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Abstract: Intracellular processes, including endosomal escape and intracellular release, are 

efficiency-determining steps in achieving successful gene delivery. It has been found that the 

presence of acid-labile units in polymers can facilitate endosomal escape and that the presence of 

reducible units in polymers can lead to intracellular release. In this study, poly(amido amine)s with 

both bioreducible and acid-labile properties were synthesized to improve gene delivery compared 

with single-responsive carriers. Transfection and cytotoxicity were evaluated in three cell lines. 

The complexes of DNA with dual-responsive polymers showed higher gene transfection efficiency 

than single-responsive polymers and polyethylenimine. At the same time, these polymers were 

tens of times less cytotoxic than polyethylenimine. Therefore, a polymer that is both reducible 

and acid-labile is a promising material for efficient and biocompatible gene delivery.

Keywords: reducible, acid labile, gene delivery, dual-responsive, endosomal escape, 

intracellular release

Introduction
The development of a safe and efficient nonviral gene delivery system remains the 

greatest hurdle to overcome in developing successful gene therapy. Low transfection 

efficiency of nonviral gene delivery vectors results mainly from multiple extracellular 

and intracellular barriers.1,2 Among the intracellular barriers, endosomal escape has 

been considered one of the most significant.3 The endosomal and lysosomal compart-

ments are significantly acidic (pH 4.5–6.5)4 and contain many degrading enzymes. 

Polyplexes easily degrade in this environment, resulting in low gene transfection. High 

molecular weight branched polyethylenimine (PEI) shows high transfection efficiency 

due to its strong buffering capacity over a wide range of pH levels, known as the “proton 

sponge effect”.5 When PEI-based polyplexes are present in the endosome, protonation 

of amines leads to endosomal swelling and lysis, thus releasing the polyplexes into the 

cytoplasm. However, the high cytotoxicity and nondegradability of the branched PEI 

limit its practical application in clinical therapy.6 Recently, acid-labile PEI was prepared 

and used in gene delivery with facilitated endosomal escape and biocompatibility.7 

The results showed that acid-labile PEI can degrade quickly in a low pH environ-

ment, as in the endosome, facilitating efficient endosomal escape. Hydrolysis of the 

acid-labile group contributes to endosomal disruption by osmotic pressure because 

of an increased number of small molecules in the endosome. Furthermore, degrada-

tion of the polymers reduces the possibility of generating undesirable cytotoxicity.7,8 

This acid-labile polymer displays higher gene transfection and lower cytotoxicity, 

which makes it more suitable for gene delivery.9
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The other barrier is the efficient release of nucleic acids 

into the intracellular environment.10 Once they have escaped 

from the endosome, polyplexes need to unpack nucleic acids 

efficiently to release them into the nucleus or a suitable site 

near the nucleus. A successful strategy to increase intracel-

lular release is to introduce disulfide bonds into the polymer 

backbone. These disulfide bonds can be reduced by small redox 

molecules, such as glutathione and thioredoxin, either alone or 

with the help of redox enzymes.11 The intracellular reduction 

results in an enhanced release rate, leading to increased avail-

ability of free nucleic acids to initiate their biological action.11 

Disulfide bonds become an attractive option for gene delivery 

for two main reasons, ie, their relative extracellular stability 

and easy intracellular reversibility.12,13 To test this theory, 

a series of reducible poly(amido amine)s (PAAs) containing 

various amounts of disulfide bonds was designed.14 The results 

indicated that the introduction of disulfide bonds into the back-

bone of polymers enables fast intracellular fragmentation of the 

polymers, leading to facilitated gene unpacking and enhanced 

transfection efficiency. In addition, fast degradation of the 

reducible polymers leads to decreased cytotoxicity.15,16

It has been demonstrated that the presence of reducible15,17–20 

or acid-labile7,8,21–23 units in a polymer can enhance gene deliv-

ery separately; however, preparation of a reducible polymer 

with acid-labile properties has not been reported as yet. We 

hypothesize that the efficiency of gene delivery will be further 

enhanced by combining reducible and acid-labile properties 

in the same polymer. In this study, we synthesized dual redox 

and acid-responsive polymers. This study suggests that a dual 

reducible and acid-labile polymer would be a promising gene 

delivery carrier offering substantially improved gene delivery 

efficiency and biocompatibility.

Materials and methods
An acid-labile monomer, [1,1′-(2,2′-(propane-2,2-

diylbis(oxy)) bis(ethane-2,1-diyl))diurea] (KDA), 

hexmethylenebisacrylamide (HMBA),7 and N,N ′-
cystaminebisacrylamide (CBA)24 were synthesized according 

to previous reports, and the details are described separately 

in the Supplementary Information section. Ethidium bromide 

(Alfa Aesar Chemicals, Ward Hill, MA), dithiothreitol (DTT, 

Alfa Aesar Chemicals), 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT, Beijing Solarbio Science 

and Technology Co., Ltd, China), branched PEI (molecular 

weight 25,000, Sigma-Aldrich, St Louis, MO) and hexam-

ethylene diamine (HDA, Sinopharm Chemical Reagent Co, 

Ltd, Shanghai, China) were used as received. Plasmid DNA, 

gWiz™ high expression luciferase, and gWiz high expres-

sion green fluorescent protein were purchased from Aldevron 

(Fargo, ND). SM105 Polystyrene standards were purchased 

from Shodex (New York, NY).

Synthesis of dual-responsive PAAs
All PAAs were synthesized by Michael addition of amines 

(KDA and/or HAD) with acrylamides (CBA and/or HMBA).25 

Polymerization was conducted in vials containing a methanol/

water mixture (9/1, v/v) at 35°C for a period of 4 days. The 

reaction conditions and results are shown in Table 1. Typi-

cally, for the synthesis of DualR1, KDA (243 mg, 1.5 mmol, 

1.0 equivalent) was added into a solution of CBA (390 mg, 

1.5  mmol, 1.0 equivalent) in a methanol/water mixture 

(3.0 mL, 9/1, v/v). The reaction was allowed to proceed at 

35°C in an argon atmosphere for 4 days. The final polymer 

was obtained via precipitation in ethyl ether/acetone (1/1, 

v/v) and drying in a vacuum for 4 hours at room temperature. 

Characterization of the PAAs is summarized in Table 1.

Characterization of PAAs
1H nuclear magnetic resonance (NMR) spectra were 

performed on a Bruker AV 300 MH
Z
 spectrometer in 

d
6
-dimethylsulfoxide (DMSO). Molecular weights and 

molecular weight distributions were determined by gel 

Table 1 Synthesis and characterization of poly(amido amine)s

Polymers Monomers (equiv) Reaction 
time (h)

Ketal (mol %) Mn 
(GPC)

Mw/Mn

CBA HMBA KDA HDA In feed In polymer

NonR 0 1 0 1 48 0 0 24900 1.36
AcidR 0 0 1 1 96 0 0 16800 1.54
RedoxR 1 0 0 1 48 0 0 26800 1.50
DualRl 1 0 1 0 96 100 100 19000 1.83
DualR2 1 0 0.75 0.25 96 75 73 21700 1.70
DualR3 1 0 0.50 0.50 96 50 48 23200 1.72
DualR4 1 0 0.25 0.75 96 25 26 25400 1.57

Abbreviations: CBA, N,N′-cystaminebisacrylamide; HDA, hexamethylene diamine; HMBA, hexmethylenebisacrylamide; KDA, [1,1′-(2,2′-(propane-2,2-diylbis(oxy)) 
bis(ethane-2,1-diyl))diurea]; GPC, gel permeation chromatography; NonR, non-responsive; AcidR, acid responsive; RedoxR, redox responsive; DualR, dual responsive.
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permeation chromatography using a series of three linear 

Styragel columns. A Waters 1515 pump and Waters 2414 

differential refractive index detector were used (set at 35°C). 

Dimethylformamide was used as an eluent at a flow rate 

of 1.0  mL per minute, and polystyrene standards were 

used in the calibration of molecular weights and molecular 

distributions.

Hydrolysis of DualR1
DualR1 was first dissolved in d

6
-DMSO (100 mg/mL), and 

the solution was diluted using a deuterated phosphate buffer 

(pH 5.0 and pH 7.4) to a final concentration of 10 mg/mL. 

The solutions were transferred to NMR tubes and the spectra 

were taken at different time intervals. Samples were incu-

bated in a 37°C water bath between spectra acquisitions. The 

hydrolysis half-life of DualR1 was calculated by comparing 

the loss of the integral value of the ketal peak (1.34 ppm) 

with the integral value of the residual DMSO peak from 1H 

NMR spectroscopy using the Arrhenius equation.26

Ethidium bromide exclusion assay
The ability of the synthesized PAAs to condense plasmid 

DNA was confirmed by measuring the changes in DNA/

ethidium bromide fluorescence in the presence of PAAs at 

various N:P ratios. In brief, 50 µL DNA solution (20 µg/mL) 

was mixed with an equal amount of ethidium bromide 

solution (20 µg/mL) and incubated for 20 minutes. A PAA 

solution (10 µL) was added to the prepared DNA/ethidium 

bromide solution at different N:P ratios. Fluorescence was 

measured using a fluorescence microplate reader (Thermo 

Scientific Multiskan Flash, San Jose, CA) with λ
ex

 = 520 nm, 

λ
em

 = 610 nm, and a 5 nm slit width. The fluorescence of 

DNA/ethidium bromide solution was set to 100% and the 

background fluorescence was set to 0% using ethidium bro-

mide solution (1 µg/mL) alone.

Agarose gel electrophoresis assay
The ability of PAAs to release DNA from the polyplex in a 

low pH or reducing environment was evaluated by agarose 

gel electrophoresis assay. PAA solutions were mixed with 

0.4 µg DNA in water (5 µL in total) at an N:P ratio of 10. 

The polyplexes were vortexed for 10 seconds and incubated 

at room temperature for 10 minutes. The polyplexes were 

then further incubated for 4 hours in 100 mM acetate buffer 

(pH 5.0) or 10 mM HEPES buffer (pH 7.4),21 or 30 minutes 

with 10 mM DTT at 37°C. The complexes were loaded into 

a well on a 0.9% agarose gel. Electrophoresis was performed 

using Tris-acetate running buffer at 90 V for 50 minutes. 

DNA bands were visualized with ethidium bromide staining 

using a UVP ED3 imaging system.

MTT assay
The cytotoxicity of the PAAs was evaluated by MTT assay. 

HepG2, A549, and MDA-MB-468  cells were seeded into 

a 96-well plate at a density of 9000 per well in 100  µL 

Dulbecco’s modified Eagle’s medium (DMEM) contain-

ing 10% fetal bovine serum. After 24 hours, polymers in 

phosphate-buffered solution were added to each well at final 

concentrations ranging from 5  µg/mL to 100 µg/mL. The 

medium was removed after 24 hours and replaced with a 

mixture containing 150 µL of fresh DMEM and 20 µL MTT 

(5 mg/mL in phosphate-buffered solution). The cells were 

incubated for 4 hours, and the medium was replaced with 

200 µL of DMSO to dissolve the formazan crystal. The relative 

viability of the cells in each well was measured by ultraviolet 

absorbance at 493 nm. EC
50

 was calculated by online software 

ED
50

 and IC
50

 for Graded Response version 1.2 (http://chiryo.

phar.nagoya-cu.ac.jp/javastat/Graded50-e.htm).

Luciferase and green fluorescent protein 
transfection
HepG2, A549, and MDA-MB-468 cells were seeded into a 

96-well plate at a density of 8500 cells per well and incu-

bated for 24  hours. The medium was then replaced with 

50 µL of fresh fetal bovine serum-free DMEM. To prepare 

the polyplex, the polymer solution was added into plasmid 

DNA solutions at the desired N:P ratios and incubated for 

20 minutes. Mixtures of 100 µL fresh fetal bovine serum-free 

DMEM and 10 µL complexes containing 0.16 µg DNA at 

various N:P ratios were added into each well. After incubat-

ing for 4 hours, the medium containing the complexes was 

replaced with 200 µL DMEM containing 10% fetal bovine 

serum, and the cells were incubated for another 48 hours. 

For green fluorescent protein plasmid DNA transfection, 

the HepG2 cells were analyzed for green fluorescent pro-

tein expression with an inverted fluorescence microscope 

(Olympus BX52). Quantitative transfection efficiency was 

conducted by flow cytometry at an optimal PAA to DNA 

ratio determined by fluorescence microscopy. HepG2 cells 

were seeded into a 24-well plate at a density of 50,000 cells 

per well and incubated for 24  hours. The medium was 

then replaced with 200  µL fresh fetal bovine serum-free 

DMEM. Mixtures of 275 µL fresh fetal bovine serum-free 

DMEM and 25 µL complexes containing 0.5 µg DNA at 

their optimal N:P ratios were then added into each well. 

After incubating for 4  hours, the medium containing the 
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complexes was replaced with 500 µL of DMEM with 10% 

fetal bovine serum, and the cells were incubated for another 

48 hours. The cells were harvested by trypsinization, washed 

with phosphate-buffered solution twice, and resuspended in 

300 µL of phosphate-buffered solution (pH 7.4). Transfection 

efficiency was evaluated as the percentage of cells express-

ing green fluorescent protein using FACSCalibur (Becton 

Dickinson, San Jose, CA). Fluorescence parameters from 

1 × 104 cells were acquired and the transfection was car-

ried out in three separate, independent experiments. For 

the luciferase plasmid DNA expression experiment, the 

cells were washed with phosphate-buffered solution once. 

Cell lysate buffer (Promega, Madison, WI, 50 µL per well) 

was added, and the cells were thoroughly lysed through a 

onetime freezing-thawing treatment. Luciferase gene expres-

sion was quantified using a luciferase reported gene assay 

kit (Promega), and relative light units were measured with a 

Varioskan Flash (Thermo Scientific) by automatically add-

ing 100 µL of the luciferase assay buffer to 10 µL of cell 

lysate in each well. The protein content in the cell lysate 

was determined by the bicinchoninic acid protein assay kit 

(Beyotime Institute of Technology, Haimen, China) using 

a calibration curve constructed with standard bovine serum 

albumin solution (Beyotime Institute of Technology). 

Results were expressed in relative light units per milligram 

of cell protein. All experiments were performed in triplicate 

to ascertain their reproducibility.

Results and discussion
Synthesis and characterization of PAA
PAAs with different acid degradability were synthesized 

using a Michael addition reaction of amines (KDA and/or 

HDA) with acrylamides (CBA and/or HMBA) by varying the 

molar ratio (Figure 1). Based on previous findings,27 polymers 

with an almost linear structure were obtained via Michael 

addition of an equal molar ratio of KDA and/or HDA with 

CBA and/or HMBA at a low temperature. Polymerizations 

were carried out in methanol/water mixture at 35°C in an 

argon atmosphere for 4  days. The linear structure of the 

PAAs was confirmed by 13C NMR (Figures S7 and S8). 

Figure 2 shows the 1H NMR of the PAAs; the disappearance 

of the characteristic acrylamide peaks between 5 ppm and 

6.5 ppm in the final polymer product indicates complete 

conversion of the acrylamide groups. It was found that the 

molar ratio of KDA to HDA in the final PAAs was close to 

the molar ratio in the feed by the integral ratio of methylene 

protons of HDA at 1.30–1.45 ppm to methylene protons 

adjacent to the acrylamide groups of CBA at 2.12–2.26 ppm 

(Table 1). Thus, the acid degradability of the PAAs can be 

easily controlled by varying the content of ketal linkages in 
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Figure 1 Synthetic scheme of dual-responsive poly(amido amine)s.
Abbreviations: CBA, N,N′-cystaminebisacrylamide; HDA, hexamethylene diamine; HMBA, hexmethylenebisacrylamide; KDA, [1,1′-(2,2′-(propane-2,2-diylbis(oxy)) 
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the final polymers. The molecular weight and polydispersity 

index of the polymers were in the range of 16.8–26.8 kDa 

and 1.36–1.83, respectively (Table 1).

Synthesized PAAs have disulfide linkages in their backbone. 

These linkages are very sensitive to reducing agents, such as 

DTT and glutathione.15 To confirm reduction of the PAAs, 

DualR1 was selected and dissolved in dimethylformamide con-

taining 20 mM DTT for 30 minutes, after which the molecular 

weight was measured by gel permeation chromatography. It 

was found that DualR1 with a molecular weight of 19.0 kDa 

was reduced into fragments of ,500 Da after incubation with 

20 mM DTT for 30 minutes (Figure S9).

The hydrolysis kinetics of the ketal linkages in the PAAs 

at pH 5.0 (similar to endosomal pH) and pH of 7.4 (similar to 

physiological pH) were investigated by incubating DualR1 in 

deuterated phosphate buffer (pH 5.0 and pH 7.4) at 37°C for 

various periods of time. The hydrolysis rates and half-lives 

of the polymers were calculated by monitoring the disap-

pearance of the ketal linkage peaks via NMR spectroscopy 

and using the Arrhenius equation (Figure 3). As expected, 

the PAAs degraded faster at a pH of 5.0 than at a pH of 7.4 

because the hydrolysis rate of ketal is proportional to the 

hydronium ion concentration. The half-lives calculated at a 

pH of 5.0 and 7.4 were 3.0 hours and 19.6 hours, respectively, 

indicating the hydrolysis rate of the polymer at a pH of 5.0 is 

approximately seven times faster than at a pH of 7.4, which is 

similar to previous reports.21 It has been speculated that in the 
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0 500
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In
 (

A
/A
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1000 1500
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T1/2 = 3.0 hrs

Figure 3 Hydrolysis kinetics of DualR1 at pH of 5.0 and pH of 7.4.

acidic conditions of the endosome, hydrolysis of ketal bonds 

would induce endosomal destabilization through increased 

osmotic force and swollen polyplexes.21

Characterization of polymer/DNA 
complexes
The ability of the PAAs to condense DNA was studied 

using the ethidium bromide exclusion assay. As shown in 

Figure 4, all PAAs could condense DNA efficiently at an 

N:P ratio of 5. Among them, DualR1 showed the weakest 

DNA condensation capability. With the decrease in content 

of the ketal linkage in the polymer, the ability of DualRs to 

interact with DNA increases, showing that the hydrophobic 
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nature of relatively bulky dimethyl ketal linkages in polymers 

interferes with nucleic acid condensation, which can also be 

confirmed by agarose gel electrophoresis assay (Figure 4).

Dynamic light scattering showed that all PAAs, except 

DualR1, were able to condense DNA into nanosized particles 

(,200 nm) at and above an N:P ratio of 10 (Figure 5A). 

The particle size of the DualR1/DNA complexes was in 

the range of 135–208 nm, which is larger than that of other 

complexes. The size of the DualR/DNA complexes increased 

with increasing ketal linkage content in the polymers, which 

was very consistent with the results of the ethidium bromide 

exclusion assay. Zeta potential results revealed that all PAAs 

formed polyplexes with a positive charge at and above an N:P 

ratio of 10 (Figure 5B). However, the zeta potentials were 

gradually decreased with increasing ketal linkage content 

in the polymers, and a possible reason is that the C-O bond 

in the ketal linkage might shield the positive charges of the 

polymer/DNA complexes.

Dissociation of nucleic acids  
from polyplexes
Formation of nucleic acid/PAA polyplexes at an N:P ratio 

of 10 and the dissociation of nucleic acids from the poly-

plexes upon hydrolysis or reduction were demonstrated by 

agarose gel electrophoresis (Figure 6). No detectable disso-

ciation was observed at a pH of 7.4 even over 4 hours in all 

polymers. When the polyplexes were incubated in a buffer 

with a pH of 5.0, DNA was fully released from DualR1 

and partly from DualR2. At a pH of 5.0, DualR1 degraded 

into small cationic residues, which are unable to interact 

with DNA, so the DNA was released from the polyplexes. 

However, the DualR3 and DualR4/DNA complexes could 
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Figure 4 DNA condensation efficiency of various DNA/poly(amido amine) polyplexes at different N/P ratios.
Abbreviations: NonR, non-responsive; AcidR, acid responsive; RedoxR, redox responsive; DualR, dual responsive.
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not release DNA under the same conditions. These two 

polymers contain less than 50% ketal linkage, leading 

the polymer to degrade into fragments during hydrolysis; 

however, these fragments are still large enough to maintain 

DNA in its condensed state. For the reducing experiment, 

complexes with RedoxR, DualR1-4 are expected to be able 

to be cleaved into small chains and release DNA from the 
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Table 2 Cytotoxicity of poly(amido amine)s in three cell lines

Polymers IC50 (μg/mL)

HePG2 A549 MDA-MB-468

PEI   12.3 ± 9.7   10.2 ± 11.6     7.8 ± 6.7
NonR   27.9 ± 5.5   20.2 ± 7.6     9.2 ± 6.6
AcidR 227.4 ± 39.9 190.4 ± 90.2 116.2 ± 55.2
RedoxR   93.2 ± 13.6   42.6 ± 26.8   75.3 ± 30.4
DualR1 618.3 ± 499.5 492.0 ± 210.0 292.3 ± 82.9
DualR2 310.9 ± 74.3 319.0 ± 49.3 176.5 ± 70.7
DualR3 199.1 ± 54.2 161.4 ± 82.6 159.0 ± 77.2
DualR4 131.6 ± 23.8   93.5 ± 56.4 126.3 ± 79.0

Abbreviation: PEI, polyethylenimine.

polyplexes because they all contain disulfide bonds. As seen 

in Figure 6, when the polyplexes with RedoxR or DualRs 

were incubated with 10 mM DTT for 30 minutes, all DNA 

was fully released from the polyplexes.

Although the amount of DNA released from the poly-

plexes with DualR3 and DualR4 was not significant in an 

environment of pH 5.0, the low pH actually induced breakage 

of these two polymers despite the fact that this change was not 

strong enough to release the DNA. This characteristic may 

actually benefit transfection efficiency, because the premature 

release of DNA into an acidic environment, such as that of the 

endosome/lysosome, can lead to degradation of DNA. The 

optimum content of ketal bonds in a polymer should be one in 

which cleavage of the ketal bonds can facilitate endosomal 

escape without inducing DNA release. This speculation was 

confirmed in the subsequent transfection study.

In vitro cytotoxicity and transfection
Polycation toxicity is one of the most important issues for 

development of a successful gene delivery system. The 

cytotoxicity of PAAs was investigated in HePG2, A549, and 

MDA-MB-468 cells by MTT assay. The IC
50

 values are listed 

in Table 2. The higher the IC
50

, the lower the cytotoxicity. 

The nonresponsive polymer (NonR) had cytotoxicity similar 

to that of PEI. As expected, all responsive polymers showed 

lower cytotoxicity than that of 25 kDa PEI. The reducible 

bond not only enhances intracellular release, but also reduces 

cytotoxicity. Similarly, the presence of the acid-labile bond 

in the polymer not only enhanced endosomal escape but 

also reduces cytotoxicity. The cytotoxicity of the polymer 

decreased as the acid-labile bond in the polymer increased. 

DualR1 demonstrated the highest IC
50

 in the three different 

cell lines, indicating that it had the least cytotoxicity. These 

results demonstrate that dual-responsive polymers have the 

least cytotoxicity when compared with the nonresponsive, 

and single-responsive polymers and PEI.

The luciferase transfection results in HePG2  cells 

(Figure 7) show that DualR3 and DualR4 have a transfection 

efficiency comparable with that of PEI. The PEI/DNA com-

plex with an N:P ratio of 10 has an optimizing transfection of 

6.90 × 108 relative light units per mg protein.28–30 DualR1 has 

a maximal transfection of 5.28 × 104 relative light units per 

mg protein when complexed with DNA at an N:P ratio of 40, 

and RedoxR has a maximal transfection of 2.52 × 108 relative 

light units per mg protein when complexed with DNA at an 
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Figure 7 Luciferase expression of DNA/poly(amido amine) complexes in HePG2 
cells.
Abbreviations: PEI, polyethylenimine; RLU, relative light units.
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N:P ratio of 40. DualR3 and DualR4 have a maximal transfec-

tion of 1.23 × 109 and 8.96 × 108 relative light units per mg 

protein, which is higher than the optimum transfection by PEI. 

The AcidR (acid-labile) polymer has a low level of cytotoxic-

ity, but it also has a very low level of gene transfection ability. 

The DualRs, with a maximizing and minimizing content of 

acid-labile bonds, cannot achieve maximum transfection. The 

highest gene expression was observed at an optimizing amount 

of acid-labile content, ie, DualR3. We also confirmed that 

the DNA complex with DualR3 attained highest transfection 

in the A549 and MDA-MB-468 cells (Figures S10 and S11) 

among the tested polymers. This result was further confirmed 

by fluorescent microscopy (Figure  8) and flow cytometry 

(Figure 9) in the green fluorescent protein gene expression 

study. At a different N:P ratio, DualR3 has brighter green 

fluorescent protein expression than DualR1, DualR2, DualR4, 

or RedoxR. Among all the tested polymers, DualR3, which has 

an intermediate amount of acid-labile content, had the highest 

transfection ability for the luciferase and green fluorescent 

protein plasmid DNA, and the least cytotoxicity.

It is obvious that there should be minimal endosomal 

escaping ability if there is no acid-labile bond, such as 

RedoxR. At the same time, if there is an overabundance 

of acid-labile bonds, such as DualR1, in the polymer, the 

polyplex will be unstable. As a result, the unstable polyplex 

prematurely releases plasmid DNA in the endosome and 

hinders gene expression. In conclusion, maximum gene 

expression can be acquired in the presence of an optimizing 

amount of acid-labile bonds. This is because the best time 

point to release the DNA is the moment after endosomal 

escape. It is obvious that the amount of acid-labile bonds 

for optimized transfection is limited in a linear copolymer 

with reducible and acid-labile bonds. Therefore, our future 

work will involve synthesizing a brush polymer with the 

reducible bond on the main chain and the acid-labile bond 

10
N:P

DualR1 DualR2 DualR3 DualR4 RedoxR PEI

20

30

40

Figure 8 Fluorescence microscopy of green fluorescent protein transfection of 
DNA/poly(amido amine) polyplexes.
Abbreviation: PEI, polyethylenimine.
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Figure 9 Green fluorescent protein expression of DNA/PAA polyplexes on flow 
cytometry.
Abbreviations: PAA, poly(amido amine)s; PEI, polyethylenimine.

on the side chain. In this way, hydrolysis of the side chain 

should not affect the molecular weight of the dual-responsive 

brush polymer. After endosomal escape, the intracellular 

environment will ensure full degradation of the main chain 

of the polymer and release of nucleic acids.

Conclusion
In this study, pH-sensitive and reduction-responsive PAAs 

were synthesized for gene delivery. To our knowledge, this is 

the first synthesized polymer with bioreducible and acid-labile 

properties. Using this dual-responsive polymer, we achieved 

significant gene transfection ability, which was higher than 

for nonresponsive or single-responsive polymers. At the same 

time, the presence of biodegradable bonds in the polymer 

was associated with less cytotoxicity in comparison with the 

nondegradable polymers, including PEI. Although the cur-

rent vector is easy to disassemble in the systemic circulation, 

the principle described in the current research can be utilized 

to design novel, potentially serum-resistant gene delivery 

vectors. Overall, this novel, dual-responsive, gene delivery 

system represents an innovative approach for gene delivery of 

plasmid DNA, and its enhanced ability for endosomal escape 

and cytoplasmic release should be suitable for the delivery of 

other nucleic acids, such as siRNA.
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Supplementary information  
on synthesis of PAAs
Materials
Pyridinium p-toluene sulfonate (98%), ethyl trifluoroacetate 

(99%), and 2-methoxypropene (95%) were purchased from 

Alfa Aesar Chemicals. 2-Aminoethanol (99%) and molecu-

lar sieves (5 Å) were purchased from Sinopharm Chemical 

Reagent Co, Ltd. Cystamine dihydrochloride (98%) was 

obtained from Changzhou Furong Chemical Co, Ltd. Acryloyl 

chloride was purified by distillation under reduced pressure. 

Tetrahydrofuran was dried over molecular sieves (5 Å).

Synthesis of KDA
Synthesis of compound 1 2, 2, 2-Trifluoro-N- 
(2-hydroxyethyl) acetamide
2-Aminoethanol (8.0  g, 130.96  mmol, 1.0 equivalent), 

triethylamine (19.88 g, 196.46 mmol, 1.5 equivalent), and 

ethyl trifluoroacetate (22.32 g, 157.18 mmol, 1.2 equivalent) 

were added into a flask containing 400 mL methanol under 

stirring and the reaction was processed at 25°C for 30 hours. 

The solvent was then evaporated, and the residue was dis-

solved in 30 mL of water and extracted with 3 × 100 mL 

ethyl acetate. The crude product was purified by silica gel 

column chromatography using ethyl acetate as the eluent 

(see Figures S1 and S2).

Synthesis of compound 2 N, N′-(2, 2′-(Propane-2, 
2-diylbis(oxy))bis (ethane-2,1-diyl)) bis(2, 2, 2- 
trifluoroacetamide)
Pyridinium p-toluene sulfonate (0.61  g, 2.42  mmol, 

0.1 equivalent) and compound 1 (9.50 g, 60.51 mmol, 2.5 

equivalent) were added into a flask and dissolved in 180 mL 

of tetrahydrofuran. Molecular sieves (50 g) were added and 

the mixture was stirred for 10 minutes. 2-Methoxypropene 

(1.75 g, 24.20 mmol, 1 equivalent) was added, and the mix-

ture was sealed and stirred for 24 hours at 10°C to avoid loss 

of the highly volatile 2-methoxypropene. The mixture was 

then stirred at room temperature for another 24 hours. The 

molecular sieves were removed by filtration, and the solvent 

was evaporated. The crude product was purified by silica gel 

chromatography using 8:1 hexane/ethyl acetate, 4:1 hexane/

ethyl acetate, and finally 2:1 hexane:ethyl acetate containing 

1% (v/v) triethylamine as the eluent (see Figure S3).

Synthesis of KDA
First, compound 2 (4.12 g, 11.64 mmol) was deprotected in 

6 M NaOH (30 mL) under stirring for 4 hours. The prod-

uct was then extracted with 5  ×  100  mL CH
2
Cl

2
 and the 

combined organic fraction was evaporated, resulting in an 

amber-colored oil (see Figure S4).

Synthesis of CBA
Cystamine dihydrochloride (5.8 g, 25 mmol) was dissolved 

in 50 mL of water in a 250 mL flask. An aqueous solution 

of NaOH (10 mL, 10 M) and a solution of acryloyl chloride 

(4.7 g, 50 mmol) in 5 mL of dichloromethane were added 

dropwise at the same time under stirring at 0°C. The reaction 

was performed over 3 hours at room temperature until the 

addition was complete. The product was obtained by filtration 

and crystallization from ethyl acetate (see Figure S5).

Synthesis of HMBA
1,6-Diaminohexane (2.9 g, 0.025 mol, 1.0 equivalent) was 

dissolved in 30 mL of water after the solution temperature 

was decreased down to 0°C–5°C under stirring. An acryloyl 

chloride dichloromethane solution (4.62 g, 0.05 mol, 5 mL) 

and an aqueous NaOH solution (4 g, 0.05 mol, 10 mL) were 

added dropwise simultaneously under stirring over a total 

time span of 20 minutes. After the addition was complete, 

the reaction mixture was stirred at room temperature for at 

least 2 hours. The product was obtain by filtration and washed 

three times with water (see Figure S6).

Synthesis of branched PAA
As a control, PAA containing branched units was synthe-

sized by Michael addition of HDA with CBA at a higher 

temperature. HDA (174  mg, 1.5  mmol, 1.0 equivalent) 

was added into a solution of CBA (390  mg, 1.5  mmol, 

1.0 equivalent) in a methanol/water mixture (3.0 mL, 9/1, 

v/v). The reaction was allowed to proceed at 55°C in an argon 

atmosphere for 2 days. The final polymer was obtained via 

precipitation of ethyl ether/acetone (1/1, v/v) and drying 

under vacuum for 4 hours at room temperature.
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Figure S11 Luciferase expression in DNA/poly(amido amine) polyplexes for MDA-
MB-468 cells.
Abbreviations: PEI, polyethylenimine; RLU, relative light units.
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