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A Low Protein Binding Cationic
Poly(2-oxazoline) as Non-Viral Vector

Zhijian He, Lei Miao, Rainer Jordan, Devika S-Manickam,
Robert Luxenhofer,* Alexander V. Kabanov*

Developing safe and efficient non-viral gene delivery systems remains a major challenge. We
present a new cationic poly(2-oxazoline) (CPOx) block copolymer for gene therapy that was
synthesized by sequential polymerization of non-ionic 2-methyl-2-oxazoline and a new 2-
oxazoline monomer, 2-(N-methyl, N-Boc-amino)-methyl-2-oxazoline, followed by deprotection
of the pendant secondary amine groups. Upon mixing with plasmid DNA (pDNA), CPOx forms
small (diameter ~80 nm) and narrowly dispersed polyplexes (PDI <0.2), which are stable upon
dilutionin saline and against thermal challenge. These polyplexes exhibited low plasma protein
binding and very low cytotoxicity in vitro compared to the polyplexes of pPDNA and poly(ethylene
glycol)-b-poly(L-lysine) (PEG-b-PLL). CPOx/pDNA polyplexes at N/P =5 bound considerably less
plasma protein compared to polyplexes of PEG-b-PLL at the same N/P ratio.
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1. Introduction

Gene therapy is a promising strategy to treat devastating
genetic disorders such as Leber’s congenital amaurosis, ™™
X-linked adrenoleukodystrophy (ALD),!*! B-thalassemia,®
severe combined immune deficiency (ADA-SCID),®! hemo-
philia,'®”! as well as acquired diseases such as cancer®* or
neurodegenerative disorders.!**] Non-viral gene delivery
vectors are intensively investigated as an alternative
strategy to the viral vectors that not only exhibit high
transfection efficiency but also often have high cost and
serious safety issues.*#**] In contrast, non-viral vectors are
typically less active but relatively safe, cost-efficient, and
easy-to-tailor systems, which are flexible to formulation
design, amenable to modifications using targetligands, and
capable of condensing large plasmid DNA (pDNA).[*47¢]
One major category of non-viral vectors is polycations —the
positively charged macromolecules that are typically
exemplified by poly(L-lysine) (PLL),[**2% polyethylenimine
(PEI),12272%) or chitosan.[?¢~3) Polycations condense pDNA
via electrostatic interactions to form nanosized polyelec-
trolyte complexes called polyplexes, which have been
extensively studied as gene delivery vehicles.*!] Unfortu-
nately, most polycations and polyplexes display high
cytotoxicity.**3273%]  Grafting of poly(ethylene glycol)
(PEG) to polycations is known to increase polyplexes
stability. Thus, excess of polycations is avoided and toxicity
may be reduced.?*3¢74!

Although the use of PEG in drug and gene delivery
systems has been well established to be relatively safe, this
polymer also raises a few concerns. As a polyether, it is
prone to oxidative degradation.#2~44] After administration,
low molar mass PEG is predominantly cleared via kidney
and considered safe,*°! yet several studies found evidence
of persisting PEG in vivo.[*™*8] Moreover, approximately
25% of patients have pre-existing anti-PEG antibodies, and
do not respond to treatments employing PEGylated
therapeutics because of accelerated blood clearance.!**!

To overcome the limitations of PEG, poly(2-oxazolines)
(POx) have been suggested as alternatives to PEG due to
their highly tunable structure, versatile properties, and
favorable biological safety profiles.l>* %] POx are accessible
via living cationic ring opening polymerization (LCROP) of
2-oxazolines, arobust and manageable synthetic approach,
which allows incorporation of various functionalities in
the polymer using functional initiation and termination
reagents, or 2-substituted monomers.**) LCROP can
result in excellently control over POx length and dispersity
(Mw/Mp= D<1.2). The pendant amide moieties of
POx are highly hydrated while the alkyl side chains can
be fine-tuned by adjusting chain length to achieve
amphiphilicity of each monomer unit or an overall hydro-
phobic character.®® Both, poly(2-methyl-2-oxazoline)
(PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx) exhibit
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“stealth” properties and long blood circulation times
comparable or even superior to PEG when grafted onto
liposomes®®*”) and non-fouling when grafted onto surfa-
ces.®®5% Viegas et al. have reported that a conjugate of
PEtOx and bovine serum albumin was less immunogenic as
compared to the PEGylated protein in rats.[®” In addition,
POx were investigated as biomaterials in form of surface-
bound and soluble polymer brushes,'®*"**! bactericidal
materials,®®! polymeric micelles,[**~7%! polymer—drug con-
jugates,”* polymer—protein conjugates,”>”74 polymer-
somes,”>7¢! polyplexes,””””®! and fibrous scaffolds,[”® to
date.

There have been attempts to develop gene delivery
systems via partially hydrolyzing PEtOx into linear PEI-POx
diblock polymers.”””#% One drawback of this approach is its
complexity. First, the polymer has to be hydrolyzed, and
second, coupled to an unhydrolyzed chain to obtain the
desired block copolymers. Moreover, this approach does not
allow introduction of other functional side chains. How-
ever, the direct synthesis of cationicPOx by LCROPis alsonot
straightforward, as the growing polymer chains are very
sensitive to nucleophiles, which can terminate the prop-
agating species.®] Some kind of post-polymerization
modification is, therefore, unavoidable if one desires
well-defined polymers. Cationic 2-oxazoline monomers
bearing tert-butyloxycarbonyl (Boc) protected primary
amines were previously reported by one of us.**! Polymer-
ization of this monomer followed by deprotection of Boc
groups generated POx with pendant cationic groups.[®
Hydrogel scaffolds, produced with a very similar synthetic
approach, were applied in bioanalytical systems such as
gene chips to capture or enrich DNAs.®2] More recently,
Rinkenauer et al. have explored a number of cationic 2-
oxazoline polymers by polymer—analog modification of
POx side chains with primary or tertiary amines.!®*! The
researchers found thatlong hydrophobicside chaininduced
high cytotoxicity of the resulting polymer and primary
amines with amine content of at least 40 mol% were
required for efficient transfection. POx featuring pendant
secondary amines were not reported previously.

Here, we describe a novel cationic POx (CPOx) copolymer
comprising a non-ionic hydrophilic PMeOx block and a
cationic  poly[2-(N-methyl) aminomethyl-2-oxazoline]
(PMAMeOx) block. We hypothesized that pendant secon-
dary amine groups tethered by a short alkyl spacer,
methylene, will reduce hydrophobicity and, thus, toxicity,
while still retaining the ability to form polyplexes. A
precursor polymer was synthesized by LCROP of 2-methyl-
2-oxazoline (MeOx) and the novel 2-(N-methyl, N-Boc-
amino)-methyl-2-oxazoline (Boc-MAMeOx) monomer.
After deprotection, a polycationic polymer was obtained.
We explored the potential of this block copolymer for gene
delivery for macrophage transfection with potential
applications in tumor immunotherapy.
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2. Experimental Section

2.1. Materials and Methods

The monomers MeOx and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich (Steinheim, Germany and St. Louis, USA, respectively).
Isobutylchloroformiate was purchased from Alfa Aesar (Karlsruhe,
Germany), N-Boc-sarcosine from Bachem (Bubendorf, Switzerland).
Dry solvents were stored under argon and over molecular sieve.
PEG05-PLLs; was obtained from Alamanda Polymers (Huntsville,
AL) with M, =13kg-mol * and dispersity D=1.09. Pluronic P85
was kindly provided by BASF Corporation (North Mount Olive, NJ).
Pre-cast Tris—HCl gels and Precision Plus Protein All Blue Standards
were from Bio-Rad (Hercules, CA). SYPRO Ruby protein gel stain and
cell culture reagents including Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), and penicillin and streptomycin
(P/S) were purchased from Invitrogen (Carlsbad, CA). NAP desalting
columns and LH-20 were from GE Healthcare (Piscataway, NJ).
Luciferase (Luc) assay kit was from Promega (Madison, WI). gWIZ-
Luc pDNA was from Genlantis (CA, USA). Carboxyrhodamine—azide
(AZ105) was purchased from Click Chemistry Tools (Scottsdale, AZ).
All other reagents and supplies were from Fisher Scientific
(Pittsburgh, PA). Reagents and solvents were used as received,
unless noted otherwise. The monomers and solvents used for the
polymerization of POx were purified by distillation under reduced
pressure and stored under dry argon or nitrogen. RAW264.7 murine
macrophage and B16 murine melanoma cell lines were from
American Type Culture Collection (ATCC, Manassas, VA) and
cultured according to supplier’s protocol.

NMR spectra were recorded on an Inova 400 (*H: 400 MHz,
Varian) at 295K. The critical micelle concentration (CMC) was
determined by the Wilhelmy plate method using a Sigma 703D
Tensiometer. The molar mass (M) and dispersity D were
measured by gel permeation chromatography (GPC) using a
Polymer Laboratories GPC-120 (column setup: 1 x PSS GRAM
analytical 1 000 and 1 x PSS GRAM analytical 100 obtained from
Polymer Standards Services, Mainz, Germany) using N,N-dimethyl
acetamide (DMAc) (5mmol-L~* LiBr, 1wt% H,0, 70°C, 1mL-
min~?) as eluent and poly(methyl methacrylate) standards.

2.2. Polymer Synthesis

2.2.1. Synthesis of Boc-MAMeOx (3)

Boc-MAMeOx (3) monomer was synthesized by ring-closing
reaction following the general procedure of Levy and Litt and a
newer version of Weberskirch et al. (Scheme 1).84%° Using a triple-
necked flask with a thermometer and dropping funnel, 21.06 g
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(111.7mmol) N-Boc-sarcosine (1) were dissolved in 350mL
tetrahydrofuran (THF), and 15.45mL (111.7 mmol) triethylamine
were added, and the mixture was cooled to 3 °C. Isobutylchlor-
oformiate (14.5 mL, 112 mmol) was added dropwise under vigorous
stirring. Subsequently, 12.95g (111.7mmol) chloroethylamine
hydrochloride were dissolved in 50 mL dimethylformamide and
added dropwise followed by 15.45 mLtriethylamine. The yellowish
solution was stirred at room temperature (RT) for 1 h. The reaction
mixture was filtered and concentrated in vacuo. After dilution with
dichloromethane, the solution was extracted thrice each with 10%
aqueous soda and brine. The combined aqueous phases were
extracted with dichloromethane. From the combined organic
phases, all volatiles were removed, the residue (2) dissolved in
150 mL methanol and 22.51 g (162.8 mmol) of K,CO3 were added to
the solution of 2, which was not isolated. The mixture was stirred
under inert atmosphere overnight at RT and then refluxed for 5 h.
Volatiles were removed at reduced pressure and the residue was
dried at 0.002 mbar. From the yellowish solid, the product (3) was
obtained as a colorless liquid by fractionated distillation in vacuo
(13.683 g, yield: 28.8%, bp (3.6 x 10~ mbar) = 76-83 °C).

"H-NMR (ds-MeOD, 300 MHz, 295 K): 4.26 (t, 2H, N—-CH,—CH,-0),
3.95 (s, 2H, C—CH,—-N(Me)(Boc)), 3.74 (t, 2H, N-CH,—CH,—0), 2.82 (s,
3H, N—CHj3), 1.35 ppm (d, 9H, O-C(CH,)s).

13C-NMR (d5-MeOD, 75MHz, 295K): 166.2/4 (C-CH,-N(Me)
(Boc)), 156.1/155.7 (N—-C(O)-O—C(CHs)s), 80.1 (N—-C(O)-0—C(CHs)s),
68.0 (N-CH,—CH,—0), 53.2 (N—CH,—CH,—0), 45.7/44.9 (C—CH,—
N(Me)(Boc)), 34.1 (N—CH3), 27.2 ppm (N-C(O) —O—C(CHs)s).

2.2.2. Synthesis of Propargyl-P(MeOxso-b-MAMeOx ),
CPOx

The polymer was synthesized following published methods
(Scheme 2).[516869 Briefly, under dry and inert condition,
63.1mg (0.3 mmol, 1 eq) of propargyl toluenesulfonate (tosylate)
and 1276.5 mg (15 mmol, 50 eq) of MeOx were dissolved in 3 mLdry
acetonitrile at RT. The mixture was heated (microwave-assisted
synthesizer, 150 W maximum, 130 °C) for 5 min. After cooling toRT,
the cationic monomer for the second block, Boc-MAMeOx
(1011.4mg, 4.7mmol, 16 eq) was added and the mixture was
reacted at 70 °C overnight. Finally the polymer was terminated by
an excess of 5% aqueous K,COs. The solvent was then removed and
the residue was re-dissolved in 5 mL methanol/chloroform (3/1, v/
v). After precipitation from cold diethylether, the product was
isolated by centrifugation. The product was reprecipitated twice
and the polymer (Boc-CPOx) was obtained as colorless powder after
lyophilization (1.75g, 68% yield). Removal of the Boc group was
performed in trifluoroacetic acid (TFA):H,O:triisobutylsilane (TIBS)
(95:2.5:2.5) and the mixture was dried and redissolved in water
followed by dialysis against DI water for 2 d. Deprotected product
CPOx (Scheme 2) was obtained by lyophilization of an aqueous
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Scheme 1. Synthesis of the monomer, Boc-MAMeOx (3). (i) Triethylamine, isobutylchloroformate, 3C, THF, (ii) triethylamine, 2-
chloroethylammonium chloride, dimethylformamide, (iii) MeOH, K,CO,, reflux.
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terminating agent. The deprotection of the pendant amino group of Boc-CPOx was performed with TFA to obtain CPOx. Fluorescently

I Scheme 2. Block copolymerization of MeOx (2) and Boc-MAMeOx (3) using propargyl tosylate (1) as the initiator and 5% K,CO; as the

labeled polymer (F-CPOx) was produced by click reaction of carboxyrhodamine 110-azide with CPOXx.

solution. The yield of CPOx was 91.5% after deprotection of Boc-
CPOx.

1H-NMR (Boc-CPOx, CDCl,, 400 MHz, 298K): 4.1-3.9 (br, 37H, —-N—
CO-CH,—N-Boc, a), 3.47 (br, 249H, N-CH,—CH,, b), 2.87 (b1, 63H,
N-CH3, c), 2.05 (m, 147, -N-CO-CHj, d), 1.4 ppm (s, 180, N—C(0)-O—
C(CH3)s, e).

2.2.3. Synthesis of Carboxyrhodamine 110 Fluorescence-
Labeled Polymers (F-CPOXx)

Carboxyrhodamine 110-azide (4.15mg, 3 eq) (Click Chemistry
Tools) and CPOx (20 mg, 1 eq) were dissolved in 1 mL of water and
methanol (1/1, v/v). Then, 60pg (0.1 eq) of copper (II) sulfate
pentahydrate were added, supplemented with 209 ng (0.2 eq)
Tris(3-hydroxypropyltriazolylmethyl) amine (THPTA, 1 g - L' stock
solution in water/methanol) in water/methanol solution as the
stabilizing ligand of copper. Oxygen was removed from the above
mixture with a stream of argon gas and supplemented with 200 pL
water/methanol solution containing sodium ascorbate (475 g,
from 2g-L~" stock solution, 1 eq) dropwise. The reaction was
allowed to proceed for 24 h at RT, and reaction mixture was loaded
onto LH-20 column to remove unreacted small molecules followed
by addition of 10-fold molar excess of EDTA disodium salt and
stirred at RT for 1 h. Finally, the reaction mixture was purified with
NAP-10 desalting column, dialyzed against DI water for 2 d with
MW-cutoff 3 500 Da, (GE Healthcare, Piscataway, NJ) and
lyophilized to give carboxyrhodamine 110-labeled polymers F-CP
(Scheme 2).1%6) This was repeated twice to completely remove free
fluorescence dye. The fluorescence labeling efficiency was about
72% as determined from the calibration with free fluorescence dye.

2.3. Acid-Base Titration

The buffering capacity of the synthesized block copolymer was
determined by acid-base titration.®”) Briefly, 2mg CPOx was
dissolved in 10mL of 0.1 M Nacl to give a final concentration of
0.2 g- L%, the pH of the polymer solution was adjusted to 10 with
1N NaOH, and the solution was subsequently titrated with 0.1 M
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HCL 0.1 M NaCl and 0.2 g - L™ PEG-PLL were also titrated as control
and reference, respectively.

2.4. Formation and Characterization of CP/pDNA
Polyplexes

For preparation of polyplexes, stock solutions of pDNA (1g-L™%)
and CPOx polymer (1g-L™%) in 10mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (pH 7.4) were mixed
at various N/P charge ratios (1g CPOx polymer=(1/6130) mol,
giving the CPOx molar mass of 6130, and each mol of CPOx contains
16 mol secondary amine groups; therefore, 1 g CPOx polymer = (1/6
130) mol x 16 ~ 2.6 mmol. The number of bases in 1 g of pDNA is
1.71 x10** ~ 1.71 x 10** negative charges. Therefore, 1g of
PDNA = (1.71 x 102%)/(6.022 x 10?*) mol ~ 3mmol)®® and vor-
texed immediately for 30 s, then incubated for 30 min at RT before
further use. The final concentration of pDNA was set to 20mg - L™
Hydrodynamic diameter (z-average hydrodynamic diameter), size
distribution, polydispersity index (PDI) and ¢-potential of poly-
plexes were measured by dynamic light scattering (DLS) using a
Malvern Zetasizer Nano (Malvern Instruments Ltd., Malvern, UK).
Results represent the average from three independently prepared
polyplexes.

2.5. Ethidium Bromide Exclusion Assay, Agarose Gel
Electrophoresis, and Stability of Polyplexes During
Storage, Dilution, and Heating

The ability of CPOx and PEG-PLL to condense pDNA was assessed by
a standard ethidium bromide (EtBr) exclusion assay via measuring
the changes in EtBr/pDNA fluorescence.®™ pDNA (gWIZ-Luc)
solutions in 10 mM sodium acetate buffer (pH 5.2) and 10 mM
HEPES, pH 7.4 at concentration of 20 mg - L~ * were mixed with EtBr
(1mg-L ") and fluorescence measured using 545nm excitation
and 595 nm emission and set to 100%. Background fluorescence
was set to 0% using EtBr (1 mg-L ) solution alone. Fluorescence
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readings were taken following a stepwise addition of polymer
solution.

For agarose gel electrophoresis, 20 pL of each polyplex solution
were mixed with 4 pL 6 x DNA gel loading dye and loaded on 1%
agarose gel containing EtBr (0.2mg-L™%). The samples were
electrophoresed in 1x Tris—Acetate—EDTA (TAE) running buffer
for 1h at 100V, and pDNA bands were visualized under UV light
(FluorChem E, ProteinSimple, Santa Clara, CA).

In order to analyze the stability upon storage at 4 °C, size and PDI
of polyplexes were measured up to 7 d using DLS. Size and PDI of
polyplexes were also monitored upon heating, where the temper-
ature was increased stepwise from 25 to 70 °C. To ensure proper
equilibration, the polyplexes were maintained for 5min at the
desired temperature before the measurement was started.®”

2.6. Transmission Electron Microscopy (TEM)

The morphology of polyplexes was studied using a LEO EM910 TEM
operating at 80kV (Carl Zeiss SMT Inc., Peabody, MA) and digital
images acquired using a Gatan Orius SC1000 CCD Digital Camera
with Digital Micrograph 3.11.0 (Gatan Inc., Pleasanton, CA). Briefly,
a drop of the polyplex solution was deposited on a copper grid/
carbon film for 5 min after which the excess solution was wicked off
with filter paper, and a drop of staining solution (1% uranyl acetate)
was allowed to contact the samplefor 10 s prior tothe TEM imaging.

2.7. Plasma Protein Binding Assay

To obtain rat plasma, blood was taken directly from ventricular
dexter of male Sprague Dailey rats (5 weeks old, 270-300 g) into
15mL tube containing anticoagulant EDTA (50mg-mL ). After
centrifugation (2 000g, 5 min), plasma was separated from blood
cells and was placed onice for later use. Pooled plasma (150 pL) was
incubated with 50 pL PEG-PLL/pDNA, PLL/pDNA, and CPOx/pDNA
polyplexes ([pDNA]=20mg-L*, N/P ratios as indicated) for
30 min at 37 °C. Mixtures were centrifuged at 16 000g for 40 min
to precipitate polyplex-bound plasma proteins from unbound
plasma proteins. Unbound components were removed by three
cycles of washing/centrifugation in 10 mM HEPES buffer (pH 7.4).
The plasma protein-bound polyplexes pellets were then washed
with cold acetone to remove any lipids that were co-precipitated.
Plasma proteins bound to polyplexes were ultimately desorbed
from the pellets using 50 pL 2% SDS (in 0.5 M Tris—HCl containing
10% glycerol, pH 6.8) at 100 °C for 5 min. For comparison, the rat
plasma proteins were collected from pooled rat plasma by direct
precipitation with cold acetone. The amount of protein bound to
polyplexes was determined using MicroBCA assay. Equal volumes
of samples (8 pL each) were loaded on a SDS-PAGE gel, electro-
phoresed and stained using SYPRO Ruby. Selected protein bands
were assigned using mass spectrometry (AB Sciex 4800 Plus MALDI-
ToF/ToF).

2.8. Cell Culture and In Vitro Cell Viability Assay

RAW264.7 murine macrophages and murine melanoma B16 cell
lines were cultured in DMEM supplemented with 10% heat-
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inactivated FBS, 100U -mL™" penicillin and 100mg-L™* strepto-
mycin (complete medium). For the cytotoxicity assay, cells were
seeded at a density of 2 x 10* cells per well in 96-well plates and
allowed to adhere for 24 h prior to the addition of the polymer at
various concentrations ranging from1mg-L *uptolg-L " infull
media. PEG-PLL was used as a positive control. Cells were incubated
with polymer solutions for 48 h and cell viability was determined
by MTT assay (100 pg- well ?, 3h). Data represents the average of
six separate wells for each polymer concentration.[*®) RAW?264.7
murine macrophages were incubated with CPOx/pDNA or PEG-
PLL/pDNA polyplexes prepared at N/P=5 or 10 (polyplexes
containing 0.1 pg pDNA in 100 pL medium per well of 96-well
plate) for 4 or 10 h, and then incubated with complete medium for
another 24 h before measuring the cell viability using MTT assay.
Data represent average +S.D. (n=6).

2.9. Cellular Internalization of Polyplexes and In
Vitro Transfection

Cellular internalization of polyplexes was studied using confocal
microscopy. Briefly, cells were seeded onto sterile Lab-Tek II
chambered coverglass. After overnight attachment, the cells were
treated with polyplexes [F-CP (115 mg - L~ *)/TOTO-3-labeled pDNA
(20mg- L), N/P = 5] for various time pointsfrom2,4,6,8,10,12to
24h. pDNA labeling with TOTO-3 was performed according to
manufacturer’s protocol (Life Technologies, Grand Island, NY). At
the end of each time point, cells were washed thrice with 1x PBS
and fixed with 4% paraformaldehyde for 10 min followed by
imaging using confocal microscopy (LSM 510 laser scaning
microscope, Zeiss, Thornwood, NY, USA) with argon ion laser and
corresponding filter set. Digital images were obtained using a CCD
camera (Photometrics). All imaging conditions, including laser
power, photomultiplier tube, and offset settings, remained
constant for each comparison set. For in vitro transfection study,
the RAW264.7 macrophage or B16 melanoma cells were split 1 d
prior to transfection and plated in 48-well plates at cell density of
3 x 10* per well for RAW?264.7 cells and 1 x 10* for B16 cells. Before
transfection, the cell culture medium was replaced with fresh
serum-free DMEM or complete DMEM media. Transfection
solutions were prepared in 1.5 mL Eppendorf tube by mixing (i) 4
g gWIZ-Luc pDNA, (ii) 150 wL HEPES, and (iii) CP at predetermined
volume to give desired N/P ratio. The cells in each well were
transfected with polyplexes containing 0.5 pg of pDNA in 200 pL
volume at 37°C for 4 or 10h (n=3). Then, the complexes were
removed and cells were incubated for additional 24h in fresh
complete DMEM medium or with Pluronic P85 excipient (in
completemedia) for extra 3 hbefore changing to complete medium.
Cells were washed with 1x PBS and then lysed with 120 uL 1x cell
culture lysis buffer (Promega). The luciferase activity in each
sample was measured using a Promega Luminometer after adding
luciferin substrate.

2.10. Statistical Analysis

Unless otherwise specified, all statistical comparisons were made
using Student’s t-test. A result with p < 0.05 was considered
statistically significant.
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3. Results

3.1. Synthesis and Characterization of Boc-MAMeOx
(3)

A new monomer was designed to yield polymers contain-
ing pendant secondary amine groups after polymerization
and deprotection. The synthesis was performed by a two-
step reaction from readily available reagents following a
standard route for 2-oxazoline synthesis (Scheme 1). First,
Boc-sarcosine (1) was coupled with 2-chloroethylammo-
nium chloride in THF to yield 2-chloroethyl(N-Boc) sarco-
sinamide (2). Ring closure under basic conditions yields the
monomer Boc-MAMeOx (3). The required purity for
polymerization was obtained after fractionated distillation
under reduced pressure.

The chemical structure of purified 3 as outlined in
Scheme 1 was verified via 'H-NMR spectroscopy (Figure 1).

3.2. Polymer Synthesis and Characterization

The living polymerization was initiated using propargyl
tosylate in order to incorporate a functional alkyne group at
the hydrophilic non-ionic PMeOx block end for consecutive
“click” chemistry reactions (Scheme 2). In the current work,
this was used to introduce an azide-bearing fluorescent dye
with good efficiency (72%). The molar mass of the product,
Boc-CPOXx, as determined using GPC (M}, gpc) was close tothe
desired value (M.,.), and the dispersity was reasonably low.
Since the Boc-protected PMAMeOXx block is hydrophobic,
the copolymer is amphiphilic and self-assembles in
aqueous media into micelles with a CMC value around
19mg-L™* (2.1 uM) at 20 °C, as determined using tensiom-
etry (Wilhelmy plate). Boc-CP exhibited a characteristic
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protected monomer 3 (Boc-MAMeOx) along with the assignment
of all observed signals.

’a\
M““\)iir’ﬁ

www.MaterialsViews.com

Macromol. Biosci. 2015, 15, 1004-1020
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Macromolecular
Bioscience

www.mbs-journal.de

signal of Boc-protection group (tert.-butyl protons) at
l4ppm (Figure 2A). After deprotection under standard
acidic condition, the signal intensity assigned to these
protons was strongly reduced (CPOx, Figure 2B). However, it
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Figure 2. "H-NMR spectra (400 MHz, d;-MeOD, 295K) of (A) Boc-
CPOx and the deprotected polymer (B) after single (CPOx) and (C)
repeated deprotection procedures (CPOX'), along with the
respective structures and the peak assignments. The signal
assignable to protons of the Boc-protection group was greatly
attenuated but remained visible in the CPOx spectrum
(estimated 10% Boc residual). This peak nearly disappeared
(estimated <5% Boc residual in C) after repeated deprotection
procedure to further remove residual Boc groups (CPOX').
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is noteworthy that complete removal of the Boc-protection
groups was apparently not achieved using a standard
protocol. Approximately 10% of the protection groups
remained on the polymer. Even after a second deprotection
attempt, approximately 5% of the Boc groups remained
visible in the NMR spectrum (CPOx/, Figure 2C). For further
experiments, we hypothesized that the remaining hydro-
phobic groups may actually stabilize the complexes. Thus,
we did not conduct further attempts for quantitative
removal of the Boc groups.

3.3. Formation and Physicochemical Characterization
of CPOx/pDNA Polyplexes

This study investigated the potential use of a POx block
copolymer with pendant hydrophilic cationic moieties for
non-viral gene delivery. In contrast to a recently published
polymer analogue addition approach by Schubert and co-
workers,®*] we introduced the positive charges via a
monomer-deprotection route. The buffering capacity of
the pendant amino groups at low pH may be important for
transfection efficiency of polyplexes since buffering effects
are believed to facilitate endosomal escape of polyplexes
and thereby protect DNA from nuclease degradation in the
endosomal compartment (proton sponge effect).?2~%%
Therefore, we first measured the buffering capacity of
the block copolymer by acid—base titration in 0.1 M NaCl
aqueous solution (Figure 3A).1*”) At the same mass
concentration, both CPOx and PEG-PLL showed similar
titration curves, however, CPOx appears to buffer slightly
better between pH 7.4 and 5.2, relevant for endosomal
escape (Figure 3B).

The ability of CPOx to condense pDNA and form
polyplexes was assessed by EtBr exclusion (Figure 4A)
and gel retardation (Figure 4B) assays. CPOx was mixed
with gWIZ-Luc pDNA at various N/P ratios. Condensation

12
10

8
56
4
o NaCl S~
2= CPOX s
ol" PEG-PLL
0 300 60 90 120
0.1M HCI (uL)

Figure 3. (A). Titration curves for CPOx copolymer and PEG-PLL
reference in 01 M aqueous NaCl (pH 10, adjusted with NaOH)
using 0.1 M HCI. As a control, the titration curve of NaCl is also
presented. The concentration of polymers was o.2g -L7. (B).
Enlarged inset of rectangular region in (A), pH range from 5.2 t0 7.4.
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curves for polyplexes at pH 5.2 or 7.4 both showed typical
transition between N/P ratios of 1 and 2.

Gel retardation assay suggested that CPOx is able to
condense DNAs and produce polyplexes. When N/P ratio
exceeded 2, CPOx/pDNA polyplexes were unable to migrate
on the gel and remained immobilized in the vicinity of the
gel loading sites.

Furtherinvestigations of the polyplexes by dynamiclight
scattering (DLS) (Figure 5A) revealed that CPOx indeed
effectively condensed DNA into nanoparticles. Polyplexes
at N/P =2 exhibited a relatively large particle size about
d=132nm and a high polydispersity (PDI ~ 0.3). Interest-
ingly, the measured ¢-potential was essentially neutral
(Figure 5B). The formation of uniform and smaller polyplex
nanoparticles could be realized by an increase of the N/P
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Figure 4. (A) pDNA condensation by CPOx assayed by EtBr
exclusion. Change in fluorescence intensity after addition of
CPOx to pDNA (20 mg -L™")/EtBr (1mg -L™") solution at various
N/P ratios in 10 mM HEPES (M, pH 7.4) or 10 mM sodium acetate
buffer ([J, pH 5.2). A relative fluorescence of 100 RFU represents
the fluorescence of pDNA/EtBr solution in the absence of CPOx,
while o RFU indicates background fluorescence of EtBr not
intercalated into DNA. (B) Gel retardation assay of pDNA and
polyplexes (prepared in 10 mM HEPES at pH 7.4) at various N/P
ratios of 1/3, 2, 5, 10, and 20, loaded on 1% agarose gel, stained

with EtBr, and visualized under UV light.
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Figure 5. DLS measurements of the (A, D) size distributions; (B, E) particle size and PDI; and (C) ¢-potential of polyplexes as a function of N/P
ratio of 2 (black), 5 (blue), and 10 (red). Polyplexes were prepared using the CPOx (A-C) or CPOX’ (D, E), respectively.

ratios to N/P =5 or 10 (d = 83 and 78 nm, respectively, with
PDIs ~ 0.17). Again, these particles display an essentially
neutral surface charge (Figure 5B and C). The DLS results
were in good agreement with our observations in agarose
gel electrophoresis.

Following standard deprotection procedure, we were
unable to completely remove Boc protection group and
about 10% of Boc groups remained on the polymer.
However, this particular polymer formed small and defined
(relatively uniform) complexes with pDNA. In contrast, the
polymer produced after repeated deprotection that still
contained a trace amount of Boc groups, <5%, formed less
defined complexes with pDNA (Figure 5D and E). This is very
interesting and we hypothesize that CPOx containing some
Boc groups bearing hydrophobic properties may promote
the core formation of CPOx/pDNA complexes. Examples for
such hydrophobic stabilization of polyplexes can be indeed
found in the literature.l**"]

We also investigated morphology of the polyplexes via
TEM (Figure 6). A representative TEM image of the
polyplexes at N/P ratio 10 indicated essentially spherical
particle morphology, and we estimated a diameter of 50 nm
for these particles. It should be noted that the TEM sizes are
usually smaller than the hydrodynamicdiameters obtained
by DLS.

3.4. Stability of CPOx/pDNA Polyplexes

The stability and shelf-life of polycation/DNA polyplexes is
a critical factor to facilitate the translation into in vivo
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applications. We assessed the stability of CPOx/pDNA
polyplexes upon storage at 4 °C for up to one weekin 10 mM
HEPES buffer (pH 7.4) and observed no considerable changes
of the particle size or PDIfor polyplexes formed at N/P =2 (d
~130nm, PDI ~0.25) and N/P = 5 (d ~83 nm and PDI ~0.16)
(Figure 7). The CPOx/pDNA at N/P=10 showed good
stability for up to 5 d, but at day 7, the average particle

Figure 6. Representative TEM image of CPOx/pDNA polyplex at
N/P ratio of 10 indicated a spherical morphology. 10 pL of polyplex
solution (10 pg - mL™" pDNA) were deposited onto copper grid
with carbon film for 5 min and then negatively stained with 1%
uranyl acetate. (Scale bar, 100 nm).
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Figure 7. (A) Diameter and (B) PDI of CPOx/pDNA polyplexes at
various N/P =2, 5, and 10 as a function of storage time. Each data
point represents the average (+5.D.) of independently prepared
samples (n=3).

diameter increased from 78 to almost 100 nm and their PDI
from 0.17 to about 0.3 (Figure 7).

CPOx/pDNA polyplexes formed at N/P =1 disintegrated
upon 10-fold dilution with 10 mM HEPES buffer (pH 7.4),
however, at N/P =5 polyplexes were stable and no change
in size (d = 82 nm) and PDI (0.16) was detected upon 10-fold
dilution (Figure 8A).

In contrast, when the CPOx/pDNA polyplex at N/P=5
was diluted 10-fold in isotonic saline solution (0.9% Nacl),
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both the size and PDI increased almost twofold to about
150nm and 0.4, respectively. Despite the significant
increase, this result is a first indication that such polyplexes
may be applicable for in vivo studies as the nanoparticles
are stable in isotonic solutions. However, it would be
beneficial to obtain polyplexes of significantly lower
dispersity. In fact, when we prepared polyplexes at N/
P =5 directly in 0.9% NaCl instead of 10 mM HEPES buffer,
CPOx/pDNA polyplexes with an average particle diameter
of d =135 + 1 nm and moderate PDI of 0.275 4-0.008 (n = 3)
were obtained (Figure 8A). The thermal stability of CPOx/
pDNA polyplexes prepared at N/P=5 and 10 was also
investigated. The development of nanoparticle size and PDI
were determined as a function of the temperature from 25
to 70°C (Figure 8B). Interestingly, the average hydro-
dynamic particle diameter exhibited a small but steady
increase while the increase and strong variation of the PDI
at 70 °C may indicate an onset of particle aggregation for
both N/P=5 and 10.

3.5. Polyplex Plasma Protein Binding

Plasma proteins bound to nanoparticles are directly linked
to the uptake and further clearance of these nanoparticles
by the mononuclear phagocyte system (MPS) in vivo.2>%%
190l Hydrophilic PO, i.e., PMeOx and PEtOx homopolymers,
have been long known to exhibit anti-fouling or so-
called “stealth” properties, similar to or superior to
PEG.[56:59101102] This prompted us to evaluate the plasma
protein binding of CPOx/pDNA polyplexes and compare it
with PEGylated polyplexes. The polyplexes formed at
different N/P ratios (5, 10, and 20) were exposed to pooled
rat plasma for 30 min at 37 °C. The protein binding to the
polyplexes was quantified using MicroBCA assay. Interest-
ingly, very little plasma protein bound to CPOx/pDNA
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P =5 (1), upon 10-fold dilutions with 10 mM HEPES buffer (pH 7.4) (Il), or 150 mM NaCl (lll) and of polyplexes (N/P =5) produced directly in

I Figure 8. Stability of CPOx/pDNA polyplexes upon dilution and heating. (A) Average particle diameter and PDI of polyplexes formed at N/

150 mM NaCl (V). (B) Stability of polypexes in 10 mM HEPES buffer (pH 7.4) at N/P =5 (H) and N/P =10 ([J) upon heating from 25 to 70C.
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polyplexes as compared to the PEGylated control polyplexes
PEG-PLL/pDNA or PLL/pDNA (Figure 9A). Analysis of the
bound proteins by SDS-PAGE (Figure 9B) confirmed the low
protein binding to CPOx/pDNA prepared at any N/P ratios.
Analysis by mass spectrometry identified a few of the major
proteins bound to PLL/pDNA polyplexes, which included
IgG light and heavy chains, C3, C4, and C5 proteins of the
complement system, and g and y chain of fibrinogen
isoforms (Figure 9B, small red box from bottom to top,
respectively). The low protein binding of the present
polyplexes is particularly promising for targeted gene
delivery.

3.6. Determination of In Vitro Cytotoxicity of CP
Polymer

Many polycationic delivery systems have cellular toxicity
issues. In order to form stable polycation/pDNA complexes,
a large excess of cationic polymer is often required.*43%3#!
In turn, this may induce significant cytotoxicity due to the
interaction of polycations with the cell membranes. In this
respect, we studied the in vitro cytotoxicity of the CPOx in
the cell lines we were interested to transfect, RAW?264.7
murine macrophage and B16 melanoma cells, using PEG-
PLL as control. Interestingly, CPOx showed little if any
toxicity in RAW264.7 cells at concentrationsupto 0.5g-L*
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(ICso > 1g-L7%) (Figure 10A, black line) while PEG-PLL
induced cytotoxicity with an ICso, of 41g-L ' Similar
results were observed in B16 melanoma cells where the ICs
value of CPOx was about 1 g- L%, while that of PEG-PLL was
approx. 32 mg - L~* (Figure 10B). Moreover, the CPOx/pDNA
polyplexes were significantly less toxic in RAW264.7 cells
than the PEG-PLL/pDNA polyplexes at the same N/P ratios
of 5 or 10 following 4, 10, and 24 h exposures, conditions
used subsequently for transfection studies (Figure 10C).

3.7. Analysis of Cellular Uptake of CPOx/pDNA
Polyplex in Macrophages

Cellular uptake of CPOx/pDNA polyplex (N/P=5) was
studied in RAW?264.7 cells using confocal microscopy. For
this experiment, CPOx was fluorescently labeled with
carboxyrhodamine 110 using click chemistry to give F-
CPOx, while pDNA was visualized using TOTO-3 (Figure 11).
Cells were imaged after incubation (N/P =5)for0.5,2,4,6, 8,
10, and 24 h, respectively. We found that the uptake process
in RAW264.7 cells was rather slow. Up to 4 h exposure, no
fluorescence in the cells could be detected. After 6 and 8h
exposures, the green fluorescence of F-CPOx and red
fluorescence of pDNA was detectable in the cells, while
after 10 h exposure, the majority of cells were positive for
both F-CPOx and pDNA fluorescences. Furthermore, after
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Figure 9. (A) Total protein adsorption in isolated polyplexes as determined by MicroBCA assay. **Comparison with PEG-PLL/pDNA
polyplexes, p < 0.05. (B) SDS-PAGE of adsorbed plasma proteins on PEG-PLL/pDNA, PLL/pDNA, and CPOx/pDNA polyplexes at N/P
ratio of 5,10, and 20 (8 pL each sample). Rat plasma proteins were separated on the gel as a reference. Protein bands on the SDS-PAGE gel
were visualized by SYPRO Ruby staining.
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Figure 10. In vitro cytotoxicity of polymers and polyplexes. Cell viability was assessed using MTT assay after 48 h incubation with polymers.
Conditions for polyplexes were the same as in the transfection experiments (polyplexes containing 0.1 ug pDNA in 100 L medium per well
of 96-well plate) for 4, 10, and 24 h, and then incubated with complete medium for another 24 h before measuring the cell viability using

MTT assay. Data represent average +S.D. (n=6).

24 h incubation, both the green and red-labeled fluores-
cence concentrated in the perinuclear region of the cells
(Figure 11). However, significant loss of cell viability was
also observed after 24 h of continuous polyplex exposure.
Similar results were obtained for the polyplex at N/P 10
(data not shown).

3.8. In Vitro Transfection

Gene delivery was evaluated with CPOx/DNA polyplexes at
N/P=5 and 10 in B16 murine melanoma cells and
RAW264.7 murine macrophages, which are known to be
difficult to transfect.1°3%4) Again, the PEG-PLL/pDNA
polyplexes were used as a reference in the transfection
experiments. All transfections were performed in complete
DMEM medium containing 10% FBS for 4 and 10h. The 10 h
time point was selected given the fact that the CPOx/pDNA
polyplexes internalized relatively slow into RAW264.7
but still showed acceptable levels of cytotoxicty (Figure 10
and 11).

The transfection observed in the B16 cells with the
control PEG-PLL/pDNA polyplexes was significant although
relatively low. The transfection observed after exposure of
these cells to CPOx/pDNA polyplexes at N/P=5o0r 10for4 h
was not significantly different from the baseline
(Figure 12A). When the exposure time was increased to
10h, the CPOx/pDNA polyplexes at N/P=5 produced
significant transgene expression in these cells, albeit
several fold lower as compared to the control. Since the
transfection levels were low for all experiments, we
explored the effect of a gene expression adjuvant, an
amphiphilic block copolymer, poly(ethylene oxide)—poly-
(propylene oxide)—poly(ethylene oxide) triblock copolymer
(Pluronic P85) that was previously shown to increase
transgene expression both in vitro and in vivo.*°>1%¢ In

Macromolecular

particular, using different polyplexes, this block copolymer
was shown to increase cellular uptake of pDNA in vitro,
nuclear transport of the pDNA, and the transcription of
intranuclear pDNA.1*°>1%7! Indeed, after adding P85 to
CPOx/pDNA polyplexes at N/P 10, we observed a significant
increase of the cell transfection, although the gene
expression levels in this treatment group were still less
than those observed for PEG-PLL/pDNA.

In RAW264.7 macrophages, PEG-PLL/pDNA polyplexes
produced significant albeit low levels of transfection
(Figure 12B). In contrast, we saw no transfection after
either 4 or 10h incubation of the cells with CPOx/pDNA
polyplexes. Again, addition of either 0.1 or 0.5% Pluronic P85
boosted the transfection for CPOx/pDNA polyplexes to
significant levels. In these cases, the gene expression
reached levels comparable to the PEG-PLL/pDNA control.

4, Discussion

It is well known that macrophages play a key role in
immune responses through direct and indirect mecha-
nisms.[1%81%91 A significant population of macrophages
derived from monocytic precursors are believed to be
associated with malignant tissues in the tumor micro-
environment. This special phenotype of macrophages,
often termed tumor-associated macrophages (TAMs), acts
as pro-tumoral components. Previous reports demon-
strated that a number of chemoattractants such as CCL2
and CCL5 secreted by tumor or stromal cells are responsible
for the accumulation of TAMs at the tumor sites. 12011
Similar roles may also be played by the vascular endothelial
growth factor (VEGF), the platelet-derived growth factor
(PDGF), the transforming growth factor beta (TGFg), and the
macrophage colony stimulating factor (M-CSF), of which
the latter may promote macrophage survival and
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Figure 11. Cellular uptake of F-CPOx/pDNA polyplex (N/P = 5) in RAW264.7 macrophages studied by confocal fluorescence microscopy. Blue,
nuclear staining (Hoechst); green, F-CPOx; red, TOTO-3-labeled pDNA. Cells were incubated with polyplex (20 mg - L' pDNA) for 0, 0.5, 2, 4,
6, 8, 10, and 24 h, then washed with PBS and fixed in 4% paraformaldehyde before confocal imaging.
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Figure 12. In vitro transfection after incubation with PEG-PLL/
pDNA and CPOx/pDNA at N/P =5 or 10 in DMEM +10% FBS for 4
or 10h. Alternatively, cells were transfected with CPOx/pDNA
polyplex supplemented with 0.1 or 0.5% Pluronic P8s. After
transfection, cells were incubated with fresh complete
medium for another 24 h and lysed subsequently for luciferase
measurement. Statistical comparison with cells only, *p < 0.05,
*p < 0.01. n.s., not significant (n=3).

differentiation. TAMs also facilitate tumor cells producing
matrix proteases to degrade the extracellular matrix (ECM)
and, therefore, promote tumor invasion and metastasis.**2
Gene delivery targeted at macrophages either by re-
educating macrophages toward tumoricidal phenotype
or by directly wiping out these populations offers great
opportunities for a long-term cancer immunotherapy.
Interestingly, it was recently discovered that macrophages
can transfect neighboring cells simply by transporting
DNAs via excreted lipid vesicles termed exosomes.[**3141 [n
this regard, we proposed that transfecting TAMs can
provide for possibilities to infiltrate and impact deep
tissues of tumors. The transfection efficiency in macro-
phages has proven to be extremely low, and although a
number of non-viral gene transfer methods attempted to
improve macrophage transfection,*>*17) all these meth-
ods have the drawback of a rather low transfection
efficiency and/or high cellular toxicity. This study was
designed as a first step toward development of a platform to
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deliver genes to TAMs and to reduce the notorious
cytotoxicity of polyplex gene delivery systems. For targeted
delivery, alow unspecific uptake is important, which can be
correlated with unspecific protein binding. Therefore,
protein binding of the presented polyplexes was studied.

Various polycations and polyplexes formed thereof have
been extensively explored as carriers for non-viral gene
delivery although their applications in vivo have been
hindered by their low transfection efficiency, their cytotox-
icity, as well as the rapid clearance from the plasma
circulation by the immune system. Although polyplexes
have been investigated for quite some time, numerous
research groups are still actively investigating new
polymers with the goal to reduce toxicity, non-specific cell
uptake and increase the transfection efficacy at the same
time.[*3 We designed a new alternative system based on a
protected secondary amine-functionalized 2-oxazoline
monomer, and synthesized polycationic POx block copoly-
mer, CPOXx, containing pendant secondary amine groups by
co-polymerization of this new monomer with MeOx. This
new polycationic block copolymer exhibits promising
properties such as a low cytotoxicity and formation of
stable polyplexes with pDNA. While in low and medium
ionic strength media (DI water and 10 mM HEPES), polyplex
diameters were below 100 nm, size increased to around
150nm when transferred to or prepared in high ionic
strength media (150 mM NacCl). Important to note, the
polyplexes were essentially neutral in terms of ¢-potential.
In a recent study on polycationic POx with primary and
tertiary amines, the polyplex particle size was reported only
at N/P=20.%%! The reported particle diameter varied
between 67 and 255 nm but were mostly >100nm with
significantly positive ¢-potential and variable disper-
sities.®*! In addition, CPOx/pDNA polyplexes show very
low plasma protein binding as compared to the polyplexes
based on a conventional cationic copolymer, PEG-PLL.

The finding of the significantly decreased protein binding
for CPOx/pDNA may be attributed to a stealth effect enabled
by the hydrophilic PMeOx block of CPOx, forming a hydro-
philic protective shell around the CPOx/pDNA nanoparticles.
This PMeOx shell may be more efficient as compared to the
PEG shell of PEG-PLL/pDNA polyplexes because PMeOx is
reported to be more hydrophilic than the PEG.[®%!%]
However, the low protein binding may be also attributed
tothe nature of the polycationicblock, which is designed tobe
more hydrophilic as compared to PLL or previously described
polycationic POx. In summary, the difference between the
CPOx and PEG-PLL compared in this studyis the overall higher
hydrophilicity of CPOx, and thus, either the hydrophilicity of
shell or the core or the lower amphiphilic contrast between
both may explain the favorable stealth property of polyplex
particles formed with CPOx.

Stability against environmental challenges such as
temperature, ionic strength, and protein load are important
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criteria of polyplexes.®® CPOx/pDNA polyplexes were
found to be stable upon dilution in low ionic strength
buffers and saline as well as upon storage at 4 °C for at least
one week. We also found that the CPOx/pDNA polyplexes
are stable even at elevated temperatures (70 °C). While
studying interactions of the CPOx/pDNA polyplexes with
cells, we found slow internalization into RAW264.7 macro-
phages. Eventually, after 10 h, appreciable amounts were
detected. The slow internalization of the CPOx/pDNA might
be associated to the hydrophilic shell formed by the PMeOx
block as the stealth effect also diminishes interactions of
the polyplex particles with the cell membrane. Interest-
ingly though, amphiphilic POx, which also exhibit very low
protein binding,[***! were shown to be internalized very
rapidly in a variety of cells.[*?%) This marked difference may
be attributed to the hydrophilic character of the cationic
block forming the polyplex core and/or the good stability of
the overall polyplex construct as it does not allow
disintegration of the particles upon cell membrane contact.
As a general rule, internalization and toxicity of polyplexes
formed by PEG-modified polycations (e.g., PEG-PLL) are
lower than internalization and toxicity of polyplexes
formed by the same polycations that do not carry PEG
chains (e.g., PLL).1*2**?2] The newly designed CPOx/pDNA
polyplexes are significantly less toxic (ICso>1g-L ') than
the PEG-containing ones. A direct comparison with a recent
work by Rinkenauer et al.[83is difficult since, in this paper,
the cytotoxicity was tested using a different assay to a
maximal concentration of 200 mg - L~ Yfor 24 hwhile, in the
present work, incubation was performed for 48h. The
toxicity of the presented polymers is in the same order of
magnitude as reported before by Hsiue et al. for POx-PEI
copolymers.l””)

To optimize the in vitro transfection using CPOx/pDNA
polyplexes, time of the exposure of the cells to these
polyplexes was increased to 10 h compared to conventional
4h'?% Even at prolonged exposure, the CPOx/pDNA
polyplexes revealed very low transfection activity that
was same or less than the transfection activity of the PEG-
PLL/pDNA control. We performed multiple transfection
experiments and found that, for hard-to-transfect
RAW264.7 macrophages, the transfection efficiency of
the CPOx/pDNA polyplexes was negligible; however, it
could be boosted to significant levels by coadministration of
P85, known to increase transfection due to, in part, the
enhancement of polyplex uptake and the activation of the
nuclear factor-xB (NF-kB) signaling pathways.*2412%! we
also noted considerable increase for the transfection of B16
murine melanoma cells with CPOx/pDNA polyplexes and
Pluronic P85 systems, as compared to the polyplexes alone.
This is a very promising observation especially in view of
our prior findings that Pluronic block copolymers, and, in
particular, Pluronic P85 were shown to greatly improve
non-viral gene transfer in vivo, including increased gene
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expression in macrophages and other immune response
cells.1*2¢!

Although the transfection levels observed with the
CPOx/pDNA polyplexes without the block copolymer
adjuvant were lower as compared to PEG-PLL/pDNA, the
presented results provide a good starting point for further
developments because the POx system is highly tuneable in
its properties and allows precise adjustments of the
polymer architecture, amphiphilic contrast, and charge
distribution. All of these aspects will be subject of future
work. On the other hand, the slow CPOx/pDNA polyplex
uptake by macrophages also offers an opportunity to
minimize non-specific uptake in vivo and provides a
sufficient time window for active targeting of specific cell
populations using selective cell surface binding motifs.
These can readily be introduced into the CPOx by click
chemistry with the alkyne group at the hydrophilic
polymer terminus or by introduction of a suitable mono-
mer.*2% At the same time, this might also boost selective
endocytosis only for recognized cells. The “clickable”
property of the developed CPOx polymer was evidenced
by successfully attachment of a fluorescence dye.

5. Conclusion

We prepared the first cationic POx with pendant secondary
amine groups from a new protected 2-oxazoline monomer
(Boc-MAMeOx). The secondary amine is linked to the
polymer backbone by a short methylene linker in order to
minimize the hydrophobic character of the monomer unit.
Living cationic polymerization of Boc-MAMeOx with the
hydrophilic MeOx and deprotection gave a block copolymer
(CPOx) that effectively complexed pDNA to small and
narrow distributed polyplex nanoparticles of excellent
stability upon storage and dilution in physiological saline
as well as upon thermal challenge. The CPOx/pDNA
polyplexes show low to no cytotoxicity and very low
plasma protein binding as compared to conventional PEG-
PLL-based polyplexes. The cell uptake of CPOx/pDNA was
found to be slow, and the transfection efficiency into
macrophages or melanoma cells was not satisfactory, but
could be significantly improved using Pluronic P85 as a gene
transfer adjuvant. The CPOx polymer is functionalized with
a “clickable” terminus allowing for attachment of targeting
ligands, fluorescent dyes, and other functional molecules to
the resulting polyplexes. In future studies, stability and
targeting of the new polyplexes in complex biological
media can be further explored both in vitro and in vivo.
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