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Abstract:

 The development of gene delivery vectors with high efficiency and biocompatibility is one of the key points of gene therapy. A series of polycations were prepared from polyethylenimine (PEI) with several amino acids or their analogs. The target polymers have different charge and hydrophilic/hydrophobic properties, which may affect their performance in the gene transfection process. Gel retardation and DLS assays showed that these polymers may condense DNA into nanoparticles with positive zeta potentials and proper sizes for cellular uptake. Luciferase reporter gene transfection results revealed their higher transfection efficiency than PEI; especially in the presence of serum, in which up to 23 times higher efficiency was achieved by employing glycolic acid-grafted PEI. Moreover, it was found that the degree of substitution on PEI has an apparent influence on the transfection, and the balance between electron-positive/negative groups largely affects the delivery process. The higher serum tolerance was also proven by BSA adsorption, flow cytometry and confocal microscopy assays. Results demonstrate that such type of polycations may serve as promising non-viral gene delivery vectors.
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1. Introduction

As an important type of non-viral gene delivery vectors, cationic polymers have received attention for their good stability, easy preparation, and modification [1,2]. Cationic polymers can efficiently condense DNA via electrostatic interaction, and their cationic properties may also facilitate the contact between the polymer/DNA complex (polyplex) and negatively charged cell membrane, leading to better cell uptake. The leading polymeric materials for gene delivery include polyethylenimine (PEI) [3,4], poly(l-lysine) [5], poly(tertiaryamine methacrylate) [3], and polyamidoamine [6], etc. Among these polymers, PEI was most widely studied due to its easy availability. High molecular weight (HMW) PEI, especially that with the Mw of 25 kDa, has relatively higher tranfection efficiency (TE) both in vitro and in vivo. This made it the golden standard for the design of novel polymeric vectors [7,8,9]. However, along with the higher TE, significant cytotoxicity and limited biocompatibility are also found in HMW PEI-mediated gene delivery [10,11]. Thus, to develop novel PEI-based materials with both high TE and improved biocompatibility is of great importance.

In recent years, large efforts were made to overcome the shortcomings of PEI [12,13,14,15,16,17]. Wang et al. showed that the introduction of hydrophobic dodecyl chains to PEI would improve the TE by enhanced escape of DNA from the endosome to the cytoplasm, but unfortunately the biocompatibility was not effectively improved [12]. Ramezani and co-workers revealed that alkyl-oligoamine derivatives of PEI without reduction of primary amine quantity is an effective strategy for the balance of hydrophobic-hydrophilic property and for the improvement of TE while maintaining low toxicity [13]. Zhuo found that the incorporation of a hydroxyl-enriched “skin” would afford PEI-g-5-ethyl-5-(hydroxymethyl)-1,3-dioxan-2-oxo (PEI-g-EHDO) with remarkably improved biocompatibility and stronger resistance against the serum-associated detrimental effects, such as protein adsorption, particle aggregation, and polycation-protein exchange [11]. In addition, poly(ethyleneglycol) (PEG) has been shown to have the ability to shield the positive charges on the complex, improving the serum tolerance [14,15,16]. However, the strong charge shielding and volume exclusion from such a polymer coating would interfere with the polycation/DNA complexation and hinder their efficient internalization into cells [17]. With these concerns, the modification of PEI, aiming for higher TE together with improved biocompatibility is not an easy task. The balances between the hydrophobic and hydrophilic properties and between the DNA binding and release abilities are of much significance.

Taking clues from these studies, the present investigation was undertaken with the objective to incorporate hydrophobic, hydrophilic, or charged elements in the polymeric structure and evaluate their effects on the TE, cytotoxicity, and serum resistance. For this purpose, we selected serine (Ser), glycolic acid (Ga), glycine (Gly), N,N-bis(2′-aminoethyl)glycine (Deta) and leucine (Leu) to modify 25 kDa PEI with various degrees of substitution (DS). Among these novel polymers, compared to PEI, Ser-PEI introduces hydrophilic hydroxyl groups without the reduction of amines; Ga-PEI replaces some amines with hydroxyls; Gly-PEI maintains the amount of amines; Deta-PEI may increase the primary amine groups; while Leu-PEI introduces hydrophobic alkyl groups. Using HEK293, HeLa and U-2OS cells as models, experiments revealed that these modified polymers showed better biocompatibility, serum resistance, and TE.



2. Experimental Section


2.1. Materials

Unless otherwise stated, all chemicals and reagents were obtained commercially and used without further purification. Absolute chloroform (CHCl3) and dichloromethane (CH2Cl2) were distilled after being dried with calcium hydride (CaH2). Column chromatography was performed using 200–300 mesh silica gel or 200–300 mesh Al2O3. All aqueous solutions were prepared from deionized or distilled water. The 1H NMR spectra was measured on a Bruker AM400 NMR spectrometer (Zurich, Switzerland). Proton chemical shifts of NMR spectra were given in ppm relative to internal reference TMS (1H, 0.00 ppm). N-(tert-Butoxycarbonyl)-l-serine, N-(tert-Butoxycarbonyl)-l-Glycine and N-(tert-Butoxycarbonyl)-l-leucine were purchased from Aladdin Industrial Corporation (Shanghai, China), MicroBCA protein assay kit was obtained from Pierce (Rockford, IL, USA). Luciferase assay kit was purchased from Promega (Madison, WI, USA). Endotoxin-free plasmid purification kit was purchased from TIANGEN (Beijing, China). Cell counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, Japan). The plasmids used in the study were pGL-3 (Promega, Madison, WI, USA) coding for luciferase DNA, and pEGFP-N1 (Clontech, Palo Alto, CA, USA) coding for EGFP DNA. The Dulbecco′s modified Eagle′s medium (DMEM) and fetal bovine serum were purchased from Invitrogen Co. (Chengdu, China). Cy5™ was obtained from Molecular Probe (Mirus, Madison, WI, USA). HEK293T human embryonic kidney cell lines, HeLa cell lines, and U-2OS human osteosarcoma cancer cells were purchased from Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). N′,N″-di-Boc-N,N-bis(2′-aminoethyl)glycine was synthesized as previously reported [18].



2.2. Preparation of Polymers

N-(tert-Butoxycarbonyl)-carboxylic acid (2 mmol), EDCI (2.4 mmol), HOBT (2.4 mmol), and DIEA (2.4 mmol) in dry methylene chloride (50 mL) was stirred for 0.5 h in ice bath. Then, the desired amount of PEI (25 kDa) based on molar ratios solved in dry methylene chloride was added and the reaction mixture was stirred for two days at room temperature. After completion of the reaction, MeOH/HCl solution was added to remove the protecting t-butyloxycarbonyl (Boc) group. The residue was dissolved in a small amount of water and dialyzed (MWCO 8000–14,000 kDa) against deionized water for three days. The product was obtained as a white or pale-yellow solid after lyophilization. Yield: 46%–62%.



2.3. Polymer Characterization

1H NMR spectra in D2O were obtained on a Bruker AV 400-MHz instrument at 25 °C. The molecular weights (Mw) and polydispersity (PDI, Mw/Mn) of prepared cationic polymers were determined by a gel permeation chromatography (GPC) system, which consisted of a Waters 515 pump, a Linear 7.8 mm × 300 mm column (Waters Corp, Milford, MA, USA), an 18-angle laser scattering instrument (Wyatt Technology Corporation, Santa Barbara, CA, USA), and an OPTILAB DSP interferometric refractometer (Wyatt Technology Corporation, Santa Barbara, CA, USA). NaAc (0.3 M, pH 4.4) passed through a 0.02 μm film filter was used as the eluent. A flow rate of 0.5 mL/min was applied.


	Ser-PEI: 1H NMR (400 MHz, D2O, TMS): δ = 2.64–3.50 ppm (m, PEI–H and –CH(NH2)CH2OH), 3.76 ppm (s, –CH2OH).


	Ga-PEI: 1H NMR (400 MHz, D2O, TMS): δ = 2.52–3.25 ppm (m, PEI–H), 3.94 ppm (s, –CH2OH).


	Gly-PEI: 1H NMR (400 MHz, D2O, TMS): δ = 2.64–3.51 ppm (m, PEI–H), 3.67 ppm (m, –CH2NH2).


	Deta-PEI: 1H NMR (400 MHz, D2O, TMS): δ = 2.64–3.13 ppm (m, –CH2CH2NH2, –CONCH2CH2), 3.25 ppm (m, –COCH2, –CONCH2).


	Leu-PEI: 1H NMR (400 MHz, D2O, TMS): δ = 0.86 ppm (d, –CH3), 1.58–1.64 ppm (m, –CHCH3), 2.68–3.60 ppm (m, PEI–H), 3.9 ppm (m, –CHNH2).




The calculation of DS of the polymers: Taking Ga-PEI for example, the characteristic singlet of δ 3.9 ppm represents the 2H on CH2OH on the substituents, while the broad multiplet represents the C–H of PEI (4H for each ethylenimine unit). Consequently, if the DS were 100%, the area ratio of the two peaks would be 1:2. Therefore, the DS may be calculated by (real peak area ratio)/(1:2). For Ga-PEI1, the DS would be (1:25)/(1:2) = 0.08, i.e., 8%.



2.4. Amplification and Purification of Plasmid DNA

pGL-3 and pEGFP-N1 plasmids were used. The former was seed as the luciferase reporter gene, which was transformed in M109 Escherichia coli, and the latter was used as the enhanced green fluorescent protein reporter gene, which was transformed in E. coli DH5α. Both plasmids were amplified in E. coli grown in LB medium at 37 °C and 220 rpm overnight. The plasmids were purified by an EndoFree Tiangen™ Plasmid Kit. Then, the purified plasmids were dissolved in TE (Tris+EDTA) buffer solution and stored at −80 °C. The integrity of plasmids was confirmed by agarose gel electrophoresis. The purity of plasmids was determined by the ratio of ultraviolet (UV) absorbances at 260 to 280 nm, and the result was approximately 1.91.



2.5. Agarose Gel Retardation Assay

Polyplexes at different w/w ratios (weight ratio of polymer relative to pDNA) were prepared by adding an appropriate volume of the polymer solution to 5 μL of pUC 19 (0.025 mg/mL). The obtained complex solution was then diluted to the total volume of 15 μL. After incubation at 37 °C for 0.5 h, the polyplexes were electrophoresed on a 1% (w/v) agarose gel containing GelRed™ in Triseacetate (TAE) running buffer at 120 V for 0.5 h. Then, DNA was visualized under an ultraviolet lamp using a Vilber Lourmat imaging system.



2.6. Particle Size and ζ-Potential Measurement in Water

Zeta potential (ζ-potential) and particle size were measured by a Nano-ZS ZEN3600 apparatus (Malvern Instruments) at 25 °C. This instrument is equipped with a red laser of wavelength 630 nm and measures the electrophoretic mobility of the particles using phase analysis of scattered light in an experimental set up similar to Laser Doppler Velocimetry (M3PALS technique, Malvern Instruments Ltd., Worcestershire, UK). Polyplexes with various w/w ratios were prepared by adding 1 mg of pUC-19 to the appropriate volume of the polymer solution (in PBS). Then, the solution of polyplexes was incubated at 37 °C for 0.5 h and diluted with deionized water to 1 mL prior to measurement. Data were shown as mean ± standard deviation (SD) based on triplicate independent experiments.



2.7. Cell Culture

Human osteosarcoma (U-2OS) cells, HeLa cells, and human embryonic kidney transformed HEK293 cells were incubated in DMEM with 10% (v/v) fetal bovine serum (FBS) and 1% antibiotics (penicillin-streptomycin, 10,000 U·mL−1) at 37 °C in a humidified atmosphere containing 5% CO2. The medium was replenished every other day.



2.8. Transfection Procedure

Gene transfection of a series of complexes was investigated in U-2OS, HeLa and HEK293 cells. Cells were seeded in 24-well plates (10 × 104 cells/well for U-2OS, 8.5 × 104 cells/well for HeLa and HEK293) and grown to reach 70%–80% cell confluence at 37 °C for 24 h in 5% CO2. Before transfection, the medium was replaced with a serum-free or a 10% serum-containing culture medium containing polymer/pDNA (1 μg) complexes at various weight ratios. After 4 h under standard incubator conditions, the medium was replaced with fresh medium containing serum and incubated for another 20 h.

For fluorescent microscopy assays, cells were transfected by complexes containing pEGFP-N1. After 24 h incubation, GFP-expressed cells were observed with an inverted fluorescence microscope (Nikon Eclipse TE 2000E) equipped with a cold Nikon camera at a magnification of 100×. Control transfection was performed in each case using a commercially available transfection reagent bPEI (25 kDa) based on the standard conditions specified by the manufacturer.

For luciferase assays, cells were transfected by complexes containing pGL-3. For a typical assay in a 24-well plate, 24 h post transfection as described above, cells were washed with cold PBS and lysed with 100 μL 1× Lysis reporter buffer (Promega, Madison, WI, USA). The luciferase activity was measured by microplate reader (Model 550, Bio-Rad, Hercules, CA, USA). Protein content of the lysed cell was determined by BCA protein assay. Gene transfection efficiency was expressed as the relative fluorescence intensity per mg protein (RLU/mg protein). All the experiments were done in triplicate.



2.9. Cytotoxicity Assay

Toxicity toward Human osteosarcoma (U-2OS) cells, HeLa cells, and human embryonic kidney transformed HEK293 cells was determined by cell counting kit-8 (CCK-8). About 7000 cells per well were seeded in 96-well plates and cultured overnight for 70%–80% cell confluence. The medium was replaced with 50 μL of fresh medium, to which 50 μL polyplexes at various concentrations were added to achieve a final volume of 100 μL. Twenty-four hours later, 10 μL CCK-8 mixed in 90 μL PBS was added to each well for additional 1 h incubation. The absorbance was measured in an ELISA plate reader (model 550, BioRad, Hercules, CA, USA) at a wavelength of 450 nm. The metabolic activity of the polyplex-treated cells was expressed as a relative to untreated cell controls taken as 100% metabolic activity. In addition, the cell viability of PEI was performed with a CCK-8 assay as unmodified control.



2.10. Protein Adsorption Assay

In brief, 1 mL of polymer solution (1 mg/mL) was added to 1 mL of bovine serum albumin (BSA) solution (2 mg/mL). After shaking at 37 °C for 0.5 h, the polymer adsorbed BSA to form white cotton-shaped precipitates, which were removed by centrifugation. The supernatant was carefully collected and the concentration of BSA in it was determined by BCA protein assay. The protein adsorbed on the polyplexes was calculated using the following equation:



q = (Ci − Cs) × V/m



(1)




where Ci and Cs are the initial BSA concentration and the BSA concentration in the supernatant after adsorption experiments, respectively; V is the total volume of the solution (2 mL); and m is the weight of the polymer (1 mg) added into the solution.


2.11. Cellular Uptake of Plasmid DNA

The cellular uptake of the polymer/fluorescein-labeled DNA complexes was analyzed by flow cytometry. The Label IT Cy5 Labeling Kit was used to label pDNA with Cy5 according to the manufacturer’s protocol. Briefly, U-2OS cells were seeded in 12-well plates (2 × 105 cells/well) and allowed to attach and grow for 24 h. For transfection in the absence of serum, the medium was exchanged with serum-free medium. As for transfection in the presence of serum, the medium was exchanged with serum-containing medium. Cells were incubated with Cy5 labeled DNA complexes (2 μg DNA/well, optimal weight ratio of each sample) in media for 4 h at 37 °C. Subsequently, the cells were washed with 1× PBS containing heparin (120 U/mL) and harvested with 0.25% Trypsin/EDTA and resuspended in PBS. Mean fluorescence intensity was analyzed using a FC 500 flow cytometer (Beckman Coulter, Brea, CA, USA). Cy5-labeled plasmid DNA uptake was measured in the FL4 channel using the red diode laser (633 nm). Data from 10,000 events were gated using forward and side-scatter parameters to exclude cell debris. The flow cytometer was calibrated for each run to obtain a background level of ~1% for control samples (i.e., untreated cells).



2.12. Confocal Laser Scanning Microscopy (CLSM) Analysis

U-2OS cells were seeded at a density of 2 × 104 cells per well in a 35 mm confocal dish (Φ = 15 mm), 24 h prior to transfection. For transfection in the absence of serum, the medium was exchanged with serum-free medium. As for transfection in the presence of serum, the medium was exchanged with serum-containing medium. Cells were incubated with Cy5-labeled DNA complexes (2 μg DNA/well, optimal weight ratio of each sample) in media for 4 h at 37 °C. Subsequently, cells were rinsed twice with PBS (pH 7.4) to remove complexes that were not taken up by cells, fixed with 4% paraformaldehyde (dissolved with PBS buffer) for 10 min, nuclear staining was done with DAPI. The CLSM observation was performed using Leica TCS SP5 at excitation wavelengths of 405 nm for DAPI (blue), and 633 nm for Cy5 (red), respectively.




3. Results and Discussion


3.1. Synthesis and Characterization of Acylated Polymers

The aim of this study was to rationally design and evaluate a class of potentially safe non-viral gene delivery vectors based on modified PEI. As shown in Scheme 1, target polymers were prepared from PEI 25 kDa and a series of functional acids with different amino densities and hydrophilic/hydrophobic properties. Except glycolic acid (Ga), other acids with primary amine group(s) need to be protected by di-tert-butyl dicarbonate (Boc2O) before their reaction with PEI. The final polymers were obtained by dialysis (MWCO: 8000–14,000) against water for 3 days and lyophilization. Adjusting the feeding ratio of acid carboxyls to amines on PEI led to different DS (for example, feeding ratios of 0.1, 0.2, 0.3, and 0.5 resulted in Ga-PEI1 to Ga-PEI4, respectively), which could be calculated from the specific peak integrals in the 1H NMR spectra (Figure 1, also see the Experimental Section). The calculated DS are listed in Table 1. Considering the steric effect and the reactivity diversity of 1°/2°/3° amines in PEI, the DS is always lower than the carboxyl/amine feeding ratio. The molecular weights of target polymers were measured by GPC, and results in Table 1 show that the Mw increased with the rise of DS.

Figure 1. 1H NMR spectra of Ga-PEI. The degree of substitution (DS) could be calculated by the ratio between the peak areas. The singlet of δ 3.9 ppm represents CH2OH on the substituents, while the broad multiplet represents the C–H near the amino groups of PEI.
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Table 1. Characterization of the polymers. DS was obtained from 1H NMR and represents the DS of the entire amino groups in PEI. Mw and polydispersity (PDI) were obtained from GPC.


	Polymer
	DS (%)
	Mw (kDa)
	PDI





	Ser-PEI1
	6.8
	31.9
	1.67



	Ser-PEI2
	9.3
	32.6
	1.66



	Ser-PEI3
	14.8
	35.8
	1.80



	Ser-PEI4
	19.0
	37.0
	1.71



	Ga-PEI1
	8.0
	29.4
	1.55



	Ga-PEI2
	10.0
	31.0
	1.63



	Ga-PEI3
	15.9
	32.6
	1.68



	Ga-PEI4
	18.2
	33.3
	1.68



	Gly-PEI1
	4.0
	28.5
	1.54



	Gly-PEI2
	8.7
	30.5
	1.58



	Gly-PEI3
	13.3
	32.7
	1.60



	Gly-PEI4
	25.0
	35.2
	1.70



	Deta-PEI1
	6.5
	33.2
	1.88



	Deta-PEI2
	10.5
	36.0
	1.77



	Deta-PEI3
	12.5
	37.3
	1.96



	Deta-PEI4
	15.4
	42.1
	1.90



	Leu-PEI1
	7.0
	32.3
	1.56



	Leu-PEI2
	10.3
	34.6
	1.71



	Leu-PEI3
	13.3
	36.6
	1.78



	Leu-PEI4
	21.1
	46.4
	2.37
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Scheme 1. Cationic polymers modified from branched 25 kDa polyethylenimine (PEI). 
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3.2. Formation of Polymer/DNA Complexes (Polyplexes)

Condensation of DNA into nano-sized particles is a prerequisite for efficient delivery of DNA into cells [13]. The binding strength of the modified PEIs to plasmid DNA was determined by gel retardation assay at various weight ratios (polymer/DNA, w/w), and the binding ability was indicated by the ratio at which full retardation was achieved [19]. Figure 2 shows that the complete DNA retardation induced by these new materials could be observed at a w/w ratio of 0.8, and the DS did not affect the DNA condensation ability [20]. Among the five modifications, Deta-PEI shows slightly lower binding ability. The stability of the polyplexes was also studied, and it was found that DNA could be gradually released from the polyplex with the increase of heparin (Figure S1). However, a greater amount of heparin than the polymer was needed for release, indicating a tight binding of polymer to DNA. Moreover, DNA protection against nuclease was investigated, and the results are shown in Figure S2. After the treatment of DNase, naked DNA was degraded and no band was observed on the gel. On the contrary, after condensation with the polymers, DNA could resist DNase and be released by subsequent addition of heparin. Such results suggest that these polymers may well protect DNA from degradation in the circumstance with nuclease [21].

Figure 2. Agarose gel electrophoresis of plasmid DNA (pUC 19) complexed with the cationic polymers at different weight ratios. In each image, the first lane is DNA control.



[image: Polymers 07 01516 g002 1024]







Since cells typically take up particles ranging from micrometers to nanometers [22], it is necessary for the cationic polymers to compact nucleic acids into nanoparticles with proper zeta potentials, which also play an important role in endocytosis and material cytotoxicity [23]. A dynamic light scattering (DLS) assay was used to measure the diameters and zeta potential of polyplexes formed by the modified-PEI and plasmid DNA at w/w ratios of 0.5, 2, 4, and 8, and unmodified PEI was used for comparison. The DS of each polymer was chosen according to the optimized DS from the luciferase gene transfection experiments (Section 3.3). As shown in Figure 3, in general, similar to PEI, these polymers may condense DNA into particles with diameters ranging from 100 to 450 nm, and the zeta-potential of the polyplexes reversed to positive at w/w ratio of ~1. The particle size decreased whereas the zeta potential increased with the rise of weight ratio. Polyplexes formed from Ga-PEI or Leu-PEI, in which hydroxyl or hydrophobic groups were introduced, showed relatively lower zeta potentials. Meanwhile, polyplex derived from Deta-PEI had the highest amino density, leading to the highest positive charge. However, the particle size seemed to be unaffected by the density of amino groups. Deta-PEI only gave the smallest particles at a relatively higher w/w ratio of 8. The influence of DS on polyplex size and potential was also studied by using Ga-PEI as model, and the results (Figure S3) show that with the rise of DS, an increase in particle size and a decreased zeta potential were observed. This may be logically explained by the positive charge screening from the increased amount of hydroxyl groups.

Figure 3. Particle size (a) and zeta potential (b) of polyplexes obtained from different modified PEIs by dynamic light scattering (DLS). Data represent mean ± SD (n = 3).
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3.3. In Vitro Gene Transfection

Luciferase reporter gene was used to quantitatively assess the in vitro TE of these modified-PEIs in U-2OS cells. Figure 4 shows the relative TE of these polymers at various w/w ratios (2, 3, 4, 5) in comparison with PEI (25 kDa) at its optimal weight ratio of 1.4 (N/P ratio = 10) [24]. The conjugation of amino acids on PEI definitely enhanced the luciferase expression, and glycine-modified Gly-PEI showed the best TE, which was about 10 times higher than PEI. The DS also affects their gene delivery behavior: for each polymer, about 10% DS is most suitable for the transfection.

Figure 4. Luciferase gene expression transfected by polyplexes at different weight ratios in comparison with 25 kDa PEI (w/w = 1.4, N/P = 10) in U-2OS cells in the absence of serum. In each group of columns, the w/w are 2, 3, 4, and 5, consecutively. Data represent mean ± SD (n = 3).
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It is known that the TE of PEI dramatically decreases in serum-supplemented medium [25,26,27]. Thus, the development of non-viral gene vectors that may retain their efficiency in serum is very important. In this study, the TEs of the newly prepared polymers with optimal DS were also tested in the presence of 10% serum. As shown in Figure 5a, compared to the results without the use of serum (Figure 4), polymers modified with hydroxyls showed better serum tolerance than PEI. For example, Ga-PEI gave six times higher TE than PEI, while the value was four in the absence of serum. Further, Ga-PEI also showed excellent TE toward other cell lines including HeLa (Figure 5b) and HEK293 (Figure 5c). In Hela cells, up to 23 times higher TE than PEI was achieved. In each cell line, the TE of Ga-PEI was higher than Ser-PEI, which also has hydroxyl groups but maintains the amount of amino groups. This indicates that the balance between electron-positive/negative groups, which also called the “hydroxyl effect” [11,28] or the charge screening effect [29,30], is important for the transfection by such types of polycations, especially in the serum circumstance. On the other hand, Gly-PEI also showed good TE, but the relative TE compared to PEI was lower than that obtained without serum.

Figure 5. Luciferase gene expression transfected in the presence of 10% serum in different cell lines. (a) U-2OS; (b) HeLa; (c) HEK293. Data represent mean ± SD (n = 3). 25 kDa PEI (w/w = 1.4, N/P = 10) was used as control.
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In addition, enhanced green fluorescent protein (EGFP) expression assays were performed to directly visualize the infected cells expressing the pEGFP-Nl reporter gene. Figure 6 shows the density of transfected cells by modified polymers under the optimal weight ratios obtained in luciferase assays. The results indicate that the transfection mediated by these polymers was more effective than that obtained in the experiment involving PEI. In addition, the same assay was carried out in the presence of serum (Figure S4) or in other cell lines (HEK293, Figures S5 and S6; HeLa, Figures S7 and S8). All results further demonstrate the good serum tolerance of these vectors.

Figure 6. Fluorescence microscope images of pEGFP-transfected U-2OS cells by the polycations at their optimal weight ratio.
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3.4. Biocompatibility Studies

The negatively-charged cellular and blood components would also interact with the cationic polyplexes, leading to inherent toxicity [31]. Transfection involving polycations is usually accompanied by some degree of cell toxicity, which may limit their use as gene delivery vectors [32]. The cytotoxicities of these PEI derivatives were studied and compared with that of unmodified 25 kDa bPEI by CCK-8 assay at various concentrations. The effect of DS was first investigated. For Ser-PEI and Ga-PEI, the viability of U-2OS cells slightly increased with the rise of DS (Figure S9), indicating that the introduction of hydroxyl groups might benefit the biocompatibility of the polymeric materials [14,19,28]. Meanwhile, for other PEI derivatives, such a DS-depended trend was not found [13]. The cytotoxicities of these five polymers with their optimized DS, which were the same with those used in DLS studies, were subsequently measured within different cell lines, and the results are shown in Figure 7. As anticipated, these modified-PEI conjugates exhibited obviously lower cytotoxicity than PEI, especially in normal cells HEK293. Leu-PEI with hydrophobic side chains showed higher cytotoxicity than other polymers, suggesting that hydrophobic modification is prone to induce toxicity, which may come from the enhanced interaction with the cell membrane [33,34,35]. Among the five polymers, Ga-PEI showed the lowest cytotoxicity. This might be attributed to the replacement of amines with hydroxyls, which would shield the positive surface charge of the PEI (Figure 3b).

Figure 7. Cytotoxicity of the polycations at different concentrations toward (a) U-2OS; (b) HeLa and (c) HEK293 cells. Data represent mean ± SD (n = 3).
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The serum-induced inhibition in gene transfection largely depends on the non-specific interaction between the polyplex and negatively charged serum protein [36,37,38]. The resistance against protein adsorption may favor the competitive approach of DNA cargo onto cell membrane, resulting in enhanced endocytosis and gene expression [39]. To verify this assumption, bovine serum albumin (BSA) was used as a model protein to simulate non-specific protein adsorption onto the surfaces of the polymers. As shown in Figure 8, modified PEI showed far lower protein adsorption than the unmodified one, especially for Ga-PEI. Such higher resistance against the negatively charged protein may contribute to its higher relative TE in serum condition (Figure 5).

Figure 8. Comparison of protein adsorption between the polymers. 1 Milliliter of polymer solution (1 mg/mL) was added to 1 mL bovine serum albumin (BSA) solution (2 mg/mL) and co-incubated with shaking at 37 °C for 0.5 h prior to measurement. Data represent mean ± SD (n = 3).
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3.5. Cellular Uptake and Intracellular Distribution

To gain insight into the transfection mechanisms promoted by the title polymers, the cellular uptake of DNA was analyzed by flow cytometry. After 4 h incubation of polyplexes with U-2OS cells, the percentage of cells positive for Cy5-labelled pDNA was calculated and shown in Figure 9a. All of the polyplexes showed good cellular uptake, and about 90% of tested cells were positive for Cy5-labled DNA. Although Gly-PEI gave the best TE in luciferase assay (Figure 4), its cellular uptake was not the highest. Since cellular uptake is only one of the several barriers in the gene delivery process [28,40], we speculate that Gly-PEI may deliver the nucleic acid with higher intracellular efficiency. Moreover, the cellular uptake experiments were also carried out in the presence of 10% serum in the same cell line. The results shown in Figure 9b reveal that the cellular uptake of all polyplexes was negatively affected. However, it’s clearly shown that Ga-PEI gave the least uptake decrease, which might be attributed to its higher charge screening effect (Figure 3b) and better protein adsorption resistance (Figure 8). This also contributes to its higher serum tolerance than other polymers (Figure 5).

Figure 9. Cellular uptake of polyplexes at optimal weight ratio in U-2OS cells quantified by flow cytometry analysis. (a) Without serum; (b) In the presence of 10% serum. Data represent mean ± SD (n = 3).
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Subsequently, the internalization and intracellular location of the delivered DNA (Cy5-labelled) by these polymers at the optimal transfection weight ratio were studied in U-2OS cells with CLSM. The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, blue). As shown in Figure 10, in the absence of serum, all polyplexes may effectively deliver a considerable amount of DNA (red) into the peri-nucleic region as well as nuclei after 4 h transfection. However, the red fluorescence decreased for the PEI-mediated transfection in the presence of serum. Meanwhile, there was no obvious change of the fluorescence density in the transfection mediated by the modified PEIs. For Ga-PEI mediated transfection, many more red signals were found in the nuclei, indicating its potential as non-viral gene delivery vector with higher TE, especially in the serum circumstance.

Figure 10. CLSM images of U-2OS cells transfected with Cy5-labelled DNA by polymers at their respective optimal weight ratio in the absence (upper) and presence (lower) of serum. PEI as control (w/w = 1.4, N/P = 10). For each triad image, left: cell nuclei stained by DAPI (blue); middle: Cy5-labeled pDNA (red); right: merged image.
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4. Conclusions

Branched PEI (25 kDa) was modified with several amino acids or other functional acids to give the derivative polymers with various DS. Different carboxylic acids were employed to endue the new polymers with different charge and hydrophilic/hydrophobic properties. These polymers may condense DNA into nanoparticles with proper sizes and zeta potentials. In vitro experiments showed that compared to PEI, they could give higher TE and lower cytotoxicity. Up to 23 times higher TE than PEI was achieved by employing Ga-PEI as transfection reagent. The effects of DS and substituted groups were also investigated, and 10% DS was found to be most suitable for transfection. Ga-PEI, in which some amino groups were replaced by hydroxyls, showed the highest serum tolerance and also the highest TE in several cell lines with the presence of serum. BSA adsorption and flow cytometry assays also proved its higher biocompatibility. Such results may guide a way to design PEI derivatives as non-viral gene vectors with higher efficiency and lower toxicity.
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