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ABSTRACT: Controlled degradability in response to the local environment is one of the most
effective strategies to achieve spatiotemporal release of genes from a polymeric carrier.
Exploiting the differences in reduction potential between the extracellular and intracellular
environment, disulfides are frequently incorporated into the backbone of polymeric drug delivery
agents to ensure efficient intracellular release of the payload. However, although to a lesser
extent, reduction of disulfides may also occur in the extracellular environment and should be

1

prevented to avoid premature release. Accurate control over the stability of disulfide linkages
enables the optimization of polymeric carriers for efficient drug delivery. Bioreducible
poly(amido amine)s (PAAs) with varying degrees of steric hindrance adjacent to the disulfide
bonds (0, 2 or 4 methyl groups) were prepared in order to obtain carriers with controlled
stability. The degradation behavior of these PAA-polymers was evaluated under different
reducing conditions and their in vitro toxicities and transfection efficiencies were assessed.
Degradation of the PAA-based polyplexes consistently required higher reducing strengths as the
steric hindrance near the disulfide bonds increased. Polyplexes based on 2-methyl cystamine
disulfide based PAA polymer (PAA2m) remained stable under extracellular glutathione
concentrations (0.001-0.01 mM), while degrading within 1 h under reducing conditions similar
to those in the intracellular environment (1-10 mM glutathione). This polymer exhibited
excellent transfection capabilities, with efficiencies up to 90% of transfected cells. PAA0m
showed slightly reduced transfection properties compared to PAA2m, likely due to premature
degradation. The severely hindered PAA4m, however, displayed increased toxicity, accompanied
by reduced transfection efficiency, as a result of its exceptional stability. These results
demonstrate the feasibility of introducing steric hindrance near the disulfide moiety to tune
polyplex stability against bioreduction, and show that PAA2m is a promising polymer to be
further developed for gene therapy.

Keywords: gene delivery, poly(amido amine)s, reducibility, steric hindrance, controlled release
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1. Introduction
A vast number of diseases is caused by genetic defects or mutations; estimates range from
6,000 to 7,000, and new conditions are discovered every year [1]. These diseases are inherently
chronic and as such, place a major, growing burden on the health care system in terms of costly
therapies and specialist care [2]. Gene therapy is widely recognized as one of the most promising
treatment options, targeting the cause of the disease rather than its symptoms [3,4]. Moreover,
due to its versatility, gene therapy offers a potential solution to multifactorial and purely acquired
diseases as well, including cancer and infections [5–7]. Successful gene therapy relies on the
delivery of therapeutic nucleotides into the cell interior to either enhance or inhibit specific
protein production. Despite several decades of research, this delivery remains one of the leading
challenges preventing gene therapy from entering the clinics. Carrier systems have improved the
delivery efficiency through shielding the genetic payload from extracellular degradation by
nucleases, and by promoting transport across cellular membranes [8]. Unfortunately,
development of suitable vectors still faces several significant hurdles, mainly with regard to
achieving efficient and long-lasting transfection without inducing adverse effects.
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Current carriers can be largely divided into viral and synthetic vectors [9,10]. Viral carriers,
while being efficient delivery agents, raise serious safety concerns regarding immunogenicity
and insertional mutagenesis, and large-scale production is impractical [11–13]. Synthetic vectors,
consisting primarily of cationic liposomes and cationic polymers, are more versatile in terms of
design and application. Their physical and chemical properties can be easily altered [14],
inclusion of a targeting moiety has been demonstrated [15–17] and large-scale production is
feasible [18]. Additionally, while viral carriers have a low transgene capacity, molecules of
virtually any size can be delivered using synthetic vectors [19]. Their cationic nature allows
spontaneous complex formation with anionic oligonucleotides, and the resulting positively
charged lipoplexes and polyplexes are easily endocytosed through multivalent interactions with
the negatively charged cellular membrane. However, achieving high transfection efficiency using
non-viral vectors proved to be a considerable challenge, due to stability issues, poor blood
circulation and large excess of lipid or polymer required [20–22]. One of the first and most
widely studied cationic polymers for gene delivery is polyethylenimine (PEI) [23]. While the
branched structure of PEI (bPEI) has reported relatively efficient gene delivery, it is also a rather
toxic material. Many alternatives emerged during the past decades, including poly-L-lysine,
poly(N,N-dimethylaminoethyl methacrylate), dendrimers (PAMAM), cyclodextrin and poly(βamino esters) [24–28]. A highly interesting class of cationic polymers is the poly(amido amine)s
(PAAs), which have peptidomimetic moieties such as amides and their versatile preparation
allows facile incorporation of various functionalities like alcohols, ethers and morpholine
moieties [29–32]. We have previously shown that one of the most successful PAAs is a copolymer of N,N′-bis(acryloyl)cystamine and 4-amino-1-butanol (pCBA-ABOL), a non-toxic
degradable material with reported exceedingly high transfection efficiency [33].
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Stability of the polyplexes on their route to intracellular delivery and carrier degradability once
arrived in the cytosol is essential for both reducing polymer toxicity and releasing the genetic
payload to ensure efficient gene delivery. An effective approach to achieve spatiotemporal
control exploits the high reducing strength of the intracellular environment [34–40]. The body
maintains a complex set of thiol/disulfide redox couples that determine local redox potentials,
such as glutathione/glutathione disulfide (GSH/GSSG), cysteine/cystine (Cys/CySS) and
thioredoxin-1 [41]. For example, the main reducing agent in the cytoplasm, GSH, is
approximately 1000-fold more abundant intracellularly (~1-20 mM) than in the extracellular
environment (~0.002 mM) [42,43]. When GSH comes into contact with disulfides, thioldisulfide exchange occurs, thereby degrading disulfide containing polymers [44–47]. Ideally, this
would mean prolonged systemic circulation of stable polyplexes that only degrade after reaching
their site of action, which is predominantly intracellular. However, despite the popularity of this
approach, further research is required on the stability of disulfides. Extracellular stability is often
assumed, yet disulfide cleavage has been reported to occur in blood circulation [48–52], in vitro
tumor interstitium [53–56] and on cell surfaces [57–59]. For instance, Carroll et al. observed
exchange of disulfide-linked antibody-drug conjugates, with half-lives of approximately ~8 h
[49]. Brülisauer et al. showed that 50% of a cationic (G3) PAMAM dendrimer containing
disulfide-linkages was degraded within ~1 h when presented to various cancer cell lines [55].
The resistance of disulfides against extracellular bioreduction has been improved through
alterations of their microenvironment, either by employing electrostatic repulsion or by
increasing steric hindrance [49–54,60–66]. Inclusion of negatively charged moieties near the
disulfide bond repels anionic agents, such as glutathione anions, thereby reducing the rate of
degradation [60–62]. Alternatively, Carroll et al. demonstrated that incorporation of a single
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methyl group adjacent to the disulfide moiety increased the half-life of disulfide-linked
immunoconjugates from 8 h to 30 h [49]. More recently, Leroux and coworkers accomplished
precise control over disulfide stability through microenvironmental effects [54], and Kellogg et
al. achieved a broad range of disulfide stabilities by introducing various numbers of methyl
groups around the disulfide bond [64]. They reported >22,000-fold slower disulfide cleavage
under reducing conditions when employing four methyl groups compared to the unhindered
analogue.
Here, we evaluate the effect of steric hindrance around disulfide groups by adjacent methyl
substitution on the stability of PAA-based polyplexes, in order to decrease extracellular
degradation and to optimize gene delivery efficiency. Analogues of pCBA-ABOL (denoted here
as PAA0m, where the suffix 0m stands for zero methyl groups) with two (PAA2m) or four
(PAA4m) methyl groups adjacent to the disulfide bond were prepared and their stabilities were
assessed. Toxicity and transfection efficiency of polyplexes of the three polymers was quantified
to appraise their potential for gene delivery. Furthermore, to determine optimal stability,
polyplex responsiveness to elevated extracellular GSH levels was investigated.

2. Materials and methods
2.1. Materials
All chemicals were obtained from commercial sources and used without further purification
unless stated otherwise. Cystamine dihydrochloride (96%), 1,3-dibromo-5,5-dimethylhydantoin
(DBDMH, 98%), sodium hydroxide (98%), acryloyl chloride (97%), 4-amino-1-butanol (98%),
DL-dithiothreitol (DTT, 98%), L-glutathione (98%) and heparin sodium salt from porcine
intestinal mucosa (Grade I-A, ≥180 USP units/mg) were purchased from Aldrich; dimethyl
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sulfoxide (DMSO, 99.6%), methanol (100%) and dichloromethane (99%) were purchased from
VWR and 1-amino-2-methyl-2-propanethiol hydrochloride (98%) was purchased from BOC
Sciences. Synthesis was monitored by thin layer chromatography (TLC). Spots on TLC-plates
were visualized with vanillin, ninhydrin or potassium permanganate stains, or UV light. 1H and
13

C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker Ascend 400 MHz

NMR-spectrometer. Electrospray Ionization Mass Spectrometry (ESI-MS) spectra were obtained
with a Micromass LCT, with a Harvard apparatus Pump 11 Elite for sample injection. Acid-base
titration was performed on a Metrohm 702 SM Titrino autotitrator. Particle size and surface
charge were measured on a Zetasizer 4000 and a Zetasizer 2000 instrument respectively
(Malvern Instruments). Size exclusion chromatography (SEC) was performed on a Waters
Alliance e2695 separation module equipped with a Waters 2998 PDA detector, a Waters 2914 RI
detector and a Polymer Laboratories Gel Mixed D column. N,N-Dimethylformamide was used as
eluent at a flow rate of 0.7 mL/min at 35 ºC, employing polyethylene glycol standards. Stained
plasmid NDA (pDNA) fluorescence was visualized using a FluorChem M system (excitation 475
nm, emission 537 nm, ProteinSimple). UV-Vis absorption was measured on an Infinite M200
Pro plate-reader (TECAN). An EVOS FL microscope was used to record fluorescence
microscopy images. Fluorescence-Activated Cell Sorting (FACS) analysis was performed using
a Becton Dickinson FACSCalibur, with a BD FACSRinse Solution as running buffer.
2.2. Synthesis of bisacrylamide monomers
N,N′-Bis(acryloyl)cystamine (2a)
Cystamine dihydrochloride (2.05 g, 9.11 mmol) was dissolved in water (10 mL). A solution of
sodium hydroxide (1.81 g, 45.3 mmol) in water (10 mL) and a solution of acryloyl chloride (2.2
mL, 27 mmol) in dichloromethane (6 mL) were added dropwise at 0 °C. After stirring overnight
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at room temperature, pH was adjusted to pH = 8 and the white precipitate was filtered off. The
reaction mixture was extracted three times using dichloromethane and the organic phase was
dried using magnesium sulfate. Solvents were removed under reduced pressure and the crude
product was purified by recrystallization from boiling ethyl acetate to afford N,N′bis(acryloyl)cystamine (2a) as a white solid (1.30 g, 55%).
1

H NMR (DMSO-d6):  = 8.33 (2H, t, J = 5.6 Hz, NH), 6.19, 6.12 (4H, 2m, CH2=CH), 5.61

(2H, m, CH2=CH), 3.42 (4H, q, J = 6.8 Hz, NHCH2), 2.82 (4H, t, J = 6.8 Hz, SCH2).
C NMR (DMSO-d6):  = 164.8 (C(O)NH), 131.6 (CH2=CH), 125.4 (CH2=CH), 37.9
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(NHCH2), 37.1 (SCH2).
N,N'-Dithiobis(2-methylethyl)bisacrylamide (2b)
1-Amino-2-propanethiol hydrochloride (1b) was prepared according to the procedure
described by Fujita et al. [67]. In a three-necked flask, 1-amino-2-propanethiol hydrochloride
(10.0 g, 78.7 mmol) was suspended in methanol (120 mL) and sodium hydroxide (3.34 g, 83.4
mmol) was added. Next, 1,3-dibromo-5,5-dimethylhydantoin (8.66 g, 30.3 mmol) was added,
and the mixture was stirred overnight. Sodium hydroxide (13.3 g, 532 mmol) was added to the in
situ formed disulfide and a solution of acryloyl chloride (27.0 mL, 332 mmol) in
dichloromethane (66 mL) was added dropwise at 0 °C. After stirring overnight at room
temperature, pH was adjusted to pH = 8 and the white precipitate was filtered off. The reaction
mixture was extracted three times using dichloromethane and the organic phase was dried using
magnesium sulfate. The crude product was purified by filtration over a slab of silica followed by
recrystallization from boiling ethyl acetate. N,N'-Dithiobis(2-methylethyl)bisacrylamide (2b)
was obtained as a white solid (0.980 g, 8.6%).
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1

H NMR (DMSO-d6):  = 8.33, 8.28 (2H, 2t, J = 5.6 Hz, NH), 6.26, 6.11 (4H, 2m, CH2=CH),

5.61 (2H, m, CH2=CH), 3.45, 3.17 (4H, 2m, NHCH2), 3.00 (2H, m, CHCH3), 1.20 (6H, 2d, J =
2.4 Hz, CH3).
C NMR (DMSO-d6):  = 164.8 164.79 (C(O)NH), 131.5, 131.5 (CH2=CH), 125.5, 125.4
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(CH2=CH), 45.6, 45.0 (NHCH2), 43.6, 43.55 (CHCH3), 18.0 (CH3).
ESI-MS (m/z): 289.38 [M + H]+, 311.34 [M + Na]+, 327.32 [M + Na]+.
N,N'-Dithiobis(2,2-dimethylethyl)bisacrylamide (2c)
1-Amino-2-methyl-2-propanethiol hydrochloride (1c) (4.75 g, 33.5 mmol) was suspended in
methanol and sodium hydroxide was added, this formed a purple solution. After addition of
DBDMH the solution turned yellow within 15 min. The protocol for the synthesis of 2b was
followed to yield N,N'-dithiobis(2,2-dimethylethyl)bisacrylamide (2c) as a white solid (2.16 g,
41%).
1

H NMR (DMSO-d6):  = 8.13 (2H, t, J = 6.4 Hz, NH), 6.37-6.07 (4H, m, CH2=CH), 5.61 (2H,

m, CH2=CH), 3.27 (4H, d, J = 6.0 Hz, NHCH2), 1.20 (12H, s, (CH3)2).
C NMR (DMSO-d6):  = 164.9 (C(O)NH), 131.6 (CH2=CH), 125.5 (CH2=CH), 49.7
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(NHCH2), 48.1 (C(CH3)2), 25.7 ((CH3)2).
ESI-MS (m/z): 317.44 [M + H]+, 339.40 [M + Na]+, 355.40 [M + Na]+.

2.3. Synthesis of poly(amido amine)s
PAA0m (3a)
N,N′-Bis(acryloyl)cystamine (2a) (1.91 mmol) and 4-amino-1-butanol (ABOL, 1.91 mmol)
were dissolved in demiwater (2 mL) and methanol (4 mL), the solution was stirred at 50 °C for 7
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days. ABOL (0.982 mmol) was added and allowed to react for 2 days to end-cap the polymer.
The pH was lowered until a clear solution was obtained, this solution was dialyzed over a 1 kDa
molecular weight cut-off membrane for 24 h, followed by lyophilization. PAA0m (3a) was
obtained as a white powder (151 mg, 23%).
1

H NMR (DMSO-d6):  = 8.83 (C(O)NH), 3.40, 3.33 (CH2OH, CH2CH2S), 3.07

(CH2CH2C(O)), 2.86, 2.78 (NCH2CH2CH2, CH2C(O)), 1.59 (CH2CH2CH2OH), 1.42
(CH2CH2OH).
C NMR (DMSO-d6):  = 169.9 (C(O)), 60.2, 60.0 (CH2NCH2, CH2OH), 52.3 (SCH2), 48.7
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(NHCH2), 38.0, 37.0 (CH2CH2CH2OH), 29.7 (C(O)CH2).
PAA2m (3b)
PAA2m was prepared under the same conditions as PAA0m. The scale of the reaction was 1.94
mmol, to yield PAA2m (3b) as a white powder (177 mg, 24%).
1

H NMR (DMSO-d6):  = 8.51 (NH), 3.42 (CH2OH), 3.37 (NCH2CH2CH2), 3.28

(CH2CH2C(O)), 3.07 (CHCH2), 2.97 (CH), 2.70 (CH2C(O)), 1.70 (CH2CH2CH2OH), 1.43
(CH2CH2OH), 1.20 (CH3).
C NMR (DMSO-d6):  = 169.2 (C(O)), 60.0 (CH2OH), 52.1 (SCH), 48.4 (NHCH2), 45.4,
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43.7 (CH2NCH2), 29.3, 29.1 (CH2CH2CH2OH), 20.0 (C(O)CH2), 18.0 (CH3).
PAA4m (3c)
PAA4m was prepared under the same conditions as PAA0m. The scale of the reaction was 1.74
mmol, to yield PAA4m (3c) as a white powder (231 mg, 33%).
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1

H NMR (DMSO-d6):  = 8.30 (NH), 3.42 (CH2OH), 3.28 (NHCH2), 3.20 (CH2CH2C(O)),

3.06 (NCH2CH2CH2), 2.72 (CH2C(O)), 1.70 (CH2CH2CH2OH), 1.44 (CH2CH2OH), 1.20
((CH3)2).
C NMR (DMSO-d6):  = 169.3 (C(O)), 59.9 (CH2OH), 49.5 (SCCH2), 48.5, 48.1
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(CH2NCH2), 29.3, 29.0 (CH2CH2CH2OH), 25.6 (CH3), 20.0 (C(O)CH2).

2.4. Characterization
Acid-base titration
The buffer capacity of the polymers was determined by dissolving polymer to achieve ~0.015
mmol protonatable amines in 0.15 M sodium chloride solution (10 mL). The pH was adjusted to
pH ~2 using 1 M hydrochloric acid solution. The solution was titrated using 0.1 M sodium
hydroxide solution until pH 12 was reached. The buffering capacity, defined as the percentage of
amine groups being protonated between pH 5.1 and 7.4 (endosomal pH range), was calculated
using the following equation:
−
−
∆𝑂𝐻𝑝𝑜𝑙
− ∆𝑂𝐻𝑁𝑎𝐶𝑙
𝐵𝑢𝑓𝑓𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) =
× 100%
𝑚𝑜𝑙𝑒 𝑁
−
−
where ∆𝑂𝐻𝑝𝑜𝑙
and ∆𝑂𝐻𝑁𝑎𝐶𝑙
are the molar equivalents of hydroxides needed to increase the pH

from 5.1 to 7.4 of the polymer solution and pure 0.15 M NaCl solution, respectively, and mole N
is the total moles of amines in solution.
Dynamic light scattering (DLS)
Polyplexes were prepared by adding 30 μL of plasmid DNA solution (1 mg/mL, pCMV-GFP,
Plasmid Factory) into a cuvette. Subsequently, demi-water was added and the solution was
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mixed thoroughly. Polymer solutions (6 mg/mL) were added, the solution was homogenized and
incubated for 10 min. at room temperature. To achieve the ratios 6.25, 12.5, 25, 50 and 100,
water (938.8, 907.5, 845, 720 and 470 µL) and polymer solution (31.25, 62.5, 125, 250 and 500
µL) were added, respectively. Polyplex stability was evaluated on samples prepared by mixing
40 μL pDNA solution (1 mg/mL) with 628 μL water (pure or containing 154.3 mg DTT to
achieve a final concentration of 1 M) and 334 μL polymer solution (6 mg/mL). All samples were
measured during 20 h with 5 min intervals.
Gel electrophoresis
Plasmid DNA (pCMV-GFP, 1 mg/mL, 2.2 µL) was diluted with MilliQ water (34.1 µL),
polymer solution (36.3 µL, 3 mg/mL) was added and the solution was mixed to form polyplexes.
To achieve various w/w ratios, polymer solutions of 6 to 0.375 mg/mL were used. A free pDNA
control was prepared by diluting 0.5 µL pDNA with 16.1 µL MilliQ water. DTT was dissolved
in MilliQ water with concentrations ranging from 0.085 to 8500 mM. Hydrazine monohydrate
(65%, 18.5 mg) was diluted with MilliQ water (70.9 µL) to form an 8.5 M solution). Heparin
sodium salt was dissolved in MilliQ water and diluted to obtain concentrations of 8.5 to 0.0425
mg/mL. A 1.5% w/v agarose (BIO-RAD) gel containing 0.05% v/v SYBR® Safe DNA Gel
Stain (InvitrogenTM) was prepared in TAE buffer (40 mM tris acetate, 1 mM ethylenediamine
tetraacetic acid). Samples were prepared by mixing 7.5 µL transfectant with 1 µL water, DTT,
hydrazine or heparin solution. After incubation at room temperature for 30 min., 1.5 µL gel
loading buffer (Ambion) was added and the samples were electrophoresed at 75 mA for 30 min.
The pDNA was visualized by measuring fluorescence.
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2.5. Cell viability
MTT assays were performed on COS-7 cells (SV-40 transformed African Green monkey
kidney cells). In a typical experiment, cells were seeded in a 48-well cell culture plate (CellStar)
by adding 200 μL of an 8 ∙ 104 cells/mL suspension to all wells, achieving a final seeding density
of 1.6 ∙ 104 cells/cm2. DMEM (Dulbecco's Modified Eagle Medium, high glucose, GlutaMAXTM,
Gibco, Life Technologies) was used as medium, with 10% FBS (Fetal Bovine Serum, South
American Origin, Lonza). Cells were incubated overnight at 37 °C in a humidified 5.0% CO2containing atmosphere. Polymer solutions of 2 mg/mL in MilliQ water were filtered over a 0.2
µm filter and subsequently diluted with Dulbecco's Phosphate-Buffered Saline (DPBS, Gibco,
Life Technologies) to achieve concentrations of 50, 100, 200, 400 and 800 µg/mL. As a
reference, a branched polyethylene imine solution (bPEI, 25 kDa, Sigma Aldrich) of 0.1 mg/mL
was prepared and diluted ten times. pCMV-GFP (1 mg/mL) was diluted with DPBS to form a 50
µg/mL solution. Plasmid DNA and polymer dilutions were mixed in a volume ratio of 1:6.25.
Medium was aspirated from the wells and replaced by 145 µL fresh DMEM (either pure or
containing 10% FBS). Polyplex solution, or pure DPBS for the controls, (145 µL) was added and
the plates were incubated at 37 °C for 1 h. The wells were aspirated again and 0.5 mL DMEM
containing 10% FBS was added. The plates were incubated for two days, after which they were
analyzed. First, a 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Molecular Probes®, Life Technologies) in HBSS (Hank's Balanced Salt Solution, Gibco,
Life Technologies) was prepared and filtered over a 0.2 µm filter. This MTT solution was diluted
ten times using RPMI 1640 medium (Roswell Park Memorial Institute 1640, Gibco, Life
Technologies, without FBS or Phenol Red). As a negative control, 50 µL of saponin (1% in
HBSS, Sigma-Aldrich) was added and cells were incubated for 15 min. Wells were aspirated and
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300 µL of diluted MTT solution was added. After 4 h of incubation the solution was replaced by
300 µL DMSO and the plates were incubated for another 10 min. The absorbance of each well at
540 nm was measured and compared to the absorbance of the untreated positive control in order
to quantify the viability. All experiments were carried out in triplicate.

2.6. Transfection efficiency
Transfection experiments were performed according to the same procedure as the viability
experiments. During these experiments, pCMV-LacZ (Plasmid Factory) polyplexes were
prepared similar to the pCMV-GFP polyplexes and employed as negative control. After the 2
day incubation period, samples were prepared by first trypsinizing the cells. Medium was
aspirated and 150 μL 0.25% trypsin (Cambrex, Whitaker) was added to each well. Cells were
incubated for 3 min. after which the trypsin was neutralized by adding 1 mL of DMEM with
10% FBS to all wells. Suspensions were transferred into glass tubes, centrifuged (5 min at 600
rcf), decanted, 100 μL DPBS was added and the cells were resuspended. GFP fluorescence per
cell was measured at 530/30 nm and quantified using FACS. All experiments were carried out in
triplicate. In the resulting histograms, a ‘positive’ region was selected so that the negative
controls had 0.5% positive cells. Results are expressed as percentage of cells in this positive
region.

2.7. In vitro transfection under artificial GSH concentrations
Transfection experiments were carried out under similar conditions as described for the cell
viability experiments. However, during the 1 h transfection period, GSH-containing medium was
used. This was prepared beforehand, by dissolving GSH in DPBS (0.2 M) and subsequently
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diluting five times with dilution factor 10 using serum free DMEM to achieve a set of
concentrations ranging from 0.002 – 20 mM. The COS-7 cells were transfected with 145 µL
GSH-containing medium and 145 µL 25 w/w polyplexes. After the 2 day incubation period, cell
viability was quantified using the MTT protocol and transfection efficiency was imaged by
fluorescence microscopy.
2.8. Statistical analysis
Statistical analysis (n=3) was performed with SPSS 21.0, using one-way analysis of variance
(ANOVA) and Tukey post hoc analysis. Differences were classified as significant (p<0.05), very
significant (p<0.01) and extremely significant (p<0.001).

3. Results and discussion
3.1. PAA polymer synthesis
Poly(amido amine)s with sterically hindered disulfides were synthesized as depicted in
Scheme 1. The first step was the synthesis of the disulfide-bisacrylamide monomers 2a-c. N,N’Bis(acryloyl)cystamine (2a) was prepared by reacting cystamine dihydrochloride with acryloyl
chloride,

as

reported

previously

[68].

For

the

synthesis

of

N,N'-dithiobis(2-

methylethyl)bisacrylamide (2b), its precursor 1-amino-2-propanethiol hydrochloride (1b) was
prepared following the method of Fujita et al. [67]. Subsequently, thiol 1b was oxidized to the
disulfide 2,2'-dithiobis(1-propylamine) using DBDMH [69], followed by reaction with acryloyl
chloride to yield the 2-methyl bisacrylamide (2b). Similarly, commercially available 1-amino-2methyl-2-propanethiol hydrochloride (1c) was successively oxidized to 2,2'-dithiobis(2-methyl1-propylamine)

and

reacted

with

acryloyl

chloride,

resulting

in

N,N'-dithiobis(2,2-
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dimethylethyl)bisacrylamide (2c). The structure and purity of these bisacrylamide monomers
was confirmed by 1H and 13C NMR spectroscopy and ESI-MS.

Scheme 1. Synthesis of disulfide-functional poly(amido amine)s. PAA0m was synthesized from
commercially available cystamine dihydrochloride.

A poly-Michael-type addition with the bisacrylamide monomers (2a-c) and ABOL was carried
out for 7 days at 50 °C, followed by the addition of excess ABOL to ensure full conversion of
acrylamide groups. Facile purification by dialysis and lyophilization yielded disulfide-containing
poly(amido amine)s (3a-c). All polymers were analyzed by 1H NMR spectroscopy, confirming
successful preparation of the polymers. Further characterization by SEC indicated degrees of
polymerization (DP) of 10-20, corresponding to molecular weights of approximately 5 kDa, as
shown in Table 1. The polymers displayed moderate polydispersity indices of around 1.4.
Additionally, the buffering capacity of the PAAs was quantified, since this property is proposed
to have a considerable influence on the proton sponge effect and therefore on endosomal release
[23]. All three polymers exhibited buffer capacities of around 60% (shown in Table 1 and Figure
S1), which was considerably higher than the measured for 25kDa bPEI (21%).
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Table 1. Polymer size and polydispersity index (PDI) as determined by SEC.
Polymer

#

Mn
(kDa)

Mw
(kDa)

PDI

DP

Buffer
capacity (%)

PAA0m

3a

7.0

10

1.45

20

61

PAA2m

3b

4.9

6.6

1.35

13

57

PAA4m

3c

3.8

5.4

1.41

9.4

56

3.2. Polyplex formation and stability evaluation
Polymers 3a-c were mixed with pDNA to obtain polyplexes, at several weight ratios ranging
from 6.25 to 100 w/w (polymer/pDNA). DLS measurements confirmed the formation of
polyplexes, with average sizes of 50-80 nm and zeta potentials of +20 to +25 mV Table S1 and
Figure 1). Gel electrophoresis showed increased pDNA binding with an increasing w/w ratio for
all polymers (Figure S2).

Polymer Zeta pot.
PAA0m
PAA0m
PAA0m

150

30

100

20

50

10

0

Zeta potential (mV)

Z-average size (nm)

Size

0
6.25

12.5

25

50

100

Ratio polymer/pDNA

Figure 1. The average particle size (bars) and zeta potential (squares) of polyplexes based on
polymers 3a-c, as measured by DLS (n=3).
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In the cell interior, PAAs are degraded by means of disulfide exchange with reducing thiols
such as GSH. To assess the effect of steric hindrance on the stability of polymers 3a-c, polyplex
size and complexation ability were investigated using two techniques: DLS size evaluation and
gel electrophoresis. Polyplexes were prepared at 50 w/w and exposed to the reducing agent DTT.
Similar to GSH, DTT cleaves disulfide moieties in the polymer backbone, leading to polymer
degradation and concomitant polyplex disassembly. In earlier work, we demonstrated PAA0m
dissociates rapidly in the presence of 2.5 mM DTT [70]. Polyplexes of polymers 3a-c were
subjected to 2.5 mM or 1 M DTT during the DLS measurements, and polyplex size was
monitored over time. As a control, the polyplexes were measured overnight in water. The size of
the polyplexes over time is presented in Figure 2.
No notable size increase was observed for polyplexes in DTT-free water overnight. Upon
addition of DTT (2.5 mM), the recorded size of polyplexes based on PAA0m was 66 nm,
however, polyplex size increased to micrometers within 5 min. The hindered-disulfide
polyplexes of PAA2m and PAA4m showed only minor size increases after several days at this
DTT concentration. Therefore, a 400-fold increase in DTT concentration (1 M) was employed to
study the stability of these polyplexes over time. Even at this DTT concentration, these
polyplexes remained stable for a considerably longer period as compared to the PAA0m based
polyplexes, i.e. polyplex size remained almost constant for 1.5 h for the moderately hindered
PAA2m and 8h for the severely hindered PAA4m polyplexes. Full swelling was observed after 3 h
and 15 h, respectively. Swelling of the polyplexes is related to the degradation of the polymers,
since the number of multivalent interactions between polymer and DNA that compact the
particle is decreasing. These results demonstrate rapid degradation of PAA0m, which is in good
accordance with previous findings [70], while PAA2m and PAA4m show increasing stability as
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the number of hindering methyl groups increases. This confirms that polyplex stability can be
tuned by incorporating steric hindrance around the disulfide bond.
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Figure 2. Swelling behavior of 50 w/w polyplexes in water and when treated with 2.5 mM DTT
(PAA0m) or 1 M DTT (PAA2m and PAA4m); size was monitored over time using DLS.
The degradation behavior of the polyplexes was further investigated by gel electrophoresis,
using heparin and DTT. In cells, decomplexation not only occurs through polymer degradation,
but polyplexes can also undergo polyanion exchange [44]. Dissociation under the influence of
various heparin concentrations was therefore investigated, results are presented in Figure S3. No
notable differences in pDNA binding strength were observed with an increasing number of
methyl groups adjacent to the disulfide bond. To examine decomplexation due to polymer
degradation, polyplexes were exposed to different DTT concentrations for 30 min prior to
electrophoresis, and pDNA release was monitored. Electrophoresis results are shown in Figure 3.
PAA0m polyplexes released their pDNA after exposure to 1 mM DTT and higher, while the
PAA2m polyplexes retained their pDNA up to concentrations of 10 mM DTT. PAA4m based
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polyplexes remained intact in the entire DTT concentration range. These polyplexes remained
stable even at concentrations of 1 M DTT; dissociation was only observed with the exceedingly
strong reductant hydrazine. Since reduced polymer fragments are unable to form stable
complexes with pDNA, the pDNA release is a direct result of polymer degradation. The gel
electrophoresis results are in accordance with the results obtained from the DLS measurements,
and further confirm that the incorporation of sterically hindering groups adjacent to the disulfide
bond increases polyplex stability.

Figure 3. Gel electrophoresis results of 50 w/w polyplexes, after treatment with increasing
concentrations of DTT during 30 min. Polyplexes based on PAA4m were also incubated with
hydrazine (1 M) for 30 min.
3.3. Cell viability
Polymers with tunable reducibility have great promise as gene delivery vectors, since they
enable intracellular delivery and release of their genetic cargo. To explore the potential of these
polymers for gene delivery, their cytotoxicity was first evaluated. Polyplexes were prepared by
mixing the synthesized polymers with plasmid encoding for Green Fluorescent Protein (GFP) in
several weight ratios. Branched PEI (25 kDa, w/w 1.25, N:P 10:1) polyplexes were used as a
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control, since bPEI is known to be an efficient cationic polymer for gene delivery. African green
monkey kidney (COS-7) cells were exposed to polyplexes, and cytotoxicity was quantified
through MTT assays (Figure 4A and Figure S4).
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Figure 4. In vitro results (see also Figure S4) of (A) the cell viability of COS-7 cells exposed to
PAA0m, PAA2m and PAA4m polyplexes containing GFP pDNA at different polymer/pDNA ratios
(1 µg pDNA/well) for 1 h in serum-free medium. (B) Transfection efficiency as measured by
FACS. Asterisks indicate significant improvement relative to 25 kDa bPEI, ** p < 0.01 and ***
p < 0.001 (n=3).
MTT assays revealed that cells show more than 80% viability after treatment with PAA0m
polyplexes, only at a very high polymer ratio of 100 w/w a decrease to 77% viability was
observed. PAA2m polyplexes were non-toxic at 6.25 and 12.5 w/w polymer/pDNA ratios,
showing significantly higher viability than that of the bPEI polyplexes. However, at higher ratios
increasing toxicity was observed for the PAA2m polyplexes. Similarly, PAA4m polyplexes
showed toxicity at most ratios, increasing at higher ratios. All PAAs exhibited increased cell
viability when transfection was performed in the presence of 10% serum (Figure S4). These
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MTT assays indicate moderately increasing toxicity as the number of methyl groups in the
polymers increases. Elevated toxicity can be expected, especially for the PAA4m polyplexes,
since their stability is dramatically increased compared to the PAA0m polyplexes and intact
polymers exert more cytotoxicity than degraded polymer fragments. Furthermore, the addition of
two or four methyl groups in each monomer renders the polymers significantly more
hydrophobic, which may also contribute to the decreased cell viability, since hydrophobicity is a
known cause for cytotoxicity [71]. Overall, it can be concluded that, in contrast to 25 kDa bPEI,
both the PAA0m and PAA2m polyplexes show no or only low cytotoxicity, making them highly
suitable for gene delivery.

3.4. Transfection efficiency
To assess the potential of these polymers for gene therapy, gene transfection efficiency on
COS-7 cells was investigated using GFP-encoding pDNA. The percentage of transfected cells
was quantified with FACS, the results are presented in Figure 4B. PAA0m polyplexes gave high
transfection efficiencies – up to 96% – which were significantly higher at the two highest ratios
compared to the control bPEI polyplexes. PAA2m polyplexes show already very high efficiency
of 92% at 25 w/w polymer/pDNA ratio, which remains almost constant at higher ratios. A
moderate increase in transfection efficiency is observed with PAA2m compared to PAA0m, which
can be attributed to the increase in polyplex stability but also to the addition of hydrophobic
methyl groups, since hydrophobicity is reported to be a favorable factor for gene delivery
[72,73]. However, transfection efficiencies with the PAA4m polyplexes did not surpass 42%,
which is most likely an effect of their high stability. The (extraordinary) stability of PAA4m can
prevent intracellular disassembly of the polyplexes, which leads to less free pDNA available for
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transcription and translation. For all polymers, addition of 10% serum to the medium during
transfection reduced their transfection efficiency (Figure S4). Taking into account the
cytotoxicity, PAA0m and PAA2m emerge as promising polymers for gene delivery, performing
better than bPEI in terms of both cell viability and transfection efficiency.
Preventing degradation of the polyplexes before they reach the cytoplasm is a key factor for
successful transfection. To determine at which GSH concentrations (the most prominent
intracellular reducing agent) the polyplexes remain stable and functional, the cell culture medium
was supplemented with GSH during transfection experiments. The degradation that would
normally take place intracellularly is now induced in the medium through artificially high
glutathione levels. When extracellular polyplex degradation occurs faster than cellular uptake,
the transfection efficiency should be significantly affected, characterized by a loss in GFP
expression. The results of COS-7 transfections with GFP-pDNA polyplexes at 25 w/w ratio
under increasing GSH concentrations from 0 to 10 mM as visualized by fluorescence microscopy
are given in Figure 5. MTT assays of these transfection experiments revealed that the added GSH
concentrations in the cell culture medium did not have significant influence on the cytotoxicity
of the polyplexes (Figure S5).
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Figure 5. Transfection of COS-7 cells in the presence of GSH-containing medium, by
polyplexes of the PAAs and GFP pDNA at 25 w/w ratio. Scale bar is 1 mm.
As shown in Figure 5, PAA0m polyplexes exhibited efficient transfection at GSH
concentrations 0.01 mM and lower. However, at GSH concentrations of 0.1 mM and higher,
GFP-positive cells were no longer present. For the PAA2m polyplexes an increased GFP intensity
was observed, and the decrease in GFP production occurred at an approximately 100-fold higher
GSH concentration. Transfection with the PAA4m polyplexes resulted in lower GFP production
and almost no effect of GSH concentrations in de medium was observed. The diminished GFP
production upon increasing GSH concentration for PAA0m and PAA2m is not due to a decrease of
viable cells; rather it implies polyplex dissociation before cell internalization. GSH-induced
disulfide cleavage of the polymer leads to the formation of short polymer fragments that are
unable to bind and transport the pDNA, resulting in premature polyplex disassembly. The cell
transfection images are in good accordance with the DLS and gel electrophoresis data, once
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more confirming that increasing the steric hindrance around the disulfide bond increases the
stability of the polyplexes.
These data suggest that PAA2m is an excellent polymeric gene vector, remaining stable in
reducing conditions similar to plasma (GSH concentrations ~0.002 mM), while fully degrading
intracellularly (GSH concentrations ~1-20 mM) [42,43]. Of course, the optimal stability of a
gene carrier depends on its application. For example, elevated GSH levels were measured in
different types of tumors, both intra- and extracellularly [74]. These elevated levels provide
protection against oxidative stress and cytotoxic compounds, are due to GSH release by dying
cells, and the high cell proliferation characteristic for tumors is associated with increased
reducing strength [75–77]. The Michael-type polyaddition employed in this study may also be
used to prepare polymers containing varying degrees of sterically-hindered disulfides, which
allows fine-tuning the stability of these polymers, and their resulting polyplexes, to exploit the
specific GSH levels found in different tumors.

4. Conclusions
Bioreducible poly(amido amine)s (PAAs) with varying degrees of steric hindrance around the
disulfide bond were synthesized through introduction of adjacent methyl groups. The polymers
become increasingly less susceptible to bioreduction (e.g. cleavage by glutathione attack) as
steric hindrance near the disulfide bond increases. Tuning the stability of the PAAs, and
therefore the polyplexes, allows precise control over DNA release. The moderately hindered
PAA2m exhibited excellent properties: remaining stable at extracellular GSH concentrations,
while readily degrading at intracellular GSH concentrations. Moreover, this polymer
significantly outperformed a commonly used cationic polymer for gene delivery, 25 kDa
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branched PEI. At lower N:P ratios, the PAA2m-based polyplexes have significantly lower toxicity
than bPEI polyplexes, and superior transfection efficiency was observed at higher N:P ratios.
These results highlight the excellent potential of these polymers for gene therapy. Furthermore,
this approach – using steric hindrance to adjust the stability of bioreducible PAAs – may be
employed to optimize PAA stability for specific applications such as intra-tumoral gene delivery.
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Figure S1. Acid-base titration of the three PAA polymers and 25 kDa bPEI using 0.1 M NaOH.

Figure S2. Gel electrophoresis results of the polyplexes at different polymer/pDNA w/w ratios.
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Figure S3. Gel electrophoresis results of 50 w/w polyplexes treated with increasing heparin
concentration.

Table S1. Polyplex size, polydispersity index (PDI) and Zeta potential as determined by DLS.
Polyplex
PAA0m

PAA2m

PAA4m

N/P ratio
6.25
12.5
25
50
100
6.25
12.5
25
50
100
6.25
12.5
25
50
100

Z-average
size (nm)
53.4
53.5
43.4
44.3
60.1
74.9
60.0
52.3
60.8
82.3
51.9
44.0
41.8
41.0
49.1

PDI
0.111
0.126
0.192
0.222
0.135
0.177
0.176
0.305
0.420
0.380
0.105
0.154
0.157
0.166
0.167

Zeta potential
(mV)
23.0
24.6
21.3
22.5
24.3
34.5
34.9
36.3
34.2
31.0
23.5
23.1
22.8
25.9
29.5
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Figure S4. Cell viability and transfection efficiency of the PAA-based polyplexes on COS-7
cells in presence and absence of 10% serum. Asterisks indicate significant improvement relative
to 25 kDa bPEI, * p < 0.05, ** p < 0.01 and *** p < 0.001 (n=3).
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Figure S5. Viability of COS-7 cells after 1 h of transfection using PAA-based polyplexes and
GSH-containing serum-free medium (n=3). A w/w ratio of 25 (which exhibits reduced toxicity
compared to 50 w/w) was employed to ensure sufficient cells for analysis. Toxicity dependence
on GSH concentration was statistically analyzed using linear regression, no significant
dependence was found.
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