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Abstract:

 A novel 4-arm poly(ethylene glycol)-b-poly(disulfide histamine) copolymer was synthesized by Michael addition reaction of poly(ethylene glycol) (PEG) vinyl sulfone and amine-capped poly(disulfide histamine) oligomer, being denoted as 4-arm PEG-SSPHIS. This copolymer was able to condense DNA into nanoscale polyplexes (<200 nm in average diameter) with almost neutral surface charge (+(5–10) mV). Besides, these polyplexes were colloidal stable within 4 h in HEPES buffer saline at pH 7.4 (physiological environment), but rapidly dissociated to liberate DNA in the presence of 10 mM glutathione (intracellular reducing environment). The polyplexes also revealed pH-responsive surface charges which markedly increased with reducing pH values from 7.4–6.3 (tumor microenvironment). In vitro transfection experiments showed that polyplexes of 4-arm PEG-SSPHIS were capable of exerting enhanced transfection efficacy in MCF-7 and HepG2 cancer cells under acidic conditions (pH 6.3–7.0). Moreover, intravenous administration of the polyplexes to nude mice bearing HepG2-tumor yielded high transgene expression largely in tumor rather other normal organs. Importantly, this copolymer and its polyplexes had low cytotoxicity against the cells in vitro and caused no death of the mice. The results of this study indicate that 4-arm PEG-SSPHIS has high potential as a dual responsive gene delivery vector for cancer gene therapy.
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1. Introduction

Gene therapy presents a novel strategy for the treatment of various significant human diseases with gene defects such as cancer [1]. A key challenge for successful human gene therapy is the availability of safe and efficient gene delivery vectors. Although recombinant viral vectors have been employed widely in clinical gene therapy trials, their uncertain bio-safety issues such as oncogenicity, immunogenicity and cytotoxicity are dangerous hurdles to clinical application [2,3]. Alternatively, non-viral gene delivery vectors, for example, cationic polymers do not have these problems and take additional advantages of versatile molecular structure and handy modifications [4–6]. A lot of commercial cationic polymers such as polylysine and polyethylenimine have been found which can bind DNA to form polymer/DNA complexes (polyplexes) with nanoscale size and positively-charged surface charge, yielding detectable transfection activity in vitro [7,8]. However, their further clinical translation is hampered seriously by either low transfection efficacy or high cytotoxicity after repeated administration [5,6].

For high transfection efficacy with low cytotoxicity, in the past two decades, much effort has been made in the design of biodegradable cationic polymers for controlled gene delivery [9]. Particularly, disulfide-containing (bioreducible) cationic polymers have received much attention in recent years due to redox-responsive attribute of disulfide bond, that is, relatively chemically stable in an extracellular environment but degradable by glutathione (5–10 mM) in an intracellular reducing environment [10]. Thus, polyplexes of bioreducible cationic polymers are capable of redox-responsive unpacking by the disulfide cleavage and then efficient gene unloading inside the cells, thereby promoting transfection efficacy. Furthermore, this intracellular degradation process causes lower cytotoxicity for bioreducible cationic polymers compared to their non-degradable counterparts [11]. For these reasons, bioreducible cationic polymers have great potential as new-generation non-viral gene delivery vectors [12].

We and Engbersen have developed bioreducible poly(amido amine)s (SSPAAs) for efficient gene delivery against COS-7 cells in vitro [13,14]. Kim et al. reported on poly(disulfide amine)s for highly efficient gene transfection in vitro towards different cancer cells [12,15]. However, further utility of these bioreducible polymers for gene delivery in vivo is seriously limited because cationic polyplexes normally have poor colloidal stability and strong interactions with blood components, thus causing the formation of aggregates under physiological conditions [16,17]. Moreover, after intravenous injection, cationic polyplexes are rapidly eliminated by the reticuloendothelial system [18]. To overcome these problems, we modified SSPAAs with poly(ethylene glycol) (PEG) and found that PEGylated SSPAA-based polyplexes had enhanced colloidal stability and neutral surface charge, thus being suited for in vivo gene delivery [19]. However, these PEGylated polyplexes reveal inferior transfection ability to their unPEGylated polyplexes in MCF-7 cancer cells because neutral surface of PEGylated polyplexes impaired their cellular uptake [20]. Further studies are thus needed to address this “PEG dilemma”.

For efficient in vivo gene delivery to tumor, PEG-ligand conjugation and PEG-deshielding are two major methods for overcoming “PEG dilemma” [21]. Besides, pH-targeting to acidic tumor is another practical method for tumor-targeted delivery. As such, a lot of pH-responsive polymeric micelles are developed for pH-targeting delivery of anti-cancer drugs towards tumor [22]. However, to the best of our knowledge, no report has yet appeared on cationic polymers for pH-targeting gene delivery. In this study, we designed and prepared 4-arm PEG-block-bioreducible poly(disulfide histamine) (denoted as 4-arm PEG-SSPHIS) copolymer for pH-targeting gene delivery (Scheme 1). It is hypothesized that the polyplexes of the copolymer have a neutral surface under physiological conditions, but positive surface in an acidic tumor microenvironment by the protonation of imidazole groups in histamine residues, thus inducing enhanced cellular uptake of the polyplexes in tumor cells. Further, intracellular cleavage of disulfide bond causes efficient gene unpacking of the polyplexes, thereby affording high transfection efficacy. Biophysical properties of 4-arm PEG-SSPHIS were characterized in terms of particle size, surface charge, gene binding and release as well as colloidal stability of polyplex. In vitro transfection activity and cytotoxicity of 4-arm PEG-SSPHIS were evaluated against different cancer cells at pH 7.4 and acidic pH values. Also, in vivo transfection efficiency induced by the polyplexes was evaluated by intravenous administration in HepG2-bearing nude mice.

Scheme 1. Schematic illustration of pH-targeting gene delivery towards tumor cells with 4-arm PEG-SSPHIS copolymer as a pH and redox dual responsive gene delivery vector: (a) gene binding of 4-arm PEG-SSPHIS copolymer to form the polyplexes with almost neutral surface; (b) increased surface charge upon the polyplexes in acidic tumor microenvironment via protonation of imidazole groups; (c) enhanced cellular uptake of the polyplexes to tumor cells; (d) intracellular gene release after disulfide cleavage.
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2. Results and Discussion


2.1. Synthesis and Characterization of 4-Arm PEG-Conjugated Bioreducible Poly(disulfide histamine)

Herein, 4-arm PEG-b-poly(disulfide histamine) (denoted as 4-arm PEG-SSPHIS) copolymer was prepared via a two-step procedure (Figure 1). First, amino-terminated poly(disulfide histamine) (SSPHIS) oligomer was prepared by Michael addition reaction of cystamine bisacrylamide (CBA) and an excess amount of histamine (HIS). The number-average polymerization degree (Xn) of the SSPHIS oligomer was modulated with a stoichiometric ratio (r) of the monomers, i.e., rCBA/HIS = 0.8, which means that the Xn of SSPHIS oligomer is 9 as calculated with the equation: Xn = (1 + r)/(1 − r). Next, a 10-fold excess of SSPHIS oligomer was reacted with 4-arm PEG vinylsulfone by Michael addition reaction to ensure the formation of 4-arm PEG-SSPHIS copolymer and to minimize uncontrolled multiblock polymerisation reaction. Finally, 4-arm PEG-SSPHIS was purified by exhaustive hydrolysis (15,000 cut-off) with pH ~5 deionized water and finally obtained as its HCl-salt after freeze-drying. This copolymer had good solubility in 20 mM PBS and HEPES buffer at pH 7.4 at the concentration of 5 mg/mL. 1H NMR revealed that the composition of 4-arm PEG-SSPHIS was in accordance with its expected chemical structures (Figure 2a). Besides, no signals between 6 and 7 ppm was detected, suggesting that vinylsulfone group was consumed completely and 4-arm PEG was end-capped by SSPHIS residue. Furthermore, ca. ~40 HIS residues per 4-arm PEG-SSPHIS copolymer was determined by comparing the integrals of the peaks at δ 7.35 and 3.75, attributed to the proton (N=CH) in HIS residue and methylene protons (CH2CH2O) in PEG residue, respectively. This result means about 10 HIS-residues per SSPHIS chain, that is close to Xn = 9 of SSPHIS oligomer, suggesting the formation of 4-arm PEG-SSPHIS copolymer. The weight-average molecular weight (MW) of the copolymer was measured using gel permeation chromatography (GPC). Figure 2b exhibits the typical GPC traces of the copolymer and starting reactants, 4-arm PEG and SSPHIS oligomer. The peak of this copolymer showed a unimodal distribution in its GPC trace with an earlier elution time (MW = 26.9 kDa) as compared to that of 4-arm PEG (MW = 10 kDa) and SSPHIS (MW = 5.2 kDa). Overall, GPC and NMR results indicate successful availability of 4-arm PEG-SSPHIS copolymer as well as the absence of SSPHIS oligomer and 4-arm PEG in this product.

Figure 1. (a) Synthesis of poly(disulfide histamine) oligomer via Michael addition reaction of cystamine bisacrylamide and an excess amount of histamine; (b) Preparation of 4-arm PEG-b-poly(disulfide histamine) copolymer (denoted as 4-arm PEG-SSPHIS).
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Figure 2. (a) 1H NMR spectra (D2O, 300 MHz) of 4-arm PEG-SSPHIS; (b) GPC chromatogram of 4-arm PEG-SSPHIS, 4-arm PEG and SSPHIS oligomer.
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2.2. Biophysical Properties of the Polyplexes of 4-Arm PEG-SSPHIS

Agarose gel retardation assay was performed to evaluate binding behavior of 4-arm PEG-SSPHIS copolymer and plasmid DNA (Figure 3a). This copolymer could efficiently retard the mobility of DNA at and above polymer/DNA mass ratios of 3/1, implying complexation between the copolymer and DNA. In previous studies, we found that disulfide-based poly(amido amine)s caused higher gene transfection efficacy as compared to their counterparts without the disulfide due to a facilitated DNA release from disulfide-based polyplexes by the disulfide cleavage in an intracellular reducing environment [13]. For this reason, DNA release from the polyplexes of 4-arm PEG-SSPHIS copolymer was investigated by the gel retardation assay in the presence of 10 mM glutathione, a thiol-containing peptide present in the cytoplasm. As expected, adequate DNA release from the polyplexes was clearly detected at the mass ratios of 24/1 and 48/1 (Figure 3a), indicating that the polyplexes may mediate a facilitated intracellular DNA release in the cellular interior.

Figure 3. (a) Argarose gel retardation assay on binding behavior of 4-arm PEG-SSPHIS and plasmid DNA with (−GSH) or without (+GSH) of glutathione (GSH); (b) Particle size of the polyplexes of 4-arm PEG-SSPHIS at different polymer/DNA ratios as a function of incubation time in the presence of 130 mM NaCl; (c) Typical TEM image of polyplexes of 4-arm PEG-SSPHIS at the mass ratio of 12/1 (scale bar: 100 nm); (d) Zeta potential of the polyplexes of 4-arm PEG-SSPHIS at different polymer/DNA ratios; (e) Effect of pH values on size and zeta potential of the polyplexes of 4-arm PEG-SSPHIS at the mass ratio of 24/1.
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Next, dynamic light scattering (DLS) analysis was applied to measure size and surface charge of 4-arm PEG-SSPHIS-based polyplexes. At the mass ratios in the range from 6/1–24/1, this copolymer could strongly bind DNA to form nanoscale polyplexes with average hydrodynamic sizes of ~135–150 nm (Figure 3b). In order to learn colloidal stability of the polyplexes, hydrodynamic size of 4-arm PEG-SSPHIS-based polyplexes was followed as a function of incubation time in pH 7.4 HEPES buffer (20 mM) with 130 mM NaCl, mimicking a physiological condition. It was found that the sizes of the polyplexes at the mass ratios maintained stable (<200 nm) at 4 h and gradually augmented to ~250–400 nm at 24 h, indicating that the polyplexes possess an enhanced colloidal stability (Figure 3b). Typical image of the polyplexes, observed under TEM, was exhibited in Figure 3c. These polyplexes had spherical shape with average particle sizes less than 100 nm. The sizes of the polyplexes determined by DLS analysis were bigger than those obtained by TEM, probably due to different state of the polyplexes. DLS analysis showed the size of polyplexes in a hydrated state, whereas TEM images exhibited the size at a dried state. As a result, the polyplexes had a larger hydrodynamic volume in the hydrated state due to the hydrophilic polymer coatings of the polyplexes and solvent effects. Furthermore, DLS analysis indicated that the polyplexes of 4-arm PEG-SSPHIS had the zeta-potentials in the range of +(5–10) mV (Figure 3d). This almost neutral surface is probably due to surface shielding of inner, positively-charged SSPHIS/DNA complexes by neutral 4-arm PEG chain.

Figure 3e presents particle size and surface charge of the polyplexes of 4-arm PEG-SSPHIS under an acidic condition, mimicking the microenvironment of solid tumor. It was shown that, with reducing pH values from 7.4–6.0, the sizes of the polyplexes slightly decreased from about 140–128 nm, but their surface charges markedly augmented from (+10)–(+22) mV. It was thought that, with reducing pH values, more and more imidazole groups (pKa~6.5) in the copolymer were protonated. As a result, the increased charge density of the copolymer caused reduced size and increased surface charge of the polyplexes. The results manifest that 4-arm PEG-SSPHIS may response to an acidic microenvironment of solid tumor. Overall, these gene delivery properties such as nanosized particle size, enhanced colloidal stability, and pH-responsive surface charge imply that 4-arm PEG-SSPHIS copolymer is favorable as a candidate for gene delivery towards cancer cells (vide infra).



2.3. 4-Arm PEG-SSPHIS Induces Efficient Gene Transfection in HepG2 Cancer Cells in Vitro

Before 4-arm PEG-SSPHIS copolymer is applied for gene transfection, it is essential to test whether the copolymer has an effect on cell viability. As such, the cytotoxicity of COS-7 cells was evaluated by AlamarBlue assay after the cells were co-incubated with the copolymer at varying concentrations from 5–600 μg/mL. This copolymer revealed low cytotoxicity with ~100% of cell viability at the polymer concentrations less than 150 μg/mL (Figure 4a). By contrast, 25 kDa PEI had extremely high cytotoxicity with only ~20%–40% of viable cells at the concentrations from 5–600 μg/mL. These results show that 4-arm PEG-SSPHIS copolymer has good cyto-biocompatibility.

Figure 4. (a) Cytotoxicity of 4-arm PEG-SSPHIS copolymer (and 25 kDa PEI as a control) against COS-7 cells at different polymer concentrations; (b) Transfection efficiency and cytotoxicity of 4-arm PEG-SSPHIS in COS-7 cells at 48 h after 4 h co-incubation with the polyplexes of 4-arm PEG-SSPHIS at the mass ratio of 24/1 (2 μg DNA) in the absence of serum and then 44 h-post transfection. Polyplexes of 25 kDa PEI at an optimal ratio of 1/1 was used as a control; (c,d) Transfection efficiency (c) and cytotoxicity (d) of 4-arm PEG-SSPHIS in COS-7 and NIH 3T3 cells at 48 h after 4 h co-incubation with the polyplexes of 4-arm PEG-SSPHIS at the mass ratio of 24/1 (8 μg DNA) in the presence of serum and then 44 h-post transfection. Polyplexes of 25 kDa PEI at an optimal ratio of 1/1 was used as a control.
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In vitro transfection activity of 4-arm PEG-SSPHIS was evaluated against four cell lines (i.e., COS-7, NIH 3T3, MCF-7 and HepG2) with plasmid DNA encoding green fluorescent protein (GFP) gene. Herein, COS-7 and NIH 3T3 cells were chosen as the models of normal tissue cells whereas MCF-7 and HepG2 cells as solid tumor cells. First, transfection efficiency of 4-arm PEG-SSPHIS was investigated as a function of polymer/DNA mass ratios in the absence of serum and presented as the percentage of GFP-expressing (GFP+) cells. As shown in Figure 4b, the polyplexes of 4-arm PEG-SSPHIS at different mass ratios from 12/1–60/1 failed to potently transfect COS-7 cells with low efficiencies (0.3%–1% GFP+). As a positive control, the polyplexes of 25 kDa-PEI afforded higher transfection efficiency (25.5% GFP+) at an optimal mass ratio of 1/1 [13,14]. Next, transfection activity of 4-arm PEG-SSPHIS was examined in the presence of 10% serum using a high DNA dose of 8 μg (Figure 4c). In this case, the polyplexes of 4-arm PEG-SSPHIS at the mass ratio of 24/1 again yielded low transfection efficiency against COS-7 and NIH 3T3 cells (3.8% and 6.6% GFP+ cells, respectively). A value of 25 kDa-PEI also induced low transfection efficacy (5.1% and 0.9% GFP+ cells, respectively). The inactive transfection is most likely attributed to the fact that negative serum adversely harms efficient cellular uptake of cationic polyplexes of the PEI. AlamarBlue assay showed that the polyplexes of 4-arm PEG-SSPHIS had low cytotoxicity with >80% cell viability (Figure 4b,d), revealing that 4-arm PEG-SSPHIS is harmless to the cells.

Further studies on transfection activity of 4-arm PEG-SSPHIS were conducted against MCF-7 and HepG2 cells at the mass ratio of 12/1 in the absence of serum. It was found that transfection efficiency of 4-arm PEG-SSPHIS in MCF-7 cells markedly increased from 4.6%–14.4% GFP+ when DNA dose was increased from 2–8 μg (Figure 5a). Moreover, with the 8 μg of DNA dose, the transfection efficiency of 4-arm PEG-SSPHIS increased to 26.5% GFP+ after lowering pH values from 7.4 (physiological pH) to 6.3 (tumor microenvironment pH) (Figure 5b). Similar phenomenon was also observed against HepG2 cells, where the efficiency of 4-arm PEG-SSPHIS markedly augmented by ca. 7.0 times (Figure 5c). Figure 5d exhibits typical images of GFP-expressing MCF-7 cells, observed under fluorescent microscopy, after the cells are transfected at different pH values. It can be seen clearly that larger amounts of GFP+ cells can be found at acidic pH values compared to the case at pH 7.4. Importantly, the active transfection activity was followed with ~100% cell viability (Figure 5a–c). However, a mild cytotoxicity (~75% cell viability) was observed for the polyplexes of 25 kDa PEI, although they yielded higher transfection efficiency, i.e., 56% and 32.5% GFP+ for MCF-7 and HepG2 cells, respectively. This high cytotoxicity is most likely because, with 8 μg of DNA, the PEI was applied at a high concentration (ca. 8 μg/mL) in transfection, thus causing cytotoxicity (Figure 4a).

Figure 5. (a) Transfection efficiency and cytotoxicity of 4-arm PEG-SSPHIS in MCF-7 cells as a function of DNA dose (2–8 μg); (b,c) Transfection efficiency and cytotoxicity of 4-arm PEG-SSPHIS using 8 μg DNA against MCF-7 (b) and HepG2 (c) cells as a function of pH values. The cells were detected at 48 h after 4 h transfection with the polyplexes of 4-arm PEG-SSPHIS in the absence of serum and 44 h-post transfection. Polyplexes of 25 kDa PEI at the mass ratio of 1/1 was used as a control. * p < 0.05, ** p < 0.01, *** p < 0.001; (d) Typical images of GFP+ MCF-7 cells after transfection at varying pH values (scale bar: 50 nm); (e) Effect of FBS on the transfection efficiency of 4-arm PEG-SSPHIS with 4 μg of DNA; (f) Effect of 100 μM chloroquine (CQ) on the transfection efficiency of 4-arm PEG-SSPHIS with 4 μg of DNA. ** p < 0.01. All the polyplexes were prepared at the mass ratio of 12/1.
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We also evaluated the effect of serum on transfection activity of 4-arm PEG-SSPHIS copolymer in MCF-7 cells (Figure 5e). In the presence of 10% FBS, transfection efficiency of the copolymer reduced slightly from 7.8%–5.7% GFP+ cells when 4 μg of DNA was applied, suggesting that the FBS has a little effect on the transfection activity of 4-arm PEG-SSPHIS. Again, the polyplexes of 4-arm PEG-SSPHIS in the serum displayed low cytotoxicity with ~100% of viable cells.

A few previous studies showed that chloroquine (CQ), an endosomolytic agent, could enhance gene transfection activity by promoting endosomal disruption [23]. As indicated in Figure 5f, the addition of 100 μM CQ resulted in enhanced transfection activity of 4-arm PEG-SSPHIS-based polyplexes against MCF-7 cells (15.9% ± 2.5% with CQ vs. 8.4% ± 1% without CQ), meanwhile maintaining low cytotoxicity (~100% cell viability). This enhanced transfection activity may serve as a hint that the PEG shielding of the polyplexes hampers active interactions between cationic SSHIS residue with the endosomal membrane, and such interactions are critical for efficient endosomal escape of the polyplexes. This point was also supported by the findings from Wagner et al., who showed that the polyplexes of PEGylated PEIs yielded poor transfection efficiency as compared to those of unPEGylated PEIs, due to poor endosomal escape [24]. However, an incorporation of a pH-sensitive linker which can liberate PEG from PEI inside the endosomes could favorably enhance transfection efficiency [25]. Thus, further work may focus on the design of 4-arm PEG-linked SSPHIS that has a pH-liable linker between PEG and SSPHIS.



2.4. Transgene Expression Induced by Polyplexes of 4-Arm PEG-SSPHIS in HepG2 Tumor

In vivo transfection activity of 4-arm PEG-SSPHIS copolymer was studied by intravenous injection of the copolymer-based polyplexes in nude mice bearing HepG2 tumor using plasmid DNA encoding luciferase gene. Biodistribution of luciferase gene expression was detected after one-day injection (Figure 6). Herein, the polyplexes at the mass ratio of 12/1 were applied for in vivo transfection due to their improved colloidal stability as well as efficient in vitro transfection activity. It was found that the polyplexes afforded the highest gene expression in the tumor compared to other tissues and the gene expression was ~2 times higher than that yielded by the polyplexes of PEI as a control. It is known that nanoscale polyplexes are prone to accumulation in leaky tumor tissue due to enhanced permeability and retention (EPR) effect. In addition, the polyplexes were capable of mediating potent gene transfection under an acidic condition, as shown in transfection study in vitro (Figure 5). These reasons may favorably contribute to high gene expression in the tumor. Four-arm PEG-SSPHIS copolymer also induced detectable gene expression in the normal organs such as liver, spleen and kidney, giving a hint that its polyplexes were partially enriched in these organs. The accumulation of the polyplexes in liver and spleen may be due to opsonization process of slightly positively-charged polyplexes (~+9 mV, Figure 3d), where immune antibodies in the bloodstream actively interact with the polyplexes and they are then recognized by the phagocytic system. However, it should be noted that the polyplexes of 4-arm PEG-SSPHIS yielded significantly lower transgene expression in spleen and lung as compared to those of PEI at the mass ratio of 1/1. The high surface charge of PEI-based polyplexes (~+30 mV [13]) may contribute to their active opsonization and subsequent accumulation in the spleen. Moreover, PEI-based polyplexes induced transgene expression mainly in the lung because its unstable polyplexes tend to form large-sized aggregates which are mainly accumulated in the abundant capillary network of lung [26]. By contrast, the polyplexes of 4-arm PEG-SSPHIS had an improved colloidal stability in physiological conditions (Figure 3b), which may contribute to minimized enrichment in the lung and thus low transgene expression. Taken together, these results indicate that 4-arm PEG-SSPHIS copolymer may serve as an effective vector for intravenous gene delivery.

Figure 6. Luciferase expression in the tumor and organs of nude mice after intravenous injection of 4-arm PEG-SSPHIS-based polyplexes (30 μg DNA, at mass ratio of 12/1). The expression was presented as RLU/mg protein (n = 4). A formulation of PEI at an optimal mass ratio of 1/1 was used as a control. * p < 0.05, *** p < 0.001.
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3. Experimental Section


3.1. Materials

4-Arm poly(ethylene glycol) (MW = 10 kDa, 4-arm PEG), histamine (HIS), cystamine bisacrylamide (CBA), glutathione (GSH), triethylamine (TEA), branched polyethylenimine (PEI, MW = 25 kDa) were ordered from Sigma-Aldrich (Shanghai, China). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM) and phosphate buffered saline (PBS) were ordered from GIBCO (Shanghai, China). The plasmid, pCMV-eGFP and pCMV-Luc were purchased from plasmid factory (Bielefeld, Germany). Luciferase assay kit and cell lysis buffer were ordered from Promega (Beijing, China).

PEG vinyl sulfone was synthesized as reported previously [27]. The conversion degree of terminal group of PEG vinyl sulfone was calculated to be 96% from its 1H NMR spectra (CDCl3) by comparing the integrals of the signals at δ 3.6–3.7 (methyl protons of PEG) and δ 6.8 (proton of vinyl sulfone group). 1H NMR: δ 3.6–3.7 (OCH2CH2), 6.1 (CH2=CH), 6.4 (CH2=CH) and 6.8 (CH2=CH).



3.2. Synthesis of 4-Arm PEG-block-poly(disulfide histamine) (4-Arm PEG-SSPHIS) Copolymer

Four-arm PEG-SSPHIS copolymer was obtained by two-step procedure. First, poly(disulfide histamine) oligomer with amino terminal groups was synthesized. The oligomer was then reacted with 4-arm PEG vinyl sulfone to yield 4-arm PEG-SSPHIS copolymer. In brief, SSPHIS oligomer with average-number polymerization degree Xn = 9 was prepared by stirring a mixture of CBA (0.864 g, 3.33 mmol) and an excess amount of HIS (0.463 g, 4.167 mmol) in methanol/water (1.6 mL, 4/1 v/v) in a brown reaction flask at 45 °C in the dark under N2 atmosphere. Once the reaction had proceeded for 5 days, 4-arm PEG vinyl sulfone (50 mg) was added into the flask via six portions and the stirring continued for another 3 days. Finally, the resulting solution was diluted with water to ~30 mL, acidified with 4 M HCl to pH~4, and purified by exhaustive dialysis (3 × 5 L, 15,000 cut-off) with deionized water (pH~4). 4-arm PEG-SSPHIS copolymer was isolated as water powder (yield: 102 mg, 93%).



3.3. Chemical and Biophysical Characterization

1H NMR (300 MHz) spectra were recorded on a Varian Inova spectrometer (Varian, Palo Alto, CA, USA). The signals of solvent residues were used as reference and were set at δ 4.79 for D2O.

The polyplexes of 4-arm PEG-SSPHIS at different mass ratios from 6/1 to 24/1 were prepared by gently mixing the polymer solution (800 μL, different concentrations in 20 mM HEPES buffer at pH 7.4) with DNA solution (200 μL of 75 μg/mL in 20 mM HEPES buffer at pH 7.4), followed by vortexing for 5 s and then incubation at room temperature for 30 min. Particle size and surface charge of the polyplexes were measured at 25 °C with Nanosizer NS90 (Malvern Instruments, Malvern, UK). To evaluate colloidal stability, saline solution was added to set a final salt concentration of 130 mM. Then, particle size of the polyplexes was measured at different time intervals (0.5, 4 and 24 h).



3.4. Agarose Gel Electrophoresis Assay

The polyplexes at different mass ratios were prepared by gently mixing the polymer solution (10 μL, different concentrations in 20 mM HEPES at pH 7.4) with DNA solution (10 μL, 80 μg/mL in 20 mM HEPES at pH 7.4), followed by incubation for 30 min at room temperature. Then, 10 μL of HEPES buffer (as control) or the buffer having GSH was added to set final GSH concentration of 10 mM, and the mixtures were incubated for another 30 min. After the addition 6× loading buffer (Fermentas, St. Leon-Rot, Germany), the mixture (10 μL) was loaded in the wells of a 0.7% agarose gel containing ethidium bromide (0.7 μg/mL). DNA was visualized by Tanon Gel Image system (Tanon, Shanghai, China) after running the gel electrophoresis at 100 mV for 30 min.



3.5. Cell Culture and Gene Transfection in Vitro

COS-7, NIH 3T3, MCF-7 and HepG2 cells (ATCC) were cultured in DMEM medium, containing 10% FBS and 100 U/mL penicillin and streptomycin (GIBICO, Shanghai, China). Transfection experiments were performed with pCMV-GFP or pCMV-Luc plasmid. The cells were plated in a 6-well plate (1 × 105 cells/well) and cultured in 2 mL of completed medium for at least 24 h until 60%–70% cell confluence. Then, they were washed with 1× PBS buffer and incubated in the medium with or without 10% FBS for gene transfection. In a typical transfection protocol, the polyplexes of 4-arm PEG-SSPHIS at different mass ratios were prepared. Afterwards, the cells were transfected with the polyplexes (2 μg DNA) for 4 h at 37 °C in a 5% CO2-containing atmosphere. Next, the medium was replaced with completed medium and the cells were further incubated for another 44 h. A transfection formulation with B-pEI, prepared at a mass ratio of 1/1, was also applied as a positive control. All the transfection experiments were done in triplicates [13,14].

The influence of chloroquine (CQ) on the transfection efficiency of the polyplexes of 4-arm PEG-SSPHIS at the polymer/DNA mass ratio of 12/1 was examined by using the same transfection protocol as mentioned above. In this case, MCF-7 cells were incubated with the polyplexes in the presence of CQ (final conc. 100 μM) for 4 h and were allowed to incubate further for a total of 44 h.

Next, the cell viability was evaluated by AlamarBlue assay accordingly our previous protocol. In detail, the cells (including untreated cells, i.e., cells not exposed to transfection) were washed with fresh 1× PBS buffer and co-incubated with fresh-made 2 mL of 1× Alamar Blue-DMEM media (i.e., 10-fold diluted Alamar Blue solution in DMEM full medium) for 4 h. Afterward, 200 μL of the media from each well (and also 1× Alamar Blue-DMEM media as a blank) were transferred to a 96-well plate for fluorescence recording. The fluorescence intensity was recorded by a fluorescence plate reader (Perkin Elmer LS50B, Thermo Fisher Scientific, Hudson, SD, USA) with an excitation and emission wavelengths of 545 and 590 nm, respectively. Cell viability was calculated according to the equation: Cell viability (%) = (Fs − F0)/(Fc − F0) × 100, in which Fs, Fc, and F0 are fluorescence density of the medium of transfected cells, the medium of untreated cells, and 1× Alamar Blue-DMEM medium as a blank, respectively. The calculated value for untreated cells as a control was taken as 100% cell viability.

Transfection efficiency assay was determined by flow cytometry (BD) to quantify the percentage of GFP expressing cells. In brief, after Alamar Blue assay, the Alamar Blue-DMEM media was removed and the cells were washed with 1× PBS buffer, trypsinized and transferred to sterile tubes followed by centrifugation at 300× g for 5 min. The supernatant was poured off, and the cells were re-suspended in 0.4 mL of 1× PBS. Fluorescence for GFP was detected using a flow cytometry with an excitation and emission wavelengths of 488 and 535 nm, respectively. The cytometry was calibrated with a negative control (untreated cells) to identify blank transfection efficiency. The percentages of transfected cells were quantified from a gated viable population of 10,000 cells.



3.6. Cytotoxicity Assay of 4-Arm PEG-SSPHIS

COS-7 cells (104 cells/well) were seeded in a 96-well plate. As the confluence reached 70%~80%, the medium was replaced with serum-free medium. The cells were then exposed in 4-arm PEG-SSPHIS at polymer concentrations in the range from 5–600 μg/mL. After 4 h incubation, the cells were cultured again in completed medium for another 44 h. Cell viability was determined by Alamar Blue assay, accordingly to the protocol mentioned above.



3.7. In Vivo Gene Transfection in HepG2 Tumor Bearing in Nude Mice

Animal experiments were officially approved by the Institutional Animal Care and Use Committee of Tongji University. Four to six-week-old male Balb/c nude mice bearing HepG2 tumor (~6 × 6 mm) were intravenously administrated via tail vein with 300 μL of the polyplexes of 4-arm PEG-SSPHIS at the mass ratio of 12/1 containing 30 μg of pCMV-Luc and 5% glucose. After 24 h, the mice were sacrificed and tumor, liver, lung, spleens, and kidneys were harvested, washed with 1× PBS and homogenized in passive lysis buffer prepared by mixing 1 mL of 5× passive lysis buffer (Promega, Beijing, China) 200 μL of 50 mM phenylmethylslfonyl fluoride (PMSF) in methanol, and 100 μL of protease inhibitor (Sigma, Shanghai, China). The homogenate was centrifuged at 12,000× g for 10 min at 4 °C. Then, 10 μL of the supernatant was mixed with 100 μL of luciferase assay reagent (Promega, Beijing, China) to detect luciferase expression with a luminometer (Thermo Scientific, Hudson, SD, USA). Total protein concentration in collected supernatant was determined by BAC Protein Assay kit (Invitrogen, Shanghai, China) and normalized using a standard BSA curve. Data were given as mean values (standard deviations) of four experiments and expressed as relative light unit (RLU)/mg protein [28].



3.8. Statistical Analysis

Comparisons between two samples were performed with the student’s t-test. Differences were considered to be statistically significant at p < 0.05.




4. Conclusions

We have demonstrated that 4-arm poly(ethylene glycol)-b-poly(disulfide histamine) copolymer can be readily obtained by Michael-type addition reaction. The polyplexes of the copolymer possess a few favorable gene delivery properties such as nanoscale size, colloidal stability, intracellular gene release and pH-responsive surface charges at acidic pH values. This copolymer induces efficient transfection activity in MCF-7 and HepG2 cancer cells specifically in acidic tumor microenvironment, meanwhile following with low cytotoxicity. This copolymer also causes detectable transgene expression mainly in HepG2-tumor rather than normal organs. Thus, 4-arm poly(ethylene glycol)-b-poly(disulfide histamine) copolymer reveals high potential for safe and efficient gene delivery.
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