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ABSTRACT: A novel unconventional supramolecular oligo-
cationic structure (Agm¢-M-PEG-OCH,) has been synthe-
sized to yield high efficiency therapeutic oligonucleotide
(ON) delivery. Agms-M-PEG-OCH; was obtained by a
multistep protocol that included the conjugation of agmatine
(Agm) moieties to maltotriose (M), which was further
derivatized with one poly(ethylene glycol) (PEG) chain. Gel
electrophoresis analysis showed that the 19 base pairs dsDNA
model ON completely associates with Agm,-M-PEG-OCHj at
3 N/P molar ratio, which is in agreement with the in silico
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molecular predictions. Isothermal titration calorimetry (ITC) analyses showed that the Agms-M-PEG-OCH,;/ON association
occurs through a combination of mechanisms depending on the N/P ratios resulting in different nanostructures. Dynamic light
scattering (DLS) and transmission electron microscopy (TEM) revealed that the Agm,-M-PEG-OCH,;/ON polyplexes have
rod-shape structure with a mean diameter of 50—75 nm and aspect ratio depending on the N/P ratio. The polyplexes were
stable over time in buffer, while a slight size increase was observed in the presence of serum proteins. Cell culture studies
showed that neither Agms-M-PEG-OCHj; nor polyplexes displayed cytotoxic effects. Cellular uptake depended on the cell line
and polyplex composition: cellular internalization was higher in the case of MCF-7 and KB cells compared to MC3T3-E1 cells
and polyplexes with smaller aspect ratio were taken-up by cells more efficiently than polyplexes with higher aspect ratio. Finally,
preliminary studies showed that our novel carrier efficiently delivered ONs into cells providing gene silencing.
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B INTRODUCTION

Therapeutic oligonucleotides (ONs, e.g. siRNA, miRNA, etc.)
are being exploited in gene therapy to attenuate or override the
influence of malfunctioning genes by gene degradation,
translational target repression, or silencing.' > Unfortunately,
despite the unique opportunities offered by ONs for the
treatment of a variety of disorders, they often fail to meet their
therapeutic goal because of their degradation by serum
nucleases, negligible transmembrane transport, off-target
profile, and immunogenic response.” Therefore, therapeutic
ON discovery has paralleled with the development of viral or
nonviral ON delivery carriers that circumvent these limitations.

The use of viral vectors is limited by intrinsic toxicity and
immunogenicity, low ON packaging, and difficult scale-up
production.”™® Nonviral vectors, namely cationic vesicles,
nanoparticles, and macromolecules, offer many advantages
over viral carriers including biosafety, easy scale-up production,
low host immunogenicity, and controlled delivery.

Cationic supramolecular nanocarriers can be generated with
a variety of materials such as cationic polymers, knotted
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structures, dendrimers, cyclodextrins, lipids, and bola-lipids.
These macromolecules form polyplexes by electrostatic
association with ONs, which protect them from degradation
and favor their internalization by endocytic pathways into the
diseased cells.”™"! Nevertheless, most of these cationic
macromolecules raise cytotoxic effects as consequence of
interactions with cell membranes'” and present nonspecific
interactions with blood components. Furthermore, these
nonviral vectors often have low bioavailability and transfection
efficiency compared to viral vectors resulting in limited
biological outcome.* ™'

Cationic lipids display different transfection behavior
according to their architecture and geometric features; for
example, “cone” shaped lipids possess enhanced transfection
properties.'®'” Linear polyethylenimine (PEI), the gold
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standard polymer for ON and gene delivery, was found to be
more efficient in gene transfer compared to the branched
polymer, while linear poly [(2-dimethylamino) ethyl meth-
acrylate)] (pDMAEMA) was less effective compared to both
hyperbranched and star-like pPDMAEMA."®"® Cyclic pDMAE-
MA was shown to possess longer residence time in blood
circulation and lower toxicity compared to its linear counter-
part, while the transfection efliciency has been found to be
markedly influenced by the molecular weight.

The introduction of stealth polymers, namely PEG, into the
polycationic macromolecules yields polyplexes that can escape
the immunosystem and other clearance processes thus
prolonging the residence time in the bloodstream.”
Furthermore, PEGylation reduces the carrier-induced hemol-
ysis, protects ONs from enzymatic degradation, enhances the
colloidal stability, and can target tumor tissues dependent on
increased extravasation by the enhanced permeability and
retention (EPR) effect”’ PEG—PEI and PEG-poly-L-Lys
polyplexes, for example, have been designed to display
extravasation-dependent accumulation in solid tumors where,
by v12r§1;§ of the positive charge, they can be taken-up by the
cells.”™

According to the evidence that diblock copolymer and cyclic
polymers containing 6—8 cationic groups efficiently form
polyplexes™ that display prolonged residence time in the
bloodstream and accumulate in solid tumors, we investigated a
novel cationic supramolecular platform where a polycationic
“star-like head” formed by six guanidyl units attached to an
oligosaccharide core was combined with a PEG “tail”. The
nonpolymeric and nonpeptidic cationic “star-like head” can
provide for Coulombic ON association, while PEG endows
polyplexes with biophysical stability.

Here, we report the design, synthesis and characterization of
the novel ON carrier formed by a nonlinear oligo-cationic
(oligo-guanidyl) “star-like head” and a flexible polymer (PEG)
“tail”. We observed that this chemical structure can form
polyplexes with a peculiar rod shape, which can have relevant
impact on their biopharmaceutical behavior. The cell up-take
of polyplexes was tested on three model cell lines. Finally, the
bioactivity of the new nanoplatform was preliminarily
evaluated on human cervical carcinoma HeLa cells. For its
role in cell invasion and metastasis, Racl gene pathway was
selected as a model to evaluate the ability of the novel oligo-
cationic polymer (AgmsM-PEG-OCH;) to silence a specific
gene.

B EXPERIMENTAL SECTION

Materials. Maltotriose, 6-aminocaproic acid, acetic anhy-
dride, 2-bromoisobutyryl bromide, trimethylamine, ascorbic
acid, agmatine sulfate, 1-ethyl-3-[3-(dimethylamino)propyl]
carbodiimide hydrochloride (EDC), N,N’-dicyclohexylcarbo-
diimide (DCC), N-hydroxysuccinimide (NHS), xylen cyanol,
acryloyl chloride, copper bromide, tris(2-pyridylmethyl)amine
(TPMA), deuterated solvents (D,0, CDCLy), glycerol, tris-
(hydroxymethyl)aminomethane chloride (Tris), boric acid,
ethylenediaminetetraacetic acid, and thiazole orange were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Linear 5
kDa a-methoxy-w-amino-polyethylene glycol (NH,—PEGg; yp,-
OCH,;) was obtained from Iris Biotech GmbH (Marktredwitz,
Germany). Double-strand DNA (dsDNA) and cyanin-3
labeled ds-DNA (Cy3-dsDNA; 19 nucleotides per strand)
were purchased from Biomers.net GmbH (Ulm, Germany).
The GelRed (dsDNA intercalating agent) was purchased from
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SICHIM (Rome, Italy). siRNA (Racl siRNA, Luciferase
siRNA) sequences were from QBI Enterprise (Ness Ziona,
Israel). Lipofectamine 2000 was obtained from Life Tech-
nologies (Grand Island, NY, USA). The psiCHECK reporter
assay was purchased from Promega Cat#E1960 (Madison,
Wisconsin, USA). Solvents were furnished by Carlo Erba
(Milan, Italy), VWR International (Lutherworth, UK), and
Sigma-Aldrich (St. Louis, MO, USA). All the other reagents or
salts were obtained from Fluka Analitical or Sigma-Aldrich.
Chamber slides BD Falcon for confocal microscopy were
purchased from Corning (Tewksbury, MA, USA). Vectashield
mounting medium with 4,6-diamidine-2-phenylindole (DAPI)
was provided by Vector Laboratories Inc. (Burlingame, CA,
USA).

GPC analyses were performed by using a Malvern Viscotek
triple detector array (TDA) model 302, equipped with
refractometer, light scattering (low-angle light scattering-
LALS and right-angle light scattering-RALS) and differential
viscosimeter, and TSKgel G3000 (7 ym, 7.8 X 300 mm*) and
TSKgel G4000 (10 ym, 7.8 X 300 mm?) Tosoh columns. A set
of narrow dispersity polyethylene glycol (PEG) standards
(282—30000 Da, EasiVial PEG Agilent Technologies, Inc.)
were used to calibrate the columns. Cell lines from human
cervical carcinoma (KB), human breast cancer (MCE-7),
murine preosteoblast (MC3T3-E1), and human cervical
carcinoma (HeLa) were provided by the cell bank ATCC
(Manassas, VA, USA). All products for cell biology including
Dulbecco’s modified Eagle medium (DMEM), L-glutamine,
trypsin, antibiotic and antimicotic solution, fetal bovine serum
(FBS), and phosphate saline buffer with and without Ca®*/
Mg**,3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

Synthesis of Maltotriosyl-N-acetyl-amino-hexanoic Acid
(M-COOH) (1). Thirty milliliters of a 34.7 mg/mL 6-
aminohexanoic acid solution (0.264 M) in methanol acidified
with 1% v/v acetic acid was added of 1 g (1.98 mmol) of
maltotriose and heated to 60 °C until complete maltotriose
dissolution. The solution was maintained under stirring for 14
h at 50 °C and, after reduction to half volume under vacuum,
22.6 mL of acetic anhydride (237.6 mmol) was added over 60
min and then maintained under stirring at room temperature.
After 24 h, the volume was reduced to about 5 mL and
dropwise added to 100 mL of cold diethyl ether to precipitate
the maltotriosyl-N-acetyl-amino-hexanoic acid (M-COOH).
The precipitate was recovered by 5 min centrifugation at 4000
rpm and then desiccated under reduced pressure. The final
product, 1.1 g, was analyzed by 'H NMR, ESI-TOF mass
spectrometry, FT-IR, and elemental analysis.

"H NMR (400 MHz, D,0) & (ppm): 5.34 (s, 1 H, anomeric
proton), 5.13 (s, 1 H, anomeric proton), 4.06—3.29 (m, 20 H,
sugar region + £-CH,), 2.27—2.28 (m, 2 H, a-CH,), 2.06 (s, 3
H, CH,—CO-), 1.55 (m, 4 H 8- CH, and #-CH,), 1.24 (m, 2
H) y‘CHZ)'

ESI-TOF [m/z]): 658.26 (M-H*)'~ [calcd. for maltotriosyl-
N-acetyl-amino-hexanoic acid 659.26].

FT-IR (KBr): v (cm™) 3368 (—OH), 2936 (—CH), 1718
(—COOH), 1623 (acetyl CO-N).

Elemental analysis: C, 44.92%; H, 6.92%; N, 2.78%; (O,
45.38%) [calcd. for maltotriosyl-N-acetyl-amino-hexanoic acid
(CyeHsNOy,), C, 47.34%; H, 6.88%; N, 2.12%; O, 43.66%].

Synthesis of (2-Bromoisobutyryl)s-maltotriosyl-N-acetyl-
amino-hexanoic Acid [(isoC,Br)s-M-COOH] (2). The synthesis
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of (2-bromoisobutyryl)s-malytotryosyl-N-acetyl-amino-hexa-
noic acid [(isoC,Br)s-M-COOH] was performed according
to the modified protocol described by Stenzel-Rosembaum et
al”® A suspension of 1.0 g (1.52 mmol) of maltotriosyl-N-
acetyl-amino-hexanoic acid in 40 mL of anhydrous chloroform
was added of 4.21 mL (30.2 mmol) of trimethylamine and
maintained at 0 °C under stirring for 15 min. Then 3.48 mL
(30.2 mmol) of 2-bromo-isobutyryl-bromide was added
dropwise over 30 min. The reaction mixture was maintained
under stirring for 3 h at 0 °C and then for 72 h at room
temperature. The (2-bromoisobutyryl)s-maltotriosyl-N-acetyl-
amino-hexanoic acid [(isoC,Br)s-M-COOH] was purified by
mixing the reaction mixture with 100 mL of Milli-Q water into
a separating funnel. The mixture was then washed three times
with 300 mL of cold water, three times with 300 mL of 0.1 N
NaOH, and finally three times with 300 mL of cold water. The
organic layer containing [(isoC,Br),;-M-COOH] was recov-
ered and dried with anhydrous Na,SO,. The suspension was
filtered, and the solvent was removed under reduced pressure.
The final product, 1.7 g of red—brown oil, was analyzed by 'H
NMR, FT-IR and elemental analysis.

'"H NMR (400 MHz, CDCL) & (ppm): 5.58 (s, 1 H,
anomeric proton), 5.25 (s, 1 H, anomeric proton), 4.70—2.53
(m, 20 H, glycosyl scaffold and &-CH,), 2.15—1.74 [m, 36 H,
CO-(CH,),], 1.60 (s, 3 H,-CO—CHj acetyl moiety), 1.45—
1.06 (m, 4 H, 5- CH, and -CH,), 1.01-0.67 (m, 2 H, a-
CH,).

FT-IR: 3472 (~OH), 2978 (—CH), 1744 (isobutyryl —CO-
0), 1650 (acetyl —CO-N).

Elemental analysis: found C, 40.02%; H, 4.89%; Br, 31.12%;
N, 0.84%; (O, 23,13%) [calcd. for (2-bromoisobutyryl)-
maltotryosyl-N-acetyl-amino-hexanoic acid (CsoH,sBrgNO,,),
C, 38.66%; H, 4.87%; Br, 30.86%; N, 0.90%; O, 24.72%].

Synthesis of Acryloyl-agmatine (Acry-Agm) (3). Acryloyl-
agmatine (Acry-Agm) was synthesized according to the
modified protocol reported in the literature.”® Briefly, 2.0 g
(8.76 mmol) of agmatine sulfate was dissolved at 0 °C in 15
mL of NaHCO; saturated water solution. The solution was
added of 0.75 mL (9.64 mmol) of acryloyl chloride in 30 min
under vigorous stirring. After 1 h, the solution pH was adjusted
to 1.0 with 1.0 N HCI and the mixture was saturated with
sodium chloride. After filtration, acryloyl-agmatine (Acry-
Agm) was purified by washing the reaction solution in a
separating funnel using 150 mL of ethyl acetate and finally
mixed three times with 50 mL of a 1:1 of isopropanol/ethyl
acetate solution. The organic fractions were collected, pooled,
and concentrated under reduced pressure. A pale-yellow oil
was recovered, dissolved in water, and freeze-dried. The final
product, 1.0 g, 62% molar yield, was analyzed by '"H NMR and
ESI-TOF mass spectrometry.

'"H NMR (400 MHz, D,0) & (ppm): 6.33—6.18 (m, 2 H,
CH,=C-), 5.80—5.78. (dd, 1 H, C=CH-), 3.33 (dd, 2 H, a-
CH,), 3.24 (t, 2 H, 5-CH,), 1.76—1.63 (m, 4 H, f, y-CH,).

ESI-TOF [m/z]: 185.14 (M+H*')' [caled. for acryloyl-
agmatine 184.13].

Synthesis of (Agmatinyl)s-maltotriosyl-N-acetyl-amino-
hexanoic Acid (Agms-M-COOH) (4). CuBr (460.47 mg, 3.21
mmol), tris[(2-pyridyl)methyl]amine (TPMA, 932.05 mg,
3.21 mmol), and ascorbic acid (11.3 mg, 0.0642 mmol) were
dissolved in 10 mL of anhydrous DMSO and degassed by
bubbling nitrogen for 30 min. The solution was then added to
4 mL of a 2953 mg/mL Acry-Agm solution in degassed
DMSO (1181.28 mg, 6.42 mmol), heated to 65 °C, and added
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to 500 mg of [(isoC,Br),-M-COOH] (0.321 mmol)
previously dissolved in 2 mL of anhydrous DMSO and
degassed by nitrogen bubbling. The reaction mixture was
stirred for 72 h under nitrogen atmosphere and then exposed
to air. After 30 min, the solution was poured into 200 mL of
1:1 v/v diethyl ether/acetone mixture containing 1% v/v of
acetic acid to precipitate (agmatinyl)s-maltotriosyl-N-acetyl-
amino-hexanoic acid (Agmg-M-COOH). The precipitate was
collected and desiccated under vacuum. The precipitate was
dissolved in water, dialyzed against water to eliminate
unreacted Acry-Agm, and finally freeze-dried. The final
product, 542 mg, was analyzed by Sakaguchi assay,”’ 'H
NMR (D,0), FT-IR, and elemental analysis.

The Sakaguchi assay was performed to estimate the
guanidinium group content that was derived from a calibration
curve obtained with guanidinium solutions in the 0—100 uM
range (y = 9.1724x — 0.0075, R* = 0.9965).

'H NMR (400 MHz, D,0) & (ppm): 324 (bm, 12 H,
—CH,-), 2.51-2.03 (bm, 12 H, —CH,—), 1.63 (bm, 12H
—CH,-), 1.23 [bm 36 H, —C(CH,),].

FT-IR: v (cm™) 3373 and 3182 [NHC(NH,),"]; 2930
(CH,); 1750 (C=0); 1300 (C—H bending).

Elemental analysis: found, C 37.58%, H, 5.51%, N, 10.98%;
Br, 31.90% (O, 14.03%) [calcd. for (agmatinyl)s-maltotriosyl-
N-acetyl-amino-hexanoic acid HBr salt (CggH,;7;BrgN,5O5
6HBr): C, 37.43%, H, 5.67%, N, 11.14%, Br, 30.49%, O,
15.26%].

Synthesis of (Agmatinyl)s-maltotriosyl-N-acetyl-amino-
hexanoate-a-methoxy poly(ethylene glycol)s p, (Agme-M-
PEG-OCH;) (5). (Agmatinyl)¢-maltotriosyl-N-acetyl-amino-
hexanoic acid (Agms-M-COOH, 500 mg, 0.188 mmol) was
dissolved in 10 mL of 1:2 v/v DMSO/100 mM morpholino-
ethan-sulfonic acid buffer (MES), pH 4.7. The solution was
added of 291.9 mg (1.88 mmol) of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 216.3 mg
(1.88 mmol) of N-hydroxysuccinimide (NHS). The solution
was stitred for 30 min and then added to 785 mg of (0.157
mmol) of NH,—PEGg p,-OCHj previously dissolved in 1:2 v/
v DMSO/100 mM MES buffer, pH 4.7. The solution was
stirred for 72 h and then dialyzed against water for 48 h using a
10 kDa MWCO dialysis membrane. The product was
lyophilized and characterized by UV—vis spectrophotometric
analysis. The final product, 820 mg, was analyzed by Sakaguchi
assay and iodine assay for guanidine groups and PEG
detection,”® respectively. The experimental data acquired by
the iodine assay were referred to a standard curve obtained
with NH,—PEG, p,-OCH, (y = 0.0663x — 0.0183, R* =
0.9933).

The molar mass of AgmsM-PEG-OCH; was assessed by
Malvern Viscotek operated with TSKgel G3000 and TSKgel
G4000 paired columns thermostated at 40 °C and eluted with
0.4 M ammonium acetate, pH 4.5, at a flow rate of 0.6 mL/
min. The GPC analysis showed the presence of a single peak
with an increased molecular weight with respect to the NH,—
PEGg 1p,-OCHj:

NH,-PEGyyp,-OCHy: M, oo = S kDaj M, ) = 4.9 kDa; PDI = 1.08

Agmé—M—PEG—OCH3: M = 7.6 kDa; M = 6.8kDa; PDI = 1.3

n,theor n(GPC)

Electrophoretic Mobility Shift Assay. Agm,M-PEG-
OCH;/dsDNA samples were prepared by mixing 2.58 uL of
10 uM scrambled 11 619 Da dsDNA solution (300 ng, 2.58 X
107" mol) in 10 mM phosphate buffer, 0.15 M NaCl (PBS),
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pH 7.4, with 10 uL of 0.705—7.05 ug/mL AgmeM-PEG-
OCH; solutions in PBS, pH 7.4, to yield 0.5, 1.0, 2.0, 3.0, 4.0,
5.0 N/P ratios. The mixtures were mildly mixed for 30 min at
room temperature and then added to 3 uL of loading buffer
(50:50 v/v glycerol/water containing 0.25% xylene cyanol).
The AgmsM-PEG-OCH;/dsDNA samples were analyzed by
gel-electrophoresis using a 12% v/v polyacrylamide gel in 89
mM Tris, 89 mM boric acid, 2 mM EDTA (TBE, 1X) buffer at
100 V. After the completion of the run, the dsDNA was stained
by immersion of the gel in a marker solution obtained by
diluting 15 pL of GelRed Nucleic Acid Gel Stain 10 000X in 30
mL of Milli-Q water. The gel was then imaged using a
PerkinElmer UV-Transilluminator Geliance 600 Imaging
System.

Thiazole Orange Association Assay. The degree of
Agm-M-PEG-OCH;/dsDNA complexation was evaluated by
thiazole orange (TO) exclusion assay following the modified
protocol described by Itakura et al.*’ Agm,-M-PEG-OCH,/
dsDNA mixtures in PBS, pH 7.4, were prepared by adding a
fixed volume of Agms-M-PEG-OCH; solutions at different
concentration to a fixed volume of dsDNA solution to yield a
final dsDNA concentration of 100 uM and 1.0, 2.0, 3.0, 5.0,
7.0, 10.0 N/P ratios. Then 17.5 uL of Agms-M-PEG-OCH,;/
dsDNA mixtures were added of 825 uL of 100 uM TO
solution in DMSO to yield a TO/dsDNA molar ratio of
0.5:1.0. After 15 min, the TO association with dsDNA of the
Agm-M-PEG-OCH;/dsDNA  polyplex was quantified by
fluorescence analysis (4., S08 nm, 4., 530 nm).

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) analyses were carried out using a Malvern
MicroCal, LLC VP-ITC microcalorimeter (Worcestershire,
UK). The ITC analyses were performed under two different
titration conditions: (a) 141.2 yM Agm¢M-PEG-OCH,
solution was titrated with 40 uM dsDNA solution; (b) 20
UM Agmg-M-PEG-OCHj; solution was titrated with 100 yM
dsDNA solution. Both AgmsM-PEG-OCH; and dsDNA
solutions were prepared in 10 mM tris(hydroxymethyl)-
aminomethane (Tris), 0.15 M NaCl, pH 7.4 and the solutions
were degassed and thermostated at 25 °C before the analysis.
The ITC analysis was performed at 25 °C. Every S min, (a) 10
uL or (b) 6 uL of dsDNA solution was injected into the cell
containing 1.5 mL of Agms-M-PEG-OCH; solutions. Blank
analysis was carried out by dsDNA injection into plain buffer
and by buffer injection into Agm¢-M-PEG-OCHj solutions.

All measurements were replicated three times, and the
experimental data obtained by Agm¢M-PEG-OCHj titration
with dsDNA were subtracted of the blank profiles and
processed with the VP-ITC Microcal Origin 7 software.

Molecular Dynamic Simulations. Atomistic molecular
dynamics (MD) simulations were performed to clarify the
interaction between dsDNA (19bp) and Agm¢-M-PEG-OCHj.
The following cases were simulated: assemblies with one
dsDNA chain and 30 Agms-M-PEG-OCHj; placed in a 150
mM NaCl solution (named “dsDNA-30”); assemblies with 2
dsDNA and 40 AgmgM-PEG-OCH; placed in a 150 mM
NaCl solution (named “2dsDNA-40”). The simulations were
performed with NAMD2? and mainly described by the
CHARMM general force field.>" The dsDNA were described
by a CHARMMS36 force field.” The particle mesh ewald
(PME)* method was used for the evaluation of long-range
Coulombic interactions. The time step was set to 2.0 fs. The
simulations were performed in the NPT ensemble (p = 1 bar
and T = 300 K) using the Langevin dynamics (Y140 = 1 ps™').
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After 2000 steps of minimization, ions and water molecules
were equilibrated for 2 ns around dsDNA and Agm,-M-PEG-
OCHS,;, which were restrained using harmonic forces with a
spring constant of 1 kcal/(mol A?). The last frames of
restrained equilibration were used to start simulations of free
dsDNA and AgmgM-PEG-OCHj;. All the simulations lasted
for 20 ns.

Dynamic Light Scattering (DLS) and Zeta Potential
Analysis. Dynamic light scattering (DLS) and zeta potential
(¢-potential) analyses were performed at 25 °C using a
Malvern Zetasizer NanoZS (Malvern Instruments Ltd., U.K.)
supported by a Zetasizer Software (version 6.12). Agmg-M-
PEG-OCH; samples (1 mL) in PBS, pH 7.4, at concentrations
of 0.01—1 mg/mL were analyzed to assess the copolymer self-
association and critical micelle concentration (CMC).** Agmg-
M-PEG-OCH;/dsDNA samples (1 mL) in PBS, pH 7.4, were
prepared by mixing 0.5 mL of a 0.5 mg/mL Agm-M-PEG-
OCH; solution with 0.5 mL of a dsDNA solution in the range
1.0—10.0 M to yield AgmsM-PEG-OCH;/dsDNA mixtures
corresponding to 1.0, 2.0, 3.0, 5.0, 7.0, 10.0 N/P ratios.

Transmission Electron Microscopy (TEM). Agmg M-
PEG-OCHj;/dsDNA polyplexes were prepared by mixing 10
uL of a 5.0 mg/mL AgmsM-PEG-OCHj; solution with 33 or
18.6 uL of a 10 uM dsDNA solution in PBS, pH 7.4, to obtain
3 and S N/P ratios, respectively, and the solutions were further
diluted to 500 uL with PBS bufter, pH 7.4. The Agm4-M-PEG-
OCH;/dsDNA samples and AgmgM-PEG-OCH; were
deposited on a small copper grid (400 mesh), covered by
“holey film” carbon layer and analyzed in negative staining
mode by transmission electron microscopy (TEM, Tecnai G2
microscope, FEI) using 1% w/v uranyl acetate as contrast
agent. The aspect ratio (ratio between the major axis and
minor axis) of polyplexes was calculated by using Image] 1.51g
software.

Colloidal Stability of Agmg-M-PEG-OCH;/dsDNA
Polyplexes. Agm,-M-PEG-OCH;/dsDNA samples were
prepared by mixing 50 yL of a 5.0 mg/mL AgmM-PEG-
OCH; solution with 16.4 or 9.85 uL of 100 uM dsDNA to
obtain 3 and 5 N/P ratios, respectively, in PBS, pH 7.4, or
DMEM supplemented with 10% FBS (fetal bovine serum), 2
mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 0.25 pg/mL of amphotericin B (complete
DMEM) filtered using MWCO 0.22 um filter. The samples
were maintained at 37 °C and monitored by DLS for 12 h. The
experiments were repeated three times, and mean values and
standard deviations (SD) were calculated.

Polyanion Displacement Assay. Agm,-M-PEG-OCH,/
dsDNA 3 and S N/P ratio (100 uM dsDNA) polyplexes in
PBS buffer, pH 7.4, were incubated for 30 min at room
temperature. After incubation, 80 uL of polyplexes was added
of 10 mM hyaluronic acid (HA) or dextran sulfate (Dex-SO,)
to yield phosphates/carboxylic acid ratios of the dsDNA/HA
mixtures in the range of 1:1—1:100, or phosphates/sulfates
ratio of dsDNA/Dex-SO, mixtures in the range of 1:0—1:1. All
the solutions were prepared in PBS, pH 7.4, and the volumes
of all samples were adjusted to 350 uL with the same buffer.
After 15 min, 8.25 uL of 100 yM thiazole orange solution in
DMSO was added, and fluorescence intensities were measured
as described above.

Cell Lines. The human MCE-7 breast adenocarcinoma,
human KB cervical carcinoma, murine MC3T3-El preosteo-
blast, and human HeLa cervical carcinoma cell lines were
grown at 37 °C, in 5% CO, atmosphere, using DMEM
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medium supplemented with 10% FBS (fetal bovine serum), 2
mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 0.25 pg/mL amphotericin B.

Cytotoxicity of Agm,-M-PEG-OCH5;/dsDNA Poly-
plexes. MCF-7, KB, and MC3T3-E1 cells were seeded in
96-well plates (5 X 10° cell/well). After 24 h, the medium was
removed, and the cells were incubated at 37 °C with Agmg-M-
PEG-OCH;/dsDNA 3 and S N/P ratio (125, 250, and 500 nM
dsDNA concentration) samples or 125, 250, and 500 nM
dsDNA solutions. After 24 and 48 h, the cell survival was
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
nium bromide (MTT) assay.”® Twenty microliters of 5 mg/
mL MTT solution in PBS was added in each well, and the
plates were incubated at 37 °C. After 3 h, the medium was
removed, replaced with 200 uL of dimethyl sulfoxide
(DMSO), and plates underwent gentle shaking for 15 min at
room temperature. The absorbance of each well was read by an
ELISA plate reader (Microplate Autoreader EL311, Bio-Tek-
Instruments, Winooski, USA) using a test wavelength of 570
nm. All experiments were repeated in triplicate, and the results
were derived as mean values with standard deviations (SD).

Flow Cytometry Analysis. The association of the dsSDNA
and Agm-M-PEG-OCHj;/dsDNA polyplexes with MCF-7, KB
and MC3T3-El cells was investigated by flow cytometric
analysis using labeled Cyanine3-dsDNA (Cy3-dsDNA). MCF-
7, KB, and MC3T3-E1 cells were seeded in six-well plates at a
density of 1.5 X 10° cells/well. After 24 h the medium was
removed, and the cells were washed twice with 1 mL of PBS,
pH 7.4, and then treated with 500 uL of Agm¢-M-PEG-OCH,;/
Cy3-dsDNA 3 S N/P ratio (125 nM Cy3-dsDNA) polyplex
solutions. After 6 h of incubation at 37 °C, the wells were
washed three times with 1 mL of PBS, pH 7.4, harvested with
trypsin, and transferred into cytometer tubes. After centrifu-
gation at 1500 rpm for S min, the supernatants were
discharged, and the pellets were redispersed in 300 uL of
PBS, pH 7.4, and underwent cytofluorimetric analysis using a
BD FACSDiva flow cytometer (Becton, Dickinson and
Company, Buccinasco, Milan). Data collection was carried
out with 10000 counts per sample, and the results were
processed with BD FACSDiva Software. Results were plotted
as arithmetic mean fluorescence intensity.

Confocal Microscopy Observation. MCF-7, KB, and
MC3T3-El cells were seeded at density of 5 X 10* cells/cm” in
24-well plate (Corning, Tewksbury, MA, USA) and grown for
24 hat 37 °C and 5% CO,. The medium was removed, and the
cells were washed with 500 uL of PBS, pH 7.4. Agm-M-PEG-
OCH,/Cy3-dsDNA 3 and 5 N/P ratio (500 uL of 125 nM
Cy3-dsDNA) polyplexes in complete cell culture medium were
prepared by mixing AgmsM-PEG-OCH; and Cy3-dsDNA
solutions as described in the previous section and added to
each well. The cells were incubated at 37 °C in the dark for 6 h
and then gently washed three times with 500 yL of PBS, pH
7.4. The cells were fixed with 500 pL/well of 1% w/v
paraformaldehyde solution in PBS, pH 7.4, for 15 min at room
temperature. The wells were washed three times with 500 yL
of PBS, pH 7.4, and incubated with 500 yuL of a 5.0 ug/mL
DAPI solution in PBS for 15 min at room temperature. The
DAPI solution was removed, and the fixed cells were washed
three times with PBS. To stain the membranes, the fixed cells
were treated with 500 yL of a 4.5 ug/mL solution in PBS of
wheat germ agglutinin AlexaFluor-488 (WGA-AlexaFluor-
488). The wells were washed three times with 300 uL of
PBS and three times with 300 uL of Milli-Q water.
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The images of samples were acquired using a Zeiss LSM 800
confocal microscope with a 63X oil immersion objective. The
samples were irradiated with lasers at 405 nm, 488 nm, and
561 nm to detect DAPI, AlexaFluor-488, and Cy3-dsDNA,
respectively.

In Vitro Silencing Studies. In vitro siRacl mediated Racl
gene expression knockdown by Agmy-M-PEG-OCH,;/siRacl
polyplexes was evaluated using psiCHECK reporter assay
following the psiCHECK-2-based construct preparation for the
Racl activity as reported by Polyak et al.”® One copy of a
consensus target sequence of Racl was cloned into the
multiple cloning site located downstream of the Renilla
luciferase translational stop codon in the 3’-UTR region.
HeLa cells (1 X 10°) were grown at 37 °C and 5% CO,. After
24 h, the cells were transfected overnight with 4 pug of Racl
psiCHECK-2-based plasmids using 4 pL of Lipofectamine
2000. The transfected cells were reseeded in 96-wells plate
(150 puL per well) at a final density of 2.5 X 10° cells/well.
After 6 h, the cells were treated with the Agm4-M-PEG-OCHj;/
siRacl polyplexes at 3 and 5 N/P ratio, prepared at increasing
concentration of siRacl (125—500 nM). To evaluate the
silencing specificity of the treatment, cells were treated with
polyplexes of Agms-M-PEG-OCHj. siRacl (50 nM) siRacl
complexed with Lipofectamine 2000 was used as positive
control. Agms-M-PEG-OCH; polyplexes of siLuc (scramble
siRNA) at increasing siLuc concentrations (125 nM- 500 nM)
and siLuc (50 nM) complexed with Lipofectamine 2000 were
used as negative control. Untreated cells were used as
reference. The cells were incubated with the polyplexes for
72 h. Following the treatment, cells were washed three times
with 200 uL of PBS buffer, pH 7.4, and lysed using 50 uL of
1X passive lysis buffer (Promega, Wisconsin, USA). The Racl
gene silencing was evaluated using Dual-Luciferase Assay kit
according to manufacturer procedure and measured by
luminescence microplate reader (Mithras LB 940 Multimode
Microplate Reader, Berthold Technologies, Germany). The
silencing activity results were normalized by the value obtained
with the untreated cells transfected with the psiCHECK-2
plasmid only. In parallel, the cell viability of HeLa cells was
also performed.

Statistical Analysis. All the results are expressed as mean
+ SD. The statistical analysis was performed by using two-way
ANOVA. P < 0.05 was considered to be significant.

B RESULTS AND DISCUSSION

The hybrid “head—tail” bioconjugate reported in this work
(Agmy-M-PEG-OCHj;) was designed to develop an ON vector
devoid of intrinsic biological activity and possessing high
chemical stability, high biocompatibility, high transfection
properties, and tailorable features. Therefore, the star-like
shaped cationic “head”, which provides for ON association,
was designed according to structural evidences reported in the
literature: (1) circular disposition of cationic charges in small
structures condenses more efficiently with ONs and is more
biocompatible than linear polymers;”” (2) terminal clusters of
guanidines in polymeric carriers yield higher cell uptake of
polyplexes than guanidines distributed along a polymer
backbone;*® (3) cell penetration peptides used for ON
condensation contain about eight guanidyl groups;®” (4)
small cationic polymers are less toxic than high molecular
weight cationic macromolecules.*’

Maltotriose was selected as platform for the construction of
the cationic block of the new carrier because it contains 10
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Scheme 1. Synthetic Procedure To Generate Star-like (Agmatinyl)s-maltotriosyl-N-acetyl-amino-hexanoate-PEGg \p,-OCH,
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hydroxyl groups of the C2, C3, C4, and C6 carbons that can be
functionalized with guanidyl moieties to generate a star-like
oligo-cationic “head”. On the other hand, the anomeric carbon
in C1 possesses a peculiar reactivity and can be functionalized
with a linker for further conjugation with physicochemical or
biological modifiers including PEG and targeting agents.

The PEG “tail” was introduced in the carrier structure to
enhance the solubility, physical stability, and biocompatibility
of micelle-like polyplexes.* Furthermore, PEG can provide
“stealth” features and prolong the residence time of the
polyplexes in the bloodstream, which favor their accumulation
into tumors by EPR effect and protect the ONs from
enzymatic degradation. Additionally, PEG can be end-tipped
with biological modulators or targeting agents to obtain
bioselective drug delivery.

Synthesis and Characterization of AgmgM-PEG-
OCH; Polymer. Agm,-M-PEG-OCHj was obtained according
to the multistep synthesis described in Scheme 1. The
intermediates were purified by precipitation or solvent
extraction, while the final product was purified by dialysis.
Intermediates and final products were characterized by mass
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spectrometry, FT-IR, NMR, GPC, and colorimetric assays to
assess reaction yield, purity, and chemical composition.

In the first step (Scheme 1), the anomeric hydroxyl of
maltotriose (M) was derivatized with an amino terminating
aliphatic acid (NH,-R-COOH) to generate the intermediate
M-COOH (1) that can be further functionalized. The resulting
Shift base was stabilized by imine acetylation. The presence of
peaks at 6 1.24 and 1.55 ppm in the 'H NMR spectrum
indicated the presence of the aliphatic chain on the sugar unit.
'"H NMR, ESI-TOF (65826 Da), and FT-IR (Figure la-cS],
Supporting Information) analyses confirmed the chemical
identity of the final product (M-COOH), which was obtained
with 84.2% molar yield.

In the second step, the hydroxyl groups of M-COOH were
derivatized with acryloyl-agmatine (Acry-Agm, 3) by atom
transfer radical polymerization (ATRP) to obtain the oligo-
guanidyl polycationic “head”.

Acry-Agm was used because agmatine is an endogenous
product obtained by decarboxylation of arginine bearing a
guanidinium group positively charged under physiological
conditions (pK, =~ 13).42 With respect to arginine, agmatine
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does not contain carboxylic groups, which could form
intramolecular electrostatic associations with the guanidyl
groups and thus shield their charges or decrease the overall
positive charge associated with the star-like conjugate required
for ON association. Acry-Agm was synthesized by coupling
agmatine with acryloyl chloride (Scheme 1SI), and '"H NMR
and ESI analyses confirmed the identity of the cationic
monomer (Figure3a,bSI).

To derivatize maltotriose with Acry-Agm, the hydroxyl
groups of the oligosaccharide were first functionalized with a-
bromoisobutyryl bromide, which converted maltotriose into a
“star-macroinitiator” [(isoC4Br),-M-COOH] required for
ATRP. The elemental analysis of the resulting product showed
that the reaction yielded an average of 6 a-bromoisobutyryl
unit out of 10 available —OH groups of M-COOH, which
produced the intermediate [ (isoC,Br)s-M-COOH] (2) (1553
Da mol wt) with 71.7% molar yield. The M-COOH reaction
with a-bromoisobutyryl bromide resulted in the reduction of
the intensity of the characteristic "H NMR signals of the sugar
(8 4.70—2.53 ppm, Figure2aSI), and the formation of ester
groups was further confirmed by FT-IR (Figure 2bSI), which
showed the decrease of the typical —OH signal at 3500 cm™".
The functionalization of the 6 out of 10 hydroxyl groups of
maltotriose with a-bromoisobutyryl bromide was in agreement
with the results reported in a previous paper*’ and can be
ascribed to steric hindrance constrains that prevent the
conjugation of 2-bromo-isobutyryl bromide to the vicinal
hydroxyl groups of the maltotriose.

The ATRP reaction for Acry-Agm conjugation to
[(isoC,Br)s-M-COOH] (Scheme 1SI) was carried out using
Cu(I) as catalyst and tris[ (2-pyridyl)methyl]amine (TPMA) as
ligand in the presence of ascorbic acid under nitrogen flow to
prevent Cu(I) oxidation. The reaction resulted in 63.5% molar
yield. The '"H NMR spectrum of Agms-M-COOH (4) (Figure
4aST) was difficult to analyze but displayed characteristic peaks,
which demonstrated the formation of a new methylene group
between the a-bromoisobutyryl bromide moiety and the
derivatized agmatine (6 2.27 ppm). The presence of the
peak at 6 3.24 ppm indicated the presence of agmatine arms on
the maltotriosidic scaffold. Notably, in the 6 S—7 ppm region,
no peaks were found, indicating the disappearance of acrylic
double bond of agmatine and consequently the absence of
nonreacted monomer (Figure SSI). The FT-IR spectrum
(Figure 4bSI) of the final product (Agms-M-COOH) showed
the presence of a strong signal at 3373 cm™" corresponding to
the guanidinium group. The colorimetric assessment of the
guanidinium group by Sakaguchi assay and the elemental
analysis demonstrated the presence of a mean of six guanidyl
moieties per maltotriose unit (Agms-M-COOH) indicating
that all the activated —OH groups with a-bromoisobutyryl
bromide were successfully derivatized with agmatine. It is
worth to note that in the literature it is reported that branched
structures require lower (n = 6—8) cationic groups than linear
structures to yield efficient ON condensation,** suggesting that
the extent of maltotriose cationization was suitable for ON
complexation and delivery.

Finally, Agms;-M-PEG-OCHj; (5) was synthesized. The S
kDa a-methoxy-@-amino-polyethylene glycol (NH,—PEG; yp,-
OCH;) was conjugated by EDC/NHS to the e-aminocaproic
acid as spacer at the maltotriose anomeric carbon of Agmy-M-
COOH cationic head with 65.3% molar yield. The alkylic
spacer allowed overcoming the low PEGylation yield obtained
by straightforward conjugation of PEG to the anomeric carbon.
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The Sakaguchi and iodine assays performed to determine
guanidyl groups and PEG, respectively, confirmed that the
guanidines/PEG molar ratio in the purified bioconjugate was
6:1. The GPC analysis of Agms-M-PEG-OCH; and (Figure
6SI) showed the presence of one species with higher molecular
weight (6.8 kDa) and polydispersity index (1.3) with respect to
the reference NH,—PEG; p,-OCH; (Mn = 4.8 kDa and 1.08
as PDI). The monomodal narrow distribution of the molecular
weights suggested that the bioconjugate possessed homoge-
neous composition. The underestimated molecular weights de-
tected by GPC of Agms-M-PEG-OCHy; are ascribable to the
different molecular structure of the standard PEG used for the
chromatographic column calibration and the oligo-guanidyl
bioconjugate. About 35% of the mol wt of AgmeM-PEG-
OCH, is in fact due to the oligo-guanidyl “head”.**

Oligonucleotide Complexation. The ability of Agmg-M-
PEG-OCH,; to complex oligonucleotides (ONs) was assessed
by gel electrophoresis, thiazole orange association assay, and
isothermal titration calorimetry (ITC) analysis using 19 bp
dsDNA (11 kDa) as model ON. The 19 bp dsDNA was used
because of its higher stability compared to siRNAs and its size
is similar to the siRNA used in the biological studies reported
below.

The gel electrophoresis image of Agmg-M-PEG-OCH;/ON
samples with increasing N/P ratio ([guanidyl groups (N) of
Agmg-M-PEG-OCH;]/[phosphate groups (P) of ON])
reported in Figure 1A shows that free dsDNA, stained with
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Figure 1. (A) Gel mobility profiles of Agms-M-PEG-OCH;/dsDNA
polyplexes with N/P ratio increasing from 0.5 to 5 at pH 7.4. The
samples were run in polyacrylamide gel using TBE as running buffer.
(B) Fluorescence intensities of thiazole orange (TO) association with
free (noncomplexed) dsDNA polyplexes at increasing N/P ratios in
PBS, pH 7.4. The analysis was replicated three times and the data are
reported as fluorescence intensity mean + SD, *p < 0.05; *3#p < 0.01;
#%%p < 0.001 versus naked dsDNA.

gel red nucleic acid gel stain and visualized using UV-
transilluminator as described in our previous work,™ was not
detected at an N/P ratio >3 indicating that complete Agm-M-
PEG-OCH;/ON complexation was achieved.

The degree of dsDNA complexation with Agm¢M-PEG-
OCH; was evaluated by thiazole orange (TO) association
assay, which is based on the characteristic fluorescence
emission at 530 nm resulting from the TO intercalation with
free dsDNA in solution. The results displayed in Figure 1B
show that the fluorescence of Agms-M-PEG-OCH;/dsDNA
polyplexes significantly decreases as the N/P ratio increases.
This is a consequence of the decreased free dsDNA in solution
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Figure 2. Isothermal titration calorimetry (ITC) profiles of Agms-M-PEG-OCH,/dsDNA association. (A) Agms-M-PEG-OCH; titration with
dsDNA at high N/P ratio. (B) Agm¢-M-PEG-OCH, titration with dsDNA at low N/P ratio. The upper panel reports the raw ITC data and the
lower panel reports the plot of the heat flow per mole of Agms-M-PEG-OCH; with dsDNA.

and increased dsDNA complexed with AgmgM-PEG-OCHa.
In particular, major fluorescence intensity reduction was
observed at a 2—3 N/P ratio indicating that at and above
this Agms-M-PEG-OCH;/dsDNA ratio, the ON undergoes
extensive association with the macromolecular carrier.

The ON association with the polycationic carrier was further
investigated by isothermal calorimetry (ITC) under different
titration conditions that highlighted the thermodynamic
complexity of the formation of AgmgM-PEG-OCH;/ON
polyplexes.

Figure 2A shows that when AgmsM-PEG-OCHj titration
was carried out with dsDNA at high N/P ratios (400—3 N/P
ratio range), a typical exothermic (AH < 0) behavior was
obtained. The experimental data were found to fit one binding
site model. The association between the polymer and ON took
place under enthalpic control (AH —2.49 + 0.07 X 10* cal/
mol), while entropy decreased (AS —46.9 cal/mol/deg)***’
and the calculated association constant (K,) was 9.7 + 5.45 X
107 M7,

Oppositely, the ITC profile obtained in the low N/P ratio
range (3—0.1 N/P ratio) reported in Figure 2B shows that
under these conditions the dsDNA complexation with Agmg-
M-PEG-OCH,; is controlled by an entropic process (AS 47.4
cal/mol/deg), while the enthalpic content increased (AH 4.81
+ 0.08 X 10° cal/mol)***’ and the experimental data were
found to fit one binding site model, which yielded an
association constant of 6.98 + 1.20 X 10° M~

The low N/P ratio for complete association of the dsDNA
and the high affinity constant measured by ITC indicate that
the carrier possesses high complexation efficiency, which yields
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a low amount of free carrier (noncomplexed with ON). Note
that free carrier is known to be responsible for the toxicity of
similar systems.*’

When Agm-M-PEG-OCHj; was titrated in a high N/P ratio
range (N/P 400—3), which provided information about the
single ON chain association with multiple Agm,M-PEG-
OCHj; molecules, the association process was enthalpy driven
(AH < 0). However, the ITC profile shows that the Agm4-M-
PEG-OCHj;/dsDNA association undergoes a biphasic process.
Initially (above N/P 6), the association is controlled by a
characteristic exothermic process with an overall remarkable
enthalpy decrease (AH < 0) ascribable to electrostatic
interactions between the Agms-M-PEG-OCH; and dsDNA.>'
The heat release observed by dsDNA single injection (siAH<
0) into the AgmsM-PEG-OCH; solution decreased as the
titration proceeded. The siAH was nearly 0 at 6 N/P ratio
indicating that the enthalpy-driven association was terminated
even though (-potential and gel electrophoresis analyses
showed that, according to the dynamic nature of the
association, complete charge balance requires lower N/P
ratio. Below 6 N/P ratio, the association proceeds according to
a different mechanism. Indeed, the single injection of dsDNA
into the cell containing the AgmgsM-PEG-OCHj; solution
elicited small positive thermal changes (siAH> 0) indicating
that at this point the association process is driven by an
entropic mechanism (AS > 0) due to the displacement of
solvent molecules bound to the polyplexes.”” In contrast, when
the ITC analysis was carried out with low N/P ratio (3—0.1
N/P ratio), the Agms-M-PEG-OCHj association with a large
excess of ON occurred through an endothermic process (AH
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> 0) and was driven by a remarkable increase of entropy (AS >
0). This result is in agreement with the data obtained in the
second phase of titration at high N/P ratio described above
(N/P 3—6) and could be due to the combination of
conformational changes of ON and Agmy-M-PEG-OCHj; and
the repulsion among the negative charges of ON at low
polymer concentrations.”’ Therefore, when the ON concen-
tration is low with respect to the carrier, the association is
driven by an exothermic mechanism. On the contrary, when
the ON concentration is high with respect to the carrier, and
the carrier is partially associated with the ON to form hindered
structures with few charges available for further ON
association, the association process is dominated by an
entropic mechanism.

Interestingly, the association constant (K,) calculated at low
N/P ratio is about one order of magnitude lower than that
calculated at high N/P ratio, which seems to indicate that
when a little amount of ON combines with the carrier, only
strong interactions are involved in the polyplex formation. On
the contrary, when a high amount of ON is combined with the
carrier, the binding occurs by both strong and weak
associations, which results in an overall lower K,.

In silico simulations were carried out to get deeper structural
insight about the Agm-M-PEG-OCH;/ON interaction.

Figure 3A shows a snapshot of 1 dsDNA molecule and 30
Agm-M-PEG-OCH; molecules (corresponding to S N/P
ratio, dsDNA-30) simulated in 150 mM NaCl solution.

A

Figure 3. (A) MD simulations of 1 dsDNA and 30 Agm,M-PEG-
OCHj; chains. After 20 ns, only 20 Agm4M-PEG-OCHj; assembled
around 1 dsDNA, giving a 3 N/P ratio. (B) Two dsDNA strengths
wrapped by 40 Agmg-M-PEG-OCHj; chains are simulated for 20 ns.
The AgmsM-PEG-OCH; chains become entangled, forming a
potential nucleus of a larger molecular complex. dsDNA is shown
as orange ribbon with base pair in silver; Agms-M-PEG-OCH; is
shown as a chain with N atoms in blue (highlighted), O atoms in red,
C atoms in cyan, S atoms in yellow, Br atoms in pink, and H atoms in
white.

After 20 ns of equilibration, the positively charged groups
(guanidyl groups) of Agm¢-M-PEG-OCH, become oriented
toward the negatively charged backbone of dsDNA, while the
remaining chains are solvated around the formed polyplex. In
total, 20 entangled Agm,-M-PEG-OCH; molecules (out of 30)
were found around one dsDNA, which gives a N/P ratio of
about 3 (each AgmsM-PEG-OCH; molecule contains 6
guanidinium groups, while dsSDNA has 38 phosphate groups),
which is in very good agreement with the complete ON
association at 3 N/P molar ratio calculated by gel-electro-
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phoresis, fluorescence analysis, and ITC. The stabilization of a
limited number of charged Agm,-M-PEG-OCH; molecules is
performed through a terminal self-assembly,”” where beyond
certain total charge of the complex no more charged molecules
can join the complex, due to a large Coulombic repulsion.
Figure 7SI shows that dsDNA is well covered by these 20
AgmgM-PEG-OCHj chains.

Next, we took from Figure 3A two polyplexes of 1 dsDNA
with 20 Agm-M-PEG-OCH,; (still corresponding to a 3.3 N/P
ratio). During 20 ns simulations, some Agm-M-PEG-OCH,
chains bridged the two dsDNA assemblies, forming a larger
complex, shown in Figure 3B. We can anticipate that in the
same manner like a simple dsDNA complex is stabilized by a
terminal self-assembly of Agmy-M-PEG-OCH; chains, a large
supercomplex of many dsDNA assemblies is stabilized in a
terminal manner.”” Such a supercomplex can have a rod-shape
structure rather than a spherical structure to decrease the
Coulombic repulsions between its charged constituents.”

Charge, Size, and Shape of Agmg-M-PEG-OCH;/
dsDNA Polyplexes. The charge ({-potential) and size of
Agm-M-PEG-OCH;/dsDNA polyplexes were evaluated by
dynamic light scattering (DLS) at 25 °C in PBS, pH 74, at
increasing N/P ratios (from 1 to 10).

The {-potential profile reported in Figure 4A shows that the
overall positive charge of the polyplexes increased as the N/P
ratio increased. At 1 and 2 N/P ratios, the detected {-potential
of the dsDNA and polymer dispersion was slightly negative,
which reflected the dsDNA excess. The polyplex charge
switched to positive when the N/P ratio increased from 2 to 3.
The {-potential profile reflects the composition of the colloidal
polyplexes changes with the Agm4M-PEG-OCH;/ON ratio. It
is worth noting that a slight positive charge at N/P > 2
promotes the polyplexes interaction with the endosomal
membrane forming pores or inducing membrane destabiliza-
tion for the endosomal escape into the cytosol.”

Dynamic light scattering (DLS) analyses performed with
Agm-M-PEG-OCHj in the absence of ON did not detect
formation of colloidal structures at all copolymer concen-
trations, and therefore, CMC could not be calculated. On the
contrary, the DLS data reported in Figure 4B show that Agmg-
M-PEG-OCHj; associates with ON to form colloidal structures
with sphere volume equivalent similar to other polyplexes
obtained with polycationic polymers.”® The diameter increased
from 50 to 75 nm as the N/P ratio increased from 1 to 3, while
Figure 4C shows that the polydispersity PDI was similar at all
N/P ratio. Note that the diameters calculated by volume-
weighted analyses were about 40—80% smaller than that
calculated by intensity (Table 1SI). Since the volume
weighted/intensity weighted diameter correlation is based on
the mathematical correlation of light scattering signal
generated under ideal conditions, the observed differences
between intensity weighted and volume-weighted diameters
can be attributable to the morphological properties of the
nanoparticles, suggesting that the nanoparticles do not possess
a spherical shape. Above 3 N/P ratio, neither the particle size
nor the PDI significantly changed confirming that complete
polyplex formation was achieved at 3 N/P ratio.

According to the ITC, gel electrophoresis, DLS, and (-
potential data, Agm,-M-PEG-OCH,;/ON polyplexes at 3 and 5
N/P ratios were chosen as the best candidates for ON delivery.
These compositions displayed in fact complete ON association
to the carrier with high association stability, slight positive
charge, and nanometric size.
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Figure 4. (A) Zeta potential, (B) size, and (C) PDI of Agm¢-M-PEG-OCH;/dsDNA polyplexes. The analyses were replicated three times, and the

data are reported as mean values + SD.

A

Figure 5. TEM images of Agms-M-PEG-OCH,;/ dsDNA polyplexes obtained with (A) 3 N/P ratio and (B) S N/P ratio (scale bar: S0 nm).

Transmission electron microscopy (TEM) of Agm¢-M-PEG-
OCH; in the absence of ONs did not detect the presence of
nanostructures. On the contrary, the TEM images of 3 and §
N/P ratio Agms-M-PEG-OCH;/dsDNA polyplexes reported
in Figure SA and B revealed that the polyplexes have a rod-
shape structure, which is in agreement with the DLS results
discussed above showing that the polyplexes possess a
nonspherical shape and the atomistic molecular dynamics
simulations of the experimental systems. The in silico studies
showed in fact that the decrease of the Coulombic repulsion
between the charged constituents of a large supercomplex of
many dsDNA assemblies stabilized by terminal self-assembly of
Agmg-M-PEG-OCH; chains yields rod-shaped structures
rather than spherical structures. As observed for other
polycationic carriers used for ON delivery, we speculated
that the rod-shaped structures could be originated from the
combination of charge distribution of the Agm4-M-PEG-OCHj;
and the relative stretching of ON molecules into the
polyplexes.”” Importantly, 40—80 nm rod shaped polyplexes
have been reported to display longer in vivo circulation and
more efficient cell up-take and gene silencing™® than sphere-
shaped polyplexes.*” '

Interestingly, the Agm¢-M-PEG-OCH;/ON polyplexes with
3 and 5 N/P ratio showed 3.1 + 0.9 and 5.7 + 1.5 aspect ratios
(length/width calculated by measuring 100 rods per N/P ratio,
Table IISI), respectively, which confirms the ITC results
showing that the structure of the complex changes with the
Agm-M-PEG-OCH,;/dsDNA ratio. In particular, the poly-
plexes obtained with 3 N/P ratio are thicker and shorter than
the polyplexes obtained with 5 N/P ratio indicating that when
a high number of ON combines with Agm,M-PEG-OCHj;,
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they conformationally arrange to form a thickset structure.
This behavior is in agreement with evidence reported for PEG-
b-poly(L-lysine) based polyplexes where a higher density of
PEG chains on the surface of the complexes, form rods with
higher aspect ratio with respect to assemblies at lower PEG
density, which may occur for the S N/P ratio Agms-M-PEG-
OCHS,/dsDNA polyplexes.®>**

Polyplex Stability. The stability of the Agmg-M-PEG-
OCH;/dsDNA polyplexes was studied by DLS analyses of
polyplexes incubated in PBS and in cell culture medium and by
competition assays where the polyplex was incubated with two
different polyanionic macromolecules, namely hyaluronic acid
(HA) and dextran sulfate (Dex-SO,). The dsDNA displace-
ment from the polyplexes was assessed by quantification of free
dsDNA using thiazole orange (TO) dye.

In PBS, pH 7.4, at 37 °C, 3 and 5 N/P ratio Agm4M-PEG-
OCHj;/dsDNA polyplexes did not show significant size
changes over 12 h. In complete DMEM supplemented with
10% FBS (Figure 8SI), 3 and S N/P ratio polyplexes
underwent size increase during the first 1.5—2 h of incubation
and then remained stable over 12 h. Notably, proteins
absorption, which is probably responsible of size increase,
does not induce a dissociation of the polyplexes as a result of
the forces governing the interactions of the Agm,M-PEG-
OCHj; and dsDNA. As reported in several studies, serum
proteins could wrap the polyplexes reducing the toxicity and
the mononuclear phagocytic system (MPS) recruitment.®*
Therefore, protein association together with the low overall
positive charge and the presence of PEG can synergistically
bestow polyplexes with high biocompatibility and stealth
properties.
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The addition of HA to the AgmsM-PEG-OCH;/dsDNA
polyplexes did not yield significant fluorescence changes at
both N/P ratios tested (Figure 6A) indicating that HA does
not affect the polyplex stability. On the contrary, the data
reported in Figure 6B show that the incubation of the
polyplexes with Dex-SO, produced a remarkable increase of
fluorescence, demonstrating that the dsDNA was efliciently
displaced by the polyanionic macromolecule even at low
[dsDNA]/[Dex-SO,] negative charge ratio. The different
displacement obtained with the two polymers is attributable
to their different anionic charge. Indeed, Dex-SO, has higher
number of anionic groups along the polymer chain than
hyaluronic acid groups due to the higher number of ionizable
groups and the lower pK, of the former (2 sulfate groups every
hexose unit, pK, < 2) compared to the latter (1 carboxyl group
every 2 hexose unit, pK, ~ 4—5).%°

Polyplex Cytotoxicity, Cell Uptake, and Gene Silenc-
ing. Cytotoxicity studies were carried out by 24 and 48 h
MCF-7, KB, and MC3T3-El cell line (breast tumor cells,
ovarian tumor cells, and murine preosteoblasts cells,
respectively) incubation with increasing concentrations of 3
and 5 N/P ratios Agmg-M-PEG-OCH;/dsDNA polyplexes.

The bioconjugate and the two formulations displayed
negligible toxicity against the three cell lines after either 24
or 48 h incubation at all the tested polyplex concentrations
(Figure 9SI).

The unformulated dsDNA and Agm¢M-PEG-OCH;/
dsDNA cell association was investigated by flow cytometric
and confocal microscopic analyses of KB, MCEF-7, and
MC3T3-El cells incubated for 6 h at 37 °C with dsDNA
and 3 and S N/P ratios Agms-M-PEG-OCH;/Cy3-dsDNA
polyplexes prepared usingCy3 labeled dsDNA (Cy3-dsDNA).

Nonformulated Cy3-dsDNA used as control showed
negligible cell association (Figure 10SI). The cytofluorimetric
profiles reported in Figure 7 show that both 3 and 5 N/P
Agm¢-M-PEG-OCH;/Cy3-dsDNA polyplexes are efficiently
associated with the cells. However, the FACS data indicate that
the extent of cell association depends on both polyplexes
composition and cell line, similarlgf to what reported in the
literature with other polyplexes.”””” The polyplexes targeted
KB and MCF-7 cells more efliciently than the MC3T3-El
cells. Furthermore, in the case of KB and MCF-7 cells, the 3
N/P ratio polyplexes (green profile) associated with the cells
more efficiently than the S N/P ratio formulation (blue
profile). Instead, only very limited cell association was
observed with MC3T3-E1 cells either of the 3 or S N/P ratio.

The intracellular disposition of AgmgM-PEG-OCH;/
dsDNA polyplexes prepared with 3 and 5 N/P ratios after
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and the corresponding mean fluorescence. Untreated cells were used
as control (gray profile). The analysis was replicated three times and
the data are reported as fluorescence intensity mean + SD, #p < 0.05;
#xp < 0.01; #xxp < 0.001 versus untreated cells.

incubation with KB, MCF-7, and MC3T3-E1 cells were further
investigated by confocal microscopy (Figure 8). The cell
membrane was stained with WGA-AlexaFluor488 (green), the
nucleus with DAPI (blue), and the Cy3-dsDNA was visualized
in red.

The images of KB and MCF-7 cells treated with non-
formulated Cy3-dsDNA reported in Figure 8A2 and B2 show
only negligible fluorescence of ON (red spots), which seems to
be mostly associated with the cell membrane. Figure 8C2
shows no Cy3-dsDNA fluorescence in the case of MC3T3-El
cells. These results are in agreement with the cytofluorimetric
data obtained with Cy3-dsDNA (Figure 10SI). On the
contrary, the images of the cells treated with Agm4M-PEG-
OCH;/Cy3-dsDNA polyplexes reported in Figure 8A3, A4;
B3, B4; and C3, C4 show high localization of Cy3-dsDNA
within spots in the cytosol of KB, MCF-7, and MC3T3-El
mainly restricted to the perinuclear region.’® The 3 N/P ratio
formulation was found to be internalized more efficiently than
the S N/P ratio formulation, despite the latter is more
positively charged than the former (Figure 4A). This result
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Figure 9. (A) Racl gene knockdown and (B) survival of HeLa cells after 72 h of incubation with Agms-M-PEG-OCHS,/siRNA polyplexes. HeLa
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reported as mean values + SD, with n = 3 experiments. Statistical analysis #p < 0.05; #xp < 0.01; s##3xp < 0.001 versus siLuc complexed polyplexes.

underlines the remarkable influence of the polyplex structure,
size, shape, and aspect ratio on the cell uptake. The higher cell
uptake was observed with the thick and short Agm,-M-PEG-
OCH,;/ON polyplexes (3 N/P ratio, 3.1 + 0.9 aspect ratio)
with respect to the thin and long structures (5 N/P ratio, 5.7 +
1.5 aspect ratio), which is in agreement with the evidence
reported in the literature that rod-shaped particles preferen-
tially enter the cells through the axial axis perpendicularly
oriented to the cell membrane, while the cell penetration with
the axial axis parallel to the cell membrane is slower as longer is
the particle.®>****~7* The different cell uptake obtained with
the three different cell lines suggests that the polyplex
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internalization undergoes different mechanisms or rates of
internalization. Therefore, the elucidation of the mechanisms
of cell uptake of these systems is under investigation and will
be reported later elsewhere.

Finally, a preliminary evaluation of the Agm,-M-PEG-OCH,
ability to deliver intracellularly biologically active ON was
performed using Racl siRNA as a model ON for gene silencing
and HeLa cells, which were selected as model cell line because
of their high transfection efficiency due to the phagocytic
activity and possibility to select colonies.”””® The silencing of
Racl gene mediated by AgmgM-PEG-OCHj;/siRacl was
performed using dual luciferase psiCHECK reporter assay
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and the Dual-Luciferase Assay kit. Racl psiCHECK-2 reporter
vector is composed of (1) Renilla luciferase report gene fused
with siRacl gene sequence, which targets the Racl gene, and
(2) Firefly luciferase, which is the internal control. Decrease in
Racl-gene levels due to siRacl targeting decreases the Renilla
luciferase activity, but not the activity of Firefly luciferase,
which is the internal reference. Therefore, HeLa cells were
transfected 24 h before the test with Racl psiCHECK-2-based
plasmids using Lipofectamine 2000 and Renilla and Firefly
luciferase activities were measured in each of the wells of the
96-wells plate. The transfection was expressed as Renilla
luciferase activity decrease with respect to Firefly luciferase
activity, which corresponds to more effective silencing. After 24
h, the transfected HeLa were reseeded and treated for 72 h
with 3 and 5 N/P ratio Agms-M-PEG-OCH;/siRacl
polyplexes containing each increasing siRac equivalent doses
in the 125—500 nM range. For comparison, siLuc (scramble
siRNA devoid of targeting properties and silencing activity for
Racl gene) was used as negative control to evaluate the off-
target silencing. Both siRac and siLuc were also delivered with
Lipofectamine 2000, the gold standard for ON delivery which
forms spherical assemblies with ONs.”” Racl targeted silencing
and siLuc off-target silencing were determined. These results
have been confirmed by PCR, which showed that Racl mRNA
expression was selectively inhibited by cell incubation with
Agm¢-M-PEG-OCH,/siRacl (Figure 11SI). Cell viability
studies were carried out in parallel to verify that Racl silencing
was not correlated to the cell viability.®”®

It is well-known that despite Lipofectamine 2000 is a potent
transfection reagent in vitro, it is too toxic to be used in vivo.
The results reported in Figure 9 show that Lipofectamine 2000
used as positive control yielded 92% Racl gene knockdown.
However, the cell viability results reported in Figure 9B show
the high toxicity of Lipofectamine 2000. Furthermore, the
results obtained with siLuc (scramble siRNA used as negative
control) reported in Figure 9A show that this carrier yields
high off-target silencing (50% silencing for the nontargeting
siRNA). Toxicity and off-target silencing were abrogated when
using our polyplexes. This suggests that our system has the
potential to be safer and more selective in vivo. The 3 N/P
ratio polyplex has a higher selective silencing activity compared
to the S N/P ratio polyplex, which is in agreement with the
higher uptake of the former. The 3 N/P ratio polyplexes
showed a dose—response relationship with 53% gene knock-
down at 500 nM siRNA equivalent dose, without significant
off-target gene knockdown. On the other hand, complexes with
5 N/P ratio show similar Racl silencing values but the off-
target incidence was higher than the 3 N/P ratio complexes at
all the tested concentrations. These results suggest that in the
case of 5 N/P ratio complexes, the silencing is mostly not
related to the specific siRNA sequence. Importantly, Figure 9B
shows that Agm,-M-PEG-OCH;/siRNA polyplexes have
higher biocompatibility of Lipofectamine 2000 even at 10-
times higher concentration.

B CONCLUSIONS

The results reported in this paper show that the Agm,-M-PEG-
OCH; represents a novel platform with suitable physicochem-
ical, structural, and biopharmaceutical properties for ON
delivery. Agms-M-PEG-OCH; possesses interesting ability to
complex oligonucleotides as assessed by different analytical
studies. Compared to commercial products, namely Lipofect-
amine, or other materials described in the literature, Agm,-M-
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PEG-OCHy; displays an excellent biocompatibility and a high
potential for in vivo application.””*" Indeed, the rod-shape
structure of the polyplexes generated with the Agm,-M-PEG-
OCH; seems to play a key role in the intracellular access of the
nanocarrier and thus the delivery of the ON payload. Future
studies will involve an “upgrade” strategy to increase the gene
knockdown efficiency of this vehicle to better exploit its
potential. However, the findings described herein could
contribute into the development of a safe and efficient
nonviral siRNA delivery system.
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M-COOH, maltotriosyl-N-acetyl-amino-hexanoic acid;
(is0C4Br)¢-M-COOH, (2-bromoisobutyryl)¢-maltotriosyl-N-
acetyl-amino-hexanoic acid; Acry-Agm, acryloyl-agmatine;
Agm6-M-COOH, (agmatinyl)6-maltotriosyl-N-acetyl-amino-
hexanoic acid; TPMA, tris[(2-pyridyl)methyl]amine; Agms-
M-PEG-OCH;, (agmatinyl)s-maltotriosyl-N-acetyl-amino-hex-
anoate-a-methoxy poly(ethylene glycol); kDa; ATRP, atom
transfer radical polymerization; MES, morpholino-ethan-
sulfonic acid buffer; EDC, 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide; NHS, N-hydroxysuccinimide; PBS,
phosphate buffered saline; TBE, Tris borate EDTA; DMSO,
dimethyl sulfoxide; MWCO, molecular weight cutoff; ON,
therapeutic oligonucleotide; N/P ratio, guanidyl groups (N)/
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phosphate groups (P); PEI, polyethilenimine; (pDMAEMA),
linear poly [(2-dimethylamino) ethyl methacrylate)]; PEG,
poly(ethyleneglycol); EPR, enhanced permeability and re-
tention; GPC, gel permeation chromatography; TO, thiazole
orange; ITC, isothermal titration calorimetry; DLS, dynamic
light scattering; PDI, polydispersity index; TEM, transmission
electron microscopy; MD, atomistic molecular dynamics;
PME, particle mesh ewald; HA, hyaluronic acid; Dex-SO4,
dextran sulfate; DMEM, Dulbecco’s modified Eagle medium;
FBS, fetal bovine serum; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; Cy3-dsDNA, cyanine3-
dsDNA; MFI, mean fluorescence intensity
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