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of Genomics and Proteomics, University of California, Los Angeles, California 90095, United 
States

cDepartment of Physics and Astronomy, University of California, Los Angeles, California 
90095-1569, United States

dDepartment of Biomathematics, University of California, Los Angeles, California 90095-1569, 
United States
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Abstract

Site-specific chemical dimerization of fibroblast growth factor 2 (FGF2) with the optimal linker 

length resulted in a FGF2 homodimer with improved granulation tissue formation and blood 

vessel formation at exceptionally low concentrations. Homodimers of FGF2 were synthesized 

through site-specific linkages to both ends of different molecular weight poly(ethylene glycols) 

(PEGs). The optimal linker length was determined by screening dimer-induced metabolic activity 

of human dermal fibroblasts and found to be that closest to the inter-cysteine distance, 70 Å, 

corresponding to 2 kDa PEG. A straightforward analysis of the kinetics of second ligand binding 

as a function of tether length showed that, as the polymerization index (the number of monomer 

repeat units in the polymer, N) of the tether decreases, the mean time for second ligand capture 

decreases as ~N3/2, leading to an enhancement of the number of doubly bound ligands in steady-

state for a given (tethered) ligand concentration. FGF2-PEG2k-FGF2 induced greater fibroblast 

metabolic activity than FGF2 alone, all other dimers, and all monoconjugates, at each 

concentration tested, with the greatest difference observed at low (0.1 ng/mL) concentration. 

FGF2-PEG2k-FGF2 further exhibited superior activity compared to FGF2 for both metabolic 
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activity and migration in human umbilical vein endothelial cells, as well as improved angiogenesis 

in a coculture model in vitro. Efficacy in an in vivo wound healing model was assessed in diabetic 

mice. FGF2-PEG2k-FGF2 increased granulation tissue and blood vessel density in the wound bed 

compared to FGF2. The results suggest that this rationally designed construct may be useful for 

improving the fibroblast matrix formation and angiogenesis in chronic wound healing.
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1. Introduction

Healing in chronic wounds including venous, arterial, diabetic[1], and pressure[2] ulcers is 

impaired due to decreased growth factor production, keratinocyte and fibroblast proliferation 

and migration, granulation tissue formation, and angiogenesis. Treatment of chronic wounds 

costs over 9.5 billion U.S. dollars annually, worldwide.[3] Diabetes alone is projected to 

affect 439 million adults (ages 20–79) by 2030 globally, and 15% of diabetic patients 

develop chronic foot ulcers[4]. Thus, viable treatment of chronic wounds represents a 

significant challenge to the medical community.

Fibroblast growth factor 2 (FGF2), a growth factor whose expression is impaired in both 

diabetic and pressure ulcers,[1, 2] moderates cell proliferation, differentiation and migration 

of multiple cell types. FGF2 is critical in wound healing, angiogenesis, bone regeneration, 

neuroregeneration, and can even result in scarless healing[5, 6]. As a result FGF2 released 

from gels alone or in combination with other proteins and/or heparin has been employed as a 

strategy to increase angiogenesis, ischemic heart repair, nerve regeneration, etc. in vivo.[7–

10] While FGF2 alone appears to be a good candidate for the treatment of chronic wounds, 

and is approved in Japan (Fiblast or Trafermin) for skin ulcers, US and European clinical 

trials (Phase II for treatment of peripheral arterial[11] and coronary[12] disease and Phase 

III for neuropathic diabetic foot ulcers[13], respectively) have shown minimal 

effectiveness[14]. Thus, increasing the effectiveness of FGF2 is an important endeavor. This 

has been undertaken by a variety of approaches, including adding peptides or proteins that 

bind to both FGF2 and its receptor,[17–19] by truncating the FGF2 sequences[20], mutating 

specific amino acid residues[21, 22], covalent modification,[23–25] or by utilizing FGF 

receptor peptide agonists as an alternative.[26, 27] In this report, we describe the formation 

of an FGF2 with superagonist activity in vitro that improves granulation tissue formation 

and blood vessel density during wound healing in vivo at low doses through chemical 

dimerization of FGF2.

FGF2 activity is dependent on the formation of a tetrameric complex, consisting of two 

FGF2 proteins and two FGF receptors (FGFR1)[28, 29]. Many proteins, like FGF2, exist or 

self-assemble into homodimers or multimers in their native or active state and these 

structures are often required for protein activity[30, 31]. Synthetic routes to protein 

dimerization are pursued in the scientific community as a means to study protein interactions 

and to create superagonist growth factor therapeutics[32–35]. Preorganization of dimeric 

ligands is known to increase the effective local concentrations, thereby facilitating activation 
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of receptors[36, 37]. Heparin or oligoheparins are mimics of membrane-bound heparin-

sulfates that are known to facilitate FGF2 receptor binding and dimerization. It has been 

shown that adding heparin,[38, 39] or oligoheparins[40–42] is important for FGF2 activity, 

and it is has been proposed that the heparin molecules promote FGF2 dimerization in 

heparanoid complexes.[43] Nonspecific chemical crosslinking of FGF2 lysine side-chains 

through reaction with short (11.4 Å)[23–25] tethers such as bis(sulfosuccinimidyl) suberate 

has been performed as a means to study the interaction of FGF2 with heparin oligomers. 

Towards the same end FGF2 has also been oligomerized through biotin-streptavidin 

binding[44]. In addition, recombinant expression of a dimeric FGF2 has led to enhanced 

biological activity compared to FGF2 alone[45]. While these prior reports nicely 

demonstrate the importance of dimerization of FGF2, we hypothesized that much more 

significant activity could be obtained by 1) conjugating site-selectively to residues spatially 

separated from both the heparin-binding domain and receptor binding sites and 2) probing 

the ideal length of the dimerizer.

Site-specific conjugation is imperative in the development of protein homodimers in order to 

avoid the formation of protein multimers or complex protein-polymer networks. In addition, 

polymer conjugation at or near an active site, or the addition of multiple polymers to a 

protein therapeutic can shut down protein activity[46]. Therefore targeting a single reactive 

site is important to maintain protein activity. Cysteine is an ideal target for site-specific 

protein modification due to its low abundance and nucleophilicity [47]. FGF2 contains two 

surface-exposed free cysteines (Cys-78 and Cys-96)[48]. The mutation of either cysteine, as 

shown by Lappi et al, is not detrimental to protein activity[49], and Kang et al observed a 

retention of activity after PEGylation at both surface-exposed cysteines with a 5 kDa 

PEG[48]. Therefore we chose to install the genetic modification cysteine to serine at amino 

acid 78 (C78S), resulting in an FGF2 containing a single surface-exposed cysteine, Cys96 

(shown in red, Figure 1).

In addition to site-selective dimerization, the length of the tether is also imperative to protein 

activity. Linker length is essential to receptor activation for similar growth factors[32, 35, 

36]. Based on the crystal structure of the tetrameric FGF2:FGFR1 complex, we 

hypothesized that a flexible linker with a length close to the inter-cysteine distance of 70 Å 

would induce the greatest activity[28, 29]. Poly(ethylene glycol) (PEG) was chosen as the 

linker based on the ease of modification. PEG is also known to improve pharmacokinetics 

through stabilization and improved circulation time, and many FDA-approved, PEGylated 

therapeutic agents are on the market[50, 51]. In addition, there have been several PEG-FGF2 

monoconjugates prepared that have improved circulation life times and other favorable in 

vivo features such as enhanced penetration into the injured spinal cord.[52, 56] Here, we 

describe the development of PEG-linked FGF2 dimers as superagonists that could be used to 

create a more fertile wound healing bed.

2. Materials and Methods

2.1. Materials

All chemicals and reagents were purchased from Sigma-Aldrich and used as received unless 

otherwise indicated. Enzyme-linked immunosorbent assay (ELISA) Development DuoSet 
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kit was purchased from R&D Systems. Normal Human Dermal Fibroblasts (HDFs), 

HUVECs, and cell media were purchased from ATCC.

2.2. HDF Metabolic activity Assay

HDF cells (passage 4 - ATCC) were suspended in UltraCULTURE™ (Lonza) serum-free 

medium supplemented with 2 mM L-Glutamine, 100 μg/ml penicillin, and 100 μg/ml 

streptomycin, and plated at 2000 cells/well in a 96-well plate. The cells were allowed to 

adhere for 16 hours at 37 °C, 5% CO2. After 16 hours the medium was removed by 

aspiration and replaced with 100 μL of unmodified FGF2, mPEG-FGF2, or FGF2-PEG-

FGF2, diluted in UltraCULTURE™ medium (original concentration determined by ELISA). 

The cells were incubated with the samples for 72 hours at 37 °C, 5% CO2 without media 

exchange, after which cell metabolic activity was assessed using a CellTiter-Blue® assay. 

All experimental groups were normalized to the control group, which received only blank 

medium. Each group was done with six replicates.

2.3. HUVEC Metabolic activity Assay

HUVEC cells (passage 5 - ATCC) were suspended in EGM™ (-BBE) medium 

supplemented with 100 ug/ml penicillin and 100 μg/ml streptomycin, and plated at 1000 

cells/well in a 96-well plate. The cells were allowed to adhere for 16 hours at 37 °C, 5% 

CO2. After 16 hours the medium was removed by aspiration and replaced with 100 μL of 

unmodified FGF2, mPEG-FGF2, or FGF2-PEG-FGF2 (protein concentration determined by 

ELISA) diluted in epidermal growth medium without bovine brain extract (EGM™ –BBE). 

The cells were incubated with the samples for 72 hours at 37 °C, 5% CO2 without media 

exchange, after which cell metabolic activity was assessed using a CellTiter-Blue® assay. 

All experimental groups were normalized to the control group, which received only blank 

medium. Each group was done with six replicates

2.4. HDF Migration Assay

Two horizontal lines were drawn on the back of each well of a 0.2% gelatin-coated 24-well 

plate. HDFs from ATCC (P4) were seeded in fibroblast growth medium with full 

supplements at 70,000 cells/well (400 μL/well) and allowed to incubate for 24 hours at 37 

°C, 5% CO2. The media was then removed, and the wells rinsed with warm D-PBS 2x, 

followed by the addition of starvation media, DMEM + 2% FBS and the cells incubated for 

24 hours. A vertical scratch was then made using a P200 pipette tip. The wells were then 

rinsed 2x with warm D-PBS, and then the diluted samples of FGF2 or FGF2-PEG2k-FGF2 

(in DMEM + 2% FBS) were added into 4 wells per concentration (nmax=8) as well as 4 

wells containing blank media. The cells were then incubated for 18 hours. Bright field 

images were taken just above and just below each drawn line, and analyzed using ImageJ, 

by measuring the distance (pixels) of the cell-free area at T=0 and T=18. The study was 

blinded before image analysis. Cell images were taken in bright field with a Zeiss Axioscope 

equipped with an AxioCam MRm at 5x magnification.
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2.5. HUVEC Migration Assay

Two horizontal lines were drawn on the back of each well of a 0.2% gelatin-coated 24-well 

plate. HUVECs (P5) were seeded in complete Epidermal Growth Media (EGM), at 60,000 

cells/well (400 μL/well) and allowed to incubate for 24 hours at 37 °C, 5% CO2. The media 

was then removed, and the wells rinsed with warm D-PBS 2x, followed by the addition of 

starvation media, DMEM + 2% FBS and the cells incubated for 24 hours. A vertical scratch 

was then made using a P200 pipette tip. The wells were then rinsed 2x with warm D-PBS, 

and then samples diluted in DMEM + 2% FBS, were added at each concentration into 4 

separate wells, as well as 4 wells of blank media. The cells were then incubated for 18 

hours. Pictures were taken at 5X magnification at T=0 and T=18 hours. Bright field images 

were taken just above and just below each drawn line, and analyzed using ImageJ, by 

measuring the distance (pixels) of the cell-free area at T=0 and T=18. One of the two full 

repeats was blinded before image analysis.

2.6. In vitro Angiogenesis Co-Culture Assay

Methods for angiogenesis co-culture and cord-like structure staining were adapted from 

literature procedures[57, 58]. HDFs (P3) were plated at 12,500 cells/well in a 48-well plate, 

in endothelial growth medium (EGM) with full supplement and incubated at 37°C for 72 

hours or until cells reached confluency. The cells were then starved for 18 hours with EGM 

(-BBE) minus epidermal growth factor (-EGF). HUVECs (P4) were trypsonized and 

resuspended in EGM (-BBE) (-EGF). Starvation media was aspirated and HUVECs were 

plated on top of the HDF monolayer at 10,000 cells/well in EGM (-BBE) (-EGF) followed 

by sample (either FGF2 or FGF2-PEG2k-FGF2) diluted in EGM (-BBE) (-EGF). Final 

concentrations of FGF2 and FGF2-PEG2k-FGF2 were 10 ng/mL, 5 ng/mL, 1 ng/mL, 0.5 

ng/mL, and 0.1 ng/mL. After 72 and 144 hours the sample solutions were refreshed with 

samples EGM (-BBE) (-EGF) at the appropriate concentrations. Ten days after HUVEC and 

the first sample addition, the medium was removed and each well fixed with 70% EtOH (at 

−20°C) for 30 minutes. After fixing, the wells were rinsed with 0.5 mL of 1% BSA in D-

PBS three times. Next, endogenous alkaline phosphatase was removed by incubation with 

0.3% H2O2 in MeOH at room temperature for 15 minutes. The H2O2 solution was removed 

once the solution was cloudy. The wells were washed 3 times with 1% BSA. The wells were 

then incubated with primary antibody (mouse anti-human PECAM1/CD31, R&D Systems) 

at 1 ug/mL in 1% BSA for 60 minutes at 37°C. The wells were then rinsed 3 times with 1% 

BSA. The wells were then incubated with secondary antibody (goat anti-mouse IgG – 

alkaline phosphatase, Sigma Aldrich) at 3 ug/mL in 1% BSA for 60 minutes at 37 °C and 

then wells were rinsed 3x5 minutes with milliQ water. Next, the wells were incubated with 

BCIP/NBT solution (one tablet dissolved in 10 mL milliQ water, filtered) at room 

temperature for 6–15 minutes. After the cord-like structures were visually stained, the 

BCIP/NBT (Life Technologies) was removed and the wells were washed 3 times with 

milliQ water and allowed to dry. Plates were stored for up to 60 days at −80°C. To assess 

the extent of angiogenesis, 5 bright field images were captured per well at 5x magnification. 

Number and length of the cord-like structures as well as number of nodes were calculated 

manually using NIH ImageJ Software. The values for each of 5 images per well were 

summed and then the sums were averaged across 3 wells. The sample identities remained 
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blinded during analysis and until after results were calculated. An example of how the 

structures were counted is provided in the Supporting Information.

2.7. Animal Use Ethics Statement

All animals were handled in strict accordance with good animal practice as defined in the 

federal regulations as set forth in the written Assurance of Compliance with PHS Policy to 

the United States Department of Health and Human Services (Assurance No. A3079-01) and 

Regulations of the Animal Welfare Act of the United States Department of Agriculture 

(USDA registration #23-R-0023). All animal work was approved by the Johns Hopkins 

University Animal Care and Use Committee (ACUC Protocol No. MO12M465) and the 

animal care program at the Johns Hopkins School of Medicine is fully accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care International 

(AAALAC).

2.8. In vivo Assessment of Wound Healing in Diabetic Mice

Eight to nine-week-old male TallyHo/JngJ mice (Jackson Laboratories, Bar Harbor, ME) 

were used as a model of type II diabetes. Briefly, 1 day prior to wounding, dorsal hair was 

shaved and depilated and mice were housed individually. Full-thickness wounds were 

created on the dorsum of mice (8 mm punch biopsy; Acuderm, Inc., Lauderdale, FL). The 

wound bed was covered with Tegaderm™ (3M, St. Paul, MN) and treated with 20 μl of 

FGF2 or FGF2-PEG2k-FGF2 (0.02 μg total) or D-PBS control (-Mg2+, -Ca2+) by injecting 

through the covering into the wound bed once daily for 5 days. The covering was removed 

on day 7. Digital photographs taken on day 0, 1, 2, 3, 4, 7, 10, and 14 and wound area was 

measured using ImageJ software. The wound beds were excised en bloc with the 

surrounding soft tissue and fixed with 10% formalin solution and histologic analysis was 

performed on day 14. The granulation tissue area and blood vessel density were measured as 

previously described[59]. The procedures were conducted blinded.

3. Results

3.1. Conjugate Synthesis

FGF2 was genetically engineered (C78S) to contain a single surface-exposed free cysteine, 

Cys96, to facilitate site-specific polymer conjugation and therefore stoichiometric 

homodimerization. This mutation was made on a pET29c(+)hFGF-2 plasmid provided by 

the Helmholtz Centre for Infection Research, Braunschweig, Germany[60]. Employing E. 

coli host BL21(DE3), the mutant was expressed and purified as previously described.[60] 

The activity of the mutant was confirmed in an in vitro metabolic activity assay in HDFs, 

and no significant difference was observed as compared to natural FGF2. Pure mutant 

protein (hereby called simply “FGF2”) was obtained as visualized by Western Blot (Figure 

2, lane 2) with a molecular weight of 17.2 kDa measured by MALDI mass spectrometry 

(Figure S1). The mutation was further verified by trypsin-digestion followed by liquid 

chromatography-tandem mass spectrometry, and the expected peptide (GVVSIKGVSANR) 

showing the C78S mutation was found.
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PEG linker lengths were chosen based on the inter-cysteine distance (Cys96 of one FGF2 to 

Cys96 in the second FGF2) in the 2:2 FGF2:FGFR1 tetrameric complex (Figure 1), which is 

approximately 70 Å. Based on prior work[61–63], we hypothesized that in the active 

tetrameric complex the PEG would be stretched slightly from its normal random coil 

configuration. As a guide we considered Flory’s Radius (RF = aN0.6) where a = monomer 

unit length and N = # monomers or degree of polymerization, to estimate the random coil 

length of various PEGs. We also used the equation for a fully-extended polymer chain of 

length L = aN to estimate the maximum possible length. We hypothesized that the best 

candidate would be a PEG with an RF < 70 Å and an L > 70 Å (both 2 and 6 kDa PEG fit 

this description, Table 1). For comparison we also chose a small molecule linker, divinyl 

sulfone (DVS), where both RF and L ≪ 70 Å and a large 20 kDa PEG control where both 

RF and L ≫ 70 Å (Table 1).

Site-specific conjugation can be achieved through Michael addition of nucleophilic amino 

acid residues to vinyl sulfone (VS) groups. By maintaining a pH between 7 and 9, cysteine 

residues can be targeted preferentially compared to the reaction to lysine or N-terminal 

amines,[64] and FGF2 is stable between pH 5 and 9[65]. Therefore PEGs (2, 6, and 20 kDa) 

were modified at both ends with VS according to literature procedures[66]. Since PEGylated 

proteins often exhibit enhanced activity due to increased stabilization or conversely can 

decrease activity due to steric hindrance, monoconjugated controls were synthesized. 

Towards that end, poly(ethylene glycol methyl ether) (mPEGs) with molecular weights of 2, 

5, and 20 kDa were modified on one end with VS.

In order to synthesize the conjugates, FGF2 was incubated with 0.5 eq. of polymer (2, 6, or 

20 kDa VS-PEG-VS, 2, 5, or 20 kDa mPEG-VS) or small molecule crosslinker DVS in 100 

mM Tris buffer, pH 9 at room temperature for 12 hours. A range of buffer types, pHs, 

polymer equivalents, times, and addition of organic solvents were screened, and in all cases 

the maximum yield of the desired conjugate (monoconjugate or homodimer) was obtained 

using the conditions described below. Although excess polymer is typically used to 

maximize monoconjugate yield, excess polymer resulted in multiple polymer additions, 

which were difficult to remove. Kang et al. also observed up to four polymer additions for 

monoconjugations and hypothesized that with increased time the two internal cysteines are 

also able to react[48]. This was avoided by using 0.5 equivalents of polymer incubated with 

the protein at 73 μM concentration in 100 mM Tris, pH 9, 5 mM EDTA for 12 hours. 

Conjugates were purified by fast protein liquid chromatography (FPLC). Pure 

monoconjugates and homodimers were obtained for each length PEG as visualized by 

western blot (Figure 2, procedure in Supplemental Information). For FGF2-PEG20k-FGF2 

(Figure 2, lane 9) the homodimer appears as a smear, which is often observed with larger 

polymer-conjugates.

3.2. Conjugate Screening in Metabolic activity and Migration Assays

Efficacy of FGF2 in wound healing is often first assessed in vitro by fibroblast and 

endothelial cell metabolic activity (proliferation), migration, vasculogenesis, and 

angiogenesis[14, 67–70]. Human dermal fibroblast (HDF) metabolic activity was chosen to 

screen and compare the activity of all PEG-linked dimers, monoPEGylated controls, the 

Decker et al. Page 7

Biomaterials. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



small molecule control, and FGF2 alone. HDFs were serum and growth factor starved, 

followed by treatment with samples for 3 days.

FGF2-PEG2k-FGF2 induced significantly greater metabolic activity as determined by the 

standard CellTiter Blue assay in HDFs than all other linker lengths, all monoPEGylated 

controls, and free FGF2 at every concentration tested (Figure 3a). FGF2-PEG2k-FGF2 

induced the most marked difference in metabolic activity at low (0.1 ng/mL) concentrations 

where the dimer induced 169% compared to blank media (set to 100%) while FGF2 alone 

and monoconjugate were only 118% and 131%, respectively. PEG is known to increase the 

stability of FGF2 thereby increasing in vitro activity, [53, 54, 56] and likely the 2 kDa PEG 

increased the stability of FGF2 in the monoconjugate. Yet the activity of the dimer was 

significantly higher than the monoconjugate demonstrating that dimerization, as opposed to 

increased stability alone, was the important factor. FGF2-PEG2k-FGF2 induced the highest 

metabolic activity overall, 181% compared to blank media, at 1 ng/mL while FGF2 alone 

induced only 144% metabolic activity at 1 ng/mL. The increase in metabolic activity 

compared to blank plateaued at 1 ng/mL for FGF2-PEG2k-FGF2 but even with this plateau, 

the increased metabolic activity is greater than all other conjugates and FGF2 alone. The 

small molecule linked homodimer, FGF2-VS-FGF2, did stimulate significantly greater 

growth than FGF2 at low concentrations (0.1 ng/mL). However this increase was small, 

likely due to the steric restrictions of such a short linker. The fact that there was increased 

activity indicates that there is some flexibility in the 2:2 FGF2:FGFR tetrameric complex 

and indeed other modes of dimerization have been shown to be effective.[45] While FGF2-

PEG6k-FGF2 did induce greater metabolic activity than FGF2 at low concentrations (0.1 

and 1 ng/mL), it did not significantly increase metabolic activity beyond that of its 

monoPEGylated control (mPEG5k-FGF2) indicating that the increase in activity might be 

due solely to the added stability induced by PEG. Again, the enhanced activity was only 

slightly increased (14 and 13%, respectively) compared to FGF2 at the two lower 

concentrations. For FGF2-PEG20k-FGF2, a decrease in activity as compared to FGF2 was 

observed. FGF2-PEG20k-FGF2 induced 13% and 18% less metabolic activity than FGF2 at 

1 and 10 ng/mL, respectively. While we expected the longer linker to be less effective than 

the shorter linkers, decreased activity as compared to FGF2 was not expected. Taken 

together, these results supported our hypothesis that the optimal linker length was: RF (35 Å) 

< inter-cysteine distance (70 Å) and L (160 Å) > the inter-cysteine distance. We then tested 

a greater number of concentrations (0.01, 0.05, 0.1, 1, 2, 5, 10 ng/mL) of FGF2 and FGF2-

PEG2k-FGF2 on HDF metabolic activity, to assess the lowest effective concentration 

(Figure 3, b). Even at 0.01 ng/mL FGF2-PEG2k-FGF2 induced a 139% increase in HDF 

metabolic activity as compared to 105% for FGF2. Thus, FGF2-PEG2k-FGF2 exhibited 

superagonist activity in the metabolic activity of HDFs, even at extremely low 

concentrations, making it a good target for further study.

The increased efficacy of the tethered ligands presents a fundamental question in physical 

chemistry that influences the design principles of this and any other dimerized ligand that 

acts at low concentration in vivo. A theoretical study was undertaken to address the trends in 

ligand activity with changing molecular weight of the tether. Previously researchers have 

proposed a number of mechanisms for the binding of FGF2 to its receptor. These include: 
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(1) the “dimer first” model in which dimers form in solution facilitated by heparin/heparan 

sulfate proteoglycans and then bind collectively to the receptors (2:2:1 model); and (2) 

“dimer second” model in which monomers bind via heparin/heparan sulfate proteoglycans to 

membrane receptors and then form the tetrameric complex (2:2:2 model).[38, 71, 72] In our 

analysis, we ignore heparin-mediated dimerization in solution; in effect, the polymeric tether 

permanently (covalently) locks monomers into dimers while in solution. Thus, we consider a 

simple model in which permanently tethered growth factor dimers bind to the receptor, and 

examine how changes in the length of the tether change the efficiency of binding as 

measured indirectly through wound healing.

The presence of the polymeric tether enhances the capture rate of the second ligand in two 

ways. First, upon the binding of the first ligand, a second ligand is necessarily also brought 

into the vicinity of the receptor (found at a typical distance of N1/2b for a tether of N 

monomers and Kuhn length b). Second, the tether introduces an entropic driving force 

drawing the second ligand towards the receptor. This advective transport shortens the mean 

time to capture for this second ligand as compared to a free ligand introduced at the same 

distance. Excluding steric effects and treating the tether as a Gaussian coil we found that the 

mean time to capture depends on the polymerization index N as τ(N) ~ N3/2, showing that 

capture times monotonically decrease with shorter tethers, and leads to an increasing 

enhancement of doubly bound ligand/receptor complexes with decreasing tether length 

(Figure 1 Data in Brief [ref]). There we show that for a single ligand dissociation constant 

Kd the effect of dimerization is to enhance the effective activity of the ligand by a factor 

R>L so that tethered dimers at concentration c generate an equilibrium population of doubly 

bound receptors on the cell surface (assuming binding consistent with chemical equilibrium) 

as would a higher concentration of “untethered dimers” at Rc. We find R is a monotonically 

decreasing function of N (proportional to the molecular weight of the tether) and reaches a 

theoretical maximum of R = 1 + (Kd / cm) for a concentration cm of membrane-bound 

receptors. Thus, the effect of dimerization is most pronounced for short tethers and in the 

limit of a low concentration of membrane bound receptors. Details may be found in the 

accompanying Data in Brief.[ref]

The validity of the Gaussian coil model is questionable in detail. The radii of gyration of the 

tethers range from 7nm (20kDa molecular weight) to 2nm (2kDa molecular weight), 

comparable to the size of the ligand. Thus, the tether may be strongly stretched due to steric 

effects and the chain may interfere with the binding between the linker and the receptor, 

either sterically or due to the (necessary) misalignment between the tether’s anchoring point 

on the ligand and binding pocket. Of these effects, the strongly stretching limit implies an 

effective potential for the ligand to be steeper than the parabolic one resulting from the 

Gaussian coil assumption, suggesting our calculation of R is a lower bound. The steric 

hindrance on doubly-bound states appears to play a role only for tethers of molecular 

weights smaller than 2kDa. Finally, the misalignment of the anchor with the binding pocket 

should be irrelevant as long as the work to the tether between these points is smaller than 

thermal energy. We suspect this to be the case quite generally for all tethers long enough to 

analyze in terms of standard polymer dynamics since the distance between the anchoring 

point and the binding pocket is comparable to only a few monomer lengths. The calculation 
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of R assumes the absence of competitive binding between a dimer and multiple membrane 

bound receptors. We work in the limit of vanishing small receptor concentration where this 

is valid. The validity of this assumption should fail when the areal concentration c̃m of the 

receptors is sufficiently high that two might be found within one radius of gyration of the Rg 

tether .

To further assess the viability of FGF2-PEG2k-FGF2, HDF migration was assessed in a 

scratch assay (Figure 3, c). A scratch was made through a confluent layer of growth factor 

starved cells followed by the application of sample and incubation for 18 hours. Incubation 

time was restricted to 18 hours to ensure that differences were not due to proliferation. 

FGF2-PEG2k-FGF2 induced a slight, but significantly greater migration at the lowest 

concentration tested (0.05 ng/mL) resulting in 131% increase in HDF migration compared to 

117% for FGF2 alone. While both FGF2 and FGF2-PEG2k-FGF2 induced significantly 

greater migration as compared to blank at all higher concentrations, there was no significant 

difference between the two. These results indicate that the FGF2 dimer does not greatly 

enhance migration of HDFs and that metabolic activity is more strongly influenced in this 

cell type.

Next the in vitro metabolic activity and migration of human umbilical vein endothelial cells 

(HUVECs) was assessed with FGF2-PEG2k-FGF2 and compared to free FGF2 (Figure 4). 

Since the most drastic improvements in activity occurred at lower concentrations in HDFs, 

we focused our test on low concentrations for HUVEC metabolic activity. FGF2-PEG2k-

FGF2 significantly increased metabolic activity compared to FGF2 at low concentrations 

and exhibited similar activity at 1 ng/mL (Figure 4a). Specifically, FGF2-PEG2k-FGF2 

increased metabolic activity as compared to FGF2 by 28%, 21% and 21% at 0.01, 0.05 and 

0.1 ng/mL, respectively. Compared to blank media, FGF2-PEG2k-FGF2 increased 

metabolic activity most effectively at 0.1 ng/mL, to 148% compared to blank media. 

HUVEC migration was investigated over a range of concentrations in a scratch-assay using 

the same protocol as described for HDFs (Figure 4b and c). FGF2-PEG2k-FGF2 

significantly increased migration into the scratch compared to FGF2 at 0.01, 0.05, 0.1, and 1 

ng/mL. The greatest increase in migration was observed at 0.1 ng/mL, where HUVEC 

migration was increased by 163% compared to blank media for FGF2-PEG2k-FGF2 while 

for FGF2 it was increased by only 108%. These results further indicated that FGF2-PEG2k-

FGF2 was a good candidate for additional study at low concentrations.

3.3. FGF2-PEG2k-FGF2 Increases Angiogenesis In Vitro

FGF2-PEG2k-FGF2 was also tested for increased angiogenesis. A rudimentary co-culture 

assay of HDFs and HUVECs was utilized[57, 58]. HDFs were first allowed to grow to 

confluency before HUVECs were added with the respective experimental sample. Sample 

solutions were refreshed at days 3 and 6. After 10 days the cells were fixed and cord-like 

structures stained for CD31. FGF2-PEG2k-FGF2 induced a significant increase in the 

number of nodes, cord-like structures, and total length of cord-like structures compared to 

FGF2 at low concentrations (0.1 and 0.5 ng/mL) and performed as well as FGF2 at higher 

concentrations (1, 5, and 10 ng/mL) (Figure 5). Specifically, at 0.1 ng/mL, cells treated with 

FGF2-PEG2k-FGF2 increased the average number of nodes by 97, cord-like structures by 
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186, and increased the total length of cord-like structures to 9 times that of FGF2. At 0.5 

ng/mL, FGF2-PEG2k-FGF2 increased the average number of nodes by 120, cord-like 

structures by 229, and the total length of the cord-like structures was increased to 4 times 

that of FGF2. Thus at these low concentrations, FGF2-PEG2k-FGF2 improved all evaluated 

aspects of angiogenesis compared to free FGF2.

3.4. FGF2-PEG2k-FGF2 Increases Granulation Tissue and Blood Vessel Density in 
Wounded, Diabetic TallyHo Mice

Since FGF2-PEG2k-FGF2 significantly enhanced in vitro metabolic activity, migration, and 

co-culture cord-like structures, the efficacy of FGF2-PEG2k-FGF2 was investigated in vivo 

in a wounded mouse model. TallyHo/JngJ mice, which develop a type II diabetic phenotype, 

were wounded (8 mm punch biopsy) and then treated daily for 5 days with 0.02 μg of FGF2, 

FGF2-PEG2k-FGF2 or D-PBS control. The wound closure was measured at days 0, 1, 4, 7, 

10, and 14. There was no significant difference in wound closure among the cohorts of mice 

(Fig. 6a,b) as is common for this animal model and wound size[73]. In contrast, the 

granulation tissue area and the blood vessel density in the wound bed were both significantly 

greater in the FGF2-PEG2k-FGF2 treated mice than either FGF2 treated mice (p<0.05) or 

D-PBS control (p<0.01) (Fig, 6c,d,e). These results indicate that the low concentration of 

FGF2-PEG2k-FGF2 was highly effective in promoting granulation tissue and angiogenesis 

in the wound bed.

4. Discussion

Chronic wounds represent a widespread and increasing socioeconomic problem. Depressed 

levels of growth factors and their receptors, including FGF2, are a main factor in non-

healing wounds. Currently, advanced wound care therapies for non-healing ulcers include 

the use of collagen, growth factors, bioengineered skin, gene and stem cell therapy, silver 

products, ozone oxygen therapy, and negative pressure wound therapy[74]. We sought to 

improve upon the activity of FGF2 for its potential use alone or in combination with 

advanced wound care therapies. Our studies show that FGF2-PEG-FGF2, where the tether 

length is 2 kDa, represents a promising candidate for increasing the granulation tissue and 

blood vessel density during wound healing.

Utilizing available knowledge of FGF2 activity and its crystal structure with its receptor and 

theoretical investigation, we were able to rationally design a protein more active than the 

native one in promoting fibroblast metabolic activity and endothelial cell metabolic activity 

and migration. Mutation of the protein was undertaken in order to obtain a single reactive 

cysteine for modification, spatially separate from residues required for receptor binding and 

protein activity. Homodimerization of the protein was achieved through Michael addition to 

bis-reactive linear PEG tethers, varying the length based on both the spatial restrictions 

informed by the active protein-receptor crystal structure, as well as taking in to account PEG 

flexibility and stretch. The best linker-length in this work was determined to be 2 kDa PEG. 

Analytic calculations based on a Gaussian coil model of the tether suggest that shortening 

the tether down to this distance should be beneficial. At such short distances, however, a 

reasonable model must account for steric interactions between the ligands and between the 

chain and the ligands – see Data in Brief [ref], for details. The simplicity of synthesis and 
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purification as well as the effectiveness of the current model represents a viable candidate 

for further studies.

FGF2-PEG2k-FGF2 showed enhanced metabolic activity, migration, and formation of cord-

like structures in an angiogenesis co-culture assay in vitro, as well as enhanced granulation 

tissue and blood vessel density in diabetic mice in vivo, all at low effective concentrations as 

compared to unmodified FGF2. Proliferation of HDF and HUVEC cells is often utilized as a 

first test to determine the in vitro efficacy of FGF2[14, 67–70] and the dimer performed far 

better than the native protein in the cell metabolic assay. Migration is another measure of the 

ability of the growth factor to potentially elicit a response in wound healing since migration 

of cells into a wound is an important factor. The dimer produced much higher migration of 

HUVEC cells in a scratch assay. In addition, the dimer produced a greater number of cord-

like structures with longer lengths and more nodes than the native protein in a basic in vitro 

co-culture angiogenesis assay. These assays, although simple in nature, have limitations. 

Two-dimensional assays are useful to analyze the proliferation, migration, and migration of 

single cells.[77] However, these assays have been shown to have significant differences 

compared to three dimensional systems and therefore are not necessarily relevant to wound 

healing in vivo, which involve numerous processes occurring simultaneously.[78] The co-

culture assay is simple to carry out, but does not provide information about tubular 

structures or perfusion through the structures as does the more sophisticated assays. Thus, in 

vivo experiments were carried out in a wounded diabetic mouse model. The results show 

that granulation tissue formation and blood vessel number is increased compared to FGF2. 

Since granulation tissue results from fibroblast proliferation and blood vessel number 

increase is likely due to angiogenesis,[79] the in vivo results confirm the in vitro ones.

A previous report demonstrated that a recombinantly engineered dimeric FGF2 had higher 

proliferation activity in smooth muscle cells and was able to partially rescue activity in a 

serum starved media at a slightly lower concentration than the monomer alone.[45] Our data 

is not directly comparable to this reference for several reasons. First a different cell type was 

used for the proliferation (cell metabolic activity) assay and for HUVEC cells we utilized 

much lower concentrations. In addition for the latter, although both examples were serum 

starved, we added the protein to EGF. So we see enhancement above normal activity, not a 

partial rescue of activity as in the case of the recombinant dimer. Yet in our case the 

approach is likely simpler because it is chemically dimerized rather than requiring a new 

recombinant synthesis and folding methodology.

While increased rate of closure was not observed in vivo, this is likely due to the extremely 

low concentrations tested and the animal model used (diabetic mice heal by contraction in 

addition to reepitheliazation). This has been observed in other studies: For instance, Orgill 

and coworkers tested wound closure in C57BL/KsJ db+/db+ mice, and found no increase in 

wound closure when 1.5 cm2 wounds were treated with 10 μg of PDGF each day for five 

days, but did see an increase in granulation tissue[73]. Hubbell and coworkers tested 

genetically modified superagonists of vascular endothelial growth factor (VEGF), PDGF, 

and bone morphogenetic protein-2 at low concentrations (200 ng/wound) and found that the 

modified growth factors increased granulation tissue formation compared to no treatment, 

while unmodified growth factors induced no increase at this concentration[80]. Therefore 
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increased granulation tissue area and angiogenesis indicates better blood supply and a more 

fertile wound bed preparation, both favorable properties in wound healing. This could 

translate to faster wound healing in higher order animals, and this will be tested in future 

work.

This work does show that PEG dimerization of the FGF2 results in enhanced activity at low 

concentrations. Low concentrations are advantageous to avoid superphysiologic doses often 

used for growth factors, that can significantly increase the costs of a therapeutic.[75] 

However, growth factors, particularly FGF2, are known to be unstable.[81, 82] Although 

PEG does increase stability of proteins including FGF2,[53, 54, 56] further stabilization of 

the protein through release from a heparinized matrix or by using a heparin mimicking 

polymer as a tether would be advantageous. We recently reported a heparin mimicking 

polymer conjugate that stabilizes FGF2 to therapeutically relevant conditions, including 

elevated temperatures and treatment with proteolytic enzymes.[83] What was learned from 

that work could be readily combined with the dimer strategy reported herein to produce a 

superagonist growth factor effective at lower concentrations that is also stable to a variety of 

stressors, and this work is ongoing.

5. Conclusions

We have developed a superagonist FGF2 by site-specific dimerization utilizing 2 kDa PEG. 

The ideal linker length was determined empirically, with the most effective linker being that 

with a Flory’s radius closest to the FGF2:FGFR tetramer inter-cysteine distance. Analytic 

calculations based on a Gaussian coil model were employed to understand the effect of 

linker length on receptor dimerization and activity. FGF2-PEG2k-FGF2 exhibited superior 

activity compared to FGF2 for both metabolic activity and migration in a scratch assay in 

fibroblasts and human umbilical vein endothelial cells as well as exhibiting improved cord-

like structures in a co-culture of the two cell lines, all at very low concentrations. Finally, 

FGF2-PEG2k-FGF2 induced increased granulation tissue and blood vessel density in the 

wound bed of diabetic mice. Overall, the data suggests that this FGF2 dimer is a promising 

candidate for increasing the quality of the wound bed in wound healing.
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Figure 1. 
The active tetrameric complex consisting of two FGF2s (gold) two FGFRs (silver) with 

Cys96 in red and poly(ethylene glycol) represented in blue. Modified from PDB 1CVS 

using Chimera software.
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Figure 2. 
Western blot of purified conjugates. Lane 1: Protein Ladder; Lane 2: FGF2; Lane 3: FGF2-

VS-FGF2; Lane 4: mPEG2k-FGF2; Lane 5: FGF2-PEG2k-FGF2; Lane 6: mPEG5k-FGF2; 

Lane 7: FGF2-PEG6k-FGF2; Lane 8: mPEG20k-FGF2; Lane 9: FGF2-PEG20k-FGF2.
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Figure 3. 
Screening of PEG linker-length effect on HDF metabolic activity and migration. (a) and (b) 

Percent metabolic activity of HDFs (mean +/− SD). All samples are normalized to blank 

media per treatment set (n=6). In (b), bars for 0.1, 1, and 10 ng/mL are duplicated from part 

(a). (c) Migration scratch assay of HDFs treated with FGF2 or FGF2-PEG2k-FGF2 for 18 

hours. Each treatment was repeated 5–7 times. The distance across the scratch was measure 

in ImageJ in pixels and the % increased HDF migration was calculated as 100 – distance at 

T / distance at T0 *100. Statistical analysis was carried out using a student’s t-test (c) or 

ANOVA + Tukey (a) and (b). # = statistically greater than FGF2 control at that 
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concentration, p < 0.05. * or *** = statistically greater than both FGF2 and mPEG-FGF2, p 

< 0.05 and p < 0.001, respectively at that concentration.
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Figure 4. 
(a) Metabolic activity of HUVECs at various concentrations of FGF2 and FGF2-PEG2k-

FGF2. Each treatment was repeated 5–6 times and the entire study repeated twice. (b) 

Migration scratch assay of HUVECs treated with FGF2 or FGF2-PEG2k-FGF2 for 18 hours. 

Each treatment was repeated 4–7 times and the entire study repeated twice (n=9–12 total). 

The distance across the scratch was measured using ImageJ in pixels and the % increased 

migration was calculated as 100 – distance at T / distance at T0 *100. For (a) and (b) all 

samples were normalized to blank media per treatment set and recorded as mean +/− SD.. 

Statistical analysis was carried out using a student’s t-test. * = p < 0.05. *** = p < 0.001 (c) 

Representative images of HUVECs (5x magnification) at 18 hours and 0 hours after 

scratching and treatment with 0.1 ng/mL of each sample.
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Figure 5. 
Effect of FGF2 and FGF2-PEG2k-FGF2 at various concentrations on angiogenesis through 

the co-culture of HDFs and HUVECs (n=3). (a) Representative images of select sample sets, 

cord-like structures stained. (b) Comparison of the number of nodes per condition / sample 

set. (c) Comparison of the number of cord-like structures per condition / sample set. (d) The 

average total cord-like structure length per image (pixels) per condition / sample set (mean 

+/− SD). Statistical analysis was carried out using a student’s t-test. * = p < 0.05.
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Figure 6. 
In vivo assessment of FGF2-PEG2k-FGF2 in diabetic wounds. Sterile wounds (8 mm punch 

biopsy) were performed on TallyHo/JngJ diabetic mice and the wounds were covered 

(Tegaderm) and treated daily for 5 days with 0.02 μg of FGF2, FGF2-PEG2k-FGF2 or D-

PBS control. (A) Representative photographs of the skin wounds in treated diabetic wounds. 

(B) Mean wound area ± s.e.m. (C) Representative histology (H&E stained) at low 

magnification (left panels) and high magnification of the boxed dotted area (right panels) 

with black arrows indicating wound edges and white arrows indicating blood vessels. 
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Quantitative analysis of granulation tissue area (D) and blood vessel density (E). *p<0.05, 

**p<0.01 FGF2-PEG2k-FGF2 versus FGF2 or D-PBS (n=5–10/group).
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