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Abstract

To improve transfection efficiency and reduce the cytotoxicity of polymeric gene vectors,
reducible polycations (RPC) were synthesized from low molecular weight (MW) branched
polyethyleneimine (bPEI) via thiolation and oxidation. RPC (RPC-bPEIj gkpa) possessed a MW of
5 kDa~80 kDa, and 50%~70% of the original proton buffering capacity of bPElg gxpa Was
preserved in the final product. The cytotoxicity of RPC-bPEIq gkpa Was 8~19 times less than that
of the gold standard of polymeric transfection reagents, bPElosip,. Although bPEIj gkpa exhibited
poor gene condensing capacities (~2 um at a weight ratio (WR) of 40), RPC-bPElg gkpa
effectively condensed plasmid DNA (pDNA) at a WR of 2. Moreover, RPC-bPEI( gkpa/PDNA
(WR = 2) formed 100~200 nm-sized particles with positively charged surfaces (20~35 mV). In
addition, the results of the present study indicated that thiol/polyanions triggered the release of
pDNA from RPC-bPEl gxpa/PDNA via the fragmentation of RPC-bPEI( gxpa and ion-exchange.
With negligible polyplex-mediated cytotoxicity, the transfection efficiencies of RPC-bPElg gkpa/
pDNA were approximately 1200~1500-fold greater than that of bPEIj gxpa/pPDNA and were
equivalent or superior (~7-fold) to that of bPEl,gpa/PDNA. Interestingly, the distribution of high
MW RPC-bPElq gkpa/PDNA in the nucleus of the cell was higher than that of low MW RPC-
bPElg skpa/PDNA. Thus, the results of the present study suggest that RPC-bPEI( gkpa has the
potential to effectively deliver genetic materials with lower levels of toxicity.

1. Introduction

Increasing interest in the cytosolic release of genetic materials has prompted the
development of degradable polymeric carriers with low cytotoxicity. Their degradation can
be triggered by cellular stimuli [1]. Among stimuli, intracellular pH [1,2] and reduction-
oxidation (redox) potential [3,4] are the most commonly investigated triggers. The acidity of
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endosomes/lysosomes can trigger polymeric degradation [1]; however, the exposure of the
released genetic materials to the endolysosomes reduces their bioavailability to target sites
such as the cytosol and the nucleus. Redox potential is an attractive stimulus because of the
strong gradient between the reducing subcellular compartments (i.e., cytosol and nucleus)
and the oxidizing extracellular environments [3]. Disulfide bonds (~S-S~) [3-10] and
diselenide bonds (~Se-Se~) [11] are promising chemical bonds for redox-induced polymeric
degradation. Unlike pH-induced degradation, redox potential can trigger the release of
biotherapeutics into the cytosol or the nucleus after the polymeric drug carriers escape from
the endolysosomal compartment [7,12].

Most reducible polycations (RPC) have been prepared from a range of cationic compounds
that possess disulfide bonds in the middle of their chemical structures [4,6,8-10] or thiol
groups at their terminal ends [4,12-16]. Polycations with disulfide bonds have been
prepared from dithiobis(succinimidyl propionate) (DSP) [9], N,N’-cystamine bisacrylamide
(CBA) [6,8,10], and dimethyl-3,3’-dithiobis(propionimidate) (DTBP) [9], which react with
amines. Upon reaction with primary amines, DSP is converted into amide linkages; thus,
primary amines that are useful for gene condensation are lost during the reaction [9]. CBA
generates new secondary or tertiary amines with proton buffering activity by consuming
primary or secondary amines, respectively (called the Michael addition) [6,8,10]. However,
CBA-mediated reactions produce low molecular weight (LMW) products (lower than 10
kDa) [6-8,10] and produce unregulated polymeric architectures (branched or crosslinked)
when primary and secondary amines coexist. When DTBP reacts with primary amines, the
number of positive charges in the molecule is maintained due to the formation of amidine
linkages; however, due to its rapid hydrolysis in aqueous solution, excess DTBP (~10
equivalents) has been frequently used. As a result, the MWs of the products are difficult to
control.

One method for the synthesis of reducible ‘S-S’ polycations is the oxidation of thiolated
compounds with positive charges. Using mono-, di-, tri-, or multi-thiolated molecules, well-
designed polymer architectures (linear, branched, grafted, or crosslinked structures) can be
obtained. However, thiolated species are often prepared through long and complicated
reaction sequences [12,13], and expensive peptides containing cysteine residues are required
[14-16].

The objective of the present study was to enhance beneficial transfection characteristics
(gene condensation with small amounts of polycations, proton buffering-mediated
endosomal disruption, and high transfection efficiency) and to reduce cellular toxicity by
mimicking high molecular weight (HMW) branched polyethyleneimine (bPEI) polymers
(HMW DbPEIs with a M,y of 25 kDa; bPEl>5kpa), Which are the gold standard of polymeric
transfection reagents. Because bPElg gxpa possesses both primary amines, and secondary
and tertiary amines, which can be used to condense genes and to enhance the proton
buffering capacity of the polymers, respectively, the RPCs were synthesized from LMW
bPEI (M, 0.8 kDa; bPEIlj gkpa)- DPElg gkpa molecules were linked via thiolation with 2-
iminothiolane, followed by oxidation in aqueous solution. A procedure based on the use of
2-iminothiolane was employed in order to avoid problems associated with the use of DTBP.
Moreover, by converting primary amines to amidine groups, the number of positive charges
in the final product was maintained. The chemical, physical, and biological characteristics of
bPEIl( gkpa-based RPC (RPC-bPEIj gkpa) Were investigated, and the cytotoxicity, proton
buffering capacity, gene condensation ability, and transfection efficiency of RPC-bPElg gkpa
was compared to that of non-degradable bPEI.

Biomaterials. Author manuscript; available in PMC 2012 February 1.
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2. Materials and methods

2.1. Materials

Branched PElIs (bPElg gkpa (My, 0.8 kDa, M, 0.6 kDa), bPEl»skp, (M, 25 kDa, My, 10
kDa), and bPEl750kpa (Myy, 750 kDa, My, 60 kDa)), 2-iminothiolane, .-cysteine
hydrochloride monohydrate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), RPMI 1640 medium, Ca?*-free and Mg2*-free Dulbecco’s phosphate buffered
saline (DPBS), triethylamine (TEA), dimethyl sulfoxide (DMSO), 4-(2-hydroxy-ethyl)-1-
piperazine (HEPES), o-glucose, sodium bicarbonate, recombinant human insulin, ethidium
bromide (EtBr), dithiothreitol (DTT), heparin, Hoechst 33342, and paraformaldehyde (PFA)
were purchased from Sigma-Aldrich (St. Louis, MO). bPEI4 gkpa (M 1.8 kDa) was
purchased from Polysciences, Inc (Warrington, PA), and plasmid DNA (pDNA) encoding
firefly luciferase (gWiz-Luc or pLuc) was purchased from Aldevron, Inc. (Fargo, ND). Fetal
bovine serum (FBS), penicillin-streptomycin antibiotics, trypsin-EDTA solution,
LysoTracker®Red, and YOYO-1 were purchased from Invitrogen, Inc. (Carslbard, CA).
Luciferase assay kit and BCA™ protein assay kit were purchased from Promega
Corporation (Madison, WI) and Pierce Biotechnology, Inc. (Rockford, IL), respectively.

2.2. Cells and cell culture

HEK?293 cells (human embryonic kidney cell line) and MCF7 cells (human breast
adenocarcinoma cell line) were cultured in DMEM and RPMI 1640, respectively. The
culture medium was supplemented with glucose (4.5 g/L for HEK293 cells and 2 g/L for
MCF7 cells) and 10% FBS, and the cells were grown under humidified air containing 5%
COy at 37°C. Additionally, insulin (4 mg/L) was added to the medium of MCF7 cells
(RPMI 1640).

2.3. Synthesis and characterization of reducible polycations

RPCs were synthesized from LMW bPElq gkp, Via thiolation and oxidation, as shown in Fig.
1. The primary amines of bPElq gkpa (550 mg; 687.5 umol of bPElg gxpa based on a M, of
800; 3.2 mmol of amines based on the theoretical ratio (i.e., 1°:2°:3°=25%:50%:25%) of
amines in bPEI) were thiolated with 2-iminothiolane (1.2~2 equivalents of bPElg gkpa) in
DPBS (55 mL; pH 7.0~7.4) for 12 hr at room temperature (RT). Upon completion, DMSO
(18.33 mL; one third DPBS by volume) and .-cysteine hydrochloride monohydrate
(0.2~0.24 mmol) were added to the solution, and DMSO-induced oxidative polymerization
of thiolated bPEIq gkpa Was conducted for 24 hr at RT. To remove DMSO and excess
reactants, the polymer solution was dialyzed for 24 hr in deionized water using a dialysis
membrane (MWCO 3500 Da). Finally, bPEI-based RPCs (RPC-bPElq gkpaS) were
lyophilized. The conditions used in the synthesis of RPC-bPEI gxpaS are summarized in
Table 1. The structure of RPC-bPElq gxpa Was confirmed by TH-NMR spectroscopy in D50,
and the MWs of RPC-bPEI( gkpaS Were estimated by measuring the viscosities of the
polymer solution and were compared to the Ms of commercial bPEIs [9,17].

Using HEK293 and MCF7 cells, the cytotoxicity of the RPC-bPEIj gxpaS Was measured
with a MTT-based cell viability assay [18] and was compared to that of non-degradable
bPEl,5kpa and bPEIg gkpa- HEK293 and MCF7 cells were seeded in 96-well plates at a
density of 2x103 cells/well and 5x108 cells/well, respectively, and were cultured for 24 hr
prior to the addition of RPC-bPEIj gkpas and non-degradable bPEIs. In the assay, the cells
were exposed to different concentrations of the polymer solution for 24 hr. Upon treating the
cells (0.1 mL of culture medium) with a solution of MTT (10 pL; 5 mg/mL), surviving cells
transform MTT into formazan crystals. After 4 hr of incubation, the culture medium was
aspirated and DMSO was added to dissolve the crystals. Finally, the absorbance of the
solution was measured at 570 nm with a microplate reader.

Biomaterials. Author manuscript; available in PMC 2012 February 1.
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To measure the proton buffering capacities of the polymers, the RPC-bPEIl( gkpaS Were
titrated via traditional acid-base titration methods [18]. RPC-bPElg gxps and bPEIq gkpa (10
mg) were dissolved in 150 mM NaCl (ag., 10 mL) and 1 N NaOH (aq., 100 pL). The
polymer solution (1 mg/mL; 3 mL) was titrated with 0.1 N HCl at RT, and changes in the
pH of the polymer solution were monitored. The proton buffering capacities of RPC-
bPEIl( gkpas and bPEIlg gxpa Were compared at a pH of 7.4~5.1 to determine the behavior of
the polymers at the endolysosomal pH. To calculate the buffering capacity, the equation
proposed by Ou et al. [6] was modified because the moles of protonable amines in the
polymers are difficult to determine:

AV

i i x C
Buffering capacity=

HCL "HCL

m,

Polymer

Here, AV is the volume of HCI solution (0.1 N) required to increase the pH of the
polymer solution from pH 7.4 to 5.1, Cycy is the concentration of HCI solution (0.1 N), and
Mpolymer IS the mass (3 mg) of the polymer. The estimated proton buffering capacities of
RPC-bPEIq gkpaS Were compared with that of bPElg gxpa-

2.4. Preparation and physicochemical characteristics of polyplexes

As previously reported [19,20], polycations (RPC-bPElg gkpas and bPEIs) were combined
with pDNA in HBG (pH 7.4, 20 mM HEPES, 5 wt/vol% glucose). After incubation (20 puL
per 1 ug of pDNA) for 30 min at RT, the resultant polyplexes were used in further studies.
In the present investigation, either the weight ratio (WR; polycation (wt) per pDNA (wt)) or
the N/P ratio (amines (N) of polycation per phosphate groups (P) of pPDNA) was varied.

Condensation of pDNA with RPC-bPElg gkpa Was monitored with a gel electrophoresis
assay [21,22]. RPC-bPEl gkpa/PDNA complexes with different complexation ratios were
loaded into the wells of a 0.8 wt/vol% agarose gel supplemented with EtBr. A constant
voltage (100 V) was applied to the polyplex-loaded gel in 0.5X TBE buffer for 60 min.
Uncomplexed pDNA or exposed pDNA in the polyplexes was detected with a UV
illuminator. In addition, to evaluate thiol-triggering pDNA exposure or release from RPC-
bPEIlg gkpa/ PDNA complexes, the polyplexes were exposed to heparin and/or a solution of
DTT in 150 mM NaCl for 1 hr and then subjected to electrophoresis.

The surface charge and particle size of RPC-bPEl gxpa/PDNA complexes were measured
with a Zetasizer 3000HS (Malvern Instrument, Inc, Worcestershire, UK) at a wavelength of
677 nm and a constant angle of 90° at RT. The concentration of pDNA in the polyplex
solution was set to 2.5 pg/mL and 5 pg/mL, respectively.

2.5. Transfection-mediated biological characteristics of polyplexes

As previously reported [20,21,23], the transfection experiments were conducted in 6-well
plates. HEK293 and MCF7 cells were seeded at a density of 1x10° cells/well and 5x10°
cells/well, respectively, and the cells were cultured for 24 hr. One hour before transfection,
the complete culture medium was replaced with serum-free and insulin-free medium. The
polyplexes (20 pL per pug of pDNA) were added, and the cells were transfected for 4 hr.
Upon completion, the cells were incubated for an additional 44 hr in the complete culture
medium. When the transfection experiments were complete, the cells were rinsed twice with
DPBS and lysed in a lysis buffer. The relative luminescence unit (RLU) and protein content
of the transfected cells were measured according to the protocols of the manufacturer.

Biomaterials. Author manuscript; available in PMC 2012 February 1.
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To induce the cellular uptake of the polyplexes, the cells were prepared in 6-well plates, and
polyplexes (20 pL per 1 pg of pDNA) prepared with YOYO-1-intercalated pDNA were
added into the wells. After 4 hr of incubation, the cells were detached from the plates and
fixed with a 4% solution of PFA. Cells containing fluorescent polyplexes were monitored
via flow cytometry (FACScan Analyzer, Becton-Dickinson, Franklin Lakes, NJ), and a
primary argon laser (488 nm) and a fluorescence detector (530+15 nm) were used to detect
YOYO-1. The uptake of the polyplexes into the cells was analyzed with a gated population
of at least 5,000 cells.

HEK293 and MCF7 cells were seeded in 12-well plates at a density of 5x10* cells/well and
2.5x10° cells/well, respectively, and the MTT-based cytotoxicity of the polyplex-transfected
cells was assessed. The experimental procedure used to evaluate the cytotoxicity of
transfected cells was similar to that of the in vitro transfection studies; however, the
concentration of the polyplexes was set to 10 pL per 0.5 pug of pDNA. After 48 hr of
transfection, a solution of MTT (0.1 mL; 5 mg/mL) was applied to the cells (1 mL of culture
medium), and the cytotoxicity of the polyplexes was measured after 4 hr of incubation, as
described in the in vitro polymer-mediated cytotoxicity tests.

To identify subcellular locations of pDNA, the transfected cells were seeded on coverslips,
as previously described in the transfection experiments. Polyplexes (20 pL per 1 pg of
pDNA) were prepared by adding YOY O-1-intercalated pDNA to the cells. After 4 hr of
transfection (30 min prior to sampling), LysoTracker®Red dye and Hoechst33342 were
added to stain acidic intracellular vesicles and the nucleus, respectively. The cells were
rinsed with DPBS and were fixed with 4% PFA. Upon completion, the cells were evaluated
with a laser scanning confocal microscope equipped with excitation lasers (408 nm for the
diode, 488 nm for Ar, and 543 nm for HeNe) and variable band-pass emission filters.
Confocal images were collected in 500-nm sections and used to construct images of the
entire cell.

The statistical significance of the data was evaluated by conducting an unpaired Student t-
test at a confidence level of p<0.05.

3. Results and discussion

3.1. Synthesis and characterization of RPC-bPElg gkpa polymers

Polycations (RPC) that degrade due to changes in the intracellular reduction potential were
synthesized from LMW bPEl gkp, Via thiolation and oxidation (Fig. 1). In this study, 2-
iminothiolane was used to create thiol groups from primary amines. In the unique approach
employed in this investigation, a primary amine reacts with 2-iminothiolane to yield a thiol
group and an amidine moiety. As a result, unlike other thiolation methods, the number of
positive charges at a neutral pH was preserved. Moreover, the newly generated amidines
contribute to the electrostatic condensation of nucleic acids. The degree of thiolation of
bPEIlq gkpa Was limited to < 2 thiol groups per bPEIl gxpa because excess thiols can result in
the formation of nano/micro-sized bPEI gels via crosslinking. To produce HMW degradable
bPEIs equipped with disulfide bonds, DMSO (25 v/v%) was added to oxidize thiolated

bPEIg gkpa-

The structure of RPC-bPEI( gxpa Was confirmed by IH-NMR spectroscopy. As shown in
Fig. S1, the spectra of bPEIlj gkpa in DO consisted of three major peaks centered at 6=2.6 (—
CHCH,NH3"), 8=2.7 (-NHCH,CH,-), and $=3.0 (-NCH2CHj-). RPC-bPEI( gxpas were
characterized by the three peaks originating from bPElg gxpa, as well as newly generated
peaks at 5=2.0 (-NHC(=NH,*)CH,CH,CH,S-), $=3.45 (-NHC(=NH;")CH,CH,CH,S- and
—-SCH,CH(COOH)NHy), 8=3.7 (-CH2CHyNHC(=NH,")CH,CH,CH,S-), and §=3.85 (-

Biomaterials. Author manuscript; available in PMC 2012 February 1.
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NHC(=NH;*)CH,CH,CH,S- and ~-SCH,CH(COOH)NH,). The mole ratios of bPElg gkpa,
iminothiolane-mediated amidines (-NHC(=NH,*)CH,CH,CH,S-) and cysteine residues (-
SCH,CH(COOH)NH,) in RPC-bPEIj gkpa Were calculated by integrating the corresponding
peaks, as summarized in Table 2. The MWSs of RPC-bPEI gxpaS Were estimated based on
the viscosity of the polymer solution [9,17], and values of 80.3 kDa, 52.7 kDa, 6.3 kDa, and
5.7 kDa were obtained for RPC-bPEIj gxpal, RPC-bPEIlg gkpa2, RPC-bPEIj gkpa3, and
RPC-bPEIlq gkpa4, respectively. bPElj gkpa-based RPCs produced via Michael addition [10]
or from reaction with propylene sulfide [17] yield lower MWs than that of bPEIl)5ypa; thus,
the results revealed that the proposed synthetic procedure can produce low or high MW
RPC-bPEIlg gkpaS, depending on the feed ratio.

The RPC-bPEIs, which can be degraded by thiol-containing compounds such as reduced
glutathiones and cysteines, are anticipated to: 1) reduce polycation-induced cytotoxicity, 2)
maintain polycation-mediated proton buffering capacity, 3) effectively condense nucleic
acids at low complexation ratios (polycation to pDNA), and 4) release pDNA from RPC-
bPEI/pDNA polyplexes under thiol/polyanion-rich environments (e.g., the cytosol and the
nucleus).

After 24 hr of treatment, the cytotoxicities of the RPC-bPEl gxpas to HEK293 and MCF7
cells (Fig. 2) were determined. The results indicated that the cytotoxicities of RPC-

bPEIq gkpas to HEK293 cells were greater than that of bPElg gxpa due to the relatively high
MW of the RPC-bPEIj gkpas. However, although the MW of RPC-bPEIg gkpal and RPC-
bPEIq gkpa2 Was significantly higher than that of bPElskp,, the 1C50s of RPC-bPEIlg gkpal
(62 pg/mL) and RPC-bPEIg gkpa2 (70 pg/mL) were approximately 8~9-fold higher than that
of bPEloskp, (8 pg/mL). Moreover, the cytotoxicities of RPC-bPEI gxpa3 and RPC-

bPElg gkpad, Which possess a MW of 5~6 kDa, were 14~19 times lower (ICsq: 110 pg/mL
and 150 pg/mL, respectively) than that of bPEl,skp,. Similarly, with MCF7 cells, the
cytotoxicities of the RPC-bPEIl gkpas (ICsq: 110 pg/mL for RPC-bPEIq gkpal and RPC-
bPEIg gkpa2, 135 pg/mL for RPC-bPEIg gkpa3, and 185 pg/mL for RPC-bPElg gkpad) Were
9~15-fold less than that of bPEls5kpa (ICsg: 12 pg/mL). These results are consistent with the
reported cytotoxicities (4~18 folds lower) of other oligoethylenimine-based RPCs with
MWs lower than that of bPEl,skp, (the toxicities of the materials were tested on different
cell lines) [9,17]. In general, the toxicity of HMW PElI is greater than that of LMW PEI
because HMW PEI interacts more effectively with components that are essential for cell
survival such as intracellular membranes, vital proteins, and nucleic acids than its LMW
counterpart [3,24]. Thus, the reduced cytotoxicity of HMW RPC-bPEl gxpa May be due to
the degradation of the polymer in the intracellular environment after cellular uptake.

The RPC-bPEI( gkpas Were titrated [18] to evaluate the buffering capacity of RPC-

bPEIl( gkpa between pH 7.4 and pH 5.1. The proton buffering capacities of RPC-bPElq gkpa
were compared to that of bPEIj gkp, at different concentrations (0.25 mg/mL to 0.75 mg/
mL). As shown in Fig. 3, the buffering capacity of RPC-bPEI gxpal, RPC-bPEIlg gkpa2,
RPC-bPEIlg gkpa3, and RPC-bPEI gkpa4 Was approximately 70%, 61%, 52%, and 69% of
the buffering capacity of bPEIl gxpa. Thus, the reduced buffering capacity of RPC-

bPEIlg gkpaS may be attributed to the relative decrease in the mass fraction of bPElg gkpa. AS
shown in Table 2, the mass fraction of bPEIlg gxp4 in the RPCs decreased to approximately
75%~85% due to the introduction of amidine moieties (-NHC(=NH,")CH,CH,CH,S-) and
cysteine residues (-SCH,CH(COOH)NH,).

Another factor affecting the proton buffering capacity of the polymers is the hydrophobicity/
hydrophilicity of the local environment [25]. Replacing a primary amine (-NH3*) with an
amidine moiety (-NHC(=NH»*)CH,CH»CH,S-) may locally increase the ‘-CH,CH,CH,-’-
induced hydrophobicity of neighboring amine groups, which can suppress the protonation of

Biomaterials. Author manuscript; available in PMC 2012 February 1.
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amines and further reduce the buffering capacity of RPC-bPEl gxpas. However, the cysteine
residues of RPC-bPEIj gkpa may compensate for the hydrophobicity of amidine groups by
introducing hydrophilic amines and carboxylic acids into the polymer. Namely, as the mole
ratio of amidine groups to cysteine residues in RPC-bPElj gkp, increased (i.e., the
hydrophobicity increases), the buffering capacity of the polymers decreased below the
theoretical value (based on the mass fraction of bPElg gxpa in RPC-bPEIq gkpa), as shown in
Table 2.

3.2. Physicochemical characteristics of RPC-bPElg gkpa/PDNA complexes

The gene condensing capabilities of RPC-bPEIj gkpaS Were evaluated by conducting a gel
retardation assay to determine whether the gene was shielded by polycations or exposed on
the surface of the polyplex. Although bPEIlj gxpa/PDNA polyplexes prepared at a weight
ratio (WR) of 1 (N/P~7.7) were completely retarded at the loading well, pDNA on the
polyplexes were partially exposed, as evidenced by the moderate fluorescent signal of EtBr-
intercalated pDNA (Fig. 4). As the ratio of bPEIlj gxpa to pPDNA increased (i.e., increasing
WR), the EtBr signals of the polyplexes decreased. RPC-bPEI gxpa/PDNA polyplexes
formed at a WR < 0.5 contained uncomplexed or exposed pDNA (Fig. S2). However, RPC-
bPEIj gkpa/PDNA polyplexes formed at a WR > 1 were fully retarded at the loading well,
and pDNA was completely shielded (Fig. 4). In general, higher MW polycations can
complex pDNA more effectively [24].

To further confirm pDNA complexation with RPC-bPEIj gxpa, the size and surface charge
of the polyplexes were determined. bPEIj gkpa produced at a WR of 40 formed gene
complexes that were approximately 2 um in size. However, as shown in Fig. 5(a), at a fixed
WR, the particle size of RPC-bPEIg gkpa/PDNA polyplexes decreased with an increase in
the MW of RPC-bPEIlg gkpa. At a WR of 1.5, the particle size of gene complexes derived
from RPC-bPElg gkpal and RPC-bPEIq gkpa2 were less than 200 nm. However, at a WR >
2, the diameter of RPC-bPEIj gkpal and RPC-bPEIlq gkpa2 polyplexes was approximately
100 nm. Regardless of the MW of RPC-bPElj gkpa, all RPC-bPEIq gkpa/PDNA polyplexes
formed at a WR = 2 exhibited a diameter of 100~200 nm, which is the optimal size range for
in vivo studies. In addition, as shown in Fig. 5 (b), all RPC-bPEI gxpa/PDNA polyplexes
exhibited positive surface charges. In particular, complexes with a WR = 2 displayed a
surface zeta potential of 20~35 mV.

The thiol-rich environment (about 20 mM) of the cytosol was mimicked with DTT (a
reducing reagent) to determine whether RPC-bPEIg gxpa/PDNA polyplexes dissociate and
release pDNA via the thiol-triggered degradation of RPC-bPEIj gkpa. Prior to studying the
RPC-bPEIq gkpa/PDNA polyplexes, the gene condensing capabilities of the reduced polymer
fragments were examined. RPC-bPElq gkpa Was treated with 20 mM DTT for 48 hr to
achieve the complete degradation of RPC-bPElg gxpa into bPEIg gkpa derivatives. With
DTT-pretreated RPC-bPEI( gkpa, the formed pDNA complex was subjected to
electrophoresis. pPDNA was not released from the complexes, but pDNA was partially
exposed in the loading well (Fig. S3). These results are similar to those of bPElg gkpa
complexes prepared at a low WR (Fig. 4). However, as shown in Fig. S4, DTT-pretreated
RPC-bPEIg gkpa/PDNA complexes prepared at a WR of 4 were 1~2 um in diameter and
were similar to bPElq gxpa/PDNA produced at a WR of 4 (about 2 um). Moreover, the
particle sizes of DTT-pretreated RPC-bPEIj gkpa/PDNA complexes were significantly
different from that of RPC-bPEIj gkpa/PDNA complexes (100~200 nm, Fig. 5(a)). These
observations indicate that RPC-bPEl( gxp, degrades in a thiol-rich environment; however,
fragmentation did not induce the release of pDNA.

Unpackaging of pDNA from the polyplexes was observed due to the presence of
glycosaminoglycans in plasma [26-28], cytosolic RNA in the cytoplasm [29], and
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chromosomal DNA in the nucleus [30]. Thus, a model polyanion (heparin) was added to the
DTT solution (20 mM) to mimic extracellular (lower polyanion concentrations; about 20 pg/
mL) or intracellular environments (higher polyanion concentrations).

The polyplexes were exposed to heparin (0~100 pg/mL), and the results indicated that
pDNA from the bPEIl,5pa/PDNA (N/P 5) complex was readily released or exposed at lower
heparin concentrations than that of the RPC-bPEIj gkpa/PDNA (WR 2) complex (especially,
HMW RPC-bPElg gkpa) (Fig. 6), which suggests that RPC-bPEIq gkpa/PDNA complexes are
more stable than bPEl,spa/PDNA complexes. Compared to pure heparin, DTT (20 mM)
induced the release or exposure of pPDNA from RPC-bPElj gkpa/PDNA (WR 2) at lower
heparin concentrations. Alternatively, the release of pDNA from non-reducible bPEIlosypa/
pDNA complexes was not affected by thiols (Fig. 6).

Various authors report that reducible polyplexes made of linear PEI or chemicals other than
bPEI display thiol-triggered gene release in the absence of polyanions [6,7]. However, to
release pDNA under non-cellular conditions, the proposed RPC-bPEIq gkpa/PDNA
complexes required thiol and heparin. The release conditions of the proposed RPC-

bPEIlq gkpa/PDNA complexes may be attributed to the physicochemical and gene condensing
characteristics of the starting materials. For instance, bPElq gkpa has a high charge density
and its pPDNA complexes were completely retarded. Additionally, the amidine groups of
DAPI can bind to pDNA; thus, the newly generated amidine groups in RPC-bPElg gxpa may
enhance the complexation of pDNA [31]. Unlike intracellular conditions, the continued
reduction of disulfide bonds in non-cellular conditions is limited because the reaction
reaches equilibrium over time. However, in an intracellular environment, thiols can be
continuously supplied by glutathione reductase, and a GSH/GSSG ratio of 30 and 100 is
maintained in the cell [3,32]. Thus, although RPC-bPEIj gkpa/PDNA may be stable in
extracellular environments, the release of pPDNA may occur under intracellular conditions.

3.3. Transfection-mediated biological characteristics of RPC-bPElg gkpa/PDNA complexes

Complexes of RPC-bPEIg gkps and a luciferase reporter gene were prepared at various WRs.
The complexes were applied to HEK293 and MCF7 cells, and their transfection efficiencies
were compared to that of bPEIl)5kp/pPDNA (N/P 5) and bPEI gkpa/PDNA (WR 40).
Complexation conditions resulting in low polyplex toxicity were employed to exclude the
effects of polyplex toxicity-mediated damage on the polymeric transfection efficiency (Fig.
S5). When the transfection efficiency of bPElyskpa/pDNA (N/P 5)-transfected HEK293
cells was set to 100, the expression (p<0.001) of luciferase from RPC-bPEIlj gkpa/PDNA
complexes was 2—7 times higher, depending on the RPC-bPEIj gxps and the gene
complexation ratio. Moreover, the transfection efficiencies of RPC-bPElj gxpa/pDNA
complexes were 1500-fold greater (p<0.001) than that of bPEIj gkpa/PDNA (WR 40).
Similarly, the results of in vitro transfection studies of RPC-bPEIj gxpa/PDNA complexes
with MCF7 cells indicated that the transfection efficiency was equal to that of bPElo5pa/
pDNA (N/P 5) and was 1200-fold greater (p<0.001) than that of bPEIg gxkpa/PDNA (WR 40).

The aforementioned results were supported by those obtained from the RPC-bPEIj gkpa/
pDNA uptake studies, which were conducted 4 hr after transfection. Ata WR of 7.5, the
highest RPC-bPEI( gxpa/PDNA-mediated HEK?293 transfection efficiency was observed,
and the polyplexes of RPC-bPEI( gxpal, RPC-bPEIj gkpa2, and RPC-bPEIj gkpa3 displayed
higher YOYO-1 intensities (i.e., more polyplex uptake) inside the cells than RPC-

bPElg gkpad/pPDNA and bPEIospa/pPDNA (N/P 5) (Fig. 8). Alternatively, the cellular
uptakes of RPC-bPEIq gkpa4/PDNA and bPEIl, s pa/PDNA (N/P 5) were not significantly
different. In the transfection of MCF7, cellular internalization levels of RPC-bPEIl gxpal/
pDNA (WR 2), RPC-bPElj gkpa2/pPDNA (WR 2), RPC-bPElj gkpa3/pPDNA (WR 15), and
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RPC-bPEIg gkpad/PDNA (WR 15) were nearly identical to that of bPEl5pa/PDNA (N/P 5),
as shown in Fig. 8.

To verify the transfection results of RPC-bPEIlg gkpa/PDNA polyplexes in HEK293 cells, the
intracellular localization of YOYO-1-intercalated pDNA was identified by subcellular
compartment staining with LysoTracker®Red dye (for the acidic late endosomal and
lysosomal compartments) and Hoechst 33342 (for the nucleus). As shown in Fig. 9(a), the
accumulated images indicated that less bPEIq gkpa/PDNA (WR 40) was incorporated into
the cell than RPC-bPEIg gkpa/PDNA (WR 7.5) and bPEIos5pa/pDNA (N/P 5). Moreover,
similar to the polyplex uptake results, the YOYO-1 intensity of RPC-bPEIj gkpal/pPDNA
(WR 7.5)-transfected HEK293 cells was stronger than that of RPC-bPElg gxpad/pDNA (WR
7.5)- and bPEIl,spa/pPDNA (N/P 5)-transfected cells. In addition, bPElgpa/PDNA (N/P 5)
polyplexes were not detected in the acidic vesicles of the cell due to their strong proton
buffering capacity and propensity for endosomal escape. Interestingly, similar to the results
of bPEIloskpa/PDNA (N/P 5) and bPEI gkpa/PDNA (WR 40), only minor amounts of RPC-
bPElg skpal/PDNA and RPC-bPEIlq gkpad/PDNA were trapped inside the acidic vesicles of
the cell. Although approximately 70% of the proton buffering capacity of bPElg gkpa Was
preserved in the RPC-bPElq gkpaS, the proton buffering capacity of RPC-bPEIq gkpa/PDNA
complexes may be strong enough to favor endosomal escape.

To analyze the intracellular distribution of the polyplexes, the center-sectioned images of the
cells were combined, as shown in Fig. 9(b). The results indicated that the internalized
complexes of bPEIlg gkpa/PDNA and bPEl,spa/PDNA were more localized in the cytoplasm
than in the nucleus. Moreover, LMW RPC-bPEl gkpa4/pPDNA complexes displayed a
greater propensity for cytoplasmic distribution. Alternatively, the distribution of HMW
RPC-bPEIg gkpal/pDNA in the nucleus was greater than that of the cytosol. In particular, the
majority of RPC-bPEIj gkpal/pDNA complexes in the cytosplasm were accumulated in the
perinuclear area. LMW RPC-bPElg gkpa4/PDNA and HMW RPC-bPEIj gkpa1/pDNA have
similar proton buffering capacities at the endosomal pH; nevertheless, differences in the
intracellular localization of RPC-bPEIlq gkpa/PDNA polyplexes could be caused by
differences in pDNA unpackaging rates, which may be attributed to differences in the MWs
of the complexes. In the cytoplasm, LMW RPC-bPEIj gxpa4/PDNA complexes dissociate
more rapidly than HMW RPC-bPEIj gkpal/pDNA complexes. However, compared to
complexed pDNA, free pDNA within the cytoplasm may move slowly [33-36] and become
degraded by cytosolic nucleases [37].

The results of the present study suggest that iminothiolane-mediated RPC synthesis can be
used to produce HMW RPCs or LMW RPCs, depending on the feed composition. Further, it
is expected that the synthetic protocol will aid in the design of novel and effective reducible
polymeric gene carriers from small natural molecules such as amino acids and spermine.

The cytotoxicity of high MW RPC-bPEI( gxpa Was lower than that of bPEl,syp,, indicating
that intracellular interactions between polycations and intracellular compartments and
proteins may be more significant than polycation-mediated damage of the plasma membrane
[3]. Moreover, compared to the MW of bPEloskpa,, the MWSs of RPC-bPEI( gkpal and RPC-
bPElg gkpa2 mMay be higher in extracellular environments and lower in the cytosol/nucleus.

Additionally, the selective intracellular localization of RPC-bPElq gkpa/PDNA complexes
suggests that HMW RPC-bPElj gxpa and LMW RPC-bPEI gkp, are effective for the
nuclear delivery of pDNA and the cytoplasmic delivery of siRNA and antisense
oligonucleotide, respectively.
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4. Conclusion

Gene-condensable and reducible polycations with various MWs and buffering capacities
were synthesized from LMW bPEI. RPC-bPEIq gkpa Was less cytotoxic than bPEl,skp,, and
the transfection efficiency of RPC-bPEIlj gkps-mediated polyplexes was equivalent or
superior to that of bPEl,spa/PDNA complexes. RPC-bPEIq gkpa/PDNA complexes
exhibited different intracellular localization preferences, and the distribution of the
complexes within the cell was dependent on the MW of the polyplex. Thus, the results of
this study suggest that RPC-bPEI gxpa polymers have the potential for effective polymeric
gene delivery.
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Fig. 2.
Cytotoxicity of RPC-bPElg gkpa and bPEI (bPEIq gkpa and bPEl>skpa) in (a) HEK293 cells
and (b) MCF7 cells (n=6, Mean+SEM).
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Fig. 3.
Acid-base titration curves of RPC-bPElq gkpa and bPElg gkpa (n=3, MeanzSD).
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Fig. 4.
Condensation of pDNA with RPC-bPEIq gkpa in agarose gel.
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Fig. 5.

(a) Particle size and (b) surface charge of RPC-bPEIlj gkpa/pPDNA complexes in HBG.
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Fig. 6.
DTT-triggering pDNA release from RPC-bPEI gkpa/PDNA complexes (WR 2) in the
presence of a solution of heparin in 150 mM NacCl.
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Fig. 7.

Normalized transfection efficiencies of RPC-bPEIg gkpa/PDNA-, bPEIlg gkpa/PDNA- and
bPEIl5kpa/PDNA in (2) HEK?293 cells and (b) MCF7 cells (the transfection efficiency of
bPEIl,5kpa/PDNA (N/P=5)-transfected cells was set to 100.) (n=4, MeantSEM).
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Fig. 8.
RPC-bPEIlg gkpa/PDNA- and bPEIl,skpa/pPDNA-uptake of (a) HEK293 cells and (b) MCF7
cells.
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Hoechst33342 LysoTracker
-stained -stained -stained Merged
Nucleus PDNA Acidic vesicles

bPEI, g,/PDNA
WR=40

bPEl,,/PDNA
N/P=5

RPC-bPEI, 50, 1/PDNA
WR=7.5

RPC-bPEI, 4,0, 4/PDNA
WR=7.5

Fig. 9.

Intracellular localization of pDNA delivered by RPC-bPElq gkpa, bPEl2s5kpa, and bPElg gkpa
in polyplex-transfected HEK293 cells 4 hr after transfection: (a) accumulated images and (b)
center-sectional images. Nuclei, pDNA, and acidic vesicles were distinguished using
Hoechst 33342 (blue), YOYO-1 (green), and LysoTracker® dye (red).
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Table 1
Synthetic conditions of RPC-bPElg gkpa

bPElggkpa Iminothiolane  Mole ratios of ~ L-Cysteine

1 (umol) iminothiolane (umol)
(umol) per bPElg gkpa
RPC-bPEI gxpal 687.5 1375 2 200
RPC-bPEl g«pa2 687.5 1375 2 240
RPC-bPEl gkpa3 687.5 1100 1.6 240
RPC-bPEl gkpad 687.5 825 1.2 240

1
calculated based on Myy.
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Table 2

Estimated mole ratios of bPElg gkpa, iminothiolane-mediated amidine (-NHC(=NH,*")CH,CH,CH,S-), and
cysteine (-SCH,CH(COOH)NH,) moieties, the mole ratio of amidine groups per cysteine residues, and the
calculated mass fraction (%) of bPEIlg gkpa in RPC-bPEIlg gkpa

Mole ratios per bPEl gkpa Mole ratio of Mass fraction (%0) of
amidine moieties per  bPEljgxpa in RPC-
Amidine groups  Cysteine cysteine residues bPElogkpa
RPC-bPEl gkpal 2.00 0.31 6.5 76.8%
RPC-bPEl( gkpa2 2.03 0.19 10.7 71.7%
RPC-bPEl( gkpa3 1.66 0.09 18.4 81.6%
RPCbPEI gxpa4 1.30 0.11 11.8 84.6%
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