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10  ABSTRACT: Cationic nanogels with site-selected function-
11 ality were designed for the delivery of nucleic acid payloads
12 targeting numerous therapeutic applications. Functional
13 cationic nanogels containing quaternized 2-(dimethylamino)-
14 ethyl methacrylate and a cross-linker with reducible disulfide
15 moieties (QNG) were prepared by by electron transfer
16 (AGET) atom transfer radical polymerization (ATRP) in an
17 inverse miniemulsion. Polyplex formation between the gNG
18 and nucleic acid exemplified by plasmid DNA (pDNA) and
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19 short interfering RNA (siRNA duplexes) were evaluated. The delivery of polyplexes was optimized for the delivery of pPDNA and
20 siRNA to the Drosophila Schneider 2 (S2) cell-line. The gNG/nucleic acid (i.e,, siRNA and pDNA) polyplexes were found to be
21 highly effective in their capabilities to deliver their respective payloads.

hort interfering RNA(siRNA) and plasmid DNA (pDNA)
23 have emerged as important agents in both basic research
24 and therapeutic strategies.'™* They affect the biosynthesis of
25 their targeted proteins either through the introduction of
26 specific units, resulting in synthesis of new proteins, in the case
27 of pDNA, or targeting of messenger RNAs (mRNAs) for RNA
28 interference (RNAI), as in the case of siRNA.>® The selective
29 delivery of siRNA and pDNA has been a challenge due to their
30 degradation in the presence of nuclease and their anionic
31 charge that hinders their cell permeability.”® Solutions include
32 cationic carrier systems, such as cationic lipids or polymers,
33 which generate complexes via electrostatic interactions to form
34 of lipoplexes or polyplexes, respectively, and thus enhance the
35 transfection of nucleic acids into cells.” >* Nevertheless, the
36 design of efficient polyplex-based siRNA and pDNA delivery
37 systems for transfection is itself a challenge that limits realizing
3s the full potential of siRNA and pDNA for therapeutic
39 applications.*®*37%%
40  Previously, the preparation of biodegradable cross-linked
41 nanogels (NGs),"" comprising an oligo(ethylene oxide)
4 methacrylate (OEOMA) backbone was demonstrated using
43 by electron transfer atom transfer radical polymerization
4 (AGET ATRP) in inverse miniemulsion.”**" This method
4s was successfully used to prepare protein—polymer hybrid
46 NGs>*** and NGs for delivery of small molecules®® and
47 carbohydrates.>® However, in order to use these materials for
48 effective nucleic acid delivery, it is necessary to have site-specific

—

—_

49 incorporation of cationic monomers, into the predominant
so OEOMA NGs for polyplex formation, but currently this has

v ACS Publications  © Xxxx American Chemical Society

not been accomplished. ATRP**™* is a versatile polymer- s1
ization method that can be applied for the synthesis of diverse s2
and complex polymeric architectures,**™** including cationic s
and quaternized nanogels (QNGs). In this communication, we s4
report the synthesis of a biodegradable qNG via the ss
copolymerization of OEOMA and a cationic monomer, 56
quaternized dimethylaminoethyl methacrylate,**** by AGET s7
ATRP in inverse miniemulsion. A disulfide-based cross- ss
linker”?%*~*® was utilized to take advantage of the different so
concentrations of reducing agent contained in the extracellular 6o
(~1 uM) versus intracellular (~10 mM) matrix**° and &1
facilitate the biodegradation of the NG after transfection of the 62
nucleic acid cargo. The qNGs were studied for the complex- 63
ation and delivery of a pDNA that codes for a firefly luciferase 64
protein and siRNA that targets a renilla luciferase mRNA for a 65
dual luciferase reporter assay. The Drosophila Schneider 2 (S2) 66
cell line was used as the model because of its importance and 67
prevalence in basic biological research and challenges in 68
successfully delivering both siRNA and pDNA to these cells.*" 69

The biodegradable qNG were prepared in a water-in-oil 70
inverse miniemulsion utilizing AGET ATRP (Scheme 1). 71
Cu™Br, /tris(2-pyridylmethylJamine (TPMA) was used as the 72
ATRP catalytic species, poly(ethylene glycol) methyl ether 2- 73
bromoisobutyrate (PEGMl, 0, M,, = 2000) as a macroinitiator, 74
oligo(ethylene oxide)methacrylate (OEOMA;y, M, = 300), 7s
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Scheme 1. Synthesis of Cationic NGs for Nucleotide Delivery of siRNA and pDNA Using AGET ATRP
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Figure 1. Normalized volume distribution of cationic NGs prepared by AGET ATRP in inverse miniemulsion measured using DLS. (A) Volume
distribution of purified QNG prepared from PEOML,49: OEOMA345:Q-DMAEMA:DMA: Cu(II)Br,:Ascorbic Acid: 1/290/20/4/0.5/0.6/0.3, 55 mg
PEGOH,yq, in 5% Span80 in cyclohexane for 24 h at 30 °C. Size = 275 nm, PDI = 0.164, { potential = 43.7 mV +4.1. (B) Volume distribution of

gNG after incubation with 10 mM glutathione for 4 days.

A
DNA R1 R5 R10 RS0 R100 R500 NG
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Figure 2. Agarose gel electrophoresis analysis of polyplex formation and disassociation of QNG and pDNA (LacZ-plasmid). Electrophoresis was
conducted for 30 min, at 100 V, and the gels were stained with EtBr and imaged with UV-transillumination. (A) Polyplex formation, S00 ng of
plasmid was incubated with varying amounts of gNG (R1-R500) for 1 h at 25 °C and then loaded onto a 1% agarose gel electrophoresis. (B)
Preformed polyplexes of qNG:pDNA (R1-R200) were incubated with 0.015 ug/uL Heparin sulfate for 30 min and then examined by gel

electrophoresis using a 0.5% agarose gel.

76 and quaternized dimethylaminoethyl methacrylate (Q-DMAE-
77 MA, DMAEMA was quaternized with ethyl bromide) as
78 comonomers, dithiopropionyl poly(ethylene glycol) dimetha-
79 crylate (DMA) (M, =1260) as a cross-linking agent, and
80 PEG,00OH as a stabilizer. They were dissolved in 1.40 mL of
g1 ultrapure water and added to a 25 mL solution of 0.05% (w/w)
g2 of Span-80 in cyclohexane. The reaction mixture was emulsified
83 using ultrasonication to form stable water-in-oil droplets. The
84 mixture was degassed with nitrogen and a degassed solution of
8s ascorbic acid was injected into the emulsion to convert
86 Cu™Br, to CuBr and initiate the AGET ATRP. The
87 polymerization was carried out for 24 h at 30 °C. The qNGs
88 were purified by precipitation into THF, then washed several

—

times with ultrapure water followed by dialysis (25 k MWCO g
membrane) against water to remove all unreacted reagents. 9%
The qNGs were characterized by dynamic light scattering o;
(DLS) and zeta potential, revealing a particle size of ca. 275 nm o,
in diameter with a CV of 0.164 and 43.7 mV =+4.1, respectively 3
(Figure 1A). To determine the biodegradability of these QNGs o4 ¢
under reducing conditions, a 1 mg/mL solution of gNG in 10 g5
mM glutathione® was prepared, and its particle size was o
monitored using DLS. The resulting degraded particles had a o,
volume distribution of ca. 4 nm in diameter, indicating a o
successful REDOX mediated degradation of the QNG (Figure o9
1B). 100
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Figure 3. Agarose gel electrophoresis complexation assay measured at varying qNG:siRNA weight ratios. (A) Polyplexes were prepared by
incubating 500 ng of siRNA with varying amounts of QNG for 1 h at 4 °C, then loaded onto a 2% agarose gel in Tris/Borate/EDTA buffer. After
electrophoresis (30 min, 100 V) the gel was stained with EtBr and imaged with UV-transillumination. (B) Preformed polyplexes of qNG:siRNA (R1-
RS50) were incubated with 0.05 pg/uL Heparin sulfate for 30 min and then examined by gel electrophoresis using a 3% agarose gel.

101 The ability of the NG to complex both pDNA and siRNA
102 was investigated using agarose gel shift assay. This assay was
103 used to determine the weight ratio, R (ie, NG:siRNA or
104 NG:pDNA), at which qNG totally complexed pDNA and
105 siRNA, respectively. Five hundred nanograms of pDNA was
106 hybridized with gNG for 1 h at 25 °C (in nuclease-free
107 ultrapure water pH = 7) and then loaded onto a 1% agarose gel.
108 Following electrophoresis, the gels were stained with ethidium
100 bromide (EtBr) and imaged. For pDNA, a ratio of RS (ie,
110 weight ng:weight,pya = 5:1) showed a lack of band migration
111 of the gNG:pDNA polyplex. This indicated a near total
112 complexation of the DNA with the gNG (Figure 2A). A
113 polyplex disassociation study was conducted, by adding heparin
114 sulfate to the precomplexed qNG:pDNA polyplexes, to
115 determine the reversibility of the complexation between qNG
116 and pDNA.>> At ratios less than R50, the polyplexes could be
117 disassociated using heparin sulfate (0.015 ug/uL) (Figure 2B).
118 This result suggests that, although pDNA could be complexed,
119 it could be released, when a small excess of NG was used to
120 complex the pDNA. Preliminary characterization of
121 gNG:pDNA polyplexes using DLS and { potential analysis
122 was conducted (Figure SI-1, Supporting Information). No
123 aggregates were observed in the volume % distribution of
124 gNG:pDNA polyplexes at R values (w/w) of R2—R0.5. The {
125 potential of gNG:pDNA polyplexes for these R values are
126 negative, indicating successful pPDNA complexation. qNG:siR-
127 NA polyplexes were studied by incubating 500 ng of siRNA
128 with varying ratios of QNG for 1 h at 4 °C (in nuclease-free
129 ultrapure water pH = 7). Band migration of these polyplexes
130 was studied by electrophoresis on a 2% agarose gel followed by
131 EtBr staining and imaging. At a weight ratio of 15:1
132 qNG:siRNA (i.e, R1S), no band migration was observed
133 (Figure 3A), indicating total complexation of siRNA. Heparin
134 sulfate-mediated qNG:siRNA polyplex disassociation was
135 studied by incubating of preformed polyplexs at ratios of
136 R2.5—RS0 with heparin sulfate and analyzing with a 3% agarose
137 gel (Figure 3B). The decomplexation studies of gNG:siRNA
138 polyplexes indicate that, at a ratios less than R2S, the siRNA
139 can be released from the gNG via polyelectrolyte displacement.
140 Once the qNG's ability to complex nucleotides was determined,
141 the delivery of the polyplexes of QNG and siRNA and pDNA to
142 S2 cells was studied.

143 Next, we tested the ability of the QNG to act as gene delivery
144 (pDNA) agents using S2 cells. A firefly luciferase reporter
145 plasmid (FLuc) polyplex was prepared at different weight ratios
146 of QNG:pDNA and transfected into S2 cells. Different polyplex
147 formation ratios were used to identify the conditions leading to

maximal firefly luciferase signal after 24 h. Of the polyplexes 148
tested, the R30 polyplex resulted in a maximum emission of the 149
FLuc reporter gene signal (Figure 4). A paired Students t-Test 150 4
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Figure 4. pDNA delivery using a firefly luciferase reporter assay:
Graph of FLuc activity in S2 cells after 24 h of treatment with (N = 3):
pDNA with no transfection reagent, i.e., pPDNA with no FuGENE or
qNG (negative control, red bar), 20 ng FLuc plasmid with FuGene-
HD (positive control) or a weight ratio of gNG:pDNA(20 ng)
polyplexes at (R1500, R300, R30, R1S5, R3, R0.3 and R0.03)
(experimental group).

was used to compare the efficacies of the gqNg:pDNA 151
polyplexes and FuGENE-HD. The polyplexes prepared at R 152
values of 300, 30, and 15 did not differ significantly from pDNA 153
transfected with Fugene-HD (p > .0S). 154

The qNGs ability to deliver siRNA was tested using a dual 155
luciferase reporter assay (Dual-Glo luciferase reporter assay, 1s6
Promega)®® with S2 cells transfected with both firefly luciferase 157
and Renilla luciferase (RLuc). Three hours after reporter 1ss
plasmids were transfected, polyplexes of QNG and siRNA 159
against RLuc were formed at R100, R20, R2, R1, R0.2 and 160
R0.02, which were used to determine the optimal siRNA 161
transfection R values. After 24 h, the post siRNA transfection 162
RLuc and FLuc signals were measured, and the RLuc 163
knockdown was quantified and normalized to the FLuc signal 164
and a control well (N = 3). When no transfection reagent (i.e., 165
no Fugene-HD or gNG) was used, the siRNA was inactive 166
(Red bar), suggesting the initial transfection agent used to 167
deliver the plasmid had been washed away. Maximum RLuc 168
reporter signal knockdown was observed at a ratio of R0.2 169
(Figure S). A paired Students t-Test was used to compare 170 fs
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Figure S. siRNA delivery using a dual-Luciferase reporter assay.
Normalized to FLuc, RLuc activity in S2 cells after 24 h treatment with
siRNA with no transfection reagent, i.e., siRNA with no FuGENE or
NG (negative control), 9 pmol of duplex siRNA with FuGene-HD
(positive control), or a weight ratio of QNG:siRNA at R100, R20, R2,
RO.2 and R0.02 (experimental group).

171 gNg:siRNA polyplexes efficiency compared to FuGENE-HD.
172 The efficacy of the polyplexes prepared at R values of 2, 1, and
173 0.2 were found not to differ significantly from the efficacy of
174 siRNA transfected with Fugene-HD (p > .0S). This result
175 underscores the utility of the QNGs for siRNA delivery.

o

176 Il CONCLUSIONS

177 We have demonstrated that well-defined gNGs (275 nm, PDI
178 0.164) can be prepared using AGET ATRP in inverse
179 miniemulsion. The disulfide cross-linker conferred biodegrad-
180 ability to the NG, causing it to undergo a REDOX-mediated
181 degradation with glutathione, a model biological reducing
182 agent. Moreover, the qNGs complexed pDNA and siRNA at
183 relatively low weight ratios of gNG to DNA (5:1) and gNG to
184 siRNA (15:1), as determined by agarose gel electrophoresis.
185 Further, the NGs provided a robust delivery system for pDNA
186 (~5 kb) as well as siRNA. On the basis of the electrophoresis
187 disassociation experiments, we hypothesize that a balance
188 between tight binding of nucleic acids to the qNG and ability to
189 dissociate must be achieved for effective release and delivery of
190 complexed material. In order to characterize the ability of
191 different ratios of NG to transfect siRNA, a dual-luciferase
192 reporter assay was utilized to rapidly and accurately screen
193 knockdown efficiency. A maximum reporter knockdown was
194 obtained at R0.2, with efficacy suggesting more effective
195 transfection than siRNA-Fugene-HD. For pDNA transfection,
196 the maximum firefly luciferase reporter signal was observed at
197 R30. These results confirm that gNGs are a promising platform
198 for pDNA and siRNA delivery and future studies will include
199 clinically relevant mammalian cells treated with the polyplexes.

—
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202 See Supporting Information (SI) for detailed NG synthesis,
203 siRNA and pDNA transfection experiments, materials,
204 methods, and additional studies of qNG:pDNA polyplex size
205 and zeta potential characterizations. The qNG’s effect on
206 MC3T3 cell viability can also be found in the SI This

information is available free of charge via the Internet at http:// 207
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