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Abstract

Gene therapy holds great promise for the treatment of many diseases, but clinical translation of 

gene therapies has been slowed by the lack of safe and efficient gene delivery systems. Here, we 

report two versatile redox-responsive polyplexes (i.e., crosslinked and non-crosslinked) capable of 

efficiently delivering a variety of negatively charged payloads including plasmid DNA (DNA), 

messenger RNA (mRNA), Cas9/gRNA ribonucleoprotein (RNP), and RNP-donor DNA complexes 

(S1mplex) without any detectable cytotoxicity. The key component of both types of polyplexes is a 

cationic poly(N,N’-bis(acryloyl)cystamine-co-triethylenetetramine) (p(BAC-TET)) polymer (a 

type of poly(N,N’-bis(acryloyl)cystamine-poly(aminoalkyl)) (PBAP) polymer) containing 

disulfide bonds in the backbone and bearing imidazole groups. This composition enables efficient 

encapsulation, cellular uptake, controlled endo/lysosomal escape, and cytosolic unpacking of 

negatively-charged payloads. To further enhance the stability of non-crosslinked PBAP polyplexes, 

adamantane (AD) and β-cyclodextrin (β-CD) were conjugated to the PBAP-based polymers. The 

crosslinked PBAP (CLPBAP) polyplexes formed by host–guest interaction between β-CD and AD 

were more stable than non-crosslinked PBAP polyplexes in the presence of polyanionic polymers 

such as serum albumin, suggesting enhanced stability in physiological conditions. Both 

crosslinked and non-crosslinked polyplexes demonstrated either similar or better transfection and 
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genome editing efficiencies, and significantly better biocompatibility than Lipofectamine 2000, a 

commercially available state-of-the-art transfection agent that exhibits cytotoxicity.

GRAPHICAL ABSTRACT
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INTRODUCTION

Gene therapy has tremendous therapeutic potential to prevent and treat a wide range of 

pathological conditions over the last two decades 1. However, clinical translation has limited 

due to various technical barriers, particularly, the lack of safe and efficient gene delivery 

systems 1–2. Both plasmid DNA (DNA) and messenger RNA (mRNA) have been widely 

investigated for gene therapy 1, 3, and can be used to express functional proteins 2, 4–5. To 

function, mRNA needs to reach the cytosol of the target cell, while DNA usually 

translocates to the cell nucleus for transgene expression. Both DNA and mRNA can result in 

relatively safe and rapid protein production for disease treatment 2, 4, 6. However, due to 

their relatively large sizes and high negative charge densities, naked DNA and mRNA 

exhibit low cellular uptake efficiency 7–9. Furthermore, naked plasmid DNA and mRNA are 

also susceptible to chemical and/or enzymatic degradation 1, 10–12. Similar issues are 

encountered when payloads encode or contain genome editors. The clustered regularly 

interspaced short palindromic repeat (CRISPR)-Cas9 system constitute a powerful class of 

genome editors 13–14. The Cas9/sgRNA ribonucleoprotein (RNP) can edit a target gene with 

high efficiency and specificity 13–15. Moreover, the combination of a RNP with a single-

stranded oligonucleotide DNA (ssODN) donor template (i.e., RNP-ssODN complex, for 

example, the recently reported S1mplex 16) can achieve precise genome editing to 

incorporate exogenous sequences from the ssODN template. However, safe and efficient 

delivery of RNP and S1mplex remains a significant challenge for their potential application 

owing to their relatively large and complex structures 17–18. Similar to plasmid DNA and 

mRNA, unpackaged RNP and S1mplex are also susceptible to chemical degradation. 

Furthermore, in comparison to DNA and mRNA delivery, the delivery of protein/nucleic 
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acid complexes such as RNP and S1mplex is more challenging due to their mixed charges 

(e.g., positively charged Cas9 protein and negatively charged sgRNA and ssODN) and more 

sophisticated structures 19–20. Therefore, judiciously designed delivery systems for these 

genetic materials (e.g., DNA, mRNA, RNP, and S1mplex) are essential to achieve high 

transfection or genome editing efficiencies.

Viral vectors have been employed to deliver both nucleic acids and the CRISPR gene editing 

system, however, the application of viral vectors is limited due to their potential 

immunogenicity, carcinogenesis, broad tropism, poor reproducibility and high cost 1, 21–22. 

Non-viral nanovectors, including lipid-based 19, 23–25 nanoparticles (NPs), cationic polymer-

based NPs 5, 26–28 and functionalized inorganic NPs 29–31 have also been actively 

investigated for the delivery of nucleic acids and gene editing agents. However, current state-

of-the-art non-viral nanovectors often have lower transfection efficiencies than viral vectors, 

and non-viral nanovectors also face other challenges including insufficient in vivo stability 
32–33.

Due to their chemical versatility, high reproducibility, low immunogenicity, and low cost, 

cationic polymer-based nanovectors offer a promising approach for gene therapy. Cationic 

polymers can interact with negatively charged genetic materials via electrostatic charge to 

form polyplexes. Desirable gene delivery nanovectors should not only protect payloads from 

chemical degradation, but also chaperone the payloads to the desired subcellular space (e.g., 

nucleus for DNA, Cas9 RNP, and RNP-repair template complex; cytosol for mRNA) of the 

target cells 16. This requires the nanovectors to overcome critical extracellular and 

intracellular barriers while maintaining biocompatibility. For instance, an ideal nanovector 

for systemic delivery must be stable during circulation in the bloodstream. In fact, 

insufficient in vivo stability of nanovectors, including polyplexes and lipoplexes, in the 

presence of polyanions (e.g., serum albumin and heparin) is one of the major stumbling 

blocks for their in vivo application 32–33. The nanovectors also need to be efficiently taken 

up by the target cells, followed by efficient endo/lysosomal escape and rapid release of the 

payloads in the desired subcellular location. Besides insufficient stability under 

physiological conditions, common polyplexes also exhibit relatively high positive zeta 

potential and cytotoxicity due to the use of cationic polymers, which hinders their clinical 

application. Only a few reports have used polyplexes for the nonviral delivery of Cas9 RNP 

and other RNP complexes 1, 34.

Here we report two (i.e., crosslinked vs. non-crosslinked) bioreducible nanovectors made of 

a family of cationic poly(N,N’-bis(acryloyl)cystamine-co-triethylenetetramine) (p(BAC-

TET)) based polymers (a type of poly(N,N’-bis(acryloyl)cystamine-poly(aminoalkyl)) 

(PBAP) polymer) that are capable of delivering DNA, mRNA, Cas9 RNP, and S1mplex with 

high transfection efficiency and low cytotoxicity (Figure 1). These PBAP-based polymers 

contain redox-responsive disulfide bonds in their main chain for the rapid release of 

payloads in the cytosol. They also bear imidazole groups that enable rapid endo/lysosomal 

escape. The non-crosslinked PBAP polyplexes were formed by mixing the payloads with 

PBAP first and then PEG (polyethylene glycol)–PBAP–PEG (Figure 1(C)). PEGylation can 

shield the positive surface charge, reduce cytotoxicity, allow for versatile ligand 

conjugations when desirable, and potentially enhance the stability and circulation time of the 
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polyplexes in vivo 35. The crosslinked PBAP (i.e., CLPBAP) polyplexes were formed by 

first mixing the payloads with a mixture of PBAP bearing adamantane (AD) and PBAP 

bearing β-cyclodextrin (β-CD), followed by mixing with PEG–PBAP–PEG bearing AD 

(Figure 1 (A) and (B)). The host-guest interaction between β-CD and AD greatly enhanced 

the stability of the polyplexes against polyanions, which could be advantageous for both in 
vitro and in vivo applications.

MATERIALS AND METHODS

Materials

Triethylenetetramine (TET), triethylamine (TEA), carboxymethyl-β-cyclodextrin sodium 

salt (β-CD, degree of carboxyl substitution = 3), 4-imidazolecarboxylic acid, N,N’-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), L-glutathione (reduced, 

GSH) and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) were 

purchased from Sigma-Aldrich (USA). Ethyl trifluoroacetate, N,N’-bis(acryloyl)cystamine 

(BAC), and 1-adamantanecarboxylic acid (AD) were purchased from TCI America (USA). 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was purchased from Acros (USA). 

A poly(ethylene glycol) (PEG) derivative, H2N-PEG-OCH3 (Mw = 5000 Da), was 

purchased from JenKem Technology (USA). The nuclear localization signal (NLS) peptide 

(sequence: PKKKKRKV) was purchased from Abi Scientific (USA). Bovine serum albumin 

(BSA) was purchased from Fisher (USA). NLS-tagged Cas9 protein (sNLS–Cas9–sNLS) 

was purchased from Aldevron (USA).

Synthesis of N,N’-[1,2-ethanediylbis(imino-2,1-ethanediyl)]bis[2,2,2-trifluoroacetamide] 
(Compound 1)

Ethyl trifluoroacetate was used to protect the primary amines in TET. TET (219 mg, 1.5 

mmol, 1 equiv.) and TEA (455 mg, 4.5 mmol, 3 equiv.) were dissolved in 30 ml of methanol. 

Ethyl trifluoroacetate (532 mg, 3.75 mmol, 2.5 equiv.) dissolved in 20 ml of methanol was 

added dropwise to the mixture and stirred at 20 °C. After 24 h, the solvent was evaporated, 

and the mixture was purified by silica gel flash chromatography using an eluent of 1:1 v/v 

ethyl acetate and methanol to yield the product as a white solid (406 mg, 80 % yield). 1H 

NMR (400 MHz, DMSO-d6): δ 2.56 (s, 4H, 

CF3CONHCH2CH2NHCH2CH2NHCH2CH2NHCOCF3); δ 2.63 (t, 4H, 

CF3CONHCH2CH2NHCH2CH2NHCH2CH2NHCOCF3); δ 3.24 (t, 4H, 

CF3CONHCH2CH2NHCH2CH2NHCH2CH2NHCOCF3).

Synthesis of poly(N,N’-bis(acryloyl)cystamine-co-triethylenetetramine) (p(BAC-TET))

p(BAC-TET) was synthesized via a Michael addition reaction between Compound 1 and 

N,N’-bis(acryloyl)cystamine (BAC). BAC (28.6 mg, 0.11 mmol) and Compound 1 (33.8 

mg, 0.1 mmol) were dissolved in DMF and reacted at a 1.1:1 molar ratio at 90 °C for 96 h. 

Polymers were then precipitated in cold ether three times to remove any unreacted species 

and dried under vacuum. The precipitate was then dissolved in 1 M NaOH and stirred for 2 h 

to deprotect the trifluoroacetate groups. Then the polymer solution was neutralized by 1 M 

HCl and purified by dialysis against deionized (DI) water (molecular weight cut-off 

(MWCO): 2 kDa). The final p(BAC-TET) product was obtained after lyophilization. 1H 

Wang et al. Page 4

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NMR (400 MHz, DMSO-d6): δ 2.15–2.40 (m, 68 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 2.52–2.96 (m, 100 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)-

CH2CH2CONHCH2CH2S); δ 3.20–3.46 (m, 70 H, SCH2CH2NHCOCH2CH2-

(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH2CH2S); δ 5.55 (dd, 2 H, 

CH1H2=CH-CONH-, terminal acryloyl group); δ 6.03 (dd, 2 H, CH1H2=CH-CONH-, 

terminal acryloyl group); δ 6.11 (dd, 2 H, CH1H2=CH-CONH-,terminal acryloyl group).

Synthesis of PEG–p(BAC-TET) –PEG

PEG was conjugated to the terminals of p(BAC-TET) by Michael addition. p(BAC-TET) (15 

mg, 0.0018 mmol) with protected primary amines and mPEG-NH2 (22 mg, 0.0044 mmol) 

were dissolved in anhydrous DMF and stirred at 50 °C for 24 h. Then the polymers were 

precipitated in cold ether three times to remove any unreacted species and vacuum dried. 

The precipitate was dissolved in 1 M NaOH and stirred for 2 h to deprotect the 

trifluoroacetate groups 36. The final PEG–p(BAC-TET)–PEG polymer solution was purified 

by dialysis against deionized(DI) water (molecular weight cut-off: 8 kDa) followed by 

lyophilization. 1H NMR (400 MHz, D2O): δ 2.67–2.79 (m, 36 H, 

SCH2CH2NHCOCH2CH2-

(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH2CH2S); δ 3.01–3,10 (m, 34 

H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 3.15–3.28 (m, 100 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2) 

CH2CH2CONHCH2CH2S); δ 3.35–3.55 (m, 70 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 3.60 (s, 900 H, CH2CH2O-, PEG).

Synthesis of p(BAC-TET-Im/AD) and PEG–p(BAC-TET-Im/AD) –PEG

Imidazole and adamantane (AD) groups were conjugated to either p(BAC-TET) or PEG–

p(BAC-TET) –PEG by DCC/NHS catalyzed amidation. The feed molar ratio of p(BAC-

TET) (or PEG–p(BAC-TET) –PEG : Im was controlled as 1:4, while the feed ratio of 

p(BAC-TET) (or PEG–p(BAC-TET) –PEG) : AD was 1:5. Typically, p(BAC-TET) or PEG-

p(BAC-TET)-PEG (0.0011 mmol), 4-imidazolecarboxylic acid (0.5 mg, 0.0044 mmol), 1-

adamantanecarboxylic acid (1 mg, 0.0055 mmol), DCC (2.1 mg, 0.01 mmol), and NHS 

(1.2mg, 0.01 mmol) were dissolved in 4 ml of anhydrous DMSO and stirred at room 

temperature. After 24 h, the mixture was filtered through a Büchner funnel to remove the 

byproduct dicyclohexylurea and dialyzed against DI water (MWCO 8 kDa). PEG– p(BAC-

TET-Im) –PEG for non-crosslinked polyplex was synthesized with the same PEG– p(BAC-

TET) –PEG: Im feed ratio without 1-adamantanecarboxylic acid addition. 1H NMR: p(BAC-

TET-Im/AD) (400 MHz, DMSO-d6): δ 1.61–1.81 (d, 64 CHCH2, adamantane); δ 2.14–2.43 

(m, 68 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 2.55–2.92 (m, 108 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH
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2CH2S); δ 3.21–3.46 (m, 70 H, SCH2CH2NHCOCH2CH2-

(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)-CH2CH2CONHCH2CH2S); δ 5.55 (dd, 2 H, 

CH1H2=CH-CONH-, terminal acryloyl group); δ 6.03 (dd, 2 H, CH1H2=CH-CONH-, 

terminal acryloyl group); δ 6.11 (dd, 2 H, CH1H2=CH-CONH-,terminal acryloyl group). δ 
7.82–8.32 (m, 7 H, imidazole). PEG-p(BAC-TET-Im/AD)-PEG (400 MHz, D2O): δ 1.60–

1.81 (d, 63 CHCH2, adamantane); δ 2.65–2.80 (m, 36 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 3.01–3.10 (m, 40 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 3.15–3.28 (m, 100 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2) 

CH2CH2CONHCH2CH2S); δ 3.35–3.55 (m, 70 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 3.60 (s, 900 H, CH2CH2O-, PEG); δ 7.82–8.22 (m, 7 H, imidazole).

Synthesis of p(BAC-TET-Im/β-CD)

Imidazole and β-CD groups were conjugated to p(BAC-TET) by EDC/NHS catalyzed 

amidation in water. The feed molar ratio of p(BAC-TET): Im and p(BAC-TET): β-CD were 

both controlled at 1:4. p(BAC-TET) (9.4 mg, 0.0011 mmol), 4-imidazolecarboxylic acid 

(0.5mg, 0.0044 mmol), β-CD (4.5 mg, 0.004 mmol), EDC (1.6 mg, 0.01 mmol), and NHS 

(1.2 mg, 0.01 mmol) were dissolved in 4 ml of DI water and stirred at room temperature for 

24 h. The final product was obtained by dialysis against DI water (MWCO 8 kDa). p(BAC-

TET-Im) for the non-crosslinked polyplex was synthesized with the same p(BAC-TET)):Im 

feed ratio without β-CD addition. 1H NMR: (400 MHz, DMSO-d6): δ 2.14–2.43 (m, 68 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 2.58–2.92 (m, 103 H, 

SCH2CH2NHCOCH2CH2(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)CH2CH2CONHCH

2CH2S); δ 3.21–3.70 (m, 200 H, SCH2CH2NHCOCH2CH2-

(NH2CH2CH2)NCH2CH2N(CH2CH2NH2)-CH2CH2CONHCH2CH2 S and β-CD); δ 5.55 

(dd, 2 H, CH1H2=CH-CONH-, terminal acryloyl group); δ 6.03 (dd, 2 H, CH1H2=CH-

CONH-, terminal acryloyl group); δ 6.11 (dd, 2 H, CH1H2=CH-CONH-,terminal acryloyl 

group). δ 7.62–8.22 (m, 7 H, imidazole).

Characterization

The chemical structures of the polymers were analyzed by 1H-NMR spectroscopy. The 

molecular weights of the PBAP polymers were studied by gel permeation chromatography 

(GPC) system equipped with a refractive index detector, a viscometer detector, and a light 

scattering detector (Viscotek, USA). The hydrodynamic diameter and zeta potential of the 

polyplexes were characterized by a dynamic light scattering (DLS) spectrometer (Malvern 

Zetasizer Nano ZS) at a 90° detection angle with a polyplex concentration of 0.1 mg/ml. 

Polyplex morphologies were characterized by transmission electron microscopy (TEM, 

Philips CM200 Ultra Twin).
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Preparation of the Non-Crosslinked and Crosslinked Polyplexes with Various Nucleic 
Acids and CRIPR-Cas9 Genome Editing Machinery

Polymer/payload polyplexes at various weight ratios were prepared using a two-step 

method. To form the non-crosslinked PBAP polyplexes, a sodium acetate buffer (NaOAc, 25 

mM, pH 5.5) solution of p(BAC-TET-Im) polymer (5 mg/ml) was added to a payload 

solution (0.5 mg/ml) with varying p(BAC-TET-Im)-to-payload weight ratios. Sodium acetate 

buffer (NaOAc, 25 mM, pH 5.5) was then added to adjust the payload concentration to 50 

μg/ml. The mixture was vortexed for 15 s and incubated for 30 min at room temperature to 

form the primary polyplexes. Then a sodium acetate buffer (NaOAc, 25 mM, pH 5.5) 

solution of PEG–p(BAC-TET-Im) –PEG polymer (5 mg/ml) and sodium acetate buffer 

(NaOAc, 25 mM, pH 5.5) were added to the primary polyplex solution to keep the payload 

concentration at 25 μg/ml. The mixture was vortexed (15 s) and incubated (30 min) at room 

temperature to obtain the final non-crosslinked PBAP polyplexes. To form the crosslinked 

PBAP (i.e., CLPBAP) polyplexes, sodium acetate buffer (NaOAc, 25 mM, pH 5.5) solutions 

of p(BAC-TET-Im/β-CD) and p(BAC-TET-Im/AD) polymers (5 mg/ml) were added to a 

payload solution (0.5 mg/ml) with a pre-determined molar ratio of β-CD and AD as well as 

sodium acetate buffer (NaOAc, 25 mM, pH 5.5) to adjust the payload concentration to 50 

μg/ml, followed by vortexing (15 s) and incubation (30 min) at room temperature to obtain 

the primary crosslinked polyplexes. Then PEG–p(BAC-TET-Im/AD) –PEG polymer 

solution (5 mg/ml) and sodium acetate buffer (NaOAc, 25 mM, pH 5.5) were added to the 

primary crosslinked polyplex solution to adjust the final payload concentration to 25 μg/ml, 

followed by vortexing (15 s) and incubation (30 min) at room temperature to obtain the final 

CLPBAP polyplexes. To complex DNA with NLS, DNA (0.5 mg/ml) was incubated with an 

NLS solution (1 mg/ml in NaOAc buffer) at an N/P ratio of 0.25 (the ratio of moles of the 

amine groups of NLS to those of the phosphate groups of DNA) for 20 min, then formed 

polyplexes with PBAP polymers.

To study the stability of DNA polyplexes in the presence of different polyanions including 

albumin, non-crosslinked and crosslinked DNA polyplexes were prepared and incubated 

under different conditions (i.e., cell culture medium containing 10 % FBS, and 40 mg/ml 

BSA solution in PBS. The size change of non-crosslinked and crosslinked DNA polyplexes 

over time was studied by DLS.

Cell Culture

Cells were cultured in a humidified cell culture incubator (Thermo Fisher, USA) at 37°C 

with 5% carbon dioxide. HEK 293 cells (a human embryonic kidney cell line) and RAW 

264.7 cells (a mouse monocyte cell line) were purchased from ATCC (USA) and cultured 

with DMEM medium (Gibco, USA) with 10% (v/v) Fetal Bovine Serum (FBS, Gibco, 

USA) and 1% (v/v) Penicillin-Streptomycin (Gibco, USA). HCT 116 cells (a human colon 

cancer cell line) were cultured with 89% McCoy’s 5A medium, 10% FBS, and 1% penicillin

−streptomycin. NHDF (normal human dermal fibroblast) cells were cultured with Fibroblast 

Growth Medium (Sigma-Aldrich, USA).
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DNA Transfection Efficiency Study

Twenty-four hour prior to treatment, HEK 293 and HCT116 cells were seeded onto a 96 

well plate at the amount of 20,000 per well, NHDF cells were seeded onto a 96 well plate at 

the amount of 10,000 per well. The cell culture medium volume was 100 μl/well. Cells were 

transfected with green fluorescence protein (GFP) plasmid (Addgene #40259, USA, 200 ng/

well) using Lipofectamine™ 2000 (Lipo 2000, Thermo Fisher, USA) loaded with DNA, 

non-crosslinked PBAP polyplexes with different polymer/DNA weight ratios, and 

crosslinked CLPBAP polyplexes with different AD:β-CD molar ratios (4:2, 4:3, 4:4, 4:5 and 

4:6). An untreated group was used as the control group. DNA was also transfected using 

Lipo 2000 following the manufacturer’s instructions, with a Lipo 2000 dosage of 0.5 μl/well. 

Cells were harvested with 0.25% trypsin (Thermo Fisher, USA) 24 h and 48 h post-

treatment, spun down, and resuspended with 500 μl PBS (Thermo Fisher, USA). GFP 

expression efficiencies were obtained with an Attune NxT flow cytometer system (Thermo 

Fisher, USA) and analyzed with FlowJo 7.6.

To study the stability of the non-crosslinked and crosslinked DNA polyplexes in the 

presence of GSH, transfection experiments were carried out under similar conditions, using 

GSH containing media. The GSH concentration in media varied from 0.001 to 20 mM.

To study the effects of the PEG and imidazole groups, two special non-crosslinked DNA 

polyplexes were prepared: (1) polyplexes formed by PEG-lacking p(BAC-TET-Im) polymers 

with a p(BAC-TET-Im):DNA weight ratio of 60:1 (i.e., the same p(BAC-TET-Im) content as 

the polyplex formulation with a p(BAC-TET-Im): PEG–p(BAC-TET-Im)–PEG:DNA weight 

ratio of 48:28:1); (2) polyplexes formed by imidazole-lacking polymers p(BAC-TET) and 

PEG–p(BAC-TET) –PEG. The transfection experiments were carried out under similar 

conditions.

mRNA Transfection Efficiency Study

HEK 293, RAW 264.7, HCT116 and NHDF cells were used as mRNA transfection model 

cells. Twenty-four hours before treatment, HEK 293, RAW 264.7 and HCT116 cells were 

seeded onto a 96–well plate at the amount of 20,000 per well, NHDF cells were seeded onto 

a 96 well plate at the amount of 10,000 per well. Cells were transfected with GFP mRNA 

(OZ Biosciences, USA, 200 ng/well) using Lipo 2000 (0.5 μl/well), as well as non-

crosslinked and crosslinked mRNA polyplexes prepared at varying polymer/mRNA weight 

ratios. HEK 293 cells were harvested at 4, 6, 10, 24 and 48 h with 0.25% EDTA-trypsin, 

while RAW 264.7 cells were harvested at the same time points by repeatedly pipetting. The 

cells were spun down and resuspended with 500 μl of PBS. GFP expression percentages 

were obtained with flow cytometry and analyzed with FlowJo 7.6. In a GSH stability study, 

gradient concentrations of GSH (0 to 20 mM) were added into mRNA treatment solution. 

HEK 293 cells were harvested 24 h later and GFP transfection efficiencies were analyzed by 

flow cytometry.

RNP Genome Editing Efficiency Study

mCherry-expressing HEK 293 cells (HEK-H2B-mCherry) were generated as described 

previously 16, 37 and used as a RNP transfection cell model. Twenty-four hours prior to 
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treatment, mCherry HEK 293 cells were seeded onto a 96 well plate at 15,000 cells per well. 

RNP was prepared as previously reported 16, by mixing NLS-tagged Cas9 protein and in 
vitro transcribed sgRNA (mCherry targeting guide sequence: 

GGAGCCGTACATGAACTGAG) at a 1:1 molar ratio. Cells were treated with complete 

medium, Lipo 2000 (0.5 μl/well) loaded with RNP, and non-crosslinked PBAP and 

crosslinked CLPBAP polyplexes at varying polymer/RNP weight ratios. The amount of RNP 

for each treatment was maintained at 156 ng Cas9 RNP (i.e., 125 ng Cas9 protein) per well. 

A quantity of 100 μl of fresh culture medium was added into each well two days after 

treatment and thereafter, half of the culture medium was refreshed every day. Six days after 

treatment, cells were treated with trypsin, neutralized with serum, spun down and re-

suspended with 500 μl of PBS. The RNP gene editing efficiencies were quantified via gating 

for mCherry negative cells with flow cytometry and data were analyzed with FlowJo 7.6.

Genome Editing with Polyplexes

S1mplex are complexes made of Cas9 protein, sgRNA with a S1m aptamer, streptavidin, and 

a ssODN donor template. Both S1m aptamer and ssODN can bind to streptavidin to form a 

complex 16. S1mplex was prepared as reported previously by mixing the four components at 

4°C for 5 min 16. To study the genome editing efficiency of S1mplex complexed with the 

non-crosslinked and crosslinked polyplexes, blue fluorescence protein (BFP) HEK 293 cells 

generated through lentiviral transduction of a BFP dest clone (Addgene, Cambridge, MA) 

were employed 16. When cells are transfected with S1mPlex containing sgRNA targeting 

BFP (target sequence: GCTGAAGCACTGCACGCCAT) and ssODN, if precise editing 

occurs, three nucleotides within BFP are edited to generate a green fluorescent protein 

(GFP) as described previously 16. BFP HEK 293 cells were seeded onto a 96 well plate 

(15,000 per well) 24 h prior to treatment. Cells were treated with Lipo 2000 (0.5 μl/well) 

loaded with S1mplex, as well as non-crosslinked and crosslinked polyplexes complexed with 

S1mplex at varying polymer to S1mplex ratios. For each treatment, the S1mplex dosage was 

kept at 235 ng/well (i.e., an equivalent Cas9 protein dosage of 125 ng/well). The gene 

editing knock-in efficiencies were quantified six days after treatment using flow cytometry 

for green fluorescent cells.

Intracellular Trafficking of DNA Polyplexes

Intracellular trafficking of DNA polyplexes were studied by confocal laser scanning 

microscopy (CLSM). Cy3.5-conjugated DNA was used for subcellular tracking. Crosslinked 

CLPBAP polyplexes were prepared with or without NLS being complexed with DNA. 

Twenty-four hours before treatment, HEK 293 cells were seeded onto a Nunc™ Lab-Tek™ 

II CC2™ Chamber Slide (Thermo Fisher, USA, 50,000 per well). At each time point (i.e., 

0.5, 2, and 6 h) after crosslinked DNA polyplexes treatment, the cells were stained with 

endosome/lysosome marker LysoTracker Green DND-26 (100 nM) and nucleus marker 

Hoechst 33342 (5 μg/mL) for 30 min at 37 oC. DNA subcellular localization images were 

obtained with a confocal laser scanning microscope (CLSM, Nikon, Japan).
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Cell Viability of the Non-Crosslinked and Crosslinked Polyplexes with Different Types of 
Payloads (i.e., mRNA, DNA, RNP and S1mplex)

HEK 293, mCherry HEK 293, and BFP HEK 293 cells were seeded onto a 96 well plate 

(20,000 per well). Cells were treated with complete medium, Lipo 2000 loaded with a 

payload, and non-crosslinked or crosslinked polyplexes containing a specific payload (e.g., 

DNA, mRNA, RNP, or S1mplex) fabricated as described in the transfection assays. For the 

non-crosslinked and crosslinked polyplexes, optimized formulations that provided the 

highest transfection or genome editing efficiencies were used for the cell viability studies. 

Cell viability was measured using a standard MTT assay 48 h after treatment (Thermo 

Fisher,USA). Briefly, cells were treated with media containing 500 μg/ml MTT and 

incubated for 4h. Then the MTT-containing media was aspirated. Next, the purple 

precipitates were dissolved in 150 μl DMSO. The absorbance at 560 nm was obtained with a 

micro-plate reader (GloMax®-Multi Detection System, Promega, USA).

Statistical Analysis

Results are presented as mean ± standard deviation (SD). One-way analysis of variance 

(ANOVA) with Tukey’s multiple comparisons was used to determine the difference between 

independent groups. Statistical analyses were conducted using GraphPad Prism software 

version 6.

RESULTS AND DISCUSSION

Synthesis and Characterization of a Family of PBAP-Based Polymers

The non-crosslinked PBAP polyplexes were formed by p(BAC-TET-Im) (i.e., PBAP) and 

PEG–PBAP–PEG (Figure 1(C)), while the crosslinked CLPBAP polyplexes were formed by 

p(BAC-TET-Im/AD) and p(BAC-TET-Im/β-CD) (i.e., CLPBAP), as well as PEG–p(BAC-

TET-Im/AD)–PEG (i.e., PEG–CLPBAP–PEG) (Figure 1(A), (C) and (D)). Both crosslinked 

and non-crosslinked polyplexes were made of PBAP-based polymers containing redox-

responsive disulfide bonds in the backbone to facilitate the release of payloads in the cytosol 

as well as imidazole groups for efficient endo/lysosomal escape. PBAP-based polymers 

conjugated with β-CD and AD that are capable of forming crosslinks via the host-guest 

interaction between β-CD and AD, were used to form stable crosslinked polyplexes. As 

demonstrated in Figure 1 (D), once the polyplexes are taken up by cells through endocytosis, 

they can escape quickly from endo/lysosomal compartments due to the proton sponge effect 

enhanced by the imidazole groups. The polyplexes fall apart once they enter the cytosol, 

where the disulfide bond-containing polymer backbone is degraded by high-concentration 

GSH, thereby releasing the payloads. mRNA functions in cytosol, while DNA, RNP and 

S1mplex, facilitated by NLS, will be transported into the nucleus.

Figure 2 shows the synthesis scheme for the three PBAP-based polymers used to form the 

CLPBAP polyplexes. First, trifluoroacetate (TFA)-protected TET (Compound 1) was 

polymerized with disulfide bond-containing monomer BAC through Michael addition. To 

ensure that both terminal groups are acrylamides, the feed molar ratio of BAC:Compound 1 

was set at 1.1:1. After the removal of the TFA protecting groups, imidazole groups and 

crosslinking groups (i.e., AD and β-CD) were conjugated onto the p(BAC-TET) polymer via 
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DCC/NHS catalyzed amidation to yield p(BAC-TET-Im/AD) and p(BAC-TET-Im/β-CD). 

To synthesize the PEG–p(BAC-TET) –PEG polymers, methoxy(m)PEG-NH2 was 

conjugated to TFA-protected PBAP polymer through Michael addition, followed by TFA 

deprotection. To ensure that PEG–p(BAC-TET)–PEG polymer molecules can also be 

integrated into the crosslinked polyplexes via β-CD and AD host–guest interactions, PEG–

p(BAC-TET) –PEG was conjugated with both AD and imidazole groups to form PEG–

p(BAC-TET-Im/AD)–PEG. PBAP-based polymers used to form non-crosslinked PBAP 

polyplexes, namely, p(BAC-TET-Im) and PEG-p(BAC-TET-Im)-PEG, were synthesized 

similarly without the conjugation of AD and β-CD (Figure S1) The chemical structures of 

all intermediate and final polymer products were confirmed by 1H NMR (Figure S2). The 

number-average molecular weight (Mn) of p(BAC-TET), characterized by GPC, was 8.5 

kDa with a polydispersity index (PDI) of 1.6. The numbers of AD and β-CD groups 

conjugated onto p(BAC-TET-Im) were controlled to 4 and 3, respectively, per polymer 

chain, as confirmed by NMR (Figure S2 (A)) and GPC (Table S1). The host–guest 

interactions between β-CD and AD in CLPBAP polymers were confirmed by 1H NMR 

(Figure S3). A downfield shift of the AD peaks was observed from 1H NMR spectrum when 

the AD: β-CD molar ratio decreased from 4:2 to 4:5, indicating hydrophobic interaction 

within the host–guest complex 38.

Preparation and Characterization of the Non-Crosslinked and Crosslinked Polyplexes

Non-crosslinked PBAP polyplexes were fabricated by mixing p(BAC-TET-Im) (i.e., PBAP) 

with payloads to form the primary polyplexes first, followed by the addition of PEG– 

p(BAC-TET-Im)–PEG (i.e., PEG–PBAP–PEG) to yield the final PEGylated polyplexes. To 

fabricate the crosslinked CLPBAP polyplexes, CLPBAP polymers (i.e., p(BAC-TET-

Im/AD) and p(BAC-TET-Im/β-CD)) were mixed with payloads and then incubated for 30 

min to allow for complete complexation between AD and β-CD. Thereafter, the PEG–

p(BAC-TET-Im/AD)–PEG (i.e., PEG–CLPBAP–PEG) polymer was added to the primary 

polyplexes to yield the PEGylated crosslinked polyplexes. The sizes and morphologies of 

the non-crosslinked and crosslinked polyplexes with different payloads were studied by 

transmission electron microscopy (TEM) as shown in Figure 3 (A) and (B), respectively. 

The size distribution and zeta potential of the various polyplexes were studied by DLS 

(Table S2). The average hydrodynamic diameters of the non-crosslinked polyplexes ranged 

from 136 to 151 nm, depending on the type of payload, while the average hydrodynamic 

diameters of the crosslinked polyplexes ranged from 168 to 191 nm. Both non-crosslinked 

and crosslinked polyplexes had nearly neutral surface charges with zeta potentials ranging 

from −1.5 to 8.6 mV.

Stability Study of the Non-Crosslinked PBAP and Crosslinked CLPBAP Polyplexes

Nanoparticles (NPs) formed by cationic polymers and cationic lipids are commonly used for 

the delivery of negatively charged nucleic acids and proteins. However, NPs formed solely 

by electrostatic interactions possess insufficient stability in vitro and in vivo. During 

circulation, the stability of such NPs can be affected by several factors including dilution, 

flow stress, and interaction with serum proteins. For instance, polyanions such as serum 

albumin and heparin can destabilize NPs and cause premature release of payloads 
32–33, 39–40. To overcome the potentially poor stability of non-crosslinked PBAP polyplexes, 
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β-CD and AD were conjugated to the p(BAC-TET-Im) polymer backbone. The host–guest 

interactions between β-CD and AD, in addition to the electrostatic interactions, may 

enhance the stability of the resulting crosslinked CLPBAP polyplexes.

To investigate the stability of the non-crosslinked and crosslinked polyplexes against 

polyanions, non-crosslinked and crosslinked DNA polyplexes formed by PBAP and 

CLPBAP polymers, respectively, were incubated in a cell culture medium (DMEM 

containing 10% FBS) and a polyanion solution (BSA solution, 40 mg/ml in PBS, mimicking 

the albumin concentration in vivo) 41. The sizes of the polyplexes were monitored over time. 

As shown in Figure 3(C), the sizes of both non-crosslinked and crosslinked polyplexes 

remained unchanged in FBS-containing cell culture media, indicating that both types of 

polyplexes exhibited good stability in cell culture media. However, when the non-

crosslinked PBAP polyplexes were exposed to a BSA solution with a BSA concentration 

similar to the blood albumin concentration, their sizes increased significantly after 2 h, 

indicating the interruption of the polyplex structure by polyanions. In contrast, the size of 

the crosslinked CLPBAP polyplexes did not change notably throughout the study period, 

thus indicating enhanced stability, which is desirable for in vivo applications.

Disulfide bonds were integrated into the PBAP-based polymer backbone to facilitate 

payload release into the cytosol where the GSH concentration (2–10 mM) is much higher 

than in the extracellular spaces (0.001–0.02 mM). While it is highly desirable to rapidly 

release the payload into the cytosol of the target cell, where the payload can function (e.g., 

mRNA) or be transported to the nucleus (e.g., DNA, RNP, and S1mplex), it is also essential 

to keep the polyplexes intact in the blood stream and other extracellular spaces. To study the 

stability of the polyplexes at different GSH levels, GFP mRNA polyplexes were prepared 

and incubated with HEK 293 cells for 24 h in culture media with GSH concentrations 

ranging from 0–20 mM. GFP transfection efficiency was measured to determine the 

functionality of the polyplexes. As shown in Figure 3(D), mRNA transfection was not 

affected at GSH concentrations lower than 0.1 mM for both non-crosslinked and crosslinked 

polyplexes, indicating that both types of polyplexes exhibited good stability at extracellular 

GSH levels. A significant decrease in transfection efficiencies was observed at a GSH 

concentration of 1 mM or higher, suggesting that GSH induced polyplex degradation 

occurred in the cell culture media, which may cause mRNA release before cellular uptake. 

These findings have demonstrated that these GSH-responsive polyplexes are stable at 

extracellular spaces, but can fall apart and release payloads effectively in the cytosol of the 

target cells.

Effects of Polyplex Formulations on DNA Delivery

To study the effects of various polyplex formulations on DNA transfection efficiencies, the 

weight ratio of PBAP: PEG–PBAP–PEG:DNA was optimized initially using the non-

crosslinked polyplexes (Figure 4 (A)) in HEK 293 cells. Three weight ratios, namely, 

PBAP:PEG–PBAP–PEG:DNA = 24:14:1, 48:28:1, and 72:42:1, were studied. GFP-

expressing plasmid DNA was used to measure the transfection efficiency of these polyplex 

formulations. Among the three formulations studied, the two formulations with higher 

PBAP polymer ratios showed comparable transfection efficiencies to Lipofectamine 2000, a 
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commercially available liposome-based delivery system. The mean fluorescence intensity 

(MFI) data indicated a similar trend (Figure S4). Among the three different weight ratios, 

PBAP:PEG–PBAP–PEG:DNA weight ratios of 48:28:1 and 72:42:1 induced similar, but 

higher transfection efficiency as compared to the PBAP:PEG-PBAP-PEG:DNA weight ratio 

of 24:14:1. However, the polyplexes with a PBAP:PEG–PBAP–PEG:DNA weight ratio of 

48:28:1 exhibited significantly lower cytotoxicity than the one with a weight ratio of 

72:42:1(Figure 4 (B)). Therefore, the PBAP:PEG–PBAP–PEG:DNA weight ratio of 48:28:1 

was used for further optimization of DNA delivery. At a DNA dosage of 200 ng/well, the 

corresponding PBAP and PEG-PBAP-PEG concentrations were 96 μg/ml and 56 μg/ml, 

respectively.

The intracellular trafficking pathway is important for proper function of the payload. The 

nuclear membrane acts as a barrier to prevent free passage of macromolecules, making 

nuclear entry challenging but crucial for DNA and CRISPR-Cas9 genome editing 

machinery. To induce efficient nuclear translocation and ultimately, efficient transfection, 

NLS (positively charged) was complexed with negatively charged DNA through electrostatic 

interactions before polyplex formation. As shown in Figure 4(A), complexation of DNA 

with a small amount of NLS (N/P ratio = 0.25) before polyplex formation can significantly 

enhance DNA transfection efficiency, owing to NLS’s nuclear translocation capability. To 

study the intracellular trafficking of the crosslinked DNA polyplexes, imaging using CLSM 

was performed at different time points. As shown in Figure 4(D), the co-localization of DNA 

and endo/lysosomes was observed as early as 0.5 h post treatment, indicating the uptake of 

polyplexes through endocytosis. The co-localization of DNA and endo/lysosomes 

considerably decreased 2 h post treatment, indicating the efficient endo/lysosomal escape 

capability of the polyplexes facilitated by the imidazole groups. The crosslinked DNA 

polyplexes with NLS showed greater overlapping of DNA signals and nucleus 6 h post 

treatment, indicating that NLS effectively facilitated the nuclear entry of DNA. Non-

crosslinked DNA polyplexes exhibited a similar intracellular trafficking behavior as 

crosslinked polyplexes (Figure S8(A)). Furthermore, mRNA polyplexes also exhibited endo/

lysosomal escape after a 2 h treatment (Figure S8(B)).

The effects of the AD: β-CD molar ratio for the crosslinked CLPBAP polyplexes were 

subsequently studied. By fixing the weight ratio of CLPBAP:PEG–CLPBAP–PEG:DNA to 

48:24:1, the molar ratio of the crosslinkers (AD:β-CD) was adjusted from 4:2 to 4:6. As 

shown in Figure 4(C), the highest transfection efficiency was achieved with an AD:β-CD 

molar ratio = 4:3, and the transfection efficiency of the crosslinked CLPBAP polyplexes was 

comparable to the non-crosslinked PBAP and Lipo 2000. The MFI data also indicated a 

similar trend (Figure S5). This AD:β-CD molar ratio was used for further studies.

To study the function of PEG and imidazole groups in the polyplex delivery system, 

crosslinked CLPBAP polyplexes were prepared using PBAP-based polymers without PEG 

and imidazole groups, respectively. The DNA transfection efficiencies of the polyplexes 

were studied by flow cytometry (Figure 4(E)). The crosslinked polyplexes without imidazole 

groups showed significantly lower transfection efficiency than those with imidazole. The 

enhanced transfection efficiency associated with imidazole conjugation can be attributed to 

the enhanced endo/lysosomal escape capability afforded by the imidazole groups whose pKa 
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value is around 6.0. Imidazole groups can be quickly protonated in acidic endocytic 

compartments, leading to the so-called proton sponge effect. We also found that crosslinked 

CLPBAP polyplexes without PEG (i.e., polyplexes made of CLPBAP and DNA only, 

without the PEG-CLPBAP-PEG component) exhibited a higher transfection efficiency, but 

this was accompanied with a significantly higher cytotoxicity (Figure 4(F)). Without PEG on 

the surface of the polyplexes, the crosslinked polyplexes had a higher positive surface charge 

(17.2 mV), which may lead to elevated binding and endocytosis of the polyplexes by cells; 

however, the dense positive surface charge may also cause cell membrane disruption, 

leading to cell death 42–43.

mRNA Delivery Using Polyplexes

The weight ratio between the PBAP-based polymers and mRNA was first optimized (Figure 

S6) using GFP mRNA, and the formulations with the highest transfection efficiency for non-

crosslinked (PBAP: PEG–PBAP–PEG:mRNA = 48:28:1) and crosslinked (CLPBAP: PEG–

CLPBAP–PEG:mRNA = 48:28:1) were used for further studies.

The transfection efficiencies of both non-crosslinked and crosslinked mRNA polyplexes 

were studied in two cell lines (HEK 293 and RAW 264.7), as shown in Figure 5(A) and (B). 

In HEK 293 cells, GFP expression was detected as early as 4 h post treatment and peaked at 

24 h; in RAW 264.7 cells, GFP expression reached a plateau much earlier at 10 h. The non-

crosslinked PBAP polyplexes exhibited comparable transfection efficiencies to Lipo 2000 in 

HEK 293 cells, and higher transfection efficiencies in RAW 264.7 cells 10 h post treatment. 

The crosslinked CLPBAP polyplexes exhibited higher transfection efficiencies than Lipo 

2000 in both cell lines, particularly in RAW 264.7 cells, where they showed an 

approximately 2-fold higher transfection efficiency. In HEK 293 cells, the transfection 

efficiencies of non-crosslinked and crosslinked polyplexes were similar; however, in RAW 

264.7 cells, the crosslinked polyplexes exhibited an approximately 1.5-fold higher 

transfection efficiency. The MFI data also exhibited a similar trend (Figure S7). The high 

mRNA delivery efficacy observed with the crosslinked CLPBAP polyplexes in RAW 264.7 

cells may be attributed to its crosslinked nature, which may keep the polyplexes and mRNA

—which is chemically less stable than some of the other genetic materials such as DNA—

from disassembling and degrading before it reaches the cytosol. The enhanced stability 

exhibited by the crosslinked CLPBAP polyplexes makes it potentially advantageous for 

mRNA delivery.

We further investigated the delivery efficiency of the polyplexes in two other cell lines (i.e., 

HCT 116 and NHDF cells). As shown in Figure 6(A) and (B), in HCT116 cells, both non-

crosslinked and crosslinked polyplexes showed similar DNA transfection efficiencies to 

Lipo 2000; however, a significantly higher mRNA transfection efficiency was observed with 

the crosslinked CLPBAP polyplexes. In NHDF cells (Figure 6(C) and (D)), crosslinked 

PBAP polyplexes induced higher DNA and mRNA transfection efficiencies than non-

crosslinked PBAP polyplexes, while non-crosslinked polyplexes showed similar DNA and 

mRNA transfection efficiencies to Lipo 2000. These results suggest that both non-

crosslinked and crosslinked polyplexes are suitable for DNA and mRNA delivery in a 

variety of cells.
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Genome Editing Using Polyplexes

Cas9 is an endonuclease that is able to cleave double-stranded DNA at a target genomic 

locus guided by a sgRNA sequence. After double-stranded DNA cleavage occurs by the 

RNP, gene knockout can be achieved by the nonhomologous end joining (NHEJ) DNA 

repair pathway 13, 44. Moreover, by introducing a donor DNA template along with the RNP, 

precise sequences from a donor template can be incorporated into the genome through the 

homology-directed repair (HDR) pathway 16. Compared to nucleic acids such as DNA and 

mRNA, genome editing payloads such as Cas9/sgRNA RNP and S1mplex, have a net 

negative surface charge and more sophisticated structures. To investigate whether non-

crosslinked PBAP and crosslinked CLPBAP polyplexes can efficiently deliver RNP payload, 

we designed a sgRNA targeting the mCherry transgene in a transgenic HEK 293 cell line. To 

enhance the nuclear transportation, Cas9 protein with two NLS peptides (sNLS–Cas9–

sNLS) was next used to form the RNP complexes. Both non-crosslinked and crosslinked 

RNP polyplexes were prepared by varying the polymer and RNP weight ratios. As shown in 

Figure 7(A), both non-crosslinked and crosslinked polyplexes exhibited the highest genome 

editing efficiencies for mCherry gene disruption at a PBAP:PEG-PBAP-PEG:RNP or 

CLPBAP:PEG–CLPBAP–PEG:RNP weight ratio of 12:7:1 (the corresponding PBAP (or 

CLPBAP) and PEG-PBAP (or CLPBAP)-PEG concentrations were 18.7 μg/ml and 10.9 

μg/ml, respectively). Furthermore, both non-crosslinked and crosslinked polyplexes 

possessed similar targeted gene disruption efficiencies to Lipo 2000.

In addition to gene disruption, many gene editing applications require precise gene 

correction using a repair nucleic acid template. The S1mplex payload is capable of precise 

gene correction of a target gene when previously delivered to cells through nucleofection 
16..The gene correction efficiencies of both non-crosslinked and crosslinked S1mplex 

polyplexes were investigated using a BFP-expressing HEK 293 cell line. The S1mplex was 

designed to modify the BFP transgene to GFP through a 3 nucleotide switch 45. The precise 

gene correction efficiencies of the S1mplex polyplexes were monitored by flow cytometry 

by gating for GFP-positive cells. As shown in Figure 7(B), both non-crosslinked and 

crosslinked polyplexes induced precise gene correction as indicated by significant GFP 

expression. Furthermore, at the PBAP:PEG-PBAP-PEG:RNP or CLPBAP:PEG-CLPBAP-

PEG:RNP weight ratio of 24:14:1 (the corresponding PBAP (or CLPBAP) and PEG-PBAP 

(or CLPBAP)-PEG concentrations were 56.4 μg/ml and 32.9 μg/ml, respectively), the two 

types of polyplexes exhibited similar genome correction efficiencies to Lipo 2000. These 

studies indicate that the non-crosslinked PBAP and crosslinked CLPBAP polyplexes are 

suitable for the delivery of not only nucleic acids, but also complex CRISPR genome editing 

payloads.

Cytotoxicity within human cells

The cell viability of the optimal polyplex formulations were studied using an MTT assay at 

the same payload concentration used in the transfection or genome editing studies. For 

plasmid DNA and mRNA, 200 ng/well were used at a PBAP (or CLPBAP):PEG-PBAP (or 

CLPBAP)-PEG:RNP weight ratio of 48:28:1. The corresponding PBAP (or CLPBAP) and 

PEG-PBAP (or CLPBAP)-PEG concentrations were 96 μg/ml and 56 μg/ml, respectively. 

For RNP, 156 ng/well were used at a weight ratio of 12:7:1. The corresponding PBAP (or 
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CLPBAP) and PEG-PBAP (or CLPBAP)-PEG concentrations were 18.7 μg/ml and 10.9 

μg/ml, respectively. For S1mplex, 235 ng/well were used at a weight ratio of 24:14:1. The 

corresponding PBAP (or CLPBAP) and PEG-PBAP (or CLPBAP)-PEG concentrations were 

56.4 μg/ml and 32.9 μg/ml, respectively. As shown in Figure 8, no significant cytotoxicity 

was observed for both non-crosslinked PBAP and crosslinked CLPBAP polyplex-treated 

groups. In contrast, at the same payload, Lipo 2000 (0.5 μl/well, as shown in Figure S9) 

induced significant cell death, indicating that Lipo 2000 had a much higher cytotoxicity than 

the polyplexes used to deliver the same amount of payload in this study.

DISCUSSION

The cytotoxicity data, in combination with the transfection/genome editing efficiency 

studies, indicate that both types of polyplexes outperform the commercially available Lipo 

2000 for delivery of nucleic acids and CRISPR-Cas9 genome editing payloads. Furthermore, 

the crosslinked polyplexes also possess superior stability in the presence of polyanions such 

as BSA suggesting good in vivo stability due to its crosslinked structure. DNA, mRNA, 

Cas9 RNP, and S1mplex are very different payloads both in terms of structure and 

functionality. Therefore, it is not surprising to see some of the reports suggesting that minor 

changes in the chemical structure of the cationic polymers can affect the transfection 

efficiency of DNA and mRNA differently 46–47. For example, the odd-even effects of the 

repeating aminoethylene units in the side chain of N-substituted polyaspartamides, had 

contradictory effects to DNA and mRNA transfection efficiencies owing to their different 

endo/lysosomal escape capabilities 46–47. Furthermore, studies also found that minor 

changes in the chemical structure of the cationic polymers can also dramatically affect the 

transfection efficiency of the same payload (e.g., DNA) 48–49. We did not observe such 

sensitive changes in transfection efficiency with our nanoplatform, as it had broad versatility 

for several different payloads. This versatility is likely to facilitate the delivery of other 

complex CRISPR payloads, such as epigenomic editors, RNA editors and base editors. 

Further, other gene editing systems such as zinc finger nucleases and TAL-like effector 

nucleases maybe loaded into this nanoplatform 50.

One key advantage of the nanoplatform is the ease of formulation once the PBAP polymers 

have been synthesized. The PBAP polymers could be off-the-shelf reagents that can be 

mixed with many payloads within an hour and easily optimized for each particular payload 

and clinical application. Incorporation of targeting ligands onto the PBAP polymers would 

further add versatility and potential cell-targeting capability of the nanoplatform. Overall, we 

anticipate the nanoplatform to be easily customized by researchers without synthetic 

chemistry expertise, such as engineers, biologists and clinicians, for potent gene editing in 
vitro and in vivo.

CONCLUSIONS

Two types of redox-responsive polyplexes, namely non-crosslinked PBAP and crosslinked 

CLPBAP polyplexes were designed for the efficient delivery of various genetic materials 

including DNA, mRNA, Cas9 RNP, and S1mplex. These polyplexes were made of a family 

of PBAP polymers containing disulfide bond in their backbones and bearing imidazole 
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groups, thus enabling the efficient encapsulation, endo/lysosomal escape, and cytosolic 

release of various negatively charged payloads. To further enhance the stability of the non-

crosslinked polyplexes, PBAP-based polymers were conjugated with either AD or β-CD 

which can form crosslinks via the host–guest interactions between β-CD and AD. Unlike 

non-crosslinked polyplexes, the crosslinked CLPBAP polyplexes exhibited excellent 

stability against polyanions, a feature desirable for in vivo applications. Both non-

crosslinked and crosslinked polyplexes demonstrated similar or better transfection/genome 

editing efficiencies in comparison with Lipo 2000, a commercially available delivery agent. 

While Lipo 2000 consistently exhibited severe cytotoxicity, the two types of polyplexes did 

not induce any cytotoxicity at the same dosage studied. Furthermore, the surface of these 

PEGylated polyplexes can also be easily conjugated with desirable moieties such as 

targeting ligands or imaging probes. Taken together, these versatile GSH-responsive 

polyplexes constitute a highly promising off-the-shelf platform to deliver a variety of 

payloads for a broad range of applications in vitro and in vivo.
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Figure 1. 
(A) Illustration of a CLPBAP polyplex for the delivery of various negatively charged 

payloads. (B) Chemical structures of the PBAP-based polymers used to form crosslinked 

polyplexes including CLPBAP polymers (i.e., p(BAC-TET-Im/AD) and p(BAC-TET-Im/β-

CD)), and PEG–p(BAC-TET-Im/AD)–PEG. (C) Chemical structures of the PBAP-based 

polymers used to prepare non-crosslinked PBAP polyplexes including the PBAP polymer 

(i.e., p(BAC-TET-Im)) and PEG–p(BAC-TET-Im)–PEG. (D) Formation of the crosslinked 

CLPBAP polyplexes and their proposed intracellular trafficking pathways. CLPBAP: 

crosslinked poly(N,N’-bis(acryloyl)cystamine-poly(aminoalkyl)); p(BAC-TET): poly(N,N’-
bis(acryloyl)cystamine-co-triethylenetetramine; Im:imidazole; AD: adamantane; β-CD: β-

cyclodextrin; PEG: poly(ethylene glycol, Mw = 5000 Da); GSH: glutathione
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Figure 2. 
Synthesis scheme for the three PBAP-based polymers (i.e., CLPBAP polymers) used to form 

the crosslinked CLPBAP polyplexes.
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Figure 3. 
(A-B) TEM images of (A) non-crosslinked and (B) crosslinked polyplexes with different 

payloads. From left to right: DNA, mRNA, RNP, and S1mplex. The scale bar is 200 nm. (C) 

Stability of the non-crosslinked and crosslinked polyplexes in FBS-containing cell culture 

medium and a polyanion solution (BSA, 40 mg/ml in PBS). (D) Effects of GSH 

concentration in cell culture media on the mRNA transfection efficiency of both crosslinked 

and non-crosslinked polyplexes. Non-crosslinked polyplexes were formed with a 

PBAP:PEG–PBAP–PEG:mRNA weight ratio of 48:28:1; while the crosslinked polyplexes 

were formed with a CLPBAP:PEG–CLPBAP–PEG:mRNA weight ratio of 48:28:1 and an 

AD:β-CD molar ratio of 4:3. ****: p < 0.0001; n = 3.
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Figure 4. Efficient delivery of plasmid DNA by the polyplexes.
(A) The effects of polyplex formulation on the DNA transfection efficiency of polyplexes. 

Cells were treated with Lipo 2000, non-crosslinked polyplexes with three different 

PBAP:PEG–PBAP–PEG: DNA weight ratios, as well as the polyplex with a PBAP:PEG–

PBAP–PEG: DNA weight ratio of 48:28:1 together with NLS (N/P ratio = 0.25). (B) Effects 

of polyplex formulation on the cytotoxicity of non-crosslinked DNA polyplexes with 

different weight ratios. (C) Optimization of the AD:β-CD molar ratio in crosslinked 

CLPBAP polyplexes. HEK 293 cells were treated with Lipo 2000, non-crosslinked PBAP 

polyplexes, and crosslinked CLPBAP polyplexes with different crosslinker molar ratios. The 

transfection efficiency was measured 48 h post treatment. (D) Intracellular trafficking of the 

crosslinked DNA polyplex with and without NLS. Scale bar: 10 μm. (E-F) Effects of PEG 

and imidazole groups on the transfection efficiency of the crosslinked polyplexes. (E) 

Transfection efficiency of PEG- or imidazole-lacking crosslinked polyplexes. (F) Cell 
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viability of PEG-lacking crosslinked polyplexes. NS: not significant; *: p < 0.05; **: p < 

0.01; ***: p < 0.001; ****: p < 0.0001; n = 3.
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Figure 5. Efficient delivery of mRNA by the polyplexes.
Transfection efficiency of the non-crosslinked and crosslinked mRNA polyplexes in (A) 

HEK 293 cells and (B) RAW 264.7 cells at various time points. The weight ratios of 

PBAP:PEG–PBAP–PEG:mRNA or CLPBAP:PEG–CLPBAP–PEG:mRNA in the PBAP and 

CLPBAP polyplexes, respectively, were fixed at 48:24:1. *: p < 0.05; **: p < 0.01; n = 3.
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Figure 6. Efficient delivery of DNA and mRNA by the polyplexes in multiple cell lines.
(A) and (B): Transfection efficiency of the (A) DNA and (B) mRNA polyplexes in HCT116 

cells. (C) and (D): Transfection efficiency of the (C) DNA and (D) mRNA polyplexes in 

NHDF cells. The weight ratios of PBAP:PEG–PBAP–PEG:mRNA or CLPBAP:PEG–

CLPBAP–PEG:mRNA in the PBAP and CLPBAP polyplexes, respectively,were fixed at 

48:24:1. The AD:β-CD molar ratio in the crosslinked PBAP polyplexes was fixed as 4:3*: p 
< 0.05; **: p < 0.01; ****: p < 0.0001; n = 3.
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Figure 7. Efficient delivery of CRISPR-Cas9 gene editing machinery by polyplexes.
(A) Genome editing efficiency of non-crosslinked and crosslinked RNP polyplexes in 

mCherry-expressing HEK 293 cells. The RNP polyplexes were prepared by varying the 

polymer-to-RNP weight ratios (i.e., PBAP: PEG–PBAP–PEG: RNP for non-crosslinked 

polyplexes, or CLPBAP: PEG–CLPBAP–PEG: RNP for crosslinked polyplexes). mCherry 

knock-out efficiency was assayed by flow cytometry for loss of mCherry fluorescence. (B) 

Precise gene correction efficiency of the non-crosslinked and crosslinked S1mplex 

polyplexes in BFP-expressing HEK 293 cells. S1mplex polyplexes were prepared by varying 

the polymer-to-S1mplex weight ratios (i.e., PBAP: PEG–PBAP–PEG: S1mplex for non-

crosslinked polyplexes, or CLPBAP: PEG–CLPBAP–PEG: S1mplex for crosslinked 

polyplexes). Precise gene correction efficiency of the BFP to the GFP from the S1mplex 

repair ssODN repair template was assayed by flow cytometry for gain of GFP fluorescence. 

NS: not significant; n = 3.
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Figure 8. Cytotoxicity of polyplexes in vitro.
Cell viability study of the non-crosslinked and crosslinked complexes loaded with (A) DNA, 

(B) mRNA, (C) RNP, and (D) S1mplex. Cytotoxicity was studied using the polymer/payload 

formulation yielding the highest transfection efficiency for DNA or RNA payloads or 

genome editing efficiency for RNP or S1mplex payloads. NS: not significant; *: p < 0.05; 

**: p < 0.01; ***: p < 0.005; n = 5.
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