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ABSTRACT: Star polymers with poly(ethylene glycol) (PEG)
arms and a degradable cationic core were synthesized by the
atom transfer radical copolymerization (ATRP) of poly-
(ethylene glycol) methyl ether methacrylate macromonomer
(PEGMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA),
and a disulfide dimethacrylate (cross-linker, SS) via an “arm-first”
approach. The star polymers had a diameter ~15 nm and were
degraded under redox conditions by glutathione treatment into
individual polymeric chains due to cleavage of the disulfide
cross-linker, as confirmed by dynamic light scattering. The star
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polymers were cultured with mouse calvarial preosteoblast-like cells, embryonic day 1, subclone 4 (MC3T3-E1.4) to determine
biocompatibility. Data suggest star polymers were biocompatible, with >80% cell viability after 48 h of incubation even at high
concentration (800 #g/mL). Zeta potential values varied with N/P ratio confirming complexation with siRNA. Successful cellular
uptake of the star polymers in MC3T3-E1.4 cells was observed by confocal microscopy and flow cytometry after 24 h of incubation.

1. INTRODUCTION

Short interfering ribonucleic acid (siRNA), also known as
small interfering RNA or silencing RNA, was first discovered
by Fire' and Baulcombe in the late 1990s.” An siRNA platform
provides a compelling suite of options to treat cancer,” infectious
diseases,* and metabolic diseases’ as well as genetic disorders.’
The biological reason for this approach is based on the siRNA
efficiency to selectively degrade targeted messenger ribonucleic
acid (mRNA) and thus silence putative genes association.”®
RNA interference (RNAi) plays a central role in controlling gene
expression naturally in all eukaryotic cells” and consequently may
reduce the function of an individual gene, or groug) of genes,
without eliciting a toxic or an immune response.1 However,
“naked” siRNA cannot enter the plasma membrane due to
electrostatic repulsion between the anionic plasma membrane
and the anionic phosphodiester backbone of siRNA.>'" Further-
more, “naked” siRNAs are unstable under physiological conditions.
They are susceptible to ribonucleases and are rapidly excreted
via kidney and nonspecifically absorbed through the reticuloen-
dothelial system.'? Therefore, an efficient delivery system is required
for protection, transportation, and release of siRNA inside
the cell.

The two most commonly used delivery approaches for either
genes or siRNA are viral and nonviral systems. Each approach has
advantages and limitations. Viral delivery systems possess high
efficiency in siRNA transfer, but are difficult to produce; they are
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toxic'® and interfere with the host genome.'* These limitations
favor nonviral vectors. Nonviral delivery systems include peptides,'
lipids,"® dendrimers,'”” polymers with cationic charges,'®"?
calcium phosphate,* or carbon and gold nanoparticles.*" Cationic
polymers offer hi%h affinity binding of nucleic acids and efficient
delivery into cells* via adsorptive endocytosis.** These nonviral
delivery systems are easy to produce, they are safe, stable, and can
be synthesized in different sizes and shapes as well as contain
different functionalities for targeted delivery. Despite remarkable
progress in polymeric siRNA delivery system engineering, a
number of limitations preclude enthusiasm including low trans-
fection efficiency,** cytotoxicity,” and the ill-defined structure of
materials obtained by conventional radical polymerization pro-
cesses.” In the past decade, progress in controlled radical poly-
merizations (CRPs) has grovided polymers with narrow mole-
cular weight distributions>”** and used to prepare polymers for
siRNA delivery.” >* Recently, atom transfer radical polymeriza-
tion (ATRP),*** one of CRP procedures, has offered excellent
control over polymer structure, uniformity, topology, and func-
tionality. Consequently, a profound new opportunity is available
that provides a robust and versatile approach to tailor-made deliv-
ery vehicles for either gene or siRNA delivery into cells.*”*
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Star polymers have been exploited for the design and delivery
of nucleic acids,**~** peptide,*” and drugs.*® Star polymers are
three-dimensional globular® or branched polymers containing
multiple arms connected to a central core that have unique pro-
perties compared to their linear analogs.*** The synthesis of star
polymers is simple and cost-effective>* and, consequently, provides
a better alternative to dendrimer-based delivery systems.>>*°
Recently, we reported the synthesis of biocompatible multi-
functional poly(ethylene glycol) (PEG) star polymers prepared
by ATRP, which exhibited rapid cellular internalization.>” To disso-
ciate and release nucleic acids into cells, biodegradable stars can
be prepared to release nucleic acids in response to external stimuli
such as pH>® and enzymes® or by selective incorporation of a
reductively®~®* or hydrolytically degradable chemical bonds.**

In this study, we discuss the synthesis of biocompatible star
polymers with PEG arms with core structures incorporating
cationic and biodegradable functionalities by ATRP via an
“arm-first” approach” for siRNA delivery and cellular internalization
of star polymers complexed with siRNA. The “arm-first” ap-
proach generates the core of the star macromolecule by coupling
monofunctional “living” polymeric chains with a divinyl reagent.
Star polymers were prepared with cationic and degradable cores
through the addition of 2-(dimethylamino)ethyl methacrylate
(DMAEMA) and bis(2-methacryloyloxyethyl) disulfide cross-
linker (SS) to an “arm-first” synthesis of PEG based stars. The
cationic star polymers were tested for biocompatibility, cell pro-
liferation and cellular internalization using mouse calvarial pre-
osteoblast like cells, embryonic day 1, subclone 4 (MC3T3-E1.4)
cells. Further, we studied the biodegradation of star polymers
prepared with SS in the presence of glutathione (GSH). The
obtained data suggest the synthesized cationic star polymers offer
significant improvement in biocompatibility, siRNA protection,
and cellular internalization, thereby providing compelling new oppor-
tunities for effective and efficient delivery of genes and siRNA.

2. EXPERIMENTAL SECTION

2.1. Materials. PEGMA (M, = 2080, 50 wt % in water) was
extracted with methylene chloride. The organic solution was stirred
with Na,SO, to remove residual water before passage through a basic
alumina column. The cleavable cross-linking agent bis(2-methacryloyloxy-
ethyl) disulfide (SS) was synthesized via a previous published procedure.*>%
CuCl (98%, Acros) was purified by stirring with acetic acid three times
and washed with ethyl alcohol before being dried for 12 h at 60 °C.
2-(Dimethylamino)ethyl methacrylate (DMAEMA, 97%, Aldrich) and
ethylene glycol dimethacrylate (EGDMA, 98%, Aldrich) were passed
through the basic alumina to remove inhibitor. All other chemicals, ethyl
2-bromoisobutyrate (EBiB, 99%, Aldrich), bromoethane (98%, Aldrich),
1,1,4,7,10,10-hexamethyl triethylenetetramine (HMTETA, 97%, Aldrich),
and solvents were used as received without further purification.

2.2. Instruments. Star polymer samples were separated by GPC
(Polymer Standards Services (PSS) columns (guard, 10°, 10% and 10> A)
with THF eluent at 35 °C, flow rate = 1.00 mL/min and differential
refractive index (RI) detector (Waters 2414)). The apparent molecular
weights (M,) and polydispersities (M,,/M,) were determined with a
calibration based on linear polystyrene standards using WinGPC 7.0
software from PSS. The detectors employed to measure the absolute
molecular weights (M, yarrs) were a triple detector system containing
RI detector (Wyatt Technology, Optilab REX), viscometer detector
(Wyatt Technology, ViscoStar), and a multiangle laser light scattering
(MALLS) detector (Wyatt Technology, DAWN EOS) with the light
wavelength at 690 nm. Absolute molecular weights were determined
using ASTRA software from Wyatt Technology. "H NMR spectra of the

polymers were collected on Bruker Avance 300 MHz spectrometer at
25 °C. Both particle size, size distribution, and zeta potential of star
polymers were determined by using a Zetasizer Nano from Malvern
Instruments, Ltd. Fluorescence microscopy was performed for cell viability
using a Zeiss Axiovert 200 microscope. Confocal imaging was done on
an Olympus FV1000 microscope and flow cytometry was performed
using a Coulter Epix Elite flow cytometer for cellular internalization.

2.3. Synthesis and Characterization of Quaternized DMAEMA
with Ethyl Bromide (QDMAEMA). DMAEMA (20.0 mL, $9.3 mmol)
containing polymerization inhibitor was dissolved in 40.0 mL of acetone.
The solution was cooled in an ice—water bath, and to the stirring solution
bromoethane (23.0 mL, 118.6 mmol) was added dropwise under stirring
over a period of 30 min. The mixture was stirred for an additional 24 h at
room temperature, followed by dried in vacuo and precipitated against cold
ethyl ether. Yield: 13.8 g (87.3%). '"H NMR (8, ppm, in CDCLy):
6.13 (s, 1H, =CH) 5.67 (s, 1H, =CH), 4.65 (m, 2H, CH,0), 4.14
(m, 2H, CH,N"), 3.79 (m, 2H, CH,C), 3.50 (s, 6H, (CH;);N"), 1.94
(s, 3H, =CCHj;), and 145 (t, 3H, CCH,).

2.4. Synthesis of Star Polymers with PEG Arms and with a
Cationic Degradable Core. (PEG)so-poly(DMAEMA,,-co-SS4s)
star polymers were synthesized by ATRP via an “arm-first” method.
A typical procedure is briefly described. The ratio of reagents used is
[PEGMA]o/[DMAEMA]o/[SS]o/[EBiB]o/[CuCl/HMTETA], = 1/0.5/
1/0.21/0.42. PEGMA (M, = 2080, 2.0 g, 1.0 mmol), DMAEMA (78.6 mg,
0.5 mmol), SS (290.4 mg, 1.0 mmol), HMTETA (114.2 4L, 0.42 mmol),
and methanol (20 mL) were charged to a Schlenk flask. The flask was
degassed by five freeze—pump—thaw cycles and filled with nitrogen.
CuCl (42.0 mg, 0.42 mmol) was quickly added to the frozen mixture
under nitrogen. The flask was sealed with a glass stopper then evacuated
and backfilled with nitrogen five times before being immersed in a 60 °C
oil bath. The deoxygenated initiator EBiB (31.0 #L, 0.21 mmol) was
injected into the reaction system, via a nitrogen-purged syringe, through
the side arm of the Schlenk flask with the frozen solution was thawed. At
timed intervals, samples were withdrawn via a syringe fitted with
stainless steel needle and immediately diluted with acetone to follow
conversion by gas chromatography (GC) analysis. The samples were
used to measure polymer molecular weights by GPC in THF. The reac-
tion was stopped after 72 h by exposure to air. The final star polymers
were purified by dialysis against methanol and distilled water for 2 days,
respectively, by using a dialysis bag with MWCO = 25000. Molecular
weight of star polymer was determined by MALLS and overall star com-
position by GC conversion, resulting in a star with S0 PEGMA arms and
a core consisting of 22 DMAEMA unit and 46 SS cross-linker units,
corresponding to (PEG)so-poly(DMAEMA,,-c0-SS,6).

(PEG)s;-poly(QDMAEMA,,-c0-SS45) was synthesized and char-
acterized in a similar way using following ratio for the reagents
[PEGMA]o/[QDMAEMA]o/[SS]o/[EBiB]o/[CuCl/HMTETA], =
1/0.5/1/0.21/0.42. For the synthesis, PEGMA (M, = 2080, 2.0 g, 1.0
mmol), QDMAEMA (133.1 mg, 0.5 mmol), SS (290.4 mg, 1.0 mmol),
HMTETA (114.2 uL, 0.42 mmol), CuCl (42.0 mg, 0.42 mmol), and
EBiB (31.0 uL, 0.21 mmol) were used. For the control degradation
experiment, nondegradable (PEG);s;-poly(DMAEMA,,-co-EGDMA 5)
and noncationic (PEG),3-polySS,s star polymers were prepared under
the same reaction conditions. After purification by dialysis, star polymers
were analyzed for copper residue using inductively coupled plasma mass
spectrometry (ICP-MS, ACS Laboratories, TX).

2.5. Degradation of Star Polymers in Glutathione Solu-
tion. Star polymers were dissolved in DNAase/RNAase free-distilled
water without any additional surfactants and mixed with a glutathione
(GSH) solution. The final PEG star and GSH concentration was 2 mg/mL
and 100 mM (supraphysiological concentration), respectively. The
solution was incubated with 5% CO, at 37 °C for 48 h. Degradation
experiments were also conducted under a physiological concentration,
where 0.25 mg/mL of each star polymer was degraded under 10 mM
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GSH solution under N, at room temperature for 4 days. The variation in
the hydrodynamic diameter of (PEG)so-poly(DMAEMA,,-c0-SS46),
(PEG)s;-poly(QDMAEMA,,-c0-SS,5), and (PEG)43-polySS,s was
measured by dynamic light scattering (DLS).

2.6. Cell Culture. Mouse calvarial preosteoblast-like cells embryonic
dayl, subclone 4 (MC3T3-E1.4) were obtained from American Type
Culture Collection (ATCC, Manassas, VA) and cultured in o-minimum
essential medium (a-MEM), supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin (Invitrogen). Cell culture flasks and
culture plates with flat bottoms (Corning) and 96-well suspension
culture plates with U-shaped bottoms (Greiner) were used for suspen-
sion culture. Trypsin-ethylenediaminetetraacetic acid (EDTA) for cell
passaging and a live/dead viability/cytotoxicity kit were purchased from
Invitrogen. N-TER, a commercially available peptide-based delivery sys-
tem was obtained from Sigma used as a positive control for cell inter-
nalization study.

2.7. Cell Viability Assay. (PEG)so-poly(DMAEMA,,-c0-SS,s)
and (PEG)s;-poly(QDMAEMA,,-c0-SS,s) star polymers were tested
for cell viability using the live/dead cytotoxicity assay kit. A total of 5 x
10* MC3T3-E1.4 cells per well were seeded in a 24-well tissue culture
polystyrene plate containing 900 uL of a-MEM media and 100 uL of
sample of respective star polymers (200 #g/mL) was added after sterile
filtration using 0.22 um syringe filter. After 24 h incubation of star
polymers with cells, the cell culture media was aspirated and washed with
PBS. Thereafter, 0.5 mL of live/dead stain was added (calcein 1:2000
and ethidium homodimer 1:500, diluted in PBS) to the cells and incu-
bated at 37 °C for 30 min in the dark and images were captured using a
Zeiss Axiovert 200 fluorescence microscope.

MTS  (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium) assay was performed to determine
the cell viability quantitatively, using a commercially available kit (CellTiter
96 aqueous one solution assay Promega G3580). Briefly, MC3T3-E1.4
cells were seeded at a density of 10000 cells/mL in a 48-well plate
(Costar 3548) and cultured for 48 h. Exposure to star polymers was
initiated once the cells had reached 80% confluency. Cells alone were
used as a negative control (no decrease in cell viability expected). For the
experimental groups, media containing concentrations of 100, 200, 400,
and 800 xtg/mL of star polymers were added. Cells with the same range
of concentration of polyethyleneimine (PEI; Sigma 408727) were used
as a positive control (expected decrease in cell viability with increased
PEI concentration). After culturing for an additional 48 h, media was
collected in 1.5 mL eppendorf tubes (Fisherbrand 02-681-284), and 200 uL
of that returned to its respective well on the 48-well plate. The plates
were then incubated at 37 °C and 5% CO, for another 60 min to allow
the pH of the media to stabilize. Once completed, 40 4L of MTS reagent
was added to each well and incubated at 37 °C and 5% CO, for 20—30 min.
The absorbance was recorded at 492 nm using a Tecan Spectra Fluor.
The percentage of cell viability was normalized to cells alone, which was
set to 100% cell viability. Percentage cell viability was calculated using
the following formula:

ODsample — ODiedia

Yocellviability = oD oD
cellls — media

2.8. Cell Proliferation. Cells were cultured in 12-well tissue culture
plates (Costar 3513) for MC3T3-E1.4 cells over a period of 10 days.
Polymers were added (100 pg/mL of star polymers and 1 ug/mL of
PEI) to cells, 48 h after seeding, and incubated at 37 °C and 5% CO,.
The media was changed every 48 h, with the same concentration of
polymers added to the new media each time. Samples were collected at 0,
4, 7, and 10 days of treatment. At each time period, the media was
removed and 600 uL of 1x cell lysis buffer (Cell Signaling 9803 ) added
to each of the wells. The plates immediately went through three freeze—
thaw cycles (each cycle involves incubation at —80 °C for 20 min,

followed by incubation at 37 °C for 20 min). Samples were transferred to
1.5 mL eppendorf tubes (Fisherbrand 02-681-284) and centrifuged at
13000 rpm for 7 min to remove debris. The contents of each tube were
then transferred to two eppendorf tubes and frozen at —80 °C until
ready for use. The final volume of PicoGreen solution needed was deter-
mined by calculating the total number of wells to be used. Concentrated
PicoGreen was then diluted 200-fold to form the final volume needed.
A standard DNA curve was made by diluting concentrated DNA standard
with 1x cell lysis buffer (Cell Signaling 9803) to form what would
become concentrations of 0, 31.25, 62.5, 125, 250, 500, and 1000 ng/mL
of DNA. Experimental samples were thawed at room temperature. Once
this was completed, 100 uL of each DNA standard, as well as the
experimental samples were added to a 96-well plate (Fisherbrand 12-
565-501). Following this, 100 uL of diluted PicoGreen solution was
added to each well and incubated for 3 min. The fluorescence was then
recorded at fluorescein excitation (485 nm) and emission (535 nm)
wavelengths using a Tecan Spectra Fluor. A standard curve was created
with the OD values of the DNA standards and a linear correlation
determined between OD value and DNA concentration.

2.9. Zeta Potential and Size Distribution Measurement.
Star polymers/siRNA complexes were prepared at various N/P molar
ratios from 0.2:1 to 10:1 by adding various amounts of siRNA (negative
control siRNA, Ambion, TX) with S0 #M concentration. Complexation
was carried at 4 °C for 2 h and then incubated for 30 min at room
temperature. Zeta potential and size distribution of each sample were
determined using three repeats, each repeat was measured three times
using a Zetasizer Nano (Malvern Instruments, U.K.).

2.10. Polyion Complex of siRNA and Star Polymers for
Confocal Microscopy and Flow Cytometry. Fluorescein isothio-
cyanate (FITC) conjugated siRNA(F) and cyanine 3 (Cy3) conjugated
siRNA(Cy3) were obtained from Santa Cruz Biotechnologies, Inc.
(Santa Cruz, CA). siRNA was resuspended to form 125 uL of stock
siRNA solution and then diluted with 875 uL of sterile, nuclease-free
water to form a final concentration of 2.5 mM siRNA. This solution was
then added to dry star polymers (2 mg) and mixed overnight at 4 °C.
Briefly, 22.6 nmol of (PEG)so-poly(DMAEMA,,-c0-SS4¢) with 2.5 ymol
of siRNA and 22.2 nmol of (PEG)s;-poly(QDMAEMA,,-c0-SSs) with
2.5 umol of siRNA were incubated, respectively. Using a dialysis
membrane (Spectra/Por Biotech Regenerated Cellulose Dialysis Mem-
branes) with MWCO = 50000, the siRNA-star polymer polyion complex
was separated from unbound siRNA after 24 h dialysis at 4 °C.

2.11. Cellular Internalization by Confocal Microscopy.
A total of S x 10* of MC3T3-E1.4 cells were seeded directly onto a
96-well U-shaped bottom, nonadherent tissue culture plate. The cells
were incubated with 200 #g/mL of siRNA conjugated star polymers at
37 °C for 24 h. The control group did not receive any polymers. After 24 h,
the media was aspirated and the cells were washed in PBS and trypsinized
and seeded onto sterile Lab-Tek II chambered coverglass. After over-
night attachment, the cells were washed with PBS and were fixed with
4% paraformaldehyde for 10 min, and examined by confocal microscopy
(Olympus FV1000 microscope). All imaging conditions for the confocal
microscopy, including laser power, photomultiplier tube, and offset
settings, remained constant for each comparison set.

2.12. Cellular Internalization by Flow Cytometry. A total of
5 x 10° MC3T3-E1.4 cells were suspended directly onto a 96-well
U-shaped bottom nonadherent tissue culture plate and incubated with
~200 ug/mL of siRNA conjugated star polymers for 24 h at 37 °C. The
control group did not receive any star polymers. After 24 h, the media
was aspirated and cells were washed in PBS and trypsinized then
collected into 1.5 mL centrifuge tubes and centrifuged at 2000 rpm
for 3 min to pellet the cells. The supernatant was removed and the
cells were resuspended in 1 mL of sterile PBS and transferred to a
borosilicate tube. Each sample was analyzed using a Coulter Epix
Elite Flow cytometer.
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Scheme 1. Synthesis of Star Polymers with PEG Arms and with Cationic and Degradable Core by ATRP via an “Arm-First”
Method and Cell Internalization of Star Polymers Complexed with siRNA
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Table 1. Poly(ethylene glycol) Based Star Polymers by ATRP via an “Arm-First” Method”

entry cross-linker Mn,RIb x 1073 M,,/M,° MW'MALLSd x 1073 Nom® Dy (nm)
N-S$8 SS 39.9 133 88.8 50 103 +2.07
QN-ss" SS 40.6 1.39 90.3 51 152+ 1.58
N-EGDMA' EGDMA 41.1 133 94.7 53 104 % 0.90
0-S9 SS 34.9 1.36 74.7 43 14.5 4+ 1.68

“N =DMAEMA; QN = QDMAEMA,; 0 = noncationic (neutral). Experimental conditions: [PEGMA], = 0.05 M at 60 °C in methanol, stopped at 72 h.

® Number-average molecular weight, measure by THF GPC with RI detector, calibrated with linear PS standards. Polydlsper51ty as a value of M,,/M,,,
measured by THF GPC with RI detector. We1ght average molecular weight, measured by THF GPC with MALLS detector. ° Number-average value of
the number of arms per star molecule.” Hydrodynamic volume in RNase/DNase free water, measured by DLS and size expressed as D, £ SD (average
diameter & standard deviation).$ [PEGMA],/[DMAEMA], /[SS]o/[EBiB]o/[CuCl/HMTETA], = 1/0.5/1/0.21/0.42." [PEGMA],/[ QDMAEMA] o/
[$S]o/[EBiB]o/[CuCl/HMTETA], = 1/0.5/1/0.21/0.42. ' [PEGMA], /[DMAEMA],/[EGDMA],/[EBiB]o/[CuCl/HMTETA], = 1/0.5/1/0.21/
0.42./ [PEGMA]o/[SS]o/[EBiB]o/[CuCl/HMTETA], = 1/1/0.21/0.42.

2.13. Statistical Analysis. Means were statistically compared by apparent molecular weights, M, gy, 39.9 X 10* and 40.6 x 10°,
one-way ANOVA through SPSS software. For cell viability and cell respectively, due to their compact structure. M,,/M, of N-SS and
proliferation results, multiple comparison was carried out if the ANOVA QN-SS were 1.33 and 1.39, respectively. The yields of stars
is significant (P < 0.05). The single asterisk indicated the significance to measured by the multipeak splitting of the GPC curves using
control group with P < 0.05. The double asterisks indicated the sig- Gaussian function were 72% for N-SS and 74% for QN-SS. N-SS
nificance to control group with P < 0.01. For zeta potential analysis, the have 50 PEG arms connected to the core with 22 units of
Student’s t-test was used to determine whether data groups differed DMAEMA and 46 units of SS. The hydrodynamic volume
significantly from each other. Statistical significance was defined as measured by DLS in DNase/RNase free water was 10.3 nm for
having P < 0.001 (denoted as three asterisks). N-SS and 15.2 nm for QN-SS, respectively. (PEG)s3-poly-

(DMAEMA,,-co-EGDMAy4) (Table 1, entry N-EGDMA, M, =

3. RESULTS 41.1 x 10% M,,/M, = 1.33) and (PEG),;-polySS,s (Table 1,
entry 0-SS, M, = 34.9 X 103, M,,/M, = 1.36) were prepared as a

3.1. Synthesis and Characterization of Star Polymers. Star nondegradable and noncationic control samples, respectively.

polymer were prepared by an “arm-first” method in a one-pot After purification by dialysis, single peak was observed with GPC
synthesis procedure, by copolymerization of PEGMA with analysis, indicating successful removal of PEGMA. The amount
DMAEMA or QDMAEMA, and SS cross-linker usm% an EBiB of residual copper in N-SS, QN-SS, and 0-SS was 23.84, 3.67, and
initiator and CuCl/HMTETA as catalyst (Scheme 1).>**” GPC 10.54 ppm as measured by ICP-MS analysis.

analysis showed decreased intensity of PEGMA macromonomer 3.2. Degradation of N-SS and QD-SS. DLS analysis of the
after 72 h, suggesting effective incorporation of macromonomers hydrodynamic diameter of N-SS and QD-SS after 48 h incuba-
into the star polymers. tion with a supraphysiological concentration (100 mM) of GSH

Star polymer composition was calculated based on monomer, solution, showed decrease in particle size, suggesting that the
macromonomer and cross-linker conversion by GC, GPC core of the star polymers was degraded into individual polymeric
and M, marrs. The absolute molecular weights, M, varrs, of chains, whereas the control samples to which 0 mM GSH was

(PEG);so-poly(DMAEMA,,-co-SS,s) (Table 1, entry N-SS) and added did not show any such change (Figure 1A,B) For a negative
(PEG)s;-poly(QDMAEMA,,-c0-SS4s) (Table 1, entry QN-SS) control experiment, nondegradable N-EGDMA was tested under
after purification by dialysis membrane bag (MWCO = 25000) the same conditions of N-SS and QN-SS. The size distribution
were 88.8 x 10° and 90.3 x 10° which are higher than the N-EGDMA with 100 mM GSH showed similar size distribution
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Figure 1. Size distribution of N-SS, QN-SS, and N-EGDMA star
polymers after glutathione (GSH) treatment in 48 h, determined by
volume % DLS analysis. (A) N-SS with 0 mM (black curve, n = 3) and
100 mM (red curve, n = 5) GSH addition. (B) QN-SS with 0 mM (black
curve, n = 3) and 100 mM (red curve, n = 5) GSH addition.
(C) N-EGDMA with 0 mM (black curve, n = 3) and 100 mM (red
curve, n = 3) GSH addition.

to that of the control group (0 mM GSH treatment), which
suggests EGDMA cross-linker is nondegradable in the presence
of GSH (Figure 1C).

Degradation of star polymers was also examined under a
physiological GSH concentration (10 mM) under N, at room
temperature. DLS analysis of N-SS and QD-SS showed success-
ful degradation by 4 days, whereas 0-SS showed complete
degradation only after 6 days of incubation (Table 2).

3.3. Cell Viability. The synthesized star polymers were
examined for in vitro cell viability (cytotoxicity) after thorough
washing of all the residual copper catalyst from the polymers,
cationic compounds, such as DMAEMA or QDMAEMA, and
vinyl group moieties were evaluated for their effects on cell
viability using MC3T3-E1.4 cells. After 24 h incubation, live/
dead staining (Figure 2) of MC3T3-E1.4 cells showed >85%
viable cells and the percentage of viable cells were comparable to
the control group, which received no polymers.

MTS results for MC3T3-E1.4 after 48 h incubation of star
polymers in concentrations 100, 200, 400, and 800 xg/mL are
shown in Figure 3. Decreased cell viability was observed for 0-SS

Table 2. Degradation under a Physiological GSH Concen-
tration (10 mM) Analyzed as a Hydrodynamic Diameter
by DLS*

entry  before degradation (nm) after degradation (nm) time (days)

N-SS 10.3 +2.07 0.97 +0.22 4
QN-SS 152+ 1.58 0.97 £ 0.15 4
0-SS 14.5. £ 1.68 1.00 £ 0.15 6

“Polymer concentration 0.25 mg/mL with DNase/RNase free water
under N, at room temperature, hydrodynamic diameter (nm): mean +
SD,n=3.

at 400 ug/mL (P < 0.05) and 800 ug/mL (P < 0.01) but this
trend was not observed for the N-SS and QN-SS star polymers,
whereas commercially available PEI showed 60—70% decreased
cell viability (P < 0.01) at all concentrations.

3.4.In Vitro Cell Proliferation. Picogreen assay showed stable
cell proliferation for star polymers (100 ug/mL) and was
comparable to that of control group for which no polymers were
treated (Figure 4). However, PEI polymers (1 ug/mL) showed
significant decrease in cell proliferation after 4, 7, and 10 days of
incubation (Figure 4). Cell proliferation was statistically signifi-
cantly (P < 0.01) for star polymers when compared to PEL

3.5. Zeta Potential and Size Distribution of siRNA Com-
plexes. Solution 1 mg/mL of star polymer under DNase/RNase
free water was prepared. Aliquots of siRNA solution were added
to the star polymer solution, corresponding to molar N/P ratios
based on the overall star composition and siRNA. N-SS, QN-SS,
and 0-SS were evaluated for complexation to siRNA by zeta
potential measurements (Figure S). Incorporation of cationic
monomers DMAEMA or QDMAEMA to the star polymers
facilitated electrostatic complexation with the negatively charged
siRNA. The initial zeta potential of N-SS and QN-SS was 22.5 &
1.32 and 2.38 &£ 0.73 mV, while the zeta potential of 0-SS was
—6.68 &= 1.90 mV because of different core charges. As shown in
Figure §, the zeta potential value of N-SS decreased from 22.9 &
1.78 mV to —26.3 & 1.27 mV with increasing siRNA amount
(with degreasing N/P ratio from 10 to 0.2). In the case of QN-SS,
the variation of zeta potential on N/P ratio is small, indicating the
efficacy of siRNA complexation of N-SS is greater than for
QN-SS. Student’s t-test analysis was performed to determine
statistical significance of star polymers only and siRNA com-
plexed star polymers with different N/P ratios (N/P = 10 to 0.2).
Significant difference (P < 0.001) was observed for N-SS from
N/P =1 to 0.2; QN-SS and 0-SS from N/P = 10 to 0.2,
suggesting efficient complexation of siRNAs to star polymers
at these N/P ratios. The hydrodynamic volume of the star
polymer complexed with siRNA did not change significantly
with N/P ratios (for example, hydrodynamic diameter of QN-SS
varied from 12.53 & 1.00 to 12.82 & 1.00 nm for N/P = 0.2 and
10, respectively), suggesting siRNA complexed star polymers
stayed as individual polymers without any aggregation.

3.6. Cellular Internalization of siRNA Complexed Star
Polymers. Confocal laser microscopic analysis suggested 100%
cellular internalization of siRNA(F) complexed N-SS (Figure 6C)
and QN-SS (Figure 6D) after 24 h incubation. Cellular inter-
nalization results were comparable to that of commercially avail-
able N-TER. However, siRNA complexed with N-TER revealed
large aggregates (Figure 6B). In contrast, the cationic star poly-
mers (Figure 6C,D) presented a uniform, pancytoplasmic and
perinuclear distribution in MC3T3-E1.4 cells. Mild fluorescence
was observed for cells incubated with “naked” siRNAs (Figure 6A),
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100 um

Figure 2. MC3T3-E1.4 cells after 24 h incubation with N-SS (C and D) and QN-SS (E and F) star polymers were nontoxic and the cell viability was
comparable to untreated control group (A and B). Live cells were stained green (A, C, and E) and dead cells were stained red (B, D, and F). The higher

magnification inset scale bar = 50 ym.
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Figure 3. In vitro cell viability of MC3T3-E1.4 cells determined by
MTS after 48 h. The star polymers, 0-SS, N-SS, and QN-SS, were
nontoxic, and the percent cytotoxicity was comparable to cells only that
did not receive any star polymers. Data are reported as mean &= S.D.; n= 3.
Statistical significance was assessed by performing one-way analysis of
variance (ANOVA) through SPSS software. Logarithmic standard
deviation (LSD) test for multiple comparison was carried out if the
ANOVA is significant (*P < 0.0S, **P < 0.01).

signifying poor cellular internalization. Z-stack confocal micro-
scopic image of star polymers exhibiting successful internaliza-
tion in MC3T3-E1.4 cells are shown in Figure S1 and S2 (in the
Supporting Information). FACS analysis (Figure 7) further
confirmed cellular internalization for N-SS and QN-SS siRNA-
(Cy3) complexed star polymers in MC3T3-E1.4 cells after 24 h
incubation.

4. DISCUSSION

The objective of this study was to determine biocompatibility,
biodegradation, siRNA binding, and in vitro cellular internaliza-
tion of star polymers with PEG arms and with a cationic
degradable core. DMAEMA-based systems were previously used
as a potential vehicle for gene delivery, due to their cationic
properties. However, the possible cytotoxicity was a key issue.®”%®
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Figure 4. PicoGreen results for MC3T3-E1.4 after 10 days. The star
polymers (100 ug/mL) appeared to have minimal, if any, significant
effect on MC3T3-E1.4 proliferation compared to cells alone. However,
PEI (1 pug/mL) fully suppressed proliferation. Data are reported as
mean £ S.D.; n = 3. Statistical significance was assessed by performing
one-way analysis of variance (ANOVA) through SPSS software. LSD
test for multiple comparison was carried out if the ANOVA is significant
(*P < 0.05, **P < 0.01).

In our approach, we prepared star polymers with DMAEMA
incorporated into the core protected by external PEG arms to
enhance biocompatibility and retain cationic properties.”” PEG
is a biocompatible, water-soluble polymer and is widely used as
a polymeric gene delivery carrier.”® PEGylated nanocarriers
offer diminished enzymatic degradation and hence, require a
chemically cross-linked backbone for in vivo degradation.
Consequently, one approach is to use of a disulfide cross-linker
that will degrade under redox conditions.*** The rationale for
polymers with disulfide-functionalized cross-linkers is to pro-
duce biomaterials that undergo controlled biodegradation and
thus will have predictable biological performance properties as
therapeutics.”" Moreover, the disulfide bond is naturally pre-
sent in a majority of proteins and enzymes and is cleaved in vivo
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Figure S. Zeta potential values as a function of N/P ratio for com-
plexation of star polymer with siRNA.

Figure 6. Cellular internalization of siRNA (F) in MC3T3-E1.4 cells
after 24 h. (A) siRNA(F) only, (B) siRNA(F) complexed with N-TER,
(C) siRNA(F) complexed with N-SS, and (D) siRNA(F) complexed
with QN-SS. Increased cellular internalization was observed for cells
incubated with star polymer (C and D) compared to N-TER (B). The
control group (A) showed weak fluorescence intensity, which could be
due to poor cellular internalization of “naked” siRNA (F). Representative
images from lower magnification (white box) are shown as higher
magnification insets; scale bar = S0 ym.

in the presence of GSH, the most abundant intracellular thiol
(0.2—10.0 mM).”?

Star polymer with a M,,/M,, of 1.33—1.39 and a small size in
aqueous media (diameter ~20 nm) were prepared via an “arm-first”
method in the presence of SS, DMAEMA (or QDMAEMA), and
PEGMA macromonomers under conditions that avoided star—
star coupling reactions.”” The residual copper amount after
purification was below 24 ppm, which amount is below toxic to
cells.”* Globular star polymers with a covalently stabilized core
and segmented core/shell structures are more stable than struc-
tures formed from self-assembled templates of organic surfac-
tants and amphiphilic block copolymers, such as micelles and

100 —
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Figure 7. Flow cytometry analysis of cellular internalization of siRNA
complexed star polymer at 24 h. N-SS (green color), QN-SS (blue
color), and cells only (red color).

vesicles.>* Star polymers prepared with SS in the core degraded
within 48 h in the presence of GSH (100 mM) into individual
polymeric chains (Figure 1) 0965 \hereas the nondegradable
EGDMA star polymers remained intact even after 7 days under
the same conditions. Under a physiological GSH concentration
(10 mM), N-SS and QN-SS were successfully degraded after 4
days, while 0-SS was degraded after 6 days due to a different core
composition. N-SS and QN-SS compared to 0-SS have more
loose cores due to the incorporation of cationic monomers. This
may affect the rate of degradation under the same conditions.
The ability to make different core compactness has advantages of
designing materials with controlled degradability, release proper-
ties, and biocompatibility.

Live/dead (Figure 2) and MTS (Figure 3) assays confirmed
that the star polymers were nontoxic and biocompatible at 100,
200, 400, and 800 ug/mL concentrations compared to PEI,
which is lethal (LCsg) at a concentration of 20 ptg/mL.75 It is
noteworthy that neither the cationic surface charge nor the
molecular weight of the star polymers affected the cell viability
(Figure 3) and cell proliferation (Figure 4) compared to PEL’¢
which had significant cytotoxicity at higher concentrations
(P < 0.01). Due to the structure of prepared star polymers, the
materials were biocompatible in comparison to the star polymers
with external unprotected PDMAEMA arms for gene delivery
systems.“’69

Cationic nanoparticles readily form a stable polyplex with
negatively charged nucleic acids.”” Likewise, N-SS and QN-SS
form similar-sized stable complexes with siRNAs (Figure 5), as
confirmed by the zeta potential values shifted to more negative
values after complexation with siRNAs. Based on the zeta
potential analysis, both N-SS and QN-SS showed positive values
due to the presence of cationic monomers, whereas 0-SS showed
a negative value. The nitrogen/phosphate ratio (N/P) is impor-
tant for gene delivery and can affect cytotoxicity and transfection
efficiency. The N/P ratio was calculated based on the number of
moles of amine groups in the cationic polymers to phosphate
groups in siRNA.”” N-SS contain 22 nitrogen units in one star
molecule (22 units of DMAEMA in a star core). N/P = 1.0§
solution was prepared with 2 mol of star polymers (44 nitrogens)
and 1 mol of siRNA (42 phosphates). Zeta potential and hydro-
dynamic diameter were measured for various N/P ratios.
Hydrodynamic diameter values were not affected by the N/P
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ratio; however, zeta potential values varied depending on the
N/P ratio.”® The addition of PEG to cationic polymers improves
delivery of nucleic acid complexes and favors stabilization against
aggregation under conditions containing salt and serum.”® Also,
incorporation of a PEG layer can reduce the barrier for adhesion
and thereby increase cellular uptake of cationic polymers.””
However, PEG arms can reduce the strength of complexes between
cationic cores and siRNA. This may be considered an advantage for
more efficient release of siRNA inside cells.

Finally, the cellular internalization of star polymer polyplexes
was evident in MC3T3-E1.4 cells after 24 h incubation, as
confirmed by confocal microscopy (Figure 6 and Figure S1)
and FACS analysis (Figure 7). Our results are in agreement with
Xiao et al.** and others®' who reported cellular uptake efficiency
of cationic nanoparticles to be higher than neutral or negatively
charged polymers. Particle size may play an important role in
cellular internalization. Based on the hydrodynamic diameter,
nanomaterials of size >50—60 nm should undergo clathrin-
dependent endocytosis, but particles of size <25 nm, as prepared
in this study, star polymers with PEG arms and with a cationic core,
should undergo caveolae-mediated endocytosis®* in which the pH
remains neutral. This suggests that siRNAs delivered using star
polymers should be stable and not undergo lysosomal degradation.

5. CONCLUSIONS

Star polymers with PEG arms and cores containing cationic
and degradable units were prepared for siRNA delivery by an
“arm-first” ATRP method. The star polymers degraded under a
supraphysiological and a physiological concentration of GSH
into individual polymeric chains due to the incorporation of
disulfide units into the cross-linked core. The cytotoxicity of the
star polymers was examined in the presence of MC3T3-E1.4 cells
after 24 h incubation using live/dead staining. MT'S assay results
suggested that the addition of a higher concentration of star
polymers (100—800 ug/mL) neither produced significant cyto-
toxicity nor inhibited cell proliferation, suggesting the synthesized
polymers were biocompatible. Further, polymer composition was
calculated based on GC analysis and M,, pmarrs results to deter-
mine the number of nitrogens in a star polymer. Reduced zeta
potential values of star polymers after siRNA complexation were
observed due to complexation with the negatively charged siRNA
to the cationic core, while hydrodynamic diameter did not change
significantly. Successful cellular uptake of siRNA complexed star
polymers was confirmed using confocal laser microscope and flow
cytometry. The data presented therefore underscores the exciting
future opportunities that may be exploited for siRNA delivery with
star polymers with PEG arms and cores containing cationic and
degradable units.
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