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Abstract

Chronic skin wounds are characterized by poor re-epithelialization, angiogenesis and granulation. 

Previous work has demonstrated that topical stromal cell-derived growth factor-1 (SDF1) 

promotes neovascularization, resulting in faster re-epithelialization of skin wounds in diabetic 

mice. However, the clinical usefulness of such bioactive peptides is limited because they are 

rapidly degraded in the wound environment due to high levels of proteases. Here, we describe the 

development of a recombinant fusion protein comprised of SDF1 and an elastin-like peptide that 

confers the ability to self-assemble into nanoparticles. The fusion protein and recombinant human 

SDF1 showed similar binding characteristics, as indicated by the measured equilibrium 

dissociation constant (Kd) for the binding of free SDF1 or the fusion protein to the CXCR4 

receptor. The biological activity of SDF1-ELP, as measured by intracellular calcium release in 

HL60 cells was dose dependent, and also very similar to that of free SDF1. In contrast, the 

biological activity of SDF1-ELP in vivo was significantly superior to that of free SDF1. When 

applied to full thickness skin wounds in diabetic mice, wounds treated with SDF1-ELP 

nanoparticles were 95% closed by day 21, and fully closed by day 28, while wounds treated with 

free SDF1, ELP alone, or vehicle were only 80% closed by day 21, and took 42 days to fully 

close. In addition, the SDF1-ELP nanoparticles significantly increased the epidermal and dermal 

layer of the healed wound, as compared to the other groups. These results indicate SDF1-ELP 

fusion protein nanoparticles are promising agents for the treatment of chronic skin wounds.
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1. Introduction

In the United States, approximately $25 billion are spent annually on the treatment of 

chronic skin wounds [1], which are characterized by prolonged and excessive inflammation 

[2], and are prone to recurrent infections [3]. High levels of proteolytic activity degrade 

endogenous growth factors [4], resulting in poor angiogenesis, granulation and re-

epithelialization [5]. Although this could be remediated by the application of exogenous 

growth factors at the wound site, potential therapeutic peptides are inactivated by the same 

proteolytic mechanisms.

Stromal cell-derived factor1 (SDF1), a key mediator of the wound healing response, has 

been reported by several literature sources to recruit endothelial progenitor cells that 

proliferate and differentiate into mature vascular endothelium [6, 7], which contributes to the 

revascularization which is needed to support re-epithelialization [8-10]. Others have 

suggested that are potentially many different cellular targets for SDF1 [11], making its role 

in the wound healing process more complicated.

Repeated high doses of topical SDF1, although costly and impractical, can achieve 

therapeutic efficacy [12]. Methodologies to increase SDF1 stability in vivo include mutating 

its protease cleavage sites [13-15], engineering derivatives of the molecule with a better 

stability profile [16, 17], [18] and incorporating it into biomaterials [19-21] or liposomes 

[22]. Nonetheless, all of these methods require expensive procedures for producing and 

purifying recombinant proteins.

Elastin-like peptides (ELPs) are nonimmunogenic, non-pyrogenic and biologically 

compatible [23] derivatives of tropoelastin with pentapeptide repeats of Valine-Proline-

Glycine-(Xaa)-Glycine, where Xaa can be any natural amino acid except Proline. ELPs 

reversibly aggregate into nanoparticles and become insoluble above a transition temperature. 

ELPs can be also be expressed as fusion proteins together with a wide range of bioactive 

peptides, in which case they can be used as an inexpensive way to purify the protein [24],

[25],[26]. ELP-based fusion proteins, by forming nanoparticles, have been shown to protect 
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biomolecules from proteolysis [27], and can act as “drug depots” that supply the 

biomolecules over an extended period of time [23]. Here, we describe the development and 

characterization of an SDF1-ELP fusion protein that exhibits in vitro activity similar to that 

of free SDF, but is much more effective in vivo.

2. Materials and Methods

2.1. Cloning of SDF1-ELP

SDF1-ELP is a fusion protein which consists of the human growth factor SDF1 and an 

elastin-like peptide (ELP). A pET25B+ plasmid with 50 pentapeptide repeats of ELP as 

described by Koria et al [28] was used for cloning. The plasmid was obtained from the 

Center Engineering in Medicine, Massachusetts General Hospital. Sequencing of the 

plasmid by Genewiz Inc. indicated the presence of XbaI and NdeI restriction sites at the N-

terminus of the ELP in the plasmid. SDF1 was fused to ELP via these 2 restriction sites. The 

NdeI and XbaI restriction enzymes and DNA ligation kit used for cloning were obtained 

from Thermo Fisher Scientific. The SDF1 gene string used was designed and ordered from 

Life Technologies as follows: 

GGCACCTCGATTAGTTCTCGTCTAGAATGAATGCGAAAGTCGTTGTCGTGCTGGT

GTTGGTCTTAACTGCACTGTGTTTGTCTGATGGTAAACCGGTGAGTCTTTCGTACC

GTTGCCCGTGCCGTTTCTTCGAATCACATGTTGCTCGCGCGAACGTGAAACACCT

GAAAATTTTGAATACGCCGAATTGCGCACTGCAGATTGTGGCGCGTCTGAAAAAC

AATAACCGCCAGGTATGCATCGACCCTAAACTGAAGTGGATTCAAGAATATCTTGA

AAAAGCACTTAACAAAGGTGGGGGTGGCTCTGGGGGCGGTGGTTCCGGAGGTGG

TGGATCACATATGGAGTTCATGCGCTTCAAGGT

The SDF1 Gene string™ was amplified using Pfu Ultra II (Agilent Technologies) and Kapa 

Hifi (Kapa Biosystems) polymerases. Sequencing of the final cloned product was performed 

by Genewiz Inc. Subsequent to the successful cloning, site directed mutagenesis was 

performed by GenScript on the pET25B+ vector with SDF1-ELP, to bring an out of frame 

His tag on the plasmid in frame. The final cloned product, SDF1-ELP in pET25B+ vector, 

with an “in-frame” His tag was confirmed by Genewiz Inc.

2.2. Expression of SDF1-ELP Fusion Protein

The pET25B+ vector with SDF1-ELP was retransformed in E. coli (BL21 Star DE3), which 

was obtained from Invitrogen by Life Technologies. One bacteria colony was picked for an 

overnight culture in 5 ml LB medium containing 25μg/mL carbenicillin. The overnight 

culture was used to inoculate 500 mL of terrific broth supplemented with 100 mM of L-

proline (Fisher Scientific) and with 25μg/mL carbenicillin. The culture was monitored until 

it reached an optical density at 600 nm of about 0.6, after which 0.5 mM of IPTG (Sigma) 

was added to induce the protein. The culture was left overnight. The next day, the culture 

was centrifuged at 3000 x g, and the pellet diluted with 40 ml of PBS and the suspension 

sonicated twice on ice for 9 min in cycles of 10 s on and 20 s off. Poly(ethyleneimine) 

solution (Sigma Aldrich) was added to a final concentration of 0.5% w/v to remove residual 

DNA, and after centrifuging, SDF1-ELP protein transition to nanoparticles was induced with 

the addition of 1M NaCl and warming to about 40°C.

Yeboah et al. Page 3

J Control Release. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3. Purification of SDF1-ELP Fusion Protein

2.3.1. Using ELP Inverse Transition Temperature Cycling—The inversion 

temperature of SDF1-ELP protein was obtained by warming up a sample of protein from 

20°C to 50 °C while observing the change in optical density in a spectrophotometer 

(Spectramax, Molecular Devices), and was determined to be ~35°C. SDF1-ELP protein was 

purified by warming the protein to 40°C, thus inducing aggregation, centrifuging at the same 

temperature, and then resuspending the pellet in PBS at 4°C, thus disaggregating the 

particles. Two rounds of temperature cycling were used and the final SDF1-ELP 

nanoparticles were obtained by warming up the purified protein above its inverse 

temperature to ~40°C. For control studies, the ELP protein alone, and another fusion protein, 

KGF-ELP [28] were expressed and purified similarly.

2.3.2. Using Nickel NTA Chromatography—We also purified SDF1-ELP using 

traditional nickel NTA chromatography using the protocol described in the Qiagen® Ni-

NTA Spin Kit Handbook. The imidazole used to prepare the different buffers needed for 

purification was from Thermo Fisher Scientific, while the benzonase endonuclease was 

obtained from Merck KGaA. Lysosyme was obtained from Thermo Fisher.

2.4. Physical Characterization

2.4.1. SDS-PAGE—An 8–16% Mini-PROTEAN® TGX™ 10 well, 50 μl Gel from Bio-

Rad Laboratories, Inc. was used in a Bio-Rad Mini Protean Tetracell. All relevant reagents 

for the assay were obtained from Bio-Rad. SDF1-ELP Protein in 1X PBS buffer was diluted 

with loading buffer and run under native conditions on the gel.

2.4.2. Western Blot—SDS-PAGE gels were transferred onto a nitrocellulose membrane 

(Bio-Rad Laboratories), blocked with blotting-grade blocker (Bio-Rad Laboratories), treated 

with anti-human SDF1 (Peprotech) and incubated overnight at 4°C. After thorough washing 

with TBST, goat anti-rabbit IgG HRP (Abcam) was added. The blots were rinsed, exposed 

to ECL substrate and exposed to film to detect the positive SDF1 bands.

2.4.3. Circular Dichroism—A Circular dichroism spectrometer (Model 420SF) was used 

to obtain secondary structure information on SDF1-ELP. The equipment was run at 4°C, and 

a CD signal obtained for wavelengths between 190 and 260 nm. In separate experiments, 

CD signals were also obtained for ELP and for SDF1. The raw CD signal was corrected for 

concentration of the individual proteins (SDF1-ELP: 15μM; SDF: 25μM; ELP: 4μM) and 

path length of the cuvette.

2.4.4. Particle Size and Charge—SDF1-ELP in PBS (~50 μM) was used to measure 

particle size in a Zetasizer Nano series (Malvern, Piscataway, NJ) set to 37°C. Gold 

nanoparticles (100 nm; Sigma Aldrich) was used for calibration. Particles were put on a 200 

mesh Lacey Carbon Copper TEM Grid (SPI Supplies/Structure Probe Inc.) and transmission 

electron micrographs (TEM) images were obtained on a Topcon (Piscataway, NJ) 

microscope. SDF1-ELP in PBS (~20 μM) was used to measure nanoparticle charge in a 

Zetasizer Nano-ZS (Malvern).
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2.5. Binding Activity

A Biacore™ T200 was used to measure binding affinity of SDF1-ELP to CXCR4. SDF1-

ELP, free SDF1 (Peprotech) and ELP were mobilized on different channels on a Series S 

Sensor Chip CM4 (General Electric). The first channel on the sensor chip was left blank and 

used as a reference. The chip temperature was set to 37°C. Kinetic experiments were done 

with 5 different concentrations of recombinant human CXCR4 (Creative Biomart) diluted in 

PBS (0.74nM to 60nM). Sensograms obtained for SDF1-ELP and SDF1 were subtracted 

from the reference channel signal and the curves were fitted to a one-site interaction model 

using the Biacore T200 software.

2.6. Biological Activity - Calcium Flux Assay

The bottom of 12-well plates was coated with 125μL of fibronectin solution (200μg/mL in 

PBS and 1000X Pluronic® F-68; Sigma) each. HL-60 cells were washed in Hanks buffered 

saline solution supplemented with calcium and magnesium (HBSS+; Life Technologies). 

The cells were then suspended to 106 cells/mL in HBSS+, incubated with 4μM fluo-4 

acetoxymethylester (AM) for 45 min at 37°C, washed again in HBSS+, and plated at a 

density of 5×105 cells/well on the fibronectin-coated wells. Cell were allowed to attach to 

the plates for 15 min at 37°C, unattached cells were aspirated, and 250 μL HBSS+ added. 

Background images were taken using an Olympus IX81® microscope, the HBSS+ was 

removed, and replaced with 250 μL of SDF1-ELP, free SDF1, ELP alone, or KGF-ELP. 

Images were taken for the next 3.5 min, the test solutions removed and replaced with 

1μg/mL ionomycin (EMD Millipore), and imaged again for 3.5 min. Fluorescence intensity 

was quantified on the digital images by ImageJ software (NIH) after background was 

subtracted.

2.7. Nanoparticle versus Monomeric Activity of SDF1-ELP

To investigate whether biological activity resides in the nanoparticle vs. the monomeric form 

of SDF1-ELP, SDF1-ELP at a concentration of 8μM in 500 μL PBS was warmed up to 40°C 

to initiate nanoparticle formation and pipetted into a 1.5mL Nanosep® and Nanosep MF 

centrifuge tube with a 10nm nominal pore size (Pall Corporation). The tube was centrifuged 

at 5000 x g for 5 min at 40°C to separate monomers (which end up in the filtrate) from 

nanoparticles (which remain on top of the membrane). 600 μL of the filtered SDF1-ELP 

monomer, or SDF1-ELP nanoparticles, made to a concentration of 100nM in HBSS+ were 

used as the test solutions, with a control group using unfiltered SDF1-ELP (100nM).

2.8. Stability studies in Elastase

SDF1-ELP and SDF1 (both at 10 μM) were incubated with ~1 μM of elastase (197 units / 

mg protein; Sigma) at 37°C for 12 days. Samples were taken on day 0, 4, 8 and 12 and 

subjected to western blot analysis as explained in Section 2.4.2

2.9. Animal Studies

2.9.1. Diabetic mice wound assay—Animal studies were conducted in accordance with 

a protocol approved by the Rutgers University Institutional Animal Care and Use Committee 

(IACUC). Genetically modified diabetic mice (BKS.Cg-Dock7m +/+ Leprdb/J) were ordered 
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from Jackson Laboratory and were used at the age of 10 weeks. On the day before surgery, 

the back of mice was shaved and depilated using clippers and Nair™ cream, followed by 

thorough rinsing with water. On the day of surgery (the next day), the mice were put under 

isoflurane anesthesia and betadine scrub (Purdue Products) and 70% ethanol were applied 

alternatively to prepare the dorsal skin area for surgery. Wounds were created by excising a 1 

cm × 1 cm square of full thickness skin on the back the mice, using a pre-made template. 

Test solutions (SDF1-ELP, SDF, ELP and plain PBS) were prepared in fibrin gels to prevent 

them from leaking away when pipetted on the wound area. Fibrin gels were prepared as 

previously described [28]. Briefly, SDF1-ELP, SDF1, ELP, and plain PBS were mixed with 

6.25 mg/mL of fibrinogen (Sigma Aldrich). The SDF1-ELP and ELP were incubated at 

37°C for 1 hour to initiate particle formation. Prior to application to the wound, 120 μL of 

the individual fibrinogen with treatment solution was mixed with 30 μl of thrombin (12.5 

U/mL, Sigma Aldrich). The mixture was immediately applied to the wound and allowed to 

gel for up to 2 min, after which the wounds were covered with Tegarderm™ (3M) and 

secured using sutures (Henry Schein). The wound was monitored over a period of 42 days. 

Digital photographs were captured weekly, and compared to the initial photographs using 

Image J (NIH). The wound closure percentage was calculated as 

.

2.9.2. Wound tissue histology—On post-wounding day 42, all the animals were 

sacrificed and the wound area excised. The tissues were placed in a surgical casket and fixed 

in 10% formalin (VWR) for 24 hours after which they were transferred to a jar with 70% 

ethanol and stored at 4°C. For histology, tissues were embedded in paraffin and thin sections 

were stained with picosirius red to visualize collagen deposition as well as morphological 

features of the skin. Image J was used to determine the epidermal and dermal thickness. 

Values shown are averages of two different tissue sections per group, with three 4x 

magnification fields evaluated per section.

2.10. Statistical Analysis

Statistical comparisons were performed using KaleidaGraph software. The Fisher Least 

Significant Difference was used to analyze the data from two independent groups, after 

performing a one way ANOVA. A p-value <0.05 is considered statistically significant. A p-

value of <0.05 is represented by a star (*) on the graphs while a p-value of < 0.01 is 

represented by two stars (**) or by two plusses (++) on the graphs; both are considered 

statistically significant.

3. Results

3.1. Cloning of SDF1-ELP

ELP was fused to the C-terminus of SDF1 via a linker sequence motif comprising of three 

repeats of four glycines and 1 serine (G4S)3 as shown in Fig. 1A. This relatively long linker 

(total of 15 amino acids) allows for a wide separation between the ELP chain and the 

binding region of SDF1, which is located on residues 1-9 at the N-terminus [29]. The 

pET25B+ expression plasmid used for the SDF1-ELP cloning is shown in Fig. 1B. After 
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cloning, the plasmid and SDF1-ELP were mutated to bring a 6X Histidine tag in frame, to 

allow it to be used for epitope detection and as a purification tag.

3.2. Purification and Characterization of SDF1-ELP

3.2.1. SDS-PAGE and Western Blot—The bacterial lysate containing the SDF1-ELP 

product was initially separated using the histidinetag (6-His) on a nickel-NTA column (Fig.
2A). The final product revealed multiple bands. We also used the ELP-dependent 

aggregation property; after two rounds of temperature cycling above and below the inverse 

temperature of 35°C, a single band was observed (Fig.2B). The purified protein by inverse 

temperature cycling was stained with a monoclonal anti-SDF1 antibody, showing a clear 

band at ~31 kDa (Fig.2C), consistent with the predicted molecular mass of SDF1-ELP.

3.2.2. Circular Dichroism (CD)—CD spectra were obtained for SDF1, ELP and SDF1-

ELP to ascertain if secondary structure of SDF1 was retained in the fusion protein. Fig. 3 
shows representative CD spectra for the 3 molecules. The result with SDF1 is consistent 

with a mixture of α helices, β sheets and random coils as depicted by Ryu et al [30]. In the 

case of ELP, a highly disordered structure is observed based on the very negative dip in the 

spectrum at around 205nm. For the SDF1-ELP, the spectrum suggests the presence of α 

helices and appears to have less random coils, thus at least some aspects of the secondary 

structure of SDF1 is preserved when fused to ELP.

3.2.3. Particle Size and Charge—TEM images of the nanoparticles show a size of 

approximately 600 nm, which is corroborated with particle sizing data of 560 ± 28 nm 

obtained from the Zetasizer. The net charge on the protein surface was measured as 

approximately +3 mV.

3.3 Binding and Biological Activity

3.3.1 CXCR4 Receptor Binding Studies using Surface Plasmon Resonance—
Binding affinity of the fusion protein to CXCR4 was compared to that of free SDF1, as well 

as ELP alone by surface plasmon resonance. ELP alone exhibited very little to no binding to 

CXCR4 as compared to the blank reference channel, as would be expected (Fig. 5A). SDF1-

ELP bound to CXCR4 with a dissociation constant (KD) estimated to 1.14 nM (Fig. 5B). 

The binding of free SDF1 to CXCR4 yielded a KD of 0.3 nM (Fig. 5C). By way of 

comparison, values reported in the literature for SDF1 range from 1.32 to 6nM [34-36].

3.3.2 Calcium Flux Study—To characterize the biological activity of SDF1-ELP, we 

measured its effect on intracellular calcium release in HL60 cells. A dose response of SDF1-

ELP and free SDF1 in the range of 100 to 1000 nM for each was performed on HL60 cells 

preloaded with the cytosolic calcium ion sensitive dye Fluo 4. We noted that SDF1-ELP at 

1000nM caused the highest intracellular calcium release (Fig. 6). Furthermore, SDF1-ELP 

at 100nM and 1000nM exhibited slightly higher responses compared to free SDF1 at the 

same concentrations.

We then directly compared the effect of SDF1-ELP at two representative doses (the highest 

response of SDF1-ELP - 1000nM; a typical dose of SDF1 used in the literature [37] – 10 
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nM) to several negative controls, namely ELP alone, KGF-ELP, and plain medium. As 

shown in Fig. 7, ELP and KGF-ELP triggered a small rise in calcium levels and plain 

medium had no effect at all. In addition, 1000nM SDF1-ELP caused a significantly higher 

intracellular calcium rise as compared to 10 nM SDF1 as well as any of the negative 

controls.

SDF1-ELP preparations are expected to contain primarily SDF1-ELP nanoparticles that are 

at equilibrium with monomers. To attempt to determine whether biological activity was 

primarily in the monomeric vs. nanoparticle fractions, we separated freshly aggregated 

SDF1-ELP by filtration through a 10nm pore membrane, and compared the calcium rise 

triggered by the filtrate (assumed to mainly consist of SDF1-ELP monomers) vs. the 

material on top of the membrane (assumed to mainly consist of SDF1-ELP nanoparticles). A 

higher calcium release was obtained from the top fraction containing the SDF-ELP 

nanoparticles, as compared to the bottom fraction containing the SDF1-ELP monomers 

although the difference was not statistically significant. (Fig. 8).

3.4 Stability Studies in Elastase

To investigate the stability of SDF1-ELP in elastase, one of the proteases that are known to 

degrade SDF1 in vivo [38], we incubated SDF1-ELP and SDF1 in elastase over a period of 

12 days. Samples collected at 4 day intervals were subjected to a Western blot analysis. We 

noted that SDF1-ELP remained intact throughout the incubation period (Fig (9A), while no 

positive bands were seen for the SDF1 samples (Fig 9C).

3.5 In Vivo Activity

The bioactivity of SDF1-ELP was tested in vivo using a diabetic mouse model. Excisional 

wounds (1 × 1 cm2) were created on the back of diabetic mice and were treated with 

1000nM SDF1-ELP nanoparticles in fibrin gels, 1000nM of free SDF1 in fibrin gels, 

1000nM ELP nanoparticles in fibrin gels, or fibrin gels with plain medium (used as vehicle 

control). The closure of the wound was monitored over a period of 42 days. We noted that 

the wounds treated with SDF1-ELP were more closed than any other group at all time points 

of observation (Fig. 10). In fact, by postwounding day 21, the SDF1-ELP treated wounds 

were about 95% closed, and 100% closed on day 28, while the mice in the remaining groups 

did not fully close until day 42. Although the SDF1 group exhibited a trend towards faster 

closure at postwounding day 14, this group was essentially the same as the ELP and vehicle 

control at days 21 and beyond. The ELP and vehicle control groups followed closely each 

other during the entire study. Wound tissues harvested and stained on day 42 exhibited a 

continuous epidermis, confirming wound closure in all groups. However, both the epidermis 

and dermis were significantly thicker in the SDF-ELP group (Fig. 11).

4. Discussion

In this study, we generated a fusion protein with SDF1 and ELP domains that forms 

nanoparticles of ~600 nm in size above its inverse transition temperature. We verified that 

SDF1-ELP binds the SDF1 receptor CXCR4 with similar affinity compared to free SDF1, 

and that the in vitro biological activity (intracellular calcium release) of SDF1-ELP is very 
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similar to that of free SDF1 when using HL60 cells as responders, which express CXCR4 

[39]. When applied to excisional wounds on the back of diabetic mice, the SDF1-ELP 

nanoparticles significantly accelerated wound closure as compared to free SDF1, ELP alone, 

or vehicle. Wounds treated with SDF1-ELP nanoparticles closed around 21 days post 

wounding, representing a 50% decrease compared to the other groups, which required up to 

42 days to fully close. Furthermore, the SDF1-ELP treated wounds healed with a 

significantly thicker epidermal and dermal layer as compared to the other groups.

Previous work has demonstrated the ability of topically applied recombinant SDF1 to 

promote wound healing in experimental animals when used in high and repeated doses [12]. 

This is however impractical and very costly [40]. Our goal was to design an SDF1 derivative 

that would have similar activity compared to pure recombinant SDF1, but would also have a 

simpler purification process (thereby reducing manufacturing costs), and could be used as a 

substitute for SDF1 therapeutic applications. For this purpose, we used a fusion protein 

approach whereby ELP was chosen as the fusion partner because the ELP portion has a 

tendency to self-assemble above a transition temperature to form nanoparticles that can be 

separated by simple centrifugation [26], [28], [41],[42]. Thus, the SDF1-ELP fusion protein 

can be purified using a non-chromatographic, but thermally driven, method based on the 

phase transition property of ELP. We fused the ELP at the C-terminus of SDF1 with an 

intervening 15 amino acid residue linker to limit potential interference of the long ELP chain 

length on the activity of the SDF1 binding domain which is known to be at the N-terminus 

[29]. We chose a 50 pentapeptide repeat for the ELP sequence motif based on previous work 

which showed that this elastin cassette has an inverse transition temperature which is lower 

than physiological [28]; in fact we measured an inverse temperature of about 35°C, thus 

ensuring that the majority of the protein is in nanoparticle form in the wound.

The SDF1-ELP nanoparticles bound the CXCR4 receptor with high affinity, with a KD 

=1.14nM, which is close to the reported values for free SDF1 ranging from 1.32 to 6nM 

[34-36]. The biological activity of SDF1-ELP, as measured by intracellular calcium release 

in HL60 cells, was dose dependent and very similar to that of free SDF1. Furthermore, we 

noted that the system was not saturated and more calcium was released when the 

concentration of either SDF1 or SDF1-ELP was increased to 1000nM. Similar observations 

have been reported in calcium imaging studies of cardiomyocytes stimulated with SDF1, 

where a saturation of the response did not occur until SDF1 concentration reached 5000 nM 

[43]. Based on the low KD for the binding to CXCR4, we would however expect the CXCR4 

receptors to be about 99% bound in the presence of 100 nM SDF1 or SDF1-ELP. It is 

therefore likely that other processes besides ligand-receptor binding, such as endocytosis and 

further intracellular processing of the SDF1-CXCR4 complexes play a quantitative role in 

mediating the cellular response [44].

While the binding and cellular effects of SDF1-ELP were similar to that of SDF1 in vitro, 

SDF1-ELP significantly outperformed SDF1 in vivo. The wounds treated with SDF1-ELP 

were about 95% closed by postwounding day 21, while those treated with SDF1 were only 

about 70% closed. By day 28, the wounds treated with SDF1-ELP were 100% closed, while 

those treated with free SDF1 were only about 80% closed. Wound treated with SDF1, ELP, 

or vehicle, took 42 days to fully close. It is noteworthy that wound cross-sections exhibited a 
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significantly thicker epidermis and dermis compared to the other groups. This finding is 

similar to that previously reported by Koria et al [28], where KGF-ELP induced a higher 

proliferation of keratinocytes, which resulted significant increase in reepithelialization in 

full-thickness wounds made on diabetic mice as compared to the controls. While 

angiogenesis is the most commonly presumed mechanism of SDF1, a recent review suggests 

potentially many different cellular targets for SDF1 [11], making the role of SDF1-CXCR4 

in the wound healing process more complicated. The mechanism of action of SDF1-ELP is 

therefore unclear.

Because SDF1-ELP had superior in vivo performance compared to SDF1, while both 

behaved almost identically in vitro, we hypothesized that SDF1-ELP nanoparticles are more 

stable in the diabetic wound environment compared to SDF1. Prior studies suggest that the 

ELP fusion proteins can serve as “drug depots” with a better stability profile and/or in vivo 
half-life than the free target protein [23]. For example, glucagon-like peptide-1 (GLP1; a 

potential type-2 diabetes drug) fused to ELP is more resistant to proteolysis by neutral 

endopeptidase, which is known to degrade GLP1 in vivo, as compared to free GLP1 [27]. 

The same study also shows that a single injection of the GLP1-ELP fusion protein was able 

to reduce blood glucose levels in mice for 5 days, which is about 120 times longer than what 

has been observed for the free GLP1. Similarly, we observed that SDF1-ELP was very stable 

in elastase which is known to degrade free SDF1 in vivo [38].

We used our in vitro intracellular calcium release assay to quantify the activity of SDF1-ELP 

monomers as compared to the nanoparticles. We noted that more activity appeared to be in 

the nanoparticle versus the monomeric fractions, although the difference was not statistically 

significant. In fact, it seemed that bioactivity was contributed by both nanoparticle and 

monomeric forms. Based on this we cannot conclude that release from the nanoparticle was 

necessary for bioactivity.

In conclusion, we have developed an SDF1-ELP fusion protein that has comparable 

biological and binding activities to recombinant human SDF1, and also has the ability to 

self-assemble into nanoparticles below physiological temperatures. Furthermore, SDF1-ELP 

was stable in the presence of elastase, making it a potential drug depot for use in chronic 

wound treatment. Although in this work we observed that the release of the monomers from 

the nanoparticles was not necessary for bioactivity, it may potentially be needed for other 

cellular responses which contribute to wound healing such as cell migration and/or 

proliferation, which will have to be further investigated. While our research focus is on skin 

wounds, our SDF1-ELP fusion protein nanoparticles may be useful for other wound healing 

applications, such as in myocardial infarction, where SDF1 has been reported to recruit stem 

cells to promote local tissue regeneration [14, 45].
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Key

Forward primer sequence added for PCR: GGCACCTCGATTAGTTCTCG

Xba1 site: TCTAGA

SDF1 Gene string™: Underlined sequence

Linker (G4,S)3: 

GGTGGGGGTGGCTCTGGGGGCGGTGGTTCCGGAAGGTGGTGGATCA

NdeI site: CATAGA

Reverse primer sequence added for PCR: GAGTTCATGCGCTTCAAGGT
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Fig. 1. 
Design and cloning of SDF1-ELP. (A) Cloning of SDF-ELP was done using a peT25B+ 

expression vector. SDF1 was fused to ELP using the XbaI and NdeI restriction sites. The 

plasmid with SDF1-ELP was mutated to put a 6X Histidine tag in frame with the protein 

sequence. The plasmid diagram was obtained using SnapGene® software (from GSL 

Biotech; available at snapgene.com). (B) Pymol rendition of SDF1-ELP. SDF1 (in yellow) is 

separated from ELP (red) by a linker (in blue) comprising 3 repeats of 4 glycines and 1 

serine. SDF1 monomer sequence was extracted from Ryu et al.[30] (RSCB Protein Data 

Bank ID: 2J7Z). The ELP portion was modeled using I-TASSER software [31],[32],[33].
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Fig. 2. 
Comparative purity assessment of SDF1-ELP by SDS-PAGE. (A) Representative gel image 

of protein purified using Nickel NTA Column. (B) Representative gel image of protein 

purified using inverse temperature cycling. Lane 1 is the profile of the purified protein; Lane 

2 is the molecular weight (MW) ladder and lane 3 is the corresponding identification of the 

MW marker. (C) Representative gel image shown when the purified SDF1-ELP protein 

using the inverse temperature cycling is analyzed by Western blot. Lane 1 is the SDF1-ELP 

band at 31 kDA. Lane 2 is the molecular weight ladder, and Lane 3 is the corresponding 

identification of the MW marker.
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Fig. 3. 
CD spectra of (A) SDF1, (B) ELP and (C) SDF1-ELP. The raw CD spectra of the molecules 

were subtracted from their respective buffers, and normalized to the path length of the 

cuvette and their respective concentrations (SDF1-ELP: 15μM; SDF: 25μM; ELP: 4μM). CD 

signals with CD Dynodes above 700 were not included.
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Fig. 4. Size of SDF1-ELP Nanoparticles
(A) TEM image of a single SDF1-ELP nanoparticle. Bar = 200 nm; (B) Chromatogram of 

SDF1-ELP nanoparticles (~600nm) and 100nm diameter gold nanoparticles run on the 

Zetasizer.
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Fig. 5. Surface plasmon resonance analysis of CXCR4-SDF1 binding
SDF1-ELP, SDF1 and ELP were captured on different channels of a CM4 chip and the 

binding of different concentrations of CXCR4 (0.74 nM to 60 nM) to the individual proteins 

was measured in a single kinetic experiment. The first channel was left blank and used as 

reference channel. The reference channel subtracted binding curves were fitted to a one site 

interaction model. Each step on the sensogram represents binding to a specific concentration 

of CXCR4, starting from the smallest concentration (0.74 nM) and ending at the highest 

concentration (60 nM). (A) Sensogram for free ELP and the reference channel, where no 

binding is expected to occur. N=3. (B) SDF1-ELP binding to CXCR4 fitted sensogram. 

N=3. (C) Representative binding of free SDF1 to CXCR4 fitted sensogram.
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Fig. 6. Dose response using SDF1-ELP (and SDF1) on intracellular calcium release as measured 
by Fluo-4 in HL60 cells
(A) Time course of cell manipulations and Fluo-4 fluorescence intensity. (B) Fluo-4 

fluorescence measured 30 s into the assay minus fluorescence measured at the starting point. 

N=6.
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Fig. 7. Effect of SDF1-ELP, SDF1 and plain medium on intracellular calcium release as 
measured by Fluo-4 in HL60 cells
(A) Time course of cell manipulations and Fluo-4 fluorescence intensity. (B) Fluo-4 

fluorescence measured 30 s into the assay minus fluorescence measured at the starting point. 

N=6. (*: p < 0.05, one way ANOVA, Fisher's LSD post-test).
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Fig. 8. Comparison of the effect of SDF1-ELP nanoparticles versus SDF1-ELP monomers on 
intracellular calcium release as measured by Fluo-4 in HL60 cells
(A) Time course of calcium concentration as measured by Fluo 4AM fluorescence. (B) 

Fluo-4 fluorescence measured 30 s into the assay minus fluorescence measured at the 

starting point. N=6.
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Fig. 9. 
Degradation of SDF-ELP or SDF by elastase. SDF1-ELP and SDF1 were incubated in 

elastase over a 12 day period. Samples were pulled at 4 day intervals and subjected to 

Western blot analysis. (A) Representative blot of SDF1-ELP samples after incubation in 

elastase. (B) Lane 1, labelled L is the molecular weight ladder. Lane 2, labelled (−) is SDF1 

with no elastase. (C) Representative blot of SDF1 samples in elastase. No SDF positive 

bands are seen in any of the lanes.
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Fig. 10. Effect of SDF1-ELP on skin wound closure in diabetic mice
Full-thickness excisional wounds were treated with fibrin gel with SDF1-ELP particles, 

fibrin gel containing free SDF1, fibrin gel containing ELP particles or plain fibrin gel 

(vehicle control). (A) Representative images of the wounds on different days. On 

postwounding day 28, the wound treated with SDF1-ELP was fully closed, while in the 

other groups it was still open, only fully closing by day 42. (B) Quantified wound closure as 

a function of time. N = 5. (** and ++: p <0.01, one way ANOVA, Fisher's LSD post-test; (+

+) = SDF1-ELP compared to SDF1, (**) = SDF1-ELP compared to ELP or plain fibrin).
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Fig. 11. Morphology of wounds excised on post-wounding day 42
(A) Wounds were stained with the collagen stain picosirius red, which also makes it easy to 

identify the main skin layers. Structures are labeled as: E= epidermis; D= dermis; F = fat. 

Representative images are shown. Blue arrows represent epidermal layer thickness. Green 

arrow represents dermal layer thickness. (B, C) Thickness of the epidermis and dermis, 

respectively, as quantified by ImageJ. Values shown are averages of two (2) different tissue 
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sections per group, with three (3) 4x magnification fields evaluated per section (N = 10). 

(**: p <0.01, one way ANOVA, Fisher's LSD post-test)
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