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Abstract

Gene delivery research has gained momentum with the use of lipophilic vectors that mimic viral 

systems to increase transfection efficiency. However, maintaining cell viability with these systems 

remains a major challenge. Therefore biocompatible and nontoxic biopolymers that are designed 

by combining non-immunological viral mimicking components with suitable carriers have been 

explored to address these limitations. In the present study recombinant DNA technology was used 

to design a multi-functional gene delivery system for nuclear targeting, while also supporting cell 

viability. Spider dragline silk recombinant proteins were modified with DNA condensing units and 

the proton sponge endosomal escape pathway was utilized for enhanced delivery. Short-term 

transfection efficiency in a COS-7 cell line (adherent kidney cells isolated from African green 

monkey) was enhanced compared to lipofectamine and polyethyleneimine (PEI), as was cell 

viability with these recombinant bio-polyplexes. Endosomal escape and consequent nuclear 

targeting were shown with fluorescence microscopy.
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1. Introduction

Increased interest in gene delivery for therapeutic applications has occurred over the last 

decade resulting in different approaches to replace or knock-down particular genes. [1– 2] 

Viral gene delivery agents are used for their high transfection efficiency; [2–3] however, they 

also can cause immunogenic responses resulting in toxicity and low cell viability. [4] 

Therefore non-viral gene carriers have become important to pursue in order to increase cell 

viability. [5–6] Non-viral gene delivery agents are derived from natural or synthetic polymers 

with either lipophilic or hydrophilic characteristics, resulting in different assemblies in vitro 

and in vivo. [7–8] Biosynthetic methods for synthesizing polymers, rather than chemical 

synthesis and modification strategies, can avoid chemical residues or impurities, which can 

negatively impact biological outcomes, while also providing tight control of polymer 

dispersity. Different amenities can be incorporated into these bioengineered polymers by 

selecting from a wide range of natural polymer libraries or motifs, or by synthesizing 

modified recombinant polymers in situ. Some of the common benefits of this approach 

include increased cell viability, biodegradability, biocompatibility and enhanced 

functionality. [9]

These bioengineered polymers have to assemble in solution to meet gene delivery and then 

stay soluble with hydrophilic interactions within the solution interphase. In addition, the 

polymer chains need to assemble in order to prevent excess penetration of media, which 

would result in rapid degradation. Silk proteins are biocompatible and biodegradable, and 

support cell viability. [10] Highly ordered secondary structure in solution stems from beta 

sheet formation, via inter-chain molecular hydrogen bonding between alanine/glycine 

residues. [11] Highly ordered structure of silk has been used to construct solid, scaffold-like 

materials for tissue engineering and extracellular matrix (ECM) mimicking applications, and 

also for delivering therapeutics and genes. [12–17] Biodegradability of the whole structure 

that has aminoacids as the building blocks facilitates the clearance of the cargo resulting in 

excellent biocompatibility. The repetitive peptide units of spider silk act as an excellent 

polymeric support for gene delivery, mimicking synthetic polymeric functions toward 

similar goals. [18–19]

Recombinant DNA techniques allows for facile modification of spider silk sequences with 

endosomal escape chemistries to address endosomal degradation challenges upon 

endocytosis, a major challenge in the intracellular delivery process. Cells defense 

mechanisms can disrupt gene delivery processes by degradation of the carrier before it 

reaches its destination. [20] As with bacteria using membrane destabilizing proteins or 

viruses using membrane-disrupting molecules, non-viral agents can possess similar 

abilities. [21] For endosomal escape sequences, the histidine-rich peptide, H5WYG 

(GLFHAIAHFIHGGWHGLIHGWYG) is expression friendly due to the elimination of 

repetitive amino acids. The histidines can respond to the drop in pH between the cytoplasm 

and endosomes to act as a proton sponge by absorbing excess protons in the endosomes. [22] 

This process prevents proton bombardment of the cargo in the endosomes and results in 

disruption of endosomal membrane. [23]
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For the attachment of oligonucleotides to the large peptidic carrier, non-covalent, ionic 

attraction is a useful method where the negatively charged phosphate backbone of 

oligonucleotides interacts with positively charged proteins to form electrostatic bonds. 

Synthetic polymers such as polyethyleneimine (PEI) have been used for their cationic 

characteristics and natural cationic polymers such as chitosan have been tried with the same 

purpose of condensing the negatively charged DNA. However, these highly cationic 

polymers cause toxicity due to non-selective attachment to the negatively charged 

membrane phospholipids or to serum proteins. [24–26] Recombinant DNA technology has 

been useful for obtaining cationic, non-toxic proteins for gene delivery. [9, 18] Lysine has 

been used successfully in condensing DNA into particles along with the polymer, without 

toxicity to cells [27, 28, 39] with an optimal number of 30 lysines to bind to medium range 

sized DNA (5 kbp). [29] Also, inspired by nature, clusters of lysine residues can help to 

condense DNA, as histones have repetitive lysine residues organized in clusters. High 

positive charged particles after condensing DNA is not desired due to cytotoxicity caused by 

non-specific interactions. [30–31]

Nuclear targeting is necessary for successful gene delivery, not only to facilitate 

transfection, but also to prevent premature degradation in the cytoplasm. [32] For nuclear 

targeting, the Transactivating Regulatory Protein (TAT) sequence, with an origin from an 86 

amino acid long protein from the Human Immunodeficiency Virus (HIV) virus has been 

pursued. [33] This protein has a nine amino acid long, arginine rich sequence, with nuclear 

directing ability either as a short peptide or as part of a long chain. [34]

The goal of the current study was to design and study the effects of different functional 

groups and their placement in recombinant silk proteins for nuclear targeting and gene 

delivery. We demonstrated with intracellular tracking assays that the endosomal escape unit 

postponed early degradation of the cargo by preventing endosomal degradation. A nuclear 

localization signal increased the transfection efficiency as a result of nuclear targeting and in 

its absence; endosomal escape prolonged the degradation of the cargo.

2. Experimental Section

2.1. Construction and Transformation of Plasmids

The spider silk repeating unit (SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT) 

was selected from the consensus repeat of the dragline silk spidroin (MaSp-I) sequence from 

the spider Nephila clavipes. Six contiguous copies of this repeated sequence (silk 6mer) 

were previously inserted into the pET-30-a plasmid, [29] which contains a linker with SpeI 

restriction site. pET30-a was linearized with SpeI restriction enzyme to obtain NheI and SpeI 

flanking ends at C- and N-termini, respectively. Calf intestine alkaline phosphatase was used 

to dephosphorylate the 5′ end of the linear plasmid. DNA sequences were designed to 

encode 6XT [(K30)(GLFHAIAHFIHGGWHGLIHGWYG)(RKKRRQRRR)] and 6XK 

[(K15)(GLFHAIAHFIHGGWHGLIHGWYG)(K15)]. The sequences were purchased as 

synthetic genes, which were cloned into pUC57 from GenScript (Piscataway, NJ). Ends 

were designed to be flanked by SpeI and NheI restriction sites, respectively. pUC57 

derivatives were digested by SpeI and NheI to liberate the sequences, isolated with gel 

electrophoresis and purified with Gel Extraction Kits (QIAGEN, Gaithersburg, MD). 

Yigit et al. Page 3

Macromol Biosci. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Purified sequences were ligated with alkaline phosphatase-treated pET30-a-6mer plasmid 

with T4 DNA ligase for 16 hours at 10°C. The ligation mixture was used to transform 

chemically competent DH5α E. coli cells (Invitrogen, Carlsbad, CA). Transformed plasmids 

were confirmed by dideoxy sequencing with both forward and reverse T7 promoter and 

terminator sequences (Tufts Core Facility, Boston, MA).

2.2. Protein Expression and Purification

6XT and 6XK containing pET30-a plasmids were used to transform chemically competent 

BLR E. coli strain (EMD Millipore, Darmstadt, Germany). The recombinant strains were 

grown in Luria-Bertani medium in a shaking incubator at 250 rpm and 37°C. Cells were 

induced with 1 mM isopropyl-β-D- thiogalactopyranoside when the optical density was 

between 0.8–1.0 at 600 nm. At 4 hours after induction, cells were collected by centrifugation 

at 8,000 rpm for 20 minutes at 4°C. Harvested pellets were lysed with denaturing phosphate 

lysis buffer overnight (100 mM NaH2PO4, 10 mM Trisbase, 8M urea, pH 8.0). The 

supernatant was collected by centrifugation at 8,700 rpm for 10 minutes at 10°C and loaded 

onto Ni chelating columns packed with Ni-NTA agarose (Novex, Grand Island, NY) at pH 

8.0. The column was washed and eluted with phosphate buffers at pH 6.3, 5.9 and 4.3, 

respectively. The elution at pH 4.3 was dialyzed (MWCO 3.4kDa) against deionized water 

for 3 days and lyophilized. The purity of the proteins was monitored by SDS-PAGE using 

12% NuPage Bis-Tris gels (Invitrogen, Carlsbad, CA). The molecular weight determinations 

were confirmed by matrix-assisted laser desorption ionization time of flight (MALDI-TOF) 

mass spectrometry.

2.3. Preparation of polyplexes

pDNA encoding gLuc luciferase (pCMV-GLuc 5764 bp) was amplified in chemically 

competent DH5α E. coli. Purification was performed by QIAGEN mini plasmid kit and 

DNA concentration was obtained with NanoDrop 2000c (Thermo Fisher Scientific, 

Waltham, MA). Polyplex preparations were prepared by mixing the recombinant proteins 

with gLuc plasmid with various amine/phosphate (N/P) ratios in deionized water with a final 

volume of 50 μL. N/P ratio was calculated from the moles of phosphate groups in the gLuc 

pDNA. The total moles of phosphate groups found in 100ng of gluc pDNA (5,764 bp) was 

calculated. To balance the charges for phosphate and free amine groups, the molarity of 

phosphate was tripled. Amount of protein needed was calculated by dividing the amine 

molarity by total free amine groups and adjusted for previously determined N/P ratios. 

When changing the N/P ratio, the pDNA amount was kept constant and protein amount was 

changed accordingly. The mixture of the polplexes was incubated overnight at room 

temperature.

2.4. Characterization of the polyplexes

Electrophoretic mobility shift assay was performed by loading the polyplex samples with 

different N/P ratios onto Tris-Acetate-EDTA (TAE) agarose gels (0.8% by mass, 1%EtBr by 

volume) for 25 minutes. Gels were analyzed under UV. Prior to zeta potential analysis, 

samples were diluted to a final concentration of 1 mL with deionized water and DMEM, 

respectively. Zeta potential of the samples was obtained using a Zeta NanoSizer (Nano 
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ZS90, Malvern Instruments, UK), averaging 3 consecutive measurements at room 

temperature and at 37°C. Scanning Electron Microscopy (SEM) images were taken with 

Zeiss Ultra Field Emission Scanning Electron Microscope (Thornwood, NY) Both 

concentrated (1 mg/mL) and diluted samples (0.1 mg/mL) that were previously prepared in 

deionized water and then vacuum dried were processed. Images were taken in high vacuum 

with 4 keV energy on carbon-coated surfaces after 5 nm thick of Au coating with Sputter 

Coater (Cressington HR208). Dynamic Light Scattering was used to detect the particle size 

with NanoZS90 (Malvern Instruments, UK) equipped with 633nm He-Ne laser at 25 °C with 

a 90° scattering angle. Polyplexes were prepared in deionized water with previously stated 

N/P ratios and measurements were taken with 50 μL samples at pH 7.4 and 5.5. Endosomal 

escape ability was characterized by pH response by simple acid/base titration. Polymer 

samples with 1 mg/mL concentration in PBS (pH 7.4) were prepared from 

polyethyleneimine (PEI, 25kDa, branched, Sigma Aldrich, Haverhill, MA), 6XK and 6XT. 

pH was measured by adding 5 μL increments of 3mM HCl solution. All recordings were 

processed into a pH response curve.

2.5. Intracellular Tracking Assay

Previously amplified gLuc pDNA was labeled with fluorescein using Label IT Nucleic Acid 

Labeling Kits (Mirus, Madison, WI). Polyplexes were formed according to the previously 

described techniques with labeled pDNA. COS-7 cells (ATCC, Manassas, VA) derived from 

the kidney of African Green Monkey, Cercopithecus aethiops, were seeded onto 96 well 

glass bottom plates with 5,000 cells/well at the time of transfection. Fresh media was added 

prior to the transfection and polyplexes were added with maximum DNA amount of 1 

ng/μL. Cells were fixed after different time intervals (4 and 10 hours). Cell fixation was 

done according to standard protocols. Briefly, cells were washed with PBS, 10% formalin 

and %0.05 Triton, respectively. Then 10% Blocking Solution was used for washing prior to 

Primary Antibody labeling. LAMP-1 (H4A3) 1ry antibody (Abcam, Cambridge, MA) was 

diluted by blocking solution (1:200) and added to wells for a 4 hour incubation. After excess 

washing with PBS, 2ry antibody (Goat Polyclonal Secondary Antibody to Mouse IgG2b- 

heavy chain FITC, Abcam, Cambridge, MA) solution diluted with blocking solution (1:50, 

v:v) was added onto wells for 1 hour incubation. Cells were washed with excess PBS prior 

to the addition of 4′, 6-diamino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA) solution 

(1:1000, v:v) and incubated for 10 minutes. Intracellular distributions of the polyplexes and 

labeled endosomes, along with the nucleus were observed by confocal microscopy. Confocal 

images (1024×1024 pixels, 12 bit depth) were acquired by PMTs from fixed COS-7 cells, 

stained for 1ry and 2ry antibodies as indicated above and DAPI, using a commercial Laser 

Scanning Spectral Leica TCS SP2 confocal microscope (Wetzlar, Germany) equipped with a 

Ti:sapphire laser (Spectra Physics, Mountain View, CA). 96 wells glass bottom plates were 

imaged using a 63x/1.2 NA water immersion objective.

2.6. Cell culture, Transfection and Viability

COS-7 cells were grown to 80% confluence using media consisting of Dulbecco’s Modified 

Eagle Medium (DMEM), 10% FBS, 5% Glutamine. Cells were trypsinized by 0.25% 

Trypsin (Invitrogen, Carlsbad, CA) and replated on 96-well plates with a density of 10,000 

cells/cm2 at the time of transfection after 24 hours of incubation at 37°C. Before 
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transfection, 200 μL of fresh media was added to each well. Polyplexes with varying N/P 

ratios were added into each well with a pDNA amount of 100ng/well. Lipofectamine LTX 

(Invitrogen, Carlsbad, CA), branched polyethyleneimine (MW~25kDa, Sigma Aldrich, 

Haverhill, MA), recombinant silk 6mer and naked pDNA were used as controls and 

prepared with the same varying N/P ratios. Two sets of incubation times were chosen for the 

transfections. After 15 and 48 hours, the supernatant was collected and kept at 4°C for 

luciferase expression analysis with a BioLux Gaussia Luciferase Assay Kit (New England 

Biolabs, Ipswich, MA). Briefly 50 μL of the supernatant was mixed with 20 μL of GLuc 

assay solution and monitored after 5–15 seconds incubation at room temperature in the dark. 

Luminescence activity was monitored by microplate reader (SpectraMax Paradigm Multi-

mode Microplate Detection Platform, Sunnyvale, CA). Expression levels were calculated 

relative to Lipofectamine LTX levels, which were in RLU/mg units. Cell toxicity was 

monitored by a standard 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide 

(MTT) assay (Vybrant MTT Cell Proliferation Assay, Invitrogen, Carlsbad, CA) according 

to standard protocols. Briefly, COS-7 cells were seeded into 96 well plates with a density of 

7,000 cells/well at the time of transfection. Polyplexes with varying N/P ratios were added 

into each well along with Lipofectamine LTX, PEI, 6mer and naked pDNA as controls. 

After 15 and 24 hours of incubation at 37°C, pre-mixed MTT solution was added onto each 

well for 4 hours post-incubation. MTT was solubilized with dimethyl sulfoxide (DMSO) and 

characterized by obtaining absorbance values.

3. Results and Discussion

The recombinant silk 6mer protein modified with poly-lysine, an endosomal escape unit and 

the HIV derived TAT sequence was successfully designed, synthesized and purified. 

Recombinant spider silk with 6 repeating units was synthesized and purified to be used as 

control in determination of N/P ratio and cytotoxicity.

The yield of purified recombinant silk proteins was around 5 mg/L. Both 6XT and 6XK 

gave major bands around 27 kDa and 26 kDa, respectively, on SDS-PAGE gels that were 

higher than the actual molecular weights due to the hydrophobic nature of silk. [28] The 

molecular weight obtained by MALDI-TOF was 22,502.62 Da for 6XK and 24,125.61 Da 

for 6XT, which correlated with theoretical calculations. Samples were lyophilized and stored 

at 4°C for polyplex formation and further characterization. Lyophilized protein samples 

(6mer, 6XK, 6XT) and PEI (branched, 25 kDa), lipofectamine LTX as controls were 

weighed and solubilized in 1 mL of DI water. Total pDNA was held constant at 1 ng/μL 

when calculating the N/P ratios, thus the protein amount was changed accordingly. 

Polyplexes with varying N/P ratios from 0.02 to 2 were used to analyze the electrostatic 

interactions by electrophoretic mobility shift assay. Free DNA migrated towards the anode 

as expected whereas polyplexes with the N/P ratio of 2 migrated towards the cathode. As the 

amount of protein was increased, migration towards the cathode also increased as seen in 

Figure 1. This result indicated that using the maximum electrostatic interactions possible, 

condensing the pDNA within the protein, formed polyplexes. Migration towards the cathode 

for the polyplexes with N/P=2 suggested that excess positively charge protein was present in 

a non-condensed form.
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Silk protein consisting of six repeating units was negatively charged as reported previously 

for dragline silk MaSp-I. [28] Zeta potential measurements (Figure 1) indicated that the 6mer 

was negative and modified 6XT and 6XK proteins were positive, as expected, due to the 

added lysine and arginine amino acids. The addition of lysine units brings the zeta potential 

of the silk proteins from negative to positive, indicating that lysine residues may assemble 

on the surface of the particles due to ionic and hydrophilic interactions in solution. Zeta 

potential of the polyplexes with N/P =1 dropped below 5 mV, confirming complex 

formation between pDNA and the cationic protein. Polyplexes with the N/P ratio above 1 

gave increasing zeta potential values due to excess cationic charge (data not shown).

SEM images showed polyplex formation upon addition of pDNA based on the change in 

morphology of the materials (Figure 2). Before complexing the pDNA, naked 6XK and 6XT 

protein showed film-like structures resembling the previously stated 6mer film-like 

morphology whereas the polyplexes resulted in the formation of globular structures when 

N/P ratio of 1 was used. The sizes of the features were between 300–350 nm for diluted 

samples. As the concentration of the sample increased, particles tend to show aggregates 

(data not shown). The sizes of the polyplexes were measured with DLS and 6XK and 6XT 

polyplexes gave lower size readings, 133 nm and 116 nm, respectively (Table 1). This size 

is suitable for clathrin mediated endocytosis where a particle size below 500 nm needs to be 

sustained. [34–35] Differences in size measurements between SEM images and DLS 

measurements were attributed to the dried state of the polyplexes for SEM measurements vs. 

hydrated particles in solution for DLS. To test the endosomal escape ability of the 

polyplexes, samples prepared with deionized water with pH 7.40 were used and analyzed 

with DLS. After dilute HCl addition to the samples, pH was lowered to 5.50 and analyzed 

with DLS. Size comparison of the two samples with different pH values revealed the inverse 

proportionality of size and pH change as expected. Polyplex size for 6XK and 6XT was 

raised to 170 nm and 144 nm from 133 nm and 116 nm, respectively. Proton sponge ability 

of the polyplexes was verified by the increase in size acidic medium. Upon lowering the pH 

from 7.4 to 5.5, mimicking the endosomal conditions, polyplex size was increased due to 

swelling of the polyplexes caused by protonation of the histidine residues, facilitating the 

endosomal membrane rupture and endosomal escape.

Buffering ability of the polyplexes were tested with pH response curves and showed the 

slow decrease in pH in the case of endosomal escape units containing constructs. 

Polyethyleneimine is known to show high buffering capacity, therefore it is used as a 

control. As the pH is lowered, PEI gave a plateau around pH 8.59 – 8.03 (Figure 3-b). The 

gold standard PEI has a high buffering capacity above neutral pH, due to the abundance of 

secondary amines, which protonates the polymer rendering a positive charge before entering 

the endosomes. [37] The 6XK and 6XT silk constructs showed a plateau-like phase between 

pH 6.27 – 6.08. This response was attributed to the proton sponge ability of histidines, 

which is prominent at pH 6.15, which is the pKa value of imidazole ring on the amino acid 

(Figure 3-a). Amount of protons added during titration were calculated by the change in pH 

values and compared with Polyethylene glycol, PEI and 6XT (Figure 3-c). Unlike PEI, 

having a buffering capacity below pH 7 and above endosomal pH 5.5 makes the proposed 

recombinant biopolymers excellent endosomal escape candidates. The amount of proton 

added into the titration media containing the polymer in question is a proof of the buffering 
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ability of the polymer. The comparison of quantity of the added protons into the media 

shows that recombinant polymer 6XT has a buffering capacity lower than PEI and higher 

than Polyethylene glycol (PEG). Buffering capacity as high as PEI may cause toxicity and 

difficulty in releasing the pDNA when upon transfection. [38] Recombinant polymers having 

a buffering capacity lower than PEI, still proves the endosomal escape ability by acting as a 

proton sponge. Intracellular tracking showed that the particles were internalized and able to 

target the nucleus by the TAT modification of the recombinant silk proteins. Endosomal and 

nuclear tracking were carried out by seeding COS-7 cells onto glass bottom 96 well plates. 

After transfection of the cells with the gene carrier, immunofluorescence labeling of the 

samples were performed. Confocal images were merged and adjusted by using ImageJ. (US, 

NIH, Maryland) Nuclear localization ability was verified and compared with Lipofectamine 

LTX as it is widely used for gene delivery. A comparison between the 6XK and 6XT 

polyplexes after 4 hours of transfection showed enhanced localization of the latter around 

the nucleus and the polyplexes were still in the cytoplasm and intact, (Figure 4), whereas 

free DNA signal in control cells (with only DNA added) was lost (data not shown). The 

endosomal escape ability of the polyplexes is thought to play a major role in preventing 

early degradation of the polyplexes. [22– 23] It should also be noted that 6XT transfected cells 

showed nuclear localization even after 10 hours as well as the lipofectamine LTX 

transfected cells.

Transfection of COS-7 cells with luciferase expression plasmid was performed in 96 well 

plates. The pDNA content in each well was kept constant and the N/P ratio was changed by 

adjusting the protein ratio. Luciferase expression levels were detected as RLU units and then 

converted to percentages with comparison to lipofectamine transfection.(Figure 5) 

Degradation of the polyplexes simultaneously released the pDNA which was reflected in the 

transfection efficiency values. The bioengineered silk proteins showed similar transfection 

values compared to LTX in short term incubations. After 15 hours of transfection, with the 

release of luciferase coding pDNA, 6XT showed up to 85% of the transfection efficiency of 

lipofectamine (5.0 e^4 RLU). Nuclear localization ability and endosomal escape units 

improved nuclear transfection by delaying the degradation of the polyplex and facilitating 

the nucleus targeting. Silk-based carriers had lower transfection values after 48 hours of 

incubation compared to the lipophilic carrier LTX due to the biodegradability of the 

recombinant silk. Loosening of the polyplex structure due to hydrolysis and subsequent 

degradation of the polyplexes released the pDNA into the cytosol near the nucleus [40]. The 

biodegradability of the silk allows the particle to degrade without causing accumulation in 

the cells, thereby lowering cytotoxicity.

Cytotoxicity assays showed that the bioengineered silk proteins were biocompatible and 

non-cytotoxic compared with controls. The 6mer, 6XT, 6XK showed no cytotoxicity and 

compared well with the positive control of naked pDNA and cells cultured without 

additives. (Figure 6) Accepted as the ‘golden standard’ in gene delivery due to high 

buffering capacity, PEI showed cytotoxic behavior after 24 hours of transfection. Lipophilic 

LTX also had low cell proliferation after 24 hours. Lipofectamine LTX showed 40% 

cytotoxicity after 24 hours of cell culture and PEI exhibited 90% cytotoxicity. The addition 

of 30 poly-lysine residues based on the previous transfection efficiency studies was enough 

to generate an effective and non-cytotoxic cationic carrier. Biosynthetic and biodegradable 
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silk-based proteins showed almost no cytotoxicity, with comparable values to free DNA and 

non-modified recombinant silk 6mer used as positive controls.

4. Conclusions

Engineering biopolymers with specific targeting and endosomal escape agents elevated 

transfection levels and also produced biocompatible, biodegradable, non-toxic and 

monodisperse carriers. Overall, the non-viral bioengineered polymers with comparable 

transfection efficiency to lipofectamine LTX, were achieved, yet with higher 

biocompatibility than lipofectamine LTX and the ‘gold standard’ PEI.

Biosynthetic approaches to the design of gene delivery vectors offers tremendous control 

over the chemistry, biocompatibity, biodegradability and non-cytotoxic features for gene 

delivery. Commercially available gene transfection agents show low viability due to their 

cationic, non-compatible nature. With the present work exploiting virus-derived 

components, successful non-viral gene carriers were formed with the ability to prevent 

endosomal degradation and perform nuclear localization. The proposed design of 

recombinant biopolymers has the virtue of overcoming endosomal degradation and 

successfully targeting the nucleus without causing cytotoxicity with facilitating the released 

pDNA for higher transfection results.
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Figure 1. Electromobility assay of polyplexes and corresponding zetapotential analysis
a) Agarose gel showing the migration of the polyplexes towards the cathode. b) Zeta 

potential of the polyplexes before and after complex formation to verify the polyplex 

formation with N/P ratio of 1.
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Figure 2. Scaning Electron Microscopy analysis for size and conformation decetion
Left and right columns belong to 6XK and 6XT, respectively. Top row of SEM images 

taken before the polyplex formation showing film-like structures. Protein concentration was 

1 mg/mL. Bottom row shows polyplex formation upon addition of pDNA with a ratio of N/P 

1. Protein concentration was 0.1 mg/mL. Scale bar is 300 nm.
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Figure 3. Proton Buffer Analysis
pH response curve for PEI (a) and 6XT (b) by acid-base titration. Buffering capacity of the 

recombinant polymer was prominent between pH 6.27 and 6.08. Amount of proton required 

to change the pH of the media was calculated and compared for PEI, PEG and recombinant 

polymer (c).
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Figure 4. Intracellular Tracking Assay
Fate of polyplexes traced for 4 and 10 hours post transfection. Comparison between 

lipofectamine polyplexes and nuclear targeting polyplexes (6XT) shows similarity and 

separates from 6XK polyplexes, which contained only endosomal escape functions. 6XK are 

the polylpexes without nuclear targeting domain, 6XT includes the nuclear targeting domain 

(TAT) and LTX is commercially available from Invitrogen (Carlsbad, CA).
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Figure 5. Transfection Efficiency Assay
Luciferase expression levels of recombinant 6XK (without nuclear localization unit), 6XT 

(with nuclear localization unit) and lipofectamine (LTX) polyplexes were compared. Data 

collected after 15 and 48 hours post transfection (*= p<0.05, **= p<0.01).

Yigit et al. Page 16

Macromol Biosci. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Cell Metabolic Activity Assay
MTT assay for the effect of polyplexes on cell metabolic activity and cytotoxicity. 

Polyplexes with N/P ratio of 1 were used. Positive controls were cell cultures without 

additives and cultures with naked DNA. Comparison with lipofectamine (LTX) and 

polyethyleneimine (PEI) were performed. Cytotoxicity was measured after 15 and 24 hours 

of post-transfection (*= p<0.05, **= p<0.01, ***= p<0.005)
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Table 1

DLS measurements for recombinant proteins at pH 5.5 and pH 7.4 Measurements were taken at RT

pH=7 w/o DNA(nm) polyplex form (N/P=1) (nm)

6XK 70 ± 2 133 ± 6

6XT 60 ± 1 116 ± 4

pH=5.5

6XK - 170 ± 6

6XT - 144 ± 5
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