggesting no change in the interaction of the
PDMAEMAblock and pDNA. The change in chemical shift at 40 °C aswell as themore sharpened peaks are due
to the temperature increase, which ismost evident for the PDMAEMA signal without the presence of pDNA.
Additionally, similar behaviorwas observed for the non-thermosensitive PD-polyplexes. The comparison here
indicates that the presence of the PNIPAMblocks even at elevated temperatures does not change the local
environment of protons of PDMAEMA. Furthermore, the signals corresponding to PNIPAMat 1.1 and 3.8 ppm
were suppressed by increasing the temperature above theCP (figure S5–8). The disappearance of these
characteristic signals confirmed that PNIPAMbecomes dehydratedwhen heated above theCP [42].

3.4. In vitro transfection and cytotoxicity of thermosensitive polyplexes
The transfection efficiency and cytotoxicity of polyplexes based onNPD andPDpolymers (table 1)were
evaluated in the presence of serumusingHeLa cells (figure 7). Increasing theN/P ratio for all type of polyplexes
from2 to 5 resulted in a higher transfection efficiency. However, a further increase of theN/P ratio to 10 did not
lead to better transfection, which can be explained by the significant cytotoxicity observed for these polyplexes.

Table 2.Characteristics ofN15P5D43- and P5D47-based polyplexes (N/P 5), and
N15P5D43-basedmicellesmeasured at 10 °Cand 37 °Cby static light scattering (SLS) in
HBS buffer (20 mMHEPES, 150 mMNaCl, pH 7.4).

Sample Temperature (°C) Rg (nm)a Rh (nm)b Rg/Rh

N15P5D43 polyplex 10 125 87 1.4

37 109 84 1.3

P5D47 polyplex 10 135 85 1.6

37 130 80 1.6

N15P5D43 polymer 37 54 60 0.9

a Radius of gyration extrapolated to zero concentration.
b Hydrodynamic radius extrapolated to zero concentration and zero scattering angle.
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Figure 6.Overlay of chemical shifts of themethyl group, (–CH3)2, of the cationic PDMAEMAblock of the polymer alone (blue line)
and in the presence of pDNA as polyplexes atN/P 5 (red line) for two representative polymers: N15P5D43 (a) and P5D47 (b).

1H-NMR
spectra were recorded at 8 °Cand 40 °C in bufferedD2O (137 mMNaCl, 2.7 mMKCl, 11.9 mMphosphates, pH7.4). The change in
chemical shift is due to the temperature increase.

Figure 7. In vitro evaluation of thermosensitive polyplexes onHeLa cells. Cells were transfectedwith serum supplemented culture
medium for 6 h containing pDNA formulated in polyplexes at differentN/P ratios with variousNPD and PDpolymers. The pDNA
dosewas either 0.50 μg/well (striped bars) or 0.75 μg/well (solid bars). A formulationwith l-PEI, 25 kDa (N/P 6)was added as
control (0.50 μg pDNA/well). Transfection efficiencywas determined by a luciferase reporter assay (a) and cell viability was
determined by aMTS assay (b).
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For the non-thermosensitive PD-based polyplexes, a higher transfection efficiencywas observedwith an
increase inmolecular weight of the cationic block from20 to 47 kDa.However, this increased cationic block
length of the polymerwas also associatedwith a decrease in cell viability, which is in linewith previous
observations [32]. The same trendwas observed for the thermosensitiveNPD-based polyplexes, except for
N15P5D43-based formulations prepared atN/P 10which showed substantial cytotoxicity. Besides a transfection
efficiency-dependence of theN/P ratio and cationic block length, a dose-dependent effect was observed aswell.
Increasing the pDNAdose from0.50 to 0.75 μg/well resulted in higher transfection efficiencies, however, it was
also associatedwithmore cytotoxicity. Thesefindings are not surprising, since it has been reported for cationic
polymers that transfection efficiency and cytotoxicity depend onmolecular weight of the polymer, surface
charge of the polyplex and dose [43, 44]. Interestingly, NPD-based polyplexes show better cytocompatibility
than PD-based oneswith similar cationic block lengths, even at the lowerN/P ratios of 2 and 5. This can be
explained by a difference in surface charge of the polyplexes at 37 °C.As shown infigure 4, theNPDpolyplexes
had a lower ζ-potential than the PD-based polyplexes, which is likely due to the additional shielding of the
PNIPAMblocks. For example, at 37 °CN15P5D43-polyplexes withN/P 5 had a ζ-potential of 1.9±0.7 mV,
while the P5D47-polyplexes showed a ζ-potential of 9.6±1.4 mV.When comparingN15P5D20-based
polyplexes withN27P5D20-based ones, it can be seen that an increase of the PNIPAMmolecular weight from15
to 27 kDa resulted in significantly higher transfection efficiencies. However, such a trendwas not seen between
N15P5D43- andN27P5D43-based polyplexes. Itmight be that this effect of PNIPAM is diminished by the
increased cytotoxicity observed for higher cationic block lengths.

As a control, a PEI formulationwas includedwhich showed about 3–10 times higher transfection compared
toNPDor PD formulations. However, a decrease in cell viability was observed for this formulation aswell. The
increased transfection efficiency is not uncommonwhen PEI is comparedwith PEGylated polyplexes, which are
normally taken up to a lower extent than polyplexes based on unmodified cationic polymers (such as PEI)
[26, 45, 46]. Such formulations are however not suitable for in vivo applications and local administration of non-
PEGylated polyplexes is known to result in low transfection because of their restrictedmobility [27, 47].

In conclusion, these results suggest that the presence of thermosensitive blocks inNPD-based polyplexes
resulted in better cytocompatibility compared to PD-based polyplexes with similar efficiencies of delivering its
cargo intoHeLa cells. andThe cytotoxicity-transfection efficiency balance is not only determined by the cationic
block, but also the effect of PNIPAMshould be considered in designing thermosensitive polyplexes.

4. Conclusion

Cationic block copolymers based on PDMAEMA, PEG andPNIPAM formed complexes with plasmidDNA
under physiologically relevant conditions. The results show that there is a critical balance between the
electrostatic and hydrophobic interactions between themultifunctional polymer and pDNA at temperatures
above theCP. If the length of the cationic block is higher than 20 kDa and theN/P charge ratio higher than 1, the
electrostatic interactions between the pDNAand the cationic block of the polymer are dominating over the
hydrophobic thermosensitive interactions, resulting in preservation of the polyplex core structure.Moreover,
the introduction of PNIPAM in a block-like structure to cationic polymers enables formation of polyplexes with
pDNA that shield the charge of the polyplexes to amuch larger extent than PEGdiblock copolymers at
physiological temperature. The thermosensitive polyplexes showed improved cytocompatibility compared to
the non-thermosensitive polyplexes at all testedN/P ratios, whichmight be a result of the enhanced surface-
charge shielding. Furthermore, transfection experiments indicated that all polymers used in this studywere able
to deliver their cargo inHeLa cancer cells even in the presence of serumproteins. Overall, we showed that by
careful tuning lengths of polymer blocks different properties can be introducedwithout compromising the
polyplex structure with pDNA. This strategy has potential for different applications, of which an example could
be the use of the thermosensitive blocks to anchor polyplexes in a thermosensitive hydrogel for the controlled
and local delivery of nucleic acids.
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