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Abstract:

Low GI1 generation polyamine dendrimers built around programmable, flexible, and short
tetracthyleneglycol branches were readily prepared in a divergent manner using a combination of
orthogonal ABj; or ABs units and highly efficient chemical transformations based on Cu(I) catalyzed
alkyne-azide cycloaddition (CUAAC) and thiol-ene click reactions. The constructs showed that the
G1 polyamines with only twelve and eighteen amine surface groups can successfully deliver siRNA
in human cells, with transfection efficiency comparable to that of Lipofectamine 2000".
Measurements of cell viability following transfection of plasmid DNA and siRNA showed that the
dendritic polyamines are less cytotoxic than Lipofectamine 2000® and are thus preferable for

biological applications.
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1. Introduction:

Dendrimers are hyperbranched macromolecules which are synthesized in an algorithmic step-by-
step pattern by joining repetitive building blocks around a central core.'” Unlike traditional
polymers, dendrimers can be synthesized in a more controlled tailor-made fashion where
manipulations can be performed at any growth phase to tune their chemical and biophysical
properties. Due to their unique precisely controlled three dimensional molecular architectures,
dendrimers have made their way in diverse fields of science such as drug delivery, catalysis,
molecular sensing, imaging, gene therapy, light harvesting, and diagnosis.*® Amine-terminated
dendrimers such as polyamidoamine (PAMAM),” poly(propyleneimine) (PPI),' polyethyleneimine
(PEI),11 PETIM,12 carbosilane,13 phosphorous,14 dendrimersomes and nanomicelles,15 and
polyester'® have shown high potential in a wide range of biomedical applications and for gene
delivery in particular. Regardless of their numerous relevant biological applications, inherent
cytotoxicity remains a key bottleneck for polyamine dendrimer applications, which limits their
clinical usefulness.'”'® The exact mechanism behind the toxicity associated with polyamine
scaffolds is believed to be due to electrostatic interactions between the cationic dendrimers and the
anionic cell membranes, which can be disrupted upon contacts.

Significant research has been recently done to develop strategies which can reduce the
cytotoxicity of polycationic dendrimers. Surface modifications are the most commonly used
methods which can decrease dendrimers’ cytotoxicity by neutralizing their highly positive surface
charge. Partial acetylation, fluorination, glycation, and conjugation of biocompatible materials (e.g.
polyethylene glycol and cyclodextrins) to the surface of dendrimers have shown promises in
reducing cytotoxicity, but unfortunately, these modifications also decrease the efficiency of the
dendrimers, particularly for applications where numerous charges are important.” '*! Conjugation
of polyethylene glycol (PEG) chains with hyperbranched polymers and dendrimers is an extensively
used approach to improve the cytotoxicity profile of these scaffolds by decreasing the electrostatic
interactions between cell membranes and dendrimers.”> Moreover, PEGylated biomacromolecules
are approved by the FDA and attachment of PEG to dendrimers provides several other
pharmacological advantages, such as increased blood circulation time, lower/non-immunogenicity,

23-26 Furthermore, the inclusion of PEG chains in the backbone of

and improved bio-distribution.
dendrimers also enhances water solubility, which in turn improves bioavailability and

pharmacokinetic profiles.
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During the past decade, significant progress has been made in the field of dendrimer syntheses,
indicating that many of the drawbacks, such as high cost, multi-step synthesis, low reproducibility

and complex purification procedures can be partly resolved.””?

Despite these developments, facile
and efficient strategies are still deficient to construct biocompatible polyamine systems. In most
studies, the focus is restricted to surface derivatization of commercially available polyamine
dendrimers with biocompatible materials to improve their cytotoxicity profile. Due to a gap between
demand and efficient synthesis, there is an urgent need to develop innovative, rapid and cost
economical synthetic routes to facilitate the access of amine terminating hyperbranched
macromolecules. We report herein a highly efficient, elegant, and short synthesis of a library of low
generation polyamine dendrimers consisting of conformationally adaptable tetraethylene glycol
chains embedded in the backbone. Furthermore, we demonstrate the use of two low generation
dendrimers for the intracellular delivery of plasmid DNA and siRNA in two human cell lines, HEK

293 human embryonic kidney cells and U251N human glioblastoma cells, showing lower cytotoxic

effects compared to a commercial standard, Lipofectamine 2000”.

2. Experimental
2.1 Materials and methods

All reactions in organic medium were performed in standard oven dried glassware under an
inert atmosphere of nitrogen using freshly distilled solvents. Solvents and reagents were
deoxygenated when necessary by purging with nitrogen. All reagents were used as supplied without
prior purification unless otherwise stated, and obtained from Sigma-Aldrich Chemical Co. Ltd.
Reactions were monitored by analytical thin-layer chromatography (TLC) using silica gel 60 F254
precoated plates (E. Merck) and compounds were visualized with a 254 nm UV lamp, a mixture of
iodine/silica gel and/or mixture of ceric ammonium molybdate solution (100 mL H,SO4, 900 mL
H,0, 25 g (NH4)¢Mo070,4H,0, 10 g Ce(SO4);) and subsequent spots development by gentle
warming with a heat-gun. Purifications were performed by silica gel flash column chromatography
using Silicycle (60 A, 40-63 um) with the indicated eluent.

"H NMR and ">C NMR spectra were recorded at 300 or 600 MHz and at 75 or 150 MHz on a
Bruker spectrometer (300 MHz) and on a Varian spectrometer (600 MHz), respectively. All NMR
spectra were measured at 25 °C in indicated deuterated solvents. Proton and carbon chemical shifts
(0) are reported in ppm and coupling constants (J) are reported in Hertz (Hz). The resonance
multiplicity in the '"H NMR spectra are described as “s” (singlet), “d” (doublet), “t” (triplet), “quint”
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(quintuplet) and “m” (multiplet) and broad resonances are indicated by “br”. Residual protic solvent
of CDCl; ('H, & 7.27 ppm; °C, & 77.0 ppm (central resonance of the triplet)), D,O (‘H, 84.79 ppm
and 30.9 ppm for CHj of acetone for *C spectra, MeOD (‘H, 83.31 ppm and "°C, & 49.0 ppm were
used for chemical shifts calibration. 2D Homonuclear correlation "H-"H COSY experiments were
used to confirm NMR peak assignments. Gel Permeation Chromatography (GPC) was performed
using Water as the eluent, at 40 °C with a 1 mL/min flow rate on a Viscotek VE 2001 GPCmax
(SEC System) with Wyatt DSP/Dawn EOS and refractive index RI/LS system as detectors. 2 PLGel
mixed B LS (10 pm, 300x7.5 mm) and LS-MALLS detection with performances verified with
polystyrene 100 kDa and 2000 kDa were used to determine the number-average molecular weight
(Mn) and polydispersity index (Mw/Mn). Calculations were performed with Zimm Plot (model).
Fourier transform infrared (FTIR) spectra were obtained with Thermo-Scientific, Nicolet model
6700 equipped with ATR. The absorptions are given in wave numbers (cm™). Accurate mass
measurements (HRMS) were performed on a LC-MSD-TOF instrument from Agilent Technologies
in positive electrospray mode. Either protonated molecular ions [M+nH]"" or adducts [M+nX]"" (X
= Na, K, NH4) were used for empirical formula confirmation. MALDI-TOF experiments were
performed on an Autoflex IIl from BruckerSmarteam in linear positive mode (Mass Spectrometry

Laboratory (McGill University)) to afford adducts [M+nX]"" (X = Na, K or Li).

2.2 Synthetic protocols and characterization

2.2.1. General procedure for CUAAC click reaction (Procedure A)

An acetylene-terminated compound (1 eq.) and azido derivative (2 eq. per acetylene) were
suspended in 1:1 mixture of THF and water in a 5 mL microwave vial equipped with magnetic stir
bar. To this was added CuSO4.5H,0 (0.5 eq per acetylene) and sodium ascorbate (0.5 eq per
acetylene) dissolved in the minimum amount of water. The vial was tightly capped and reaction was
irradiated in microwave at 50 °C for 6 hrs. Reaction completion was monitored with the help of
TLC and on completion the reaction mixture was diluted with ethyl acetate. Organic layer was
washed with saturated solution of EDTA (3-4 times) and dried with anhydrous sodium sulphate
followed by concentrating in vacuo. This procedure has been extensively demonstrated to remove
trace amount of copper salt’’down to the level of < 12 ppm.*' Silica gel column chromatography

was performed to isolate the desired compounds.

2.2.2. General procedure for thiol-ene click reaction (Procedure B)
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An allylated dendrimer (1 eq.), cysteamine hydrochloride (5 eq per site) and AIBN (10 mol % per
site) were placed in microwave vial followed by the addition of 1 mL dry methanol. Reaction
mixture was purged with nitrogen and the vial was tightly capped. Reaction mixture was irradiated
in microwave synthesizer Initiator from Biotage set for 5 - 8 hrs (depending upon the number of
allyl groups) at 90°C. Upon completion, methanol was evaporated and reaction mixture was washed
with diethyl ether to remove excess of low molecular weight reagents. Reaction mixture was then
dissolved in minimum amount of water and transferred in dialysis bag of 1 kDa cut off membrane.
The dialysis was performed against pure water for 12 hours and water was changed 5-6 times in

between. The solution was lyophilised to afford the final products.

2.2.3. Synthesis of compound 9: Compound 8 (100 mg, 0.347 mmol), azide 7 (951 mg, 2 mmol, 6
eq.), sodium ascorbate (137 mg, 0.694 mmol) and copper sulphate (172 mg, 0.694 mmol) were
reacted according to Procedure A to give compound 9 which was further purified using silica gel
column chromatography. The pure product was isolated using 4 % MeOH in DCM as eluent in 72
% yield.

"H NMR (300 MHz, CDCl5): & 7.70 (s, 4H), 5.94 — 5.82 (m, 12H), 5.36 — 5.06 (m, 24H), 4.54 (d,
=4.7 Hz, 16H), 3.98 — 3.92 (m, 24H), 3.88 (t, J = 5.3 Hz, 8H), 3.69 — 3.52 (m, 50H), 3.49 — 3.42 (m,
38H).

*C NMR (75 MHz, CDCl;): 6 144.9, 135.08, 123.4, 115.9, 77.2, 72.0, 70.84, 70.4, 70.3, 70.1, 69.3,
69.1,64.7,49.9,45.2,45.1.

HRMS (ESI+- TOF) m/z: calculated for C;osH;76N1203, : 2118.58, found: 1060.13 [M+2H]+2,
2119.25 [M+H]"

IR (cm™): 3705, 3680, 3078, 2865, 1725, 1645, 1478, 1453, 1420, 1349, 1249, 1196, 1083, 1033,
1004, 920, 832, 774.

2.2.4. Synthesis of compound 3: Perallylated dendrimer 9 (180 mg, 0.085 mmol), AIBN (17 mg,
0.102 mmol, 1.2 eq.) and cysteamine hydrochloride (577 mg, 5.1 mmol, 60 eq.) were treated
according to Procedure B for 5 hrs to give compound 3 in 75 % yield.

'H NMR (300 MHz, D;0): & 8.01 (s, 4H), 4.67 — 4.48 (m, 16H), 3.94 (s, 10H), 3.70 — 3.50 (m,
85H), 3.41 (s, 40H), 3.21 (t, J = 6.7 Hz, 24H), 2.84 (t, ] = 6.7 Hz, 24H), 2.64 (t, ] = 7.1 Hz, 24H),
1.85 (t, ] = 12 Hz, 24H).
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BCNMR (151 MHz, D,0):  144.8, 125.9, 76.3, 71.2, 70.5, 70.4, 70.3, 70.2, 70.1, 69.8, 69.4, 68.8,
64.3, 50.6, 39.0, 28.9, 28.8, 28.0.

IR (cm™): 3396, 2864, 1608, 1460, 1089, 940.

(MALDI-TOF) m/z: calculated for C29H260N2403,S12 : 3041.61, found: 3042.61 [M+H]+.

2.2.5. Synthesis of compound 11: Hexapropargylated core 10 (50 mg, 0.104 mmol), azide 7 (341
mg, 0.746 mmol, 7.2 eq.), sodium ascorbate (62 mg, 0.311mmol) and copper sulphate (78 mg, 0.311
mmol) were reacted according to Procedure A to give compound 11 which was further purified with
the help of silica gel column chromatography. The pure product was isolated using 4 % MeOH in
DCM as eluent in 72 % yield.

'H NMR (300 MHz, CDCl3): & 7.70 (s, 6H), 5.96 — 5.80 (m, 18H), 5.18 (ddd, J=13.8, 11.7, 1.5 Hz,
36H), 4.51 (s, 24H), 3.94 (d, /= 5.3 Hz, 36H), 3.87 (t, J = 5.3 Hz, 12H), 3.65 — 3.53 (m, 76H), 3.48
—3.41 (m, 60H).

C NMR (75 MHz, CDCls): § 145.0, 135.1, 123.5, 116.0, 77.2, 72.1, 70.9, 70.5, 70.4, 70, 69.9,
69.3, 69.2, 64.8, 49.9, 45.3.

MALDI-TOF m/z: calculated for C;¢0H26sN18049 :3227.9311, found, 3250.741 [M+Na]+.

IR (cm™): 3499, 3079, 2866, 1725, 1645, 1477, 1350, 1290, 1083, 993, 921, 833.

2.2.6. Synthesis of compound 4: Perallylated dendrimer 11 (250 mg, 0.077 mmol), AIBN (38 mg,
0.232 mmol, 3 eq.) and cysteamine hydrochloride (525 mg, 4.6 mmol, 60 eq.) were reacted
according to Procedure B for 5 hrs to give compound 4.

'H NMR (300 MHz, D,0):8 7.99 (s, 6H), 4.63 — 4.45 (m, 28H), 3.92 (br s, 14H), 3.71 — 3.49 (m,
128H), 3.47 —3.33 (m, 67H), 3.20 (t, J = 6.7 Hz, 43H), 2.83 (t,J = 6.7 Hz, 36H), 2.62 (t, J = 7.2 Hz,
36H), 1.91 — 1.77 (m, 36H).

BC NMR (75 MHz, D,0): & 144.79 , 125.6, 76.1, 71.1, 70.3, 70.2, 70.1, 70.0, 69.6, 69.4, 69.2,
69.1, 64.4, 50.5, 45.9,45.3, 43.9, 39.5, 38.9, 28.9, 28.6, 27.9, 27.5, 18.1.

MALDI-TOF m/z: calculated for . C196H304N36049S15.4616.61, found, 4639.993 [M+Na]+.

IR (cm™): 3403, 2865, 1606, 1459, 1369, 1087, 939.

2.2.7. Synthesis of compound 13: Hexapropargylated core 10 (20 mg, 0.0414 mmol), pentaallylated
azide 12 (325 mg, 0.496 mmol, 12 eq.), sodium ascorbate (25 mg, 0.124 mmol, 3 eq.) and copper

sulphate (31 mg, 0.124 mmol, 3eq.) were reacted according to Procedure A to give compound 13
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which was further purified with using silica gel column chromatography. The pure product was
isolated using 4 % MeOH in DCM as eluent in 79% yield.

'H NMR (300 MHz, CDCls): & 7.70 (s, 6H), 5.96 — 5.80 (m, 30H), 5.31 — 5.08 (m, 60H), 4.52 (s,
22H), 3.98 — 3.85 (m, 74H), 3.66 — 3.52 (m, 76H), 3.48 — 3.35 (m, 108H).

C NMR (151 MHz, CDCl3): & 145.0, 135.2, 123.5, 116.0, 72.2, 70.9, 70.5, 70.4, 70.3, 70.2, 70.1,
69.9, 69.8, 69.4 69.3, 64.8, 49.9, 45.5, 29.6.

HRMS (ESI+- TOF) m/z: calculated for Cy6H376N150¢7 : 4414.6568, found: 4436.64 [M+Na]+.

IR (cm™): 3694, 3680, 3078, 2865, 1728, 1645, 1477, 1454, 1420, 1349, 1302, 1083, 1032, 1003,
919.

2.2.8. Synthesis of compound 5: Compound 13 (150 mg, 0.046 mmol), AIBN (38 mg, 0.46 mmol, 6
eq.) and cysteamine hydrochloride (781 mg, 6.9 mmol, 150 eq.) were reacted according to
Procedure B to give compound 5.

'H NMR (300 MHz, D,0):8 8.00 (s, 6H), 4.54 (d, J = 23.2 Hz, 28H), 3.93 (s, 16H), 3.67 — 3.52 (m,
154H), 3.49 — 3.39(m, 81H), 3.21 (t, J = 6.7 Hz, 66H), 2.85 (t, J = 6.7 Hz, 60H), 2.64 (t, /= 7.0 Hz,
60H), 1.95 - 1.76 (m, 60H).

BCNMR (151 MHz, D,0): & 144.3, 125.2, 75.8, 70.7, 70.5, 70.1, 69.8, 69.7, 69.6, 69.4, 68.9, 68.6,
63.9,50.0, 48.9,45.4, 45.3,39.2, 39.1, 38.5, 28.5, 28.3, 28.0, 27.9, 27.5,27.3, 17.8

HRMS (ESI+- TOF) m/z: calculated for C56H536N45067S30:6725.55, found: 6728.55.

IR (cm™): 3400, 2862, 1608, 1484, 1458, 1091, 1032, 939.

2.2.9. Synthesis of compound 15: Hexapropargylated N;P; core 14 (10 mg, 0.0098 mmol), azide 12
(202 mg, 00784, 8 eq.), sodium ascorbate (15 mg, 0.059 mmol, 6 eq.) and copper sulphate (12 mg,
0.0592 mmol, 6 eq.) were reacted according to Procedure A to give compound 15 which was further
purified using silica gel column chromatography. The pure product was isolated using 4 % MeOH
in DCM as eluent in 67 % yield.

'H NMR (300 MHz, CDCl5):8 7.84 (s, 6H), 6.81 (q, J= 9.1 Hz, 24H), 5.94 — 5.79 (m, 30H), 5.29 —
5.18 (m, 30H), 5.16 — 5.08 (m, 40H), 4.53 (s, 12H), 3.97 — 3.83 (m, 74H), 3.65 — 3.52 (m, 74H),
3.42 (t,J=4.3 Hz, 74H), 3.38 (d, J = 2.3 Hz, 20H).

BCNMR (75 MHz, CDCls): & 155.2, 144.5, 143.6, 135.2, 124, 121.8, 116, 115.2, 72.2, 71, 70.6,
70.5, 70.4, 70.3, 70.2, 70, 69.5, 69.3, 69.2, 62.2, 50.2, 45.5, 29.6.

3P NMR (122 MHz, CDCl5) 6 9.76 (s).
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MALDI-TOF m/z: calculated for C,5,H384N»107,P3:4949.62, found, 4949.08.
IR (cm'l): 3074, 3006, 2866, 1646, 1501, 1476, 1420, 1350, 1265, 1189, 1172, 1089, 1033, 1008,
952, 923, 890, 834.

2.2.10.Synthesis of compound 6: Perallyllated dendrimer 15 (120 mg, 0.024 mmol), AIBN (24 mg,
0.145 mmol, 6 eq.) and cysteamine hydrochloride (657 mg, 5.8 mmol, 240 eq.) were reacted
according to Procedure B to give compound 6 in 85 % yield.

'H NMR (300 MHz, D,0): & 8.17 (s, 6H), 6.96 — 6.80 (m, 24H), 5.23 (s, 12H), 4.61 (s, 12H), 3.92
(s, 16H), 3.65 — 3.27 (m, 224H), 3.20 (t, J = 6.7 Hz, 72H), 2.84 (t, J = 6.6 Hz, 64H), 2.60 (d, J = 6.5
Hz, 60H), 1.83 (s, 60H).

BCNMR (151 MHz,D,0): §157.5, 146.5, 145.4, 127.9, 124.2, 118.3, 78.1, 74.7, 73.0, 72.3, 72.1,
72.0,71.9,71.5,71.1, 66.8, 66.1, 65.5, 64.0, 52.5,47.7, 47.6,45.7, 42.4, 41.5, 41 .4, 40.8, 40.0, 37.1,
36.4,35.6,35.2,30.5,29.8, 29.5, 28.3, 28.2, 28.1, 24.6, 20.8, 20.1.

3'P NMR (122 MHz, MeOD): § 8.73 (s).

HRMS (ESI'- TOF) m/z: calculated for C3;,Hs04N5;07,P3S30 : 7260.5221, found: 7260.4336.

IR (cm™): 3388, 2919, 2864, 1608, 1500, 1461, 1261, 1188, 1171, 1093, 1033, 951, 885, 833.

2.2.11.Synthesis of FITC-conjugated dendrimer 16: Fluorescein isothiocyanate (1.7 mg, 4.4 umol,
1.0 equiv.) and compound 4 (23 mg, 4.4 umol, 1.0 equiv.) were stirred together in a mixture of
aqueous sodium bicarbonate (900 pL, 100 mM; pH 8.5) and acetonitrile (100 pL) at room
temperature for 12 hrs. The solvent was removed under pressure and the final FITC-conjugated
dendrimer 16 was purified by dialysis.

'H NMR (600 MHz, D,0):  8.00 (d, J = 27.2 Hz, 6H), 7.33 — 6.58 (m, FITC-H), 4.66 — 4.42 (m,
28H), 3.99 — 3.87 (m, 14H), 3.73 — 3.49 (m, 128H), 3.49 — 3.30 (m, 70H), 3.23 (dd, J = 14.1, 7.0
Hz, 45H), 2.90 — 2.70 (m, 36H), 2.71 — 2.55 (m, 36H), 1.94 - 1.75 (m, 36H).

*C NMR (151 MHz, D,0): & 144.4, 125.3, 75.8, 70.7, 70.1, 69.8, 69.4, 69.0, 63.9, 50.1, 45.1, 39.2,
39.1, 38.5, 30.1, 30.0, 29.9, 29.8, 29.7, 28.5, 28.3, 27.5.

HRMS (ESI'- TOF) m/z: calculated for C217H40sN37054S 19 : 5005.9881, found: 1001.5046 [M+H]".

2.3. Cell culture and treatment
HEK 293, U251N, MCF-7 and HepG2 cell lines were originally obtained from the American Type
Culture Collection. HEK 293, U251N and MCF-7 cells were maintained in Dulbecco’s Modified
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Eagle’s Medium (DMEM, Invitrogen) containing 10 % (v/v) fetal bovine serum (FBS, Invitrogen),
2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin (Invitrogen), and 1 % non-
essential amino acids. HepG2 cells were maintained in Minimum Essential Medium (Invitrogen)
supplemented in the same manner. Cells were cultured at 37 °C with 5 % CO,. Cells were seeded at
10,000 cells per well in 96-well tissue culture plates (Corning) and cultured for 24 hrs prior to
treatments. For the MTT assay, cells were treated with increasing concentrations of dendrimers (1
nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 uM, 5 uM, 10 uM) for 24 hrs. Dendrimers were solubilized
in purified water. For cell viability assays, U25IN cells were treated with 0.94 — 23.56 uM of 3,
0.62 — 15.57 uM of 4 and 0.47 — 9.46 uM of 5 for 24 hrs.

2.4. MTT assay

Following treatment with cationic dendrimers 3 (G1-12 NH,) and 4 (G1-18 NH;) at different
concentration and up to 24 h, the culture medium was removed and replaced with serum-deprived
DMEM containing thiazolyl blue tetrazolium (MTT, 5 mg/mL, Sigma-Aldrich). Cells were
incubated at 37 °C for 30 minutes, after which the medium was removed, and dimethyl sulfoxide
(DMSO, 100 pL, Sigma-Aldrich) was added to dissolve the formazan crystals. Colorimetric

measurements were made at 595 nm using a microplate reader (Benchmar, Bio-Rad).

2.5. Hoechst 33342 labeling

Following treatment, cell nuclei were labeled with Hoechst 33324 (10 uM, 10 min, Sigma-Aldrich).
The Operetta high-throughput imaging system (Perkin Elmer) was used for cell counting. Five fields
were imaged per well. Image analysis was performed by the Columbus Image Analysis Software

(Perkin Elmer).

2.6. Organelle labeling

U251N cells were seeded on glass cover slips (Thermo Fisher Scientific) at 10,000 cells per cover
slip and cultured for 24 hrs. The labeling of the endoplasmic reticulum (ER) and the Golgi were
performed using Cell Light ER-RFP (Thermo Fisher Scientific) and Cell Light Golgi-RFP (Thermo
Fisher Scientific), respectively. Cells were transduced when seeded following the manufacturer’s
recommendations for 10,000 cells and using a particle per cell (PPC) coefficient of 50. The
following day, transduced cells were treated with 1 uM of FITC-labeled dendrimer 16 for 24 hrs.
Cell nuclei were labeled with Hoechst 33342 (10 uM, 10 min), then live imaging was performed
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using a fluorescence microscope (Leica). For nucleus, mitochondrion and lysosome labeling, cells
treated with FITC-labeled dendrimers (1 uM, 24 hrs) were incubated with Hoechst 33342 (10 uM,
10 mins), MitoTracker Deep Red (100 nM, 3 min, Thermo Fisher Scientific) and LysoTracker Red
(500 nM, 3 min, Thermo Fisher Scientific), respectively. Cells were then washed in sterile

phosphate buffered saline and imaged under a fluorescence microscope.

2.7. Transfection of plasmid DNA

HEK 293 cells were seeded at 10,000 cells per well in 96-well tissue culture plates (Sarstedt) and
cultured for 24 hrs. The medium was then renewed without antibiotics, and transfection complexes
were added. Transfection complexes were prepared by mixing equal volumes (100 pL) of
dendrimer and eGFP-encoding plasmids dissolved in Opti-MEM (Invitrogen).The final
concentration of eGFP plasmid per well was 0.5 pg. The dendrimers were added at increasing
concentrations, following dendrimer to plasmid DNA charge ratios of 0.8, 1, 2, 5, 6, 8, and 10. The
charge ratios were calculated based on the number of positive charges found on the surface groups
of the polyamine dendrimers and the number of negative charges of DNA. Transfection complexes
were allowed to equilibrate for 15 minutes before they were added to cell cultures, where they were
kept for 24 hrs. Cell nuclei were labeled using Hoechst 33342 (10 uM, 10 min). Cells were then
imaged using the Operetta high-throughput imaging system, and image analysis was performed
using Columbus. The transfection efficiencies were calculated from the number of cells expressing
eGFPas a proportion of the total number of cells labeled with Hoechst 33342. Lipofectamine 2000
(Invitrogen) was included as a commercial comparator. Its use at a ratio of 1 corresponds to the

concentration recommended by the manufacturer (0.5 pL of transfection reagent per well).

2.8. Transfection of Cy3-labeled anti-HSP70 siRNA

U251N cells were seeded at 10,000 cells per well in 96-well cell culture plates and cultured for 24
hrs. The medium was then renewed without serum or antibiotics, and transfection complexes were
added. Transfection complexes were prepared by mixing equal volumes (100 pL) of dendrimer and
Cy3-labeled anti-HSP70 siRNA (Ambion) dissolved in Opti-MEM. The final concentration of
siRNA per well was 10 nM. The dendrimers were added at increasing concentrations, following
charge ratios (dendrimer to siRNA) of 0.8, 1, 5, 10, 15, 20, 30, 40 and 50. Transfection complexes
were left to equilibrate for 15 min, after which they were added to cell cultures and kept for 24 hrs.

Cell nuclei were labeled with Hoechst 33342 and cells were imaged using Operetta. Image analysis

10
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was performed using Columbus. Lipofectamine 2000° was used following the manufacturer’s
recommendations (0.5 pL per well). Transfection efficiencies were calculated from the number of
cells with intracellular fluorescence above the average of that of non-transfected control cells, as a
proportion of the total number of cells (labeled with Hoechst 33342). Non-transfected control cells
thus have approximately 50 % of cells with background fluorescence above that of its own average.
Negative controls of the eGFP plasmid DNA alone and dendrimer vectors alone in HEK 293 cells
are provided in the Supporting Information Figure S53. Negative controls of the siRNA alone and

dendrimer vectors alone in U251N cells are provided in Supporting Information Figure S54.

2.9 Western blot expression of HSP70

U251N glioblastoma cells were seeded at 1X10° cells per 10 cm culture plate and cultured for 24h.
The media was replaced by serum-deprived media, and cells were treated with heat-shock protein
(HSP70) small interfering RNA (siRNA) (10 nM) alone, siRNA bound by dendrimers G1-12 and
G1-18 at a charge ratio of 1 to 20 (siRNA to dendrimer), or dendrimers alone for 48h. Untreated
controls were included. Cells were collected in lysis buffer and cell lysates ran in SDS-PAGE (10%)
gels. Proteins were transferred by Western blotting to a PVDF membrane overnight. Blocking was
achieved using 5% non-fatty milk in TBS-T. Rabbit monoclonal antibodies against HSP70 (1/1000,
Enzo Life Sciences) and mouse monoclonal antibodies against B-actin (1/5000, Sigma Aldrich)
were used for 3h. Goat anti-rabbit and anti-mouse secondary antibodies (Bio-Rad) were used
(1/1000) for 1h. Chemiluminescent detection was achieved using the SuperSignal West Pico
(ThermoFisher) substrate. HSP70 was detected as a single band at 70 kDA. B-actin was detected at
42 kDa.

2.10. Statistics

Independent experiments were performed at least three times. Each treatment was included in three
(transfections) or six samples (cytotoxicity assays). All data are expressed as mean = SEM values.
Statistical significance was calculated using one-way ANOVA and the Student’s t-test. The

Bonferroni correction was applied for multiple comparisons.

2.11. Computational methods
The interaction between dendrimer 5 and a model of nucleic acid has been modeled and simulated

according to a validated procedure used previously for the simulation of similar systems.’*” The
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entire simulation work was conducted using the AMBER 12 software.>* The molecular model for 5
has been parameterized with the “general AMBER force field (GAFF)”.*> As for the nucleic acid, a
model of 21 bp Firefly Luciferase (GL3) siRNA was used as described in similar studies.**

First, dendrimer 5 was immerged in a periodic box containing explicit TIP3P water molecules®®
and CI” counterions was added for charge neutralization (at neutral pH the terminal amines of 5 were
assumed to be positively charged, for a total dendrimer charge of +30e¢). The system has been
preliminarily minimized, and thermalized to reach the experimental temperature of 25 °C (298 K).
Then, dendrimer S has been equilibrated through 100 ns of MD simulations in periodic boundary
NPT condition (constant N: number of atoms, P: pressure and T: temperature during the run) at 25
°C of temperature and 1 atm of pressure. This provided an equilibrated conformation for dendrimer
5 in the solvent, which was then placed in close proximity of the siRNA model. The dendrimer-
siRNA complex was re-solvated, and underwent the same simulation phases described above
providing an equilibrated configuration of the binding between the nucleotide and S reported in
Figure 5. All equilibration MD runs used a time step of 2 femtoseconds, the Langevin thermostat, a

8 A cutoff, the particle mesh Ewald®’ (PME) for long-range electrostatics, and the SHAKE

algorithm to treat bonds involving Hydrogen atoms.*®
3. Results and discussion

Generation 1 (G1) dendrimers (3-6) (Scheme 1) having twelve to thirty amine peripheral end groups
were built in a divergent manner using a combination of orthogonal AB; or ABs hypermonomers™
and highly efficient chemical transformations based on Cu(I) catalyzed alkyne-azide cycloaddition
(CUAAC)”’40 and thiol-ene click reactions.*'** Both of these chemical reactions are nowadays
considered as cornerstones in the field of polymer and dendrimer synthesis due to their remarkably
robust nature, orthogonality, high yields, minimum side products, and tolerance to a wide variety of
functional groups and solvents.*

The syntheses were successfully achieved up to 30 surface amine groups at only the G1 stage in
two steps, whereas in the case of most widely studied commercially available polyamine dendrimers
like PAMAM and PPI, a comparable number of end groups (32) can only be achieved at G3 and G4
4, respectively, and requires 6 to 8 synthetic steps. In contrast to the majority of the reports where

46

PEGylation was performed on the peripheral amines,” tetraethyleneglycol (TEG) units were

incorporated to the backbone of the dendrimers to retain the effect of surface amines and
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simultaneously make the dendrimers water soluble, flexible, and biocompatible. The synthetic
protocol is atom economical, highly efficient, does not require protection/deprotection steps and
thus, offers important new perspectives in the quest for a fast, simple, and inexpensive synthesis of
amine-terminated dendrimers.

The G1 polyamine dendrimers (1-6) illustrated in scheme 1, consisting of 4, 6, 12, 18, and 30-
NH; end groups, have been synthesized divergently around pentaerythritol, dipentaerythritol or
aromatic cyclotriphosphazene cores.”” The selection of pentaerythritol cores was based on literature
findings which revealed that PAMAM dendrimers around pentaerythritol cores showed less
cytotoxicity as compared to parent ones.*™*’ The syntheses of GO dendrimers 1 and 2 were achieved
using the literature procedure previously reported by our group.***’ For the construction of
dendrimer 3, containing twelve amine functionalities, tris-allylated pentaerythritol ether and its TEG
azide derivative 7°° were coupled to fetrakis-propargylated pentaerythritol 8* using microwave-
promoted CUAAC click reactions under standard reactions conditions (CuSO4.5H,0, Na ascorbate

in THF/H,0) to afford G1 dendrimer 9 harboring twelve peripheral allyl groups in 78 % yield.
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Scheme 1. Synthesis of G1 polyamine dendrimers 3-6 bearing 4, 6, 12, 18, and 30 terminal amine
groups. Reagents and conditions: i)CuSQO4.5H,0, sodium ascorbate, THF:H,0, 50 °C, microwave, 6
hrs., ii) AIBN, MeOH, Microwave, 80 °C, 6hrs.

Detailed 'H NMR spectroscopy analysis confirmed complete transformation of reactions
showing sharp and symmetrical singlets for triazole protons appearing at & 7.70 ppm and allyl
signals at & 5.90-5.06 ppm. During our attempts, we found that the microwave irradiation promoted
the reaction rate and helped in the completion of reaction within 6 hrs, while the same reaction,
when performed under similar conditions without microwave treatments, and took overnight to be

completed. Moreover, thin layer chromatography (TLC) also confirmed the cleaner reaction under
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microwave conditions whereas multiple spots were observed in the reaction without it. Thermal
thiol-ene click was performed on perallylated dendrimer 9 by the addition of commercially available
cysteamine hydrochloride in the presence of azobisisobutyronitrile (AIBN) as a radical initiator
under microwave irradiation to afford polyamine dendrimer 3 with twelve exposed surface amine
groups in 75 % yield. No column chromatography purifications were required for this step and the
dendrimer was easily purified by washing the reaction mixture with diethyl ether several times
followed by dialysis against water (1.0 kDA cut-off). Complete disappearance of alkene signals in
the "H NMR spectra coupled to the fact that sharp signals were observed clearly indicated the
presence of pure product together with total thiol addition and lack of copper traces.

A similar strategy was used for the synthesis of eighteen amine-terminated dendrimer 4 around
dense hexa-propargylated dipentaerythritol core 10.°° CUAAC click reaction was performed on the
core 10 and triallyl ether TEG azide7 using the above mentioned click reaction conditions to provide
dendrimer11 bearing 18 allyl functions in quantitative yield. It was followed by thermal thiol-ene
click reaction of 11 with cysteamine hydrochloride to afford dendrimer 4 decorated with eighteen
surface amines in 78 % yield. Dendrimer 4 was easily purified by similar non-chromatographic
method described above. Figure 1 illustrates the 'H NMR spectra for the complete reaction
sequences for dendrimer 4 showing the respective signals for all the protons. Starting from spectrum
A, the triplet at 6 2.42 (ppm) corresponding to propargyl protons disappeared completely after the
azide-alkyne click conjugation, with the simultaneous appearance of allyl signals at & 5.96-5.18
ppm. After the final thiol-ene step, alkene signals completely disappeared (spectrum B), ensuring
complete derivatization. MALDI-TOF mass spectrometry (MS) also supported the formation of the

final product 4, showing a mass peak at 4638.99 corresponding to the sodium adduct.
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Figure 1. Comparison of "H NMR spectra (A and B in CDCl; and C in D,0) of 10, 11, and 4
with the appearance/disappearance of characteristic signals towards the construction of G1-18-NH;
dendrimer (4).

The synthesis of dendrimer 5 with thirty amine functions was accomplished by first conducting a
CUAAC click reaction between the orthogonal ABs hypermonomer 12 and the hexapropargylated
dipentaerythritol core 10 using the same synthetic protocol as described above to provide dendrimer
13 with thirty allyl terminal groups in 79 % yield. MALDI-TOF MS of 13 showed the expected
[M+Na]" peak at m/z4436.64. Subsequent thiol-ene click reaction was performed on 13 with
cysteamine hydrochloride to produce dendrimer § with 30 amine groups at the periphery in 83 %
yield. A rigid aromatic hexapropargylated cyclo triphosphazene core 14*" was also chosen for the
synthesis of our next dendrimer 6, which has a similar number of peripheral amines. The synthesis
was carried out by applying the same sequence of reactions, i.e. CUAAC/TEC. CUAAC ligation
between 14 and ABs monomer 12 generated dendrimer S having thirty allyl moieties in 67% yield.
The reaction was monitored easily with the help of TLC and '"H NMR, which clearly showed the
loss of alkyne triplet at  2.53 ppm. Subsequent thiol-ene click provided the final dendrimer 6 with
thirty amine functions in moderate yield. All the dendrimers and monomers were fully characterized
using NMR spectroscopy, IR, and MALDI-TOF mass spectrometry. The MALDI-TOF results for all

the macromolecules showed strong signals corresponding to their expected molecular weights.
16
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Dendrimers have been increasingly used for the delivery of drugs and genetic materials.”'™>® To
show that the present polyamine dendrimers can be useful in biological systems, they must undergo
comprehensive biological studies, including measurements of cytotoxicity in different cell types. In
the present study, dendrimers GO 1-2 and G1 3-6, harboring 4,6,12, 18, and 30 surface amine groups
respectively, were screened for effects on mitochondria metabolic activity (MTT) in three different
human cell types: U251N human glioblastoma, MCF-7 breast carcinoma, and HepG2 liver
adenocarcinoma cells (see S.I. Figure S51). Significant cytotoxic effects were observed at
micromolar concentrations, and dendrimers with more polyamine groups were more disruptive, as
expected. The cytotoxic effect of the dendrimers were further assessed by cell counting in U251N
cells treated with dendrimers with the highest number of functional groups G1-3 (12-NH;), G1-4
(18-NH;) and G1-5 (30-NHy) (see S.I. Figure S52). Due to their high number of terminal groups and
their relatively low cytotoxicity (up to 1 pM), dendrimers 3 and 4 were then further investigated as
transfection agents.

Because the positively charged polyamines can interact with the negatively charged phosphate
backbone of DNA and siRNA, these dendrimers have been used to induce gene overexpression by
enhancing plasmid DNA internalization and knock down of various genes by facilitating siRNA
delivery. We investigated if polyamines 3 and 4 can effectively transport plasmid DNA inside cells.
To show this, we used a plasmid encoding enhanced green fluorescent protein (eGFP, Figure 3).
Fluorescence micrographs of transfected cells showed that eGFP signal can be easily detected
following the delivery of eGFP plasmids using either 3 or 4, indicating successful transfections
(transfection efficiencies were between 10.3 % and 7.1 %, respectively) (Figure 2A-C). Although
the results suggest that the polyamines are not superior to the commercial comparator
Lipofectamine 2000° (37.6 %) in terms of transfection efficiency, they were much less toxic. This
would render the polyamines advantageous for biological experiments where cytotoxicity impose

limitations (Figure 2D).

17



Nanoscale

“ ¥yé -

o i T LR . . : N
Non-transfected Lipofectamine 2000 «- " § Non-transfected : - W |ipofectamine 2000
control eGFP control ‘

eGFP

B Cc E
50 ° S0 —I—(L3i;1)o1fgctamine 150 - ipofectamine
© —~an L 50 o—G1- = ——G1-12
5%40 g%“o 4—G1-18 = Bioo ——G1-18
S ©30 | S =30 | 85
= © SR s 0
8o o 2 > Y—
220 - % %520 1 950 A
c o < O
S 210 - S e
=< = <~10 A
0 - . 0
&'&o ((.\\QQ: \,r\"l/ \:\‘b 0081 2 5 6 8 10 0 2 4 6 8 10 12
S @ ) ) Transfection agent vs pDNA Transfection agent vs pDNA
\;f'\' & ratio ratio
\/\Q

Figure 2. HEK 293 human embryonic kidney cells transfected with eGFP plasmid DNA (pDNA)
using 3 (G1-12)and 4 (G1-18) polyamine dendrimers. (A) Micrographs of transfected HEK 293
cells show cells expressing eGFP fluorescence in the cytoplasm. Cells non-transfected or transfected
with Lipofectamine 2000® were included as controls. (B) Peak transfection efficiencies of HEK 293
cells using Lipofectamine 2000®, 3 or 4. Transfection efficiencies were calculated as the
proportionof total cells (labeled with Hoechst 33342) which express eGFP. Shown are mean
percentage values = SEM from at least three independent experiments. (C) Transfection efficiency
of HEK 293 cells using Lipofectamine 2000%, 3 or 4 at increasing transfection agent to pDNA
charge ratios. Lipofectamine 2000 at a ratio of 1 is used at the concentration recommended by the
manufacturer. Transfection efficiencies were calculated as in (B). Shown are mean percentage
values + SEM from at least three independent experiments. (D) Micrographs of HEK 293 cells
transfected as in (A). Cell nuclei were labeled with Hoechst 33342 and imaged using a high-
throughput fluorescence microscope. (E) HEK 293 cell viability following transfection as in (C).
Lipofectamine 2000® at a ratio of 1 is used at the concentration recommended by the manufacturer.
Shown are mean percentage values + SEM as compared to untreated controls from at least three
independent experiments.
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Figure 3. Intracellular localization of FITC-labeled dendrimer 16 (FITC-G1-18) in U251N
human glioblastoma cells. (A) Fluorescence micrographs of U25IN cells transfected with Cy3-
labeled anti-HSP70 siRNA using 16 for 24hrs. Insert shows colocalization of fluorescent signals
from the siRNA (red) and the dendrimers (green). Background fluorescence is non-detectable. (PM
= plasma membrane; N = nucleus) (B) Fluorescence micrographs of U251N cells exposed to 16 for
24 hrs and transduced with Cell Light endoplasmic reticulum-RFP. (C) Fluorescence micrographs of
U251N cells exposed to 16 for 24 hrs and transduced with CellLight Golgi-RFP. (D) Fluorescence
micrographs of U251N cells exposed to 16 for 24 hrs and labeled with MitoTracker Deep Red for
mitochondria. (E) Fluorescence micrographs of U251N cells exposed to 16 for 24 hrs and labeled
with LysoTracker Red for lysosomes.

To investigate the cellular uptake of the present polyamine constructs, 4 was fluorescently

labeled with a single molecule of fluorescein isothiocyanate (FITC) to yield dendrimer 16 (see S.I
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Scheme S1). Similarly to a recent study by Albertazzi et al.,”” we then investigated if the FITC-
labeled polyamine 16 was easily transported into cells without major loss of plasma membrane
integrity and morphological disruptions. To this end we treated human glioblastoma U251N cells
with the fluorescently labeled polyamine 16 to reveal their intracellular location (Figure 3). The
delivery of Cy3-labeled HSP70 siRNA using fluorescent 16 showed that both entities localized in
discreet subcellular locations in the perinuclear region. We used organelle-specific reagents to label
the endoplasmic reticulum (ER) and the Golgi apparatus, and fluorescent vital dyes to label
mitochondria and lysosomes. Subsequent investigations using the organelle-specific labels revealed
that the intracellular localization of the FITC-labeled dendrimer was strongly associated with that of
RFP-labeled lysosomes.

We then investigated if siRNA can be effectively delivered using the polyamine dendrimers. A
Cy3-labeled anti-HSP70 siRNA was employed to detect cells which received siRNAs following
transfection. Our results showed that both the 3 and 4 polyamines can successfully deliver siRNA
into human cells, with transfection efficiency comparable to that of Lipofectamine 2000° (Figure
4B). Measurements of cell viability following transfection showed that the polyamines are less
cytotoxic than Lipofectamine 2000, and thus are preferable for biological applications (Figure 4C).
Western blots (Figure S55) also confirmed the lower level of protein expression.

We then measured the cell viability during the transfections using the mitochondria metabolic
(MTT) activity of HEK 293 human embryonic kidney cells and U251N human glioblastoma cells in
response to transfection of both eGFP plasmid DNA (pDNA) and heat-shock protein 70 (HSP70)
small interfering RNA (siRNA), respectively, delivered with G1-12 (3) and G1-18 (4) dendrimers at
different charge ratios for 24 h (Figure S56). The data clearly showed that our low generation
cationic polyamine dendrimers 3 and 4 showed comparable behavior to that of Lipofectamine 2000

taken as control.

20



Page 21 of 27 Nanoscale

A Untreated control 100

siRNAcontrol & B

o7

G1-12 =mG1-18

O RN OLOPS PP
C)o&&"l« Dendrimer vs siRNA ratio

level (% of total cells)
~
o

[ T

G1-12
y Charge ratio 20

Percentage of cells with intracellular
fluorescence above average control

G1-12 mG1-18

. e 0. 6
. =
- o
: <

Insert (2.5X) = "9 : 80
Cy3- SIFK‘A ; £

> 60

S 40
R

:\u‘{’¢ ; 20
()]

- o 0

G1-18

[
g Charge ratlo 20 !

&QQQ Q;r\‘o,@.(o,b,bobg(oc
Qo(\ v Dendrimer vs siRNA ratio
N
&
14
9
SR

Figure 4. Delivery of Cy3-labeled anti-HSP70 siRNA in U251N glioblastoma cells. (A)
Fluorescence micrographs of human U251N glioblastoma cells transfected with Cy3-labeled anti-
HSP70 siRNA (10 nM) for 24 hrs in serum deprived media, using the dendrimers 3 (G1-12) and 4
(G1-18). Red fluorescence signal from the Cy3-labeled siRNA is shown inside cells. Lipofectamine
2000 was included as a commercially available comparator. No significant Cy3 fluorescence is
detected in untreated and siRNA only controls. (B) Percentage of cells transfected with Cy3-labeled
anti-HSP70 siRNA (10 nM) for 24 hrs in serum deprived media, following transfection using 3 and
4 at increasing charge ratios between dendrimer and siRNA. Lipofectamine 2000 (0.5 pL per 100
ul) was included as a commercially available comparator. Transfection efficiencies were quantified
by calculating the proportion of total cells which displayed intracellular red fluorescence intensities
above the average untreated control levels. Shown are average percentage values = SEM from three
independent experiments. (C) Cell viability following transfection of Cy3-labeled anti-HSP70
siRNA (10 nM) for 24 hrs in serum deprived media, using 3and 4 as in (B). Lipofectamine 2000"
(0.5 pL per 100 puL) was included as a commercially available comparator. Cell viability was
measured by counting the number of Hoechst 33342-labeled nuclei. Shown are average percentage
values = SEM as compared to untreated controls from three independent experiments. (**p < 0.001)
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In order to further understand the apparent lower transfection or knocking down ability
(although after only 24 h), of our low generation polycationic amine-ending dendrimers, we
investigated their relative size and flexibility by molecular modeling. For this, we used dendrimer 5§
as intermediate size architecture to better rely our data with those of usual larger PAMAM and other
polyamine dendrimers described in the literature.*® Based on previous observations from PAMAM-
related dendrimers, it may be expected that the highly flexible polyamine dendrimers with low
generation would form extremely stable polyplexes and that could be argued as being the main
reason for the low degree of efficacy for both types of nucleic acids when compared to the very
large liposomal commercial transfectant Lipofectamine 2000%.

During the simulation in water, dendrimer 5 rapidly folds and does not stay extended in
solution (even if this folding is quite dynamic due to repulsion between the surface charges). Two
different complexes with siRNA were done. Starting from the equilibrated/folded dendrimer in one
case or from the extended dendrimer (pre-equilibration) in the other, and placing the dendrimers in
close contact with the siRNA provided two very similar complexes. The two different complexes
were further immerged in a simulation box containing explicit water molecules and the necessary
numbers of Na' ions for charge neutralization of the system were added. MD simulations lasted 30
ns for the extended and 45 ns for the folded case, in which case both systems behave in the same
way. Dendrimer 5 did not stay perfectly extended during binding (even in the case where it starts
from a perfectly extended configuration), but it is flexible and it tends to "embrace/hug" siRNA to
enhance binding. The fact that both systems are almost indistinguishable during the MD simulations
demonstrates that the result (the behavior of 5§ during siRNA binding) is not dependent on the initial
conformation chosen for the dendrimer in the creation of the complex. The initially folded results in
only slightly more "hugging" siRNA, while the initially extend one assumes a slightly more folded

configuration during binding (Figure 5).
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Figure 5. Partially extended (top left, 30 ns) and folded (top right, 45 ns) conformations of
dendrimer S obtained from the MD simulations. For the MD simulation, the 21 bp SiRNA GL3
Firefly Luciferase was used.

It thus became clear from the above dynamic modeling that the low generation dendrimers
described in this study are rapidly “moving” and changing position along the anionic charge of the
DNA molecules. Hence, they do not seem to form too highly stable polyplexes that can be argued
for the lower transfection ability. Rather, it can be anticipated that their smaller size may necessitate
longer reaction time or even using extended side-chains. Work is now in progress to answer these

questions.
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4. Conclusions

The successful delivery of both plasmid DNA and siRNA in human cells indicates that the
present low generation polyamine dendrimers can be promising delivery systems for research and
therapeutic purposes. The delivery of anti-HSP70 siRNA in glioblastoma, for instance, can
significantly reduce HSP70 mRNA levels and sensitize the cancer cells to chemotherapeutic
agents.®” Although commercial transfections agents such as Lipofectamine 2000%, HiPerFect®, or
Superfect™ have high efficiencies, it is at the cost of reduced cell viability. Collectively, the present
polyamines dendrimers can be synthesized through innovative, economical and efficient steps, and
can successfully deliver both plasmid DNA and siRNA in human cell with minimal cytotoxicity.
Such dendrimers could be particularly advantageous to knock down key pathways in cancer stem
cells.®' The high flexibility and biocompatibility of the above TEG-based polyamine dendrimers
may account for their valued efficacy. Indeed, as shown in Figure 5, molecular modeling of one of
the relaxed conformer of dendrimer 5 (G1-30 NH;), wherein two of the amine pairs can span over a
distance of 52 A may account for the dendrimer’s conformational adaptation® to better reach the
anionic phosphate groups on plasmid DNA and siRNA. The above data confirm that polycationic
pegylated dendrimers of low generation (G1 here) hold great promise as nanocarriers for gene
transfection. In addition, this work also shows that globular dendrimers of high generation may not
represent optimal structures for SiRNA complexation since they may have unnecessary high

cation/phosphate ratios.
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