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Abstract

Non-viral gene delivery systems are important transport vehicles that can be safe and effective 

alternatives to currently available viral systems. A new family of multifunctional spider silk-based 

gene carriers was bioengineered and found capable of targeting human mesenchymal stem cells 

(hMSCs). These carriers successfully delivered DNA to the nucleus of these mammalian cells. 

The presence of specific functional sequences in the recombinant proteins, such as a nuclear 

localization sequence (NLS) of the large tumor (T) antigen of the Simian virus 40 (SV40), an 

hMSC high affinity binding peptide (HAB), and a translocation motif (TLM) of the hepatitis-B 

virus surface protein (PreS2), and their roles in mitigation and enhancement of gene transfection 

efficiency towards hMSCs were characterized. The results demonstrate that these bioengineered 

spider silk proteins serve as effective carriers, without the well-known complications associated 

with viral delivery systems.
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Introduction

Gene therapy is an attractive approach for treating many complicated inherited (e.g. cystic 

fibrosis, hemophilia) and acquired (e.g., cancer, Paroxysmal nocturnal hemoglobinuria) 

diseases [1]. For success, therapeutic genes (i.e., pDNA, ODNs, siRNA, miRNA) must be 

safely delivered to a targeted site of action (i.e., cytosol, nucleus, mitochondria). These 

genes must pass through cell and nuclear membranes to efficiently reach target sites, and 

this transit is complicated due to the high-molecular weights and negative charges of the 

genes to be delivered. Therefore, safe and efficient gene delivery systems are needed. Viral 

and non-viral systems have been pursued, with viral systems (e.g., lentivirus, adenovirus, 

herpes simplex virus) widely used to deliver exogenous genes to different cell types, due to 

ease of use and their high efficiency [2].
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Viruses have evolved successful machinery to deliver their load to a cell, possess intrinsic 

mechanisms for endosomal escape, and have developed mechanisms for nuclear import [3–

6]. However, viral vectors can also exhibit significant immunogenicity, oncogenicity and 

acute toxicity [7]. In particular, the use of viral vectors has led to the occurrence of vector-

related leukemia in a significant number of treated children [4]. As a result, research has 

focused on safe and effective non-viral gene vectors. Current non-viral vector systems have 

relatively low risk of immunogenicity and oncogenicity, and can carry large sized genes. 

However, these systems suffer from low transfection rates, lack intrinsic mechanisms for 

endosomal escape and nuclear import and can be toxic when used at high doses. Therefore, 

there is a need to develop more effective non-viral gene delivery systems.

Human bone marrow-derived mesenchymal stromal cells (hMSCs) are a useful source of 

cells for specialized tissue outcomes due to their native ability to differentiate into a variety 

of cell types including adipocytes, osteoblasts, tenocytes, chondrocytes and smooth muscles 

cells [8, 9]. hMSCS are harvested from adults and do not induce immune responses upon 

local transplantation or systemic administration. The introduction of exogenous genes in this 

cell type is desirable in order to influence cell differentiation and/or reprogram cells to 

perform desired or lost functions. Thus, it might be possible to reprogram these cells and, as 

a result, treat a variety of serum protein deficiencies and genetic or acquired diseases (such 

as bone, cartilage or bone marrow disorders) with gene therapy. Current non-viral gene 

delivery systems have had limited success when used to transfect exogenous genes in 

primary cell lines, such as hMSCs. Hence, it is important to develop safe and effective non-

viral gene delivery systems for the transfection of MSCs [6].

Spider silks provide a unique avenue to produce well-defined gene carriers that exhibit low 

toxicity and high transfection efficiency [10–12], as well as being accessible to 

bioengineering for precise tailoring of chemistry and sequence. Previously, spider silk gene 

delivery systems have been demonstrated to be safe and efficient gene carriers for targeting 

metastatic human breast tumor cells [11]. Furthermore, silks are biocompatible and 

biodegradable and can be modified to target various cell types and specialized subcellular 

subunits [13–15]. Silks generate robust materials, thus generating carriers that can survive 

handling, injection and in vivo function [16, 17].

The goal of the present study was to bioengineer silk-based gene delivery systems with 

enhanced capabilities to deliver a therapeutic gene to hMSCs. Our carrier design has 

included a penta-block polymer composed of five distinct elements: (1) a spider silk block 

that is based on the monomeric sequence of the major ampullate spidroin I (MaSp I) of a 

golden orb-weaver spider, Nephila clavipes, to define carrier (e.g., nanoparticle) size, (2) a 

payload sequence (poly-L-lysine) to define gene loading capacity, (3) a nuclear localization 

sequence (NLS) of the large tumor (T) antigen of the Simian virus 40 (SV40) to govern 

intracellular delivery, (4) an MSC binding peptide known as high affinity binding peptide 

(HAB) for cell specific targeting, and (5) a histidine-rich peptide to facilitate the purification 

of the recombinant proteins and to serve as an endosomal escape sequence (Figure 1). Here, 

we report the synthesis, characterization and evaluation of these non-viral gene delivery 

vectors based on spider silk sequences linked with functional peptide domains. We 

demonstrated that by fusing an HAB peptide recognized by receptors at the surface of 
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hMSC membranes and a nuclear localization sequence SV40 to the spider silk sequences 

transfection efficiency was improved. The presence of these cell-specific and organelle-

tailored elements in our non-viral spider-silk systems provide advantages over gene delivery 

systems with synthetic polymers that cannot be easily decorated with these specific 

elements. The unique aspect of this system is that it can be easily tailored to accommodate 

precise delivery needs and has potential to be used as a versatile platform for both 

intracellular and cell specific targeting.

Material and Methods

Construction of cloning vector pET30L

The construction of the cloning vector pET30L was performed in a similar fashion to the 

procedure we described previously [18–20]. The cloning cassette linker was generated with 

NcoI and XhoI sites and prepared by annealing two synthetic nucleotides, 30aNHistop and 

30aNHisbottom (Figure 2). Annealing was accomplished by decreasing the temperature 

from 95 to 20°C at a gradient of 0.1°C per second. Mismatched double strands were 

denatured at 70°C followed by another temperature decrease to 20°C. This cycle was 

repeated three times. The resulting double stranded linker was ligated into pET30a(+) 

(Novagen, San Diego, CA) previously digested with NcoI and XhoI. Both restriction sites 

were preserved after ligation. The resulting cloning vector was referred to as pET30L.

Construction of Spider Silk Penta-Block Polymers

A core amino acid module derived from N. clavipes MaSp I was back translated into DNA 

sequences and adopted for cloning in bacteria based on codon bias (Figure 1). The coding 

sequences of multiple DNA monomers were designed in such way that they were caring 

SpeI and NheI restriction sites at the ends of their sequences. A step-by-step directional 

ligation approach was used to generate spider silk polymers containing six repeats of MaSp 

I. All gene cassettes were digested with NheI and SpeI and ligated into the pET30L vector. 

Ligation reactions were carried out with T4 DNA ligase (Invitrogen, Carlsbad, CA) at 16°C. 

First, the silk block was ligated into the vector followed by stepwise ligations of remaining 

functional sequences. E. coli DH5α cells (Invitrogen, Carlsbad CA) were transformed with 

the ligation products and successful transformants were identified by plating and incubation 

on medium containing 30 μg/ml kanamycin. The presence of correct inserts in each 

construct was confirmed by PCR and DNA sequencing. Table 1 depicts constructs employed 

in the current study.

Expression of Spider Silk Penta-Block Polymers

The spider silk penta-block polymers genes were expressed in E. coli Bl21DE3 (Invitrogen, 

Carlsbad, CA). Cells were grown at 37°C in LB medium to an OD600 of 0.8 at which point 

protein expression was induced with 0.5 mM ITPG (isopropyl β-D-thiogalactoside) (Fisher 

Scientific, Hampton, NH). The cells were harvested 4 hours after induction by centrifugation 

at 8,000 g (Sorvall, Fisher Scientific, Hampton, NH). All culture media contained 30 μg/ml 

of kanamycin.
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Purification of Spider Silk Penta-Block Polymers

Protein purification was performed under denaturing conditions on Ni-NTA resin (Qiagen, 

Valencia, CA) using the manufacturer’s guidelines. Briefly, cells were resuspended in 

denaturing buffer B (8 M urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0) containing 10 

mM imidazole. The cells were lysed by stirring for 30 min at 4°C followed by sonication for 

10 seconds with 30 second time intervals until fully lysed. Insoluble cell fragments and 

soluble proteins were separated by centrifugation at 9,000 rpm at 4°C for 25 min. Cell lysate 

was mixed with Ni-NTA resin (Qiagen, Valencia, CA) in a 4 to 1 ratio and left overnight 

under constant agitation at 4°C. The supernatant-Ni-NTA mixture was loaded into a column 

and washed four times with denaturing buffer B (pH 8.0), twice with denaturing buffer C ((8 

M urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 6.7), and further two times using buffer D 

((8 M urea, 100 mM NaH2PO4, 10 mM Tris-HCl, pH 5.3). The recombinant silk based 

penta-block polymers were eluted using the denaturing buffer E (pH 4.7). The proteins were 

dialyzed against 10 mM Tris buffer (pH = 7.5) followed by dialysis against water using 

Slide-A-Lyzer Cassette (Pierce, Rockford, IL) with MWCO of 2,000 Da. Dialyzed proteins 

were lyophilized. The purity of expressed proteins was verified by SDS-PAGE 

electrophoresis followed by Colloidal Blue and silver staining. Protein identity was 

confirmed by matrix-assisted laser desorption ionization mass spectrometry (MALDI-TOF) 

(Tufts Core Chemistry Facility, Boston, MA).

Polyplex Preparations

To prepare non-viral silk based gene delivery complexes, bioengineered spider silk-based 

pentapeptide solution and the pDNA solution were mixed together at different N:P ratios 

(where N is a number of primary amines in the protein; P is a number of phosphate groups 

in the pDNA backbone) and incubated for 30 min at room temperature. 10 mM tris-HCl (pH 

7.5) was used to prepare these solutions unless otherwise stated. Hexamer silk (H6mer) and 

naked pDNA were used as negative controls. Lipofectamine™2000 (Invitrogen, Carlsbad, 

CA) was used as a reference in gene delivery experiments. Lipofectamine™2000 pDNA 

complexes were prepared according to the manufacturer’s instructions.

Agarose Gel Electrophoresis Retardation Assay

Gel electrophoresis in agarose gels was carried out at 80 V. Agarose gel (0.8% w/v) 

containing ethidium bromide (0.05 μL/mL) was prepared in Tris-acetate-EDTA buffer. 

Polyplex solutions were prepared at different N:P ratios using 1 μg of pDNA (g-Wiz-GFP, 

Aldevron, Madison, WI). Before subjecting the samples to gel electrophoresis, 2 μL of 6X 

Blue/Orange Loading Dye (Promega, Madison, WI) were added. Recombinant spider silks-

pDNA interaction is shown by a lack of migration of the pDNA in the electrophoretic field.

Dynamic Light Scattering

Dynamic Light Scattering (DLS) was performed using a DynaPro Titan instrument (Wyatt 

Technology, Santa Barbara, CA). Analysis was performed using the DYNAMICS V6 

software. The pDNA – protein complex solution at N/P ratio of 2.5 was added to 450 μL of 

ultra-pure water (Invitrogen, Carlsbad, CA) and, then used as a sample for DLS 
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measurement. All samples were filtered through a 0.2 μm filter before measurements (n=10). 

All measurements were performed with n=10.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to assess morphological features of the 

spider silk penta-block polymers. The experiments were performed using a 55 Ultra System 

(Harvard University Center for Nanoscale Systems, Cambridge, MA) from Zeiss (Jena, 

Germany). Lyophilized peptides were dissolved in water or 10 mM Tris (pH = 7.5) to a final 

concentration of 1 μm/mL or 5 μm/mL and dried on a silicon chip in a closed container at 

room temperature. Images were taken using InLense and SE2 detectors at 1.00 kV.

Cytotoxicity Studies

The cytotoxicity of the gene delivery vectors with pDNA was evaluated by determining cell 

viability with respect to unexposed cells using the CellTiter96 AQueous assay (Promega, 

Madison, WI). The assay is composed of solutions of tetrazonium compound (MTS) and 

electron coupling reagent (PMS) and establishes a correlation between the cellular metabolic 

activity and the number of viable cells in culture. The conversion of MTS into aqueous, 

soluble formazan is accomplished by dehydrogenase enzymes found in metabolically active 

cells. Cell viability was studied as a function of the gene delivery vector type at N:P ratio 

2.5. 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) was used as a positive control. 

Lipofectamine 2000 (Invitrogen, Casablanca, CA) was used as a reference. Cells were 

seeded in 96-well tissue culture plates at a density of 3,200 cells per well. After 24 h, 

medium was replaced with fresh DMEM medium and 10 μL of each silk-pDNA complex at 

N/P ratio of 2.5 was added and incubated 24 h. After 24 h, the medium was exchanged and 

20 μL the combined MTS/PMS solution was added into each well. Plates were incubated for 

3 h at 37°C in humidified, 5% CO2 atmosphere. The amount of soluble formazan was 

measured at 490 nm using a microplate reader SpectraMax M2 (Molecular Devices, 

Sunnyvale, CA). The relative cell viability (%) related to the negative control was calculated 

by test sample/negative control × 100. The experiment was run in triplicate three times.

Cell Culture

hMSCs were extracted according to common procedures [21] from commercially obtained 

fresh human bone marrow aspirates (Lonza, Basel, Switzerland). Aspirate donors were male, 

under 25 years of age and free of HIV, hepatitis B and hepatitis C, and had a cell count of at 

least 15×106 leukocytes/mL (as measured by a Coulter counter). Briefly, an aspirate volume 

of 25mL was diluted 10-fold with MSC expansion medium consisting of DMEM:F12 basal 

medium (DMEM:F12) supplemented with 10% fetal bovine serum (FBS), antibiotics-

antimycotics (100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL fungizone), 0.1 

mM nonessential amino acids and 1 ng/mL basic fibroblast growth factor (bFGF) 

(Invitrogen). The diluted bone marrow was plated on tissue culture treated plastic (TCP) 

T-175 flasks at an average seeding density of 350,000 leukocytes/cm2. After 10 days the 

non-adherent cells were removed and the adherent cells were kept in expansion medium to 

reach confluence. Upon reaching confluence, the expanded cells from each flask were 
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passaged using 0.25% trypsin-EDTA (Invitrogen) and expanded without bFGF at a 

passaging seeding density of 6,750 cells/cm2.

Gene Delivery Studies

Gene delivery was studied based on reporter gene expression. A reporter gene that codes for 

the green fluorescence protein (GFP) was used in three independent experiments. Each 

experiment was performed three times in triplicates.

Expression of the GFP Gene—Cells (hMSCs) were seeded at 1.25 × 104 cell/cm2, in 

12-well plates, 24 h prior to transfection using a basic culture medium consisting of DMEM, 

10% FBS, and 1% PSF (penicillin, streptomycin, and fungizone). Cells were transfected 

after reaching 70% confluence. Before contact with spider silk gene delivery complexes, 

medium was exchanged for 1 mL media. 100 μL of polyplex solution was added to the cells 

and, then after 6h the culture media was replaced with fresh basic media. Twenty-four hours 

after transfection, cells were observed with a fluorescence microscope (Leica Microsystems, 

Wetzlar, Germany).

Cellular Uptake Studies by Fluorescence-Activated Cell Sorting (FACS)—For 

flow cytometric analysis, growth medium was aspirated from confluent wells. After washing 

with PBS, 0.25% trypsin/EDTA (Invitrogen) was added to each flask and kept in an 

incubator for 10 min at 37°C. Trypsinization was halted by adding 10 mL serum containing 

medium and the cell suspension was collected into a conical tube. The conical tube was 

centrifuged for 10 min at 450 g and 4°C. After removing the supernatant, the pellet was re-

suspended in FACS-buffer, consisting of PBS supplemented with 0.5% FBS (Invitrogen) 

and 5 mM EDTA (Sigma). The cell suspension was split into samples in 2 mL Eppendorf 

tubes. 1 mL of FACS-buffer was added to each sample and centrifuged for 10 min at 450 g 

and 4°C. The supernatant was removed and the pellets were re-suspended in 1 mL FACS-

buffer. After a second centrifugation at the same settings, the samples were re-suspended in 

250 μL FACS-buffer, transferred into their respective FACS-tubes and kept on ice until 

measurement. Using forward and side scatter parameters, dead cells and debris were 

eliminated from the analysis. GFP was excited by an argon laser and fluorescence was 

detected using a 530/30 nm band pass filter in the FL1 channel. Flow cytometric analysis 

was performed on a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) with a 488nm 

argon laser for optimal GFP excitation. Analysis was performed using FlowJo (TreeStar, 

Ashland, OR) on dot plots to obtain a more accurate quantification as compared to 

histogram analysis. Fluorescence analysis was performed on a FL1 vs. FL3 dot plot, with the 

FL1 detector having a 530/30 nm and the FL3 detector having a 670/LP band-pass filter 

respectively. GFP was predominantly detected by the FL1 detector and the FL3 detector 

allowed for increased spatial separation and identification of weakly fluorescent cells.

Immunocytochemistry

Following transfection, cells were washed with PBS, fixed with 4% paraformaldehyde, and 

then washed in PBS. Cells were then permeablized with 0.2% Triton-X 100 in PBS and 

blocked with 1% Bovine serum albumin (BSA) prior to incubation with primary antibodies. 

Penta·His Antibody (primary) (EMD Millipore, Billerica, MA) and Cy5-conjugated goat 
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anti-mouse IgG antibody (secondary) (Abcam, Cambridge, MA) were used in 3% BSA for 3 

h at room temperature or 16 h at 4°C on a shaker. Cells were washed with PBST (0.05% 

Tween 20 in PBS), then mounted in Vectashield medium and the nuclei counterstained with 

DAPI (4,6-diamidino-2-phenylindole) (1.5 mg/mL) for conventional immunofluoresence. 

For spider silk-pDNA complexes staining, Penta·His Antibody followed by Cy5-conjugated 

goat anti-mouse IgG antibody were used. After the staining positive GFP expression and silk 

gene carriers were observed with a fluorescence microscope (Leica Microsystems, Wetzlar, 

Germany).

Statistical Analysis

Student’s t-test was used to calculate the significance of the observed results. One-way 

analysis of variance (ANOVA) was used to determine significant differences between 

different experimental groups. Differences were considered significant when p<0.05. SEM 

and DLS results are reported as the mean ± standard deviation of the mean.

Results

Design and Purification of Spider Silk Block Copolymers

Our previously developed cloning strategy [18, 22, 23] for the biosynthesis of recombinant 

spider silk genes was employed to engineer a new family of spider silk penta-block 

polymers with enhanced capabilities to specifically target hMSCs. Figure 1 provides the 

overall strategy to generate these new proteins. By using a step-by-step directional ligation 

approach, we gained direct control over the assembly of monomeric genes into complex 

sequences.

Two sets of non-viral gene delivery contracts were prepared (Table 1). MaSp I monomers as 

well as MaSp I hexamers were used as the core sequences. The monomeric spider silk block 

consisted of one poly-alanine/poly-glycine repeat (GAGAAAAAGGAG) that is responsible 

for β-sheet formation and of eight GGX repeats, separated by the GSQGSGR sequence [24]. 

The GGX repeats are thought to adopt a helical conformation and serve as a more 

hydrophilic link between crystalline β-sheet regions and neighboring GGX helices in 

adjacent protein molecules that can help reinforce fiber alignment [25, 26]. By increasing 

the number of spider silk blocks in the recombinant silk penta-block constructs, we intended 

to provoke the formation of zipper-like β-sheet structures leading to a higher degree of 

crystallinity for the overall structure, and thus formation of stable nanoparticles. The 

nanoparticle diameter was also controlled by the length of the silk block. The presence of 

glutamine (Q) and arginine (R) residues were considered for the hydrophilic properties of 

the spider silk block; while serine (S) and tyrosine (Y) were responsible for hydrogen 

bonding between the silk-based peptides. SDS-PAGE analysis indicated successful 

expression and purification of the spider silk block polymers.

Agarose Gel Electrophoresis Retardation Assay

Recombinant spider silk gene delivery systems were investigated for their ability to bind, 

neutralize and compact plasmid DNA (pDNA). Plasmid DNA encoding for Green 

Fluorescent Protein (5.7 kb) was used. Prior to all studies, silk polymers were mixed with 
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pDNA at different N:P ratios in 10 mM Tris Buffer or water for polyplex formation. 

Agarose gel retardation assays revealed that binding to and charge neutralization of pDNA 

occurred at N:P ratios of 1.25 and higher (Figure 2). By using pDNA migration patterns, 

which when not bound to a protein the DNA migrates according to molecular weight (i.e. 

linearized plasmid), complete pDNA packaging was achieved at an N:P ratio of 2. Based on 

these results, an N:P ratio of 2.5 was selected for further experiments to assure silk-pDNA 

complex formation.

Morphological characterizations

Dynamic light scattering (DLS) measurements were performed to examine the size of the 

formed polyplexes at an N:P ratio of 2.5. The diameter of pDNA complexes of the 

recombinant silk with PLL and HAB sequences enlarged with increase in the length of the 

silk domain. In the case of HM15HABt, HTLMM15HABt, H(SV40)M15HABt, 

H(SV40)615HABd and HTLM615HABd, diameters were bimodal, indicating the presence 

of both small and large complexes (Table 2). The formation of large complexes indicates 

that silk cationic gene delivery proteins have a tendency to aggregate when pDNA is added. 

HTLM615HABd had the largest particle size of 783 ± 13 nm, whereas HM15K peptide had 

the smallest size of 5 ± 3 nm.

SEM was used to visualize the morphologies of the spider silk penta-block polymers 

prepared at N:P ratio 2.5. Figure 3 depicts the morphologies that were observed for spider 

silk polymers in water. Recombinant spider silk polyplexes assembled into spherical 

aggregates upon complexation with pDNA. The diameter of the aggregates was in 

agreement with the DLS measurements.

Cytotoxicity Studies

The dehydrogenase enzyme activity, and by extension, relative cell viability was measured 

by the CellTiter96 AQueous assay. hMSCs were maintained in DMEM supplemented with 

different concentrations of spider silk pDNA complexes for 24 h. Relative cell viability (%) 

was calculated by test sample/negative control × 100. After 24 h of incubation, silk gene 

delivery pDNA complexes did not reduce cell viability over the range of constructs (Figure 

4). Triton X-100 showed 70% reduction in cell viability. The silk hexamer (H6mer) showed 

the highest cell viability (99%). The other silk construct demonstrated a slight reduction in 

cell viability (~10%). The reduction in cell viability in other constructs when compared to 

H6mer can be attributed to the poly-L-lysine domain which is known to cause toxicity when 

present. When the length of PLL increases, cell viability decreases due to cytotoxicity [27]. 

Relative cell viability was reduced to 68% when Lipofectamine 2000 was used as the gene 

carrier. Hence, spider silk gene carriers demonstrate significantly higher levels of cell 

viability when compared to Lipofectamine 2000.

Gene Delivery Studies

To evaluate the feasibility of the pDNA complexes with recombinant spider silk proteins 

possessing an HAB peptide and SV40 sequences for gene delivery, in vitro transfection 

experiments were performed. Two sets of constructs, spider silk monomers and hexamers, 

were employed in the study to assess the length of the silk domain and the amino acid 
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composition on transfection. An N:P ratio of 2.5 was selected for transfection experiments 

based on gel retardation results.

Quantitative expression of GFP by Fluorescence-Activated Cell Sorting 
(FACS)—To quantify the expression of GFP in the transfected cells, FACS was employed 

after 24 h of transfection. All constructs were prepared at the N/P ratio of 2.5. Non-

transfected cells were used to quantify background fluorescence, purified GFP was used as a 

negative control, and Lipofectamine 2000 (Invitrogen, Casablanca, CA) was used as a 

reference.

Only silk carriers possessing both (SV40) sequence and HAB peptide showed significant 

GFP transfection (Figure 6). H(SV40)M15KHABt and H(SV40)615KHABt transfected 

3.52% ± 2.32% and 4.11% ± 0.47% of the hMSCs. The Lipofectamine reference samples 

showed a transfection rate of 9.08% ± 3.34%. When the HAB peptide was present without a 

SV40 or TLM sequences, the transfection efficiency did not change when compared to silk 

domains alone. This indicates that the HAB peptide is important for targeting hMSCS, but 

probably does not play a central role in the uptake process. Table 3 summarizes the relative 

percentage of the GFP signal as detected by FACS.

Qualitative expression of GFP as detected by Fluorescence and Confocal 
Microscopy—pDNA delivery by spider silk-based cationic complexes was qualitatively 

studied by visualization of the expressed GFP protein using fluorescent and confocal 

microscopy. As demonstrated by green fluorescence, the pDNA/silk-based protein 

complexes containing both the cell recognition domain and nuclear localization sequence 

(H(SV40)M15HABt and H(SV40)615KHABd) delivered a target gene to the nucleus, 

confirmed by subsequent expression of GFP (Figure 6). Low levels of GFP expression were 

observed when hMSCs were transfected with a silk carrier without NLS 

(HTLM615KHABd). Additionally, pDNA complexes with silk proteins only, demonstrated 

no nuclear import. The H(SV40)M15KHABt construct exhibited the highest transfection 

efficiency as indicated by both fluorescence imaging and FACS. Figure 6 depicts the 

observed results.

To visualize the presence of silk particles inside the cells, immunocytochemistry was 

employed. Since spider silk gene carriers possess an N-terminal histidine tag, they were 

visualized through non-covalent interactions of a histidine block with a penta-His antibody 

followed by Cy5-conjugated goat anti-mouse IgG antibody. The results revealed the 

presence of silk particles for those cells that demonstrated high transfection levels (Figure 

7).

Spider silk-based gene carriers (in red) were observed in close proximity to the nuclei (blue) 

indicating importance of NLS for gene delivery. Moreover, spider silk micro-particles were 

present at a higher number (empirical observations) in the cells expressing GFP (green) 

when compared to non-transfected cells indicating the role of the particle stability in gene 

delivery. Based on the current results, spider silk gene delivery carriers exhibited low 

toxicity and moderate levels of transfection efficiency towards the difficult to transfect 
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hMSCs. Furthermore, recombinant carriers can be easily modified to target cell types of 

interest and desired specialized subcellular subunits.

Discussion

Naturally occurring polymers are an emerging class of non-viral gene delivery systems that 

can provide safe and efficient vehicles to transfer a therapeutic gene. These non-viral 

systems have a unique ability for active cell specific targeting via receptor-mediated 

endocytosis due to ease of modification through the recombinant DNA approach. The 

polymers can be further functionalized with target-specific sequences for cytosolic or 

nuclear delivery. Moreover, in contrast to viral systems, non-viral polymers are capable of 

delivering different types of nucleic acids such as pDNA, siRNA, and miRNA [28].

In our design, we took advantage of the cationic nature of the lysine groups adjacent to the 

spider silk domain together with the hMSCs receptor-specific targeting capabilities of the 

HAB peptide to improve gene delivery towards hMSCs. It was recently demonstrated by 

Santos and coworkers that the HAB peptide can be specifically recognized by hMSCs [29]. 

Poly-L-Lysine (PLL), a repeat of the amino acid lysine, was the first cationic polymer-based 

peptide to be employed as a gene delivery vehicle [30] due to its plasmid complexation 

properties. However, PLL peptides when used alone possess cytotoxicity due to a tendency 

to precipitate and aggregate and demonstrated poor delivery of pDNA [27]. However, after 

the PLL peptide was conjugated with a naturally occurring lipid (i.e. palmitic acid (PA)) via 

amide linkages transfection efficiency improved significantly [31, 32]. PLL-PA conjugates 

resulted in an approximately 10-fold increase in cellular uptake of genes due to better cell 

binding and internalization of the conjugates, thus improving delivery of pDNA (EGFP) to 

hMSCs. The conjugates achieved a maximum transfection efficiency of ~22%, which was 

significantly higher than Lipofectamine™2000 mediated transfection (11%) [32].

The large tumor antigen of the Simian virus 40 (SV40) was chosen as it is the most studied 

and used NLS [33, 34]. This peptide is comprised of basic amino acids (PKKKRKV) and is 

capable of increasing the rate of DNA uptake by 100-fold when compared with its reverse 

sequence [35]. Finally, to avoid vesicular entrapment due to an endolytic uptake, a histidine-

rich peptide containing six histidines (HHHHHH) was added as an N-terminal sequence. 

Histidine-rich peptides have been used to promote an endosmolitic function of non-viral 

cationic gene carriers [36, 37]. The mechanism of action of histidine-rich peptides is 

unknown, however, the imidazole group of histidine is key with a pKa about 6.0 indicating 

that it protonates in the acidic environment. This response would turn on membrane 

disruption properties when entrapped by endolytic vesicles. At physiological pH of the 

cytosol, the imidazole ring remains neutral in terms of charge [27, 38].

In the present study, we designed, produced, and evaluated spider silk penta-block polymers 

as potential gene carriers capable of targeting hMSCs among other cell types. hMSCs were 

chosen due to their ability to differentiate into various tissue outcomes as well as current 

difficulties associated with hMSC transfection. We demonstrated that by combining the 

HAB peptide, the nuclear localization sequence SV40, and poly-lysine and poly-histidine 

units with the spider silk sequences, transfection efficiency can be improved and hMSCs 
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targeting achieved. Moreover, the recombinant spider silk gene carriers have higher cell 

viability than compared to Lipofectamine 2000, even for those constructs with PLL 

sequences. The high pKa value of 10 enables PLL to package pDNA into nanoparticulate 

complexes. However, it is also known that PLL is inefficient in terms of endosomal escape 

and transfection efficiency when used alone [39]. By adding a histidine-rich peptide together 

with NLS, endosomal escape was achieved resulting in the expression of GFP (e.g. 

H(SV40)615KHABd and H(SV40)M15KHABt). Silk gene delivery constructs without a 

NLS sequence (e.g. HTLM615KHABd, H615K, HM15K) displayed low levels of 

transfection. Thus, a short PKKKRKV peptide is important if nuclear delivery is the goal. 

This was confirmed when the translocation motif (TLM) of the hepatitis-B virus surface 

protein (PreS2) known for its cell permeability properties was used without NLS. TLM 

sequence (PLSSFSRIGDP) is known for its cell penetrating properties [40]. Silk constructs 

bearing TLM sequences demonstrated poor nuclear import resulting in negligible levels of 

the expressed GFP as indicated by FACS and fluorescent microscopy studies. When using 

HTLM615KHABd and HTLMM15KHABt constructs, 0.4% and 0.07% of cells expressed 

GFP as detected by FACS. H6mer and H615K constructs have demonstrated even lower 

transfection levels, 0.04% and 0.06%, respectively, indicating the importance of NLS. 

However, these constructs are desirable when targeting the cell cytosol to achieve gene 

silencing by RNAi or antisense technology.

Intracellular organelle-targeted delivery of genes is essential for therapeutic action. 

Therapeutic DNA molecules must be transcribed to mRNA in the nucleus to perform their 

programmed functions, however, the nuclear envelope represent a physical barrier for the 

gene entry [41]. The lipid bilayer is perforated by large nuclear pore complexes that control 

nuclear import. Only small molecules and ions have access to the nuclear compartment via 

passive diffusion, whereas molecules larger than 40 kDa required active transport [42]. Two 

class of receptors, β-importin and β-karyopherin, are key mediators of active transport. The 

receptors bind macromolecules possessing specific basic peptide sequences (NLS) and 

transport them across the nuclear envelop [42]. This active transport is how pDNA enters the 

nuclear compartment in non-dividing cells. The silk penta-block polymers possessing NLS 

(e.g. H(SV40)615KHABd and H(SV40)M15KHABt) described here, demonstrated 

expression of GFP as evidence of successful nuclear import.

It is important to note that the mechanism by which silk-pDNA complexes interact with 

hMSCs and other cells are not fully understood [43]. To improve transfection efficiency of 

the above described constructs, it is necessary to capture atomistic interactions between the 

protein and gene components at specific cellular and intracellular environments as well as to 

understand the pathways by which silk-pDNA complexes enter cells. To achieve this goal, 

extensive experimental and simulation studies are needed.

In the present study, non-viral silk gene delivery carriers demonstrated moderate levels of 

transfection efficiency when compared with their viral counter-parts. However, high cell 

viability, low toxicity and the lack of immunogenicity suggest that these bioengineered silk-

based gene delivery systems are attractive candidates for further refinement as nuclear 

delivery vehicles.
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Conclusions

Spider silk-based gene delivery systems are promising candidates as gene carriers with a 

unique capability to be easily designed, tailored, and modified via genetic engineering to 

enhance specificity and targeting. In the current study, hMSCs were chosen as the target due 

to their unique ability to differentiate into various cell types, as well as challenges associated 

with their transfection. We concluded that in addition to previously studied cell types (e.g. 

human embryonic kidney cells, MDA-MB-435 melanoma cells, fibroblast-like cell lines), 

the multifunctional silk-based complexes can be engineered to transfect hMSCs. The 

complexes are non-toxic and have potential to be used as vehicles in stem cell engineering. 

pDNA trafficking mechanisms from the cytoplasm into the nucleus of the cells, along with 

in vivo studies are needed to fully evaluate the potential of these non-viral gene delivery 

systems.
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Figure 1. 
Schematic representation of the structure of spider silk penta-block polymer. (a) Spider silk 

core sequence; (b) cell specific peptides and payload sequences; (c) cell-penetrating peptide 

and nuclear localization sequences used in the study; (d) recombinant DNA strategy used to 

prepare the spider silk gene delivery systems for the study. NcoI, NheI, SpeI, XhoI are 

restriction enzymes (RE). A box above/below a specific RE indicates an oligonucleotide 

sequence recognized by this RE. Pet30a(+) plasmid is in blue, cloning linker is in yellow, 

spider silk monomer is in dark blue, poly-L-lysine sequence is in magenta, HAB peptide is 

in orange and NLS is in green.
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Figure 2. 
Agarose gel retardation assay results for N/P ratios ranging from 0 (pDNA-GFP only) to 62. 

pDNA-silk complexation reaction is shown by the inhibition of pDNA electrophoretic 

mobility. Two confirmations of pDNA are seen on a gel: relaxed (lower band) and 

supercoiled (upper band). HTLMM15KHABt was chosen as a representative example.
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Figure 3. 
SEM images of spider silk complexes with pDNA. The complexation reaction was 

performed at N/P ratio of 2.5. Silk-pDNA complexes formed spherical aggregates; H6mer 

showed no formation of spherical morphologies due to the inability to complex pDNA.
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Figure 4. 
The percentage of relative cell viability of spider silk penta-block polymers. The relative 

percentage was calculated as described in Materials and Methods section. *indicates that 

significant difference was observed between Lipofectamine and a silk construct 

(H(SV40)615KHABd) based on Student’s t-test (*p<0.05).
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Figure 5. 
Flow cytometry analysis of Green Fluorescent Protein expression achieved with 

H(SV40)M15HABt, H(SV40)615KHABd, H6mer, naked pDNA encoded GFP (GFP only), 

and Lipofectamine 2000 24 hours after transfection. Untransfected population of hMSCs 

served as a negative control. FL1-H vs.FL3-H dot plot was used for analysis.
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Figure 6. 
(A) Fluorescent microscopy images of live hMSCs transfected with H(SV40)615KHABd, 

H(SV40)M15HABt and silk 6mer showing Green Fluorescent Protein (GFP) expression 24 

hours after transfection. DAPI (for nuclei staining) in blue, GFP in green. Scale bar 20 μm. 

(B) Confocal microscopy images of fixed hMSCs transfected with H(SV40)M15KHABt. 

Scale bar 150 μm. DAPI (for nuclei staining) in blue, GFP in green, Phalloidin (for 

cytoskeleton staining) in red, and overlay in orange.
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Figure 7. 
Fluorescent microscopy images of fixed hMSCs cells transfected with spider silk-pDNA 

complexes at N/P ratio of 2.5. DAPI (for nuclei staining) in blue, GFP in green, silk-pDNA 

complexes in red. Scale bars are 20 μm.
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Table 1

Amino acid sequences of the recombinant spider silk gene delivery constructs, their molecular weights (Mw), 

and isoelectric points (PI).

Name Sequence Mw, Da PI

H6mer 21,005 9.45

H615K 23,115 10.37

H(TLM)1615K(HAB)d 27,618 10.41

H(SV40)1615K(HAB)t 28,734 10.59

HM15K 9962 10.23

HM15K(HAB)t 14527 10.33

H(TLM)1M15K(HAB)t 16447 10.16

H(SV40)1M15K(HAB)t 15581 10.51

Note: Spider silk sequence in blue, HAB sequence in red, PLL sequence in green, TLM/NLS in orange, poly-his sequence in black.
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Table 2

Sizes of spider silk nanoparticles obtained by DLS.

Silk Constructs R1 (ST), nm R2 (ST), nm

HM15K 5 (3) 56 (3)

H(SV40)M15KKHABt 72 (21) 292 (32)

HM15HABt 121 (24) 257 (24)

HTLMM15HABT 32 (12) 65 (20)

H6mer* 68 (14) -

H615K 17 (3) 63 (5)

H(SV40)615KHABd 53 (8) 225 (12)

HTLM615KHABd 69 (5) 783 (13)

Results are expressed as mean ± standard deviation (ST) obtained from three independent experiments.

*
indicates that a single peak was observed.
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Table 3

Green Fluorescent Protein expression achieved with silk-based gene delivery systems. H(SV40)M15HABt and 

H(SV40)615KHABd showed the highest transfection levels when compare to other silk constructs. 

Lipofectamine 2000 was used as a positive control, while untransfected hMSCs served as a negative control.

Silk Constructs Relative Percentage, % Standard Deviation,%

HM15K 0.02 0.02

H(SV40)M15KKHABt 3.52 2.32

HM15HABt 0.02 0.02

HTLMM15HABT 0.06 0.02

H6mer 0.02 0.02

H615K 0.08 0.02

H(SV40)615KHABd 4.11 0.47

HTLM615KHABd* 0.24 0.23

Lipofectamine 2000* 9.08 3.34

GFP only 0.05 0.04

Negative Control 0.02 0.01

Results are expressed as the relative percentage of the mean ± standard deviation. All experiments were performed in triplicates.
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