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Abstract

Vascular endothelial growth factor 165 (VEGF165) is an important extracellular protein involved 

in pathological angiogenesis in diseases such as cancer, wet age-related macular degeneration 

(wet-AMD) and retinitis pigmentosa. VEGF165 exists in two different isoforms: the angiogenic 

VEGF165a, and the anti-angiogenic VEGF165b. In some angiogenic diseases the proportion of 

VEGF165b may be equal to or higher than that of VEGF165a. Therefore, developing therapeutics 

that inhibit VEGF165a and not VEGF165b may result in a greater anti-angiogenic activity and 

therapeutic benefit. To this end, we report the selective binding properties of sulfated hyaluronic 

acid (s-HA). Selective biopolymers offer several advantages over antibodies or aptamers including 

cost effective and simple synthesis, and the ability to make nanoparticles or hydrogels for drug 

delivery applications or VEGF165a sequestration. Limiting sulfation to the C-6 hydroxyl (C-6 OH) 

in the N-acetyl-glucosamine repeat unit of hyaluronic acid (HA) resulted in a polymer with strong 

affinity for VEGF165a but not VEGF165b. Increased sulfation beyond the C-6 OH (i.e. greater than 

1 sulfate group per HA repeat unit) resulted in s-HA polymers that bound both VEGF165a and 

VEGF165b. The C-6 OH sulfated HA (Mw 150 kDa) showed strong binding properties to 

VEGF165a with a fast association rate constant (Ka; 2.8 × 106 M−1s−1), slow dissociation rate 

constant (Kd; 2.8 × 10−3 s−1) and strong equilibrium binding constant (KD; ~ 1.0 nM)), which is 

comparable to the non-selective VEGF165 binding properties of the commercialized therapeutic 
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anti-VEGF antibody (Avastin®). The C-6 OH sulfated HA also inhibited human umbilical vein 

endothelial cell (HUVEC) survival and proliferation and human dermal microvascular endothelial 

cell (HMVEC) tube formation. These results demonstrate that the semi-synthetic natural polymer, 

C-6 OH sulfated HA, may be a promising biomaterial for the treatment of angiogenesis-related 

disease.
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1. Introduction

The ability to control the balance of angiogenic and anti-angiogenic proteins is critical for 

the treatment of various diseases involving pathologic angiogenesis such as solid tumor 

based cancers, wet age-related macular degeneration (wet-AMD) and retinitis pigmentosa,

[1-4] where vascular endothelial growth factor 165 (VEGF165) is a major angiogenic factor 

that enhances blood vessel formation. Therefore, VEGF165 inhibitors have been and are 

currently being developed as therapeutics.[5-7]

There are two natural isoforms of VEGF165, the angiogenic isoform VEGF165a and the anti-

angiogenic isoform VEGF165b.[8] Both isoforms bind VEGF receptor 2 (VEGFR2) with 

similar affinity but VEGF165b does not bind neuropilin 1 or activate downstream angiogenic 

signaling pathways.[8-10] Ideally, therapeutics for cancer and retinal diseases would only 

inhibit VEGF165a since VEGF165b has been identified as anti-angiogenic and cytoprotective.

[11] The selective inhibition of VEGF165a could enhance treatment of angiogenic diseases 

where VEGF165b is a significant proportion of the total VEGF165 present. It has been 

reported that the level of VEGF165b is similar to that of VEGF165a in diabetic 

retinopathy[12] and colorectal cancer.[13] In addition to its anti-antiogenic role, VEGF165b 

has been demonstrated to be a cytoprotective factor, e.g. for retinal pigmented epithelial 

(RPE) cells, which may be important in ocular diseases such as AMD.[11]

VEGF165a and VEGF165b both contain the same receptor-binding domain (RBD) but 

different heparin-binding domain (HBD) structures, which are responsible for the binding of 

sulfated polymers.[1] Therefore, selective VEGF165a binding molecules must target the 

HBD and not the RBD. The amino acid sequence of VEGF165b's HBD only differs from that 

of VEGF165a by 6 amino acids at the C-terminus, which are highlighted in red in Fig. 1A. 

This difference results in the loss of one positively charged arginine residue and a disulfide 

bridge in VEGF165b.[14] The loss of the disulfide bridge results in a significant change in 

the three-dimensional structure of VEGF165b's HBD.[15] As a result, natural 

polysaccharides that bind the HBD such as heparan sulfate (HS) have different binding 

properties for VEGF165a and VEGF165b.[9, 16, 17] Taking advantage of the structural 

differences between the HBDs, a therapeutic aptamer, pegaptanib, has been previously 

developed that only binds VEGF165a.[18]

Lim et al. Page 2

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We hypothesized that selective binding to the HBD of VEGF165a could also be achieved by 

controlling the negative charge density (in this case, by sulfation) of hyaluronic acid (HA). 

The use of bioactive, semi-synthetic polymers prepared from HA could be a fruitful 

approach to controlling pathological angiogenesis because they are inexpensive, well 

tolerated, and stable in biological systems. Several papers have reported that sulfated HA is 

a potent inhibitor for tumor necrosis factor and other target proteins [16, 19-23], but sulfated 

HA that selectively binds VEGF165a over VEGF165b has not yet been demonstrated. HA was 

selected because of its biocompatibility, the structural similarities with heparin, and the 

chemical ability to sulfate the four hydroxy groups in each repeat unit of HA. Thus sulfated 

HA (s-HA) could have different degrees of sulfation (denoted s-HA-1[least sulfated], 2, 3, 

and 4 [most sulfated]), prepared by controlling the molar equivalents of the sulfation reagent 

(Fig. 1B). Beyond sulfation, we also investigated the effects of s-HA molecular weight (17 

kDa, 150 kDa, 1,000 kDa) and different sulfate counterions (sodium, pyridine and 

tetrabutylammonium) on VEGF165a and VEGF165b binding (Fig. S1). Representative 

sulfated or non-sulfated naturally occurring polysaccharides were also investigated to 

compare their binding properties with s-HA (Fig. S2 for structures). Surface plasmon 

resonance (SPR) was used to study the binding between s-HAs and both isoforms of 

VEGF165. Cell-based assays were used to evaluate the biological activity of s-HA.

2. Materials and Methods

2.1 Materials

Sodium hyaluronate (17 kDa (1.69×104 Da), 150 kDa (1.5×105 Da), 1,000 kDa (1.01×106 

Da)) was purchased from Lifecore (Minnesota, USA). Dextran, dextran sulfate sodium salt 

(MW 2.0×105 Da , 4.0×105 Da), chondroitin sulfate sodium salt from bovine trachea, 

heparan sodium salt from bovine kidney (according to the supplier with a sulfur content of 

5-7%) and monoclonal VEGF165 antibodies (Cat. No. V4758) were purchased from Sigma-

Aldrich (St. Louis, USA). Recombinant human VEGF165a (293-VE/CF) and VEGF165b 

(3045-VE/CF) were obtained from R&D Systems (Minneapolis, USA). The sensor chip 

(CM5, BR100012), amine coupling kit (BR-1000-50), running buffer (HBS-EP: 0.01 M 

Hepes pH 7.4, 0.15 M NaCl, 3.0 mM EDTA, 0.005% tween 20; BR100188), 10 mM 

glycine-HCl buffer pH 3 (BR-1003-57) and 10 mM sodium acetate buffer pH 5 

(BR-1003-51) were all purchased from GE Healthcare Bio-science AB (Uppsala, Sweden). 

Tetrabutylammonium (TBA) hydroxide, DOWEX 50WX8-400 ion-exchange resin, sulfur 

trioxide pyridine complex (SO3-pyridine, 98%), hydrazine, hydrazine sulfate, N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide 

(NHS), dimethylformamide (DMF) and deuterated water (D2O) were purchased from 

Sigma-Aldrich (St. Louis, USA). Human umbilical vein endothelial cells (HUVECs), human 

microvascular endothelial cells (HMVECs) purchased from Lonza (NJ, USA) and ATCC 

(VA, USA), respectively. Endothelial cell basal media (EBM-2 CC-3156) and endothelial 

cell growth media BulletKit (EGM-2 CC-3162) were purchased from Lonza (NJ, USA). 

CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (MTS assay) was 

purchased from Promega (WI, USA). Avastin® was purchased from Genentech/Roche (CA, 

USA). Getrex™ LDEV free, Calcein AM and Click-iT® EdU microplate assay were 
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purchased from Life Technologies (CA, USA). All images were acquired using an Olympus 

FSX inverted fluorescent microscope.

2.2 Methods

2.2.1 Preparation of TBA salt of HA—The preparation of tertbutylammonium 

hyaluronate HA (TBA-HA) of varying molecular weights (17 kDa, 150 kDa, and 1,000 

kDa) was performed with the following procedure. A sodium hyaluronate solution (i.e., 150 

kDa, 500 mg in 100 mL distilled water) was mixed with DOWEX 50WX8-400 ion-

exchange resin (5.0 g, cation in the resin was exchanged with TBA) and stirred for 3 h. The 

mixture was filtered to remove the resin and freeze-dried to yield an off-white solid (TBA-

HA), then analyzed with 1H-NMR (Fig. S3A)

2.2.2 Preparation of sodium salt of sulfated HA (s-HA)—The preparation of sodium 

salt HA (s-HA) of varying molecular weights (17 kDa, 150 kDa, and 1,000 kDa) was 

performed with the following procedure. TBA-HA (off-white powder, 50 mg) was dissolved 

in 10 mL of N,N-dimethylformamide (DMF) and reacted with varying amounts of the sulfur 

trioxide pyridine complex (0.0076 g, 0.15 g, 0.38 g, and 0.61 g, respectively) dissolved in 

2.0 mL of DMF to produce s-HA with 4 different sulfation degrees, hereafter referred to as 

s-HA-1 (least sulfated), s-HA-2, s-HA-3 and s-HA-4 (most sulfated). The reaction was 

conducted for 1.0 h maintaining the temperature between 0 and 5 °C while under nitrogen. 

The reaction was quenched by adding 10 mL of water, and the pH of the solution was 

adjusted to 8.5 - 9.0 with a 1.0 M NaOH solution producing the sodium salt of sulfated HA. 

The samples were then dialyzed against distilled water for 3 days. Finally, the samples were 

lyophilized to yield off-white solids (obtained: s-HA-1 (36 mg), s-HA-2 (42.8 mg), s-HA-3 

(47.8 mg), s-HA-4 (51.5 mg). The products were characterized by 1H, 13C-NMR and zeta 

potential analysis (Figs. 1A & S3B).

2.2.3 Preparation of pyridine and TBA salt of sulfated HA (Pyr/TBA-s-HA)—The 

pyridine and TBA salt of sulfated HA with varying molecular weights (17 kDa, 150 kDa, 

and 1,000 kDa) was prepared by performing the following procedure. TBA-HA (off-white 

powder, 50 mg) was dissolved in 10 mL of N,N-dimethylformamide (DMF) and reacted 

with varying amounts sulfur trioxide pyridine complex (SO3-pyridine) in 2.0 mL of DMF 

(0.0076 g, 0.15 g, 0.38 g, and 0.61 g, respectively) while maintaining temperature between 0 

and 5 °C while under nitrogen for 1.0 h. The reaction progress was quenched by adding 10 

mL of water without additional pH adjustment step. The solution was dialyzed against 

distilled water for 3 days. The samples were lyophilized to yield off-white solids (Pyr/TBA-

s-HA).

2.2.4 Preparation of fully sulfated chondroitin (CS-2)—Sodium salt chondroitin 

sulfate A (500 mg, CS-1) from bovine trachea was first converted into TBA salt of 

chondroitin (TBA-CS-1) by following the same method for TBAHA preparation. The 

lyophilized TBA-CS-1 (100 mg) was suspended in DMF (20 mL) under nitrogen at room 

temperature and cooled to 0 - 5 °C. Sulfur-trioxide pyridine complex solution (1.2 g/20 mL) 

in DMF was added into the TBA-CS-1 solution, then stirred for 1.0 h at 0 ~ 4 °C. After 

quenching the reactions with water (10 mL), the pH of the solution was adjusted to be 
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between 9 and 10 using a 1.0 M NaOH solution. The solution was then purified by dialysis 

against distilled water, followed by lyophilization (See Fig. S2 for structures).

2.2.5 Preparation of sodium salt of N-deacetylated s-HA-2 (deacetyl-s-HA)—
Pyr/TBA salt of s-HA-2 (1,000 kDa, 200 mg) was suspended in DMF (20 mL) under 

nitrogen at room temperature. Hydrazine (20 mL) and hydrazine sulfate (200 mg) were 

added, and the reaction mixture was stirred for 4.0 h at ~100 °C, cooled to room temperature 

and the pH adjusted at 9 - 10 with 2.0 M NaOH solution. The mixtures were concentrated to 

dryness and then dissolved in water (50 mL) and acetone (50 mL), followed by dialysis 

against water and lyophilization. The product was characterized by 1H-NMR (D2O) analysis 

(Figs. S1 & S3C).

2.2.6 Surface plasmon resonance-based binding studies of polymer and 
VEGF165—We used surface plasmon resonance (SPR) based method to investigate the 

binding affinity of all polymers and antibodies for VEGF165a and/or VEGF165b. SPR-based 

detection allows for label free solution state monitoring of binding interactions between 

proteins and biomolecules, which can provide quantitative measurements of binding and 

dissociation kinetics.[22] In this case, the protein (VEGF165a or VEGF165b) is immobilized 

onto a thin gold membrane surface through well-established chemistry, and then a solution 

containing polymers (i.e. s-HA) or antibodies (i.e. anti-VEGF) is flowed over the protein 

modified surface to obtain sensorgram.

2.2.7. Immobilization of VEGF165a or VEGF165b on CM5 biosensor chip 
surfaces—A BIAcore 3000 instrument with BIAcore Control and BIAevaluation software 

4.1 from GE Healthcare (Uppsala, Sweden) was used.[23, 24] VEGF165a or VEGF165b was 

immobilized onto the carboxymethylated dextran coated gold membrane surface on the 

CM5 biosensor chip. In brief, the carboxymethylated dextran coated surface was activated 

with EDC/NHS. Protein immobilization was accomplished by injecting 700 μL of 10 μg/mL 

VEGF165a or VEGF165b in 10 mM sodium acetate buffer at pH 5.5. The unreacted activated 

carboxylic acids on the chip surface were blocked with a 35 μL injection of 1.0 M 

ethanolamine-HCl (pH 8.5). The chip was then washed with a continuous flow of the HBS-

EP running buffer (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3.0 mM EDTA, 0.005% tween 

20).

2.2.8 SPR measurements for sulfated polysaccharide interactions with 
VEGF165a or VEGF165b—Each s-HA powder was dissolved in HBS-EP running buffer. 

The solutions were flowed over the surface of the VEGF modified chip using the auto-

injector according to the following procedure: 1) Running buffer was flowed for 1 minute; 

2) Sample solutions were injected for 3.0 min at 30 μL/min (association phase); 3) Running 

buffer was flowed for 2.0 min (dissociation phase); 4) 30 μL of 3.0 M NaCl was injected to 

remove bound polymers from the chip surface (regeneration phase); 5) The system was re-

equilibrated by flowing HBS-EP running buffer for 2.0 minutes before repeating the 

procedure for the next sample. The SPR response was monitored as a function of time at 25 

°C and subtracted from the response of a reference control chip that did not contain VEGF. 

Kinetic parameters were evaluated using the BIA evaluation software 4.1.
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2.2.9 SPR measurements for anti-VEGF antibody interactions with VEGF165a 

or VEGF165b—The same procedure was used as in 2.2.8 except that the regeneration phase 

consisted of a 30 μL injection of a 10 mM glycine-HCl buffer a pH 3 instead of a 3.0 M 

NaCl solution.

2.2.10 HUVEC viability assay—Human umbilical vein endothelial cells (HUVEC) 

(ATCC, USA) were used from passages 3 to 5. To assess HUVEC viability in full growth 

medium, HUVECs in EGM-2 were seeded into 96-well plates (10 k cells/well) and 

incubated at 37 °C – 5% CO2. After one day, the media was changed to EGM-2 that 

contained the prepared sulfated HA or Avastin® solutions. After 1 day, HUVEC viability 

was assessed by use of the MTS assay (Promega, USA). All samples were normalized to 

controls that did not contain any polymers or Avastin®.

2.2.12 HMVEC tube-formation assay (2D)—Cold Geltrex™ (Invitrogen, USA) 

solution at 4 °C was pipetted into 96-well plates (80 μL/well). Geltrex™ solutions were 

gelled by incubating the plates at 37 °C for 1.0 h. HUVECs in EBM-2 medium with 0.5% 

FBS, and 100 ng/mL of VEGF165a were seeded into the Geltrex™ -coated 96-well plate (15 

k cells/well). Different samples to be tested were then added (HA, s-HA-2, HS and 

Avastin®). The cells were incubated for 24 h. The cells were stained with Calcein AM (Life 

technologies, USA) for visualization. Images were acquired using an inverted fluorescent 

microscope. Branch points of HUVEC tube were manually counted based on the images.

3. Results and Discussions

3.1 Synthesis and Characterization of Sulfated Hyaluronic Acid (s-HA)

s-HAs were synthesized by reacting HA with sulfur trioxide pyridine complex using 

previously reported methods.[19, 22] We synthesized a variety of s-HAs with different 

molecular weights (MW; 17, 150 and 1,000 kDa) and degrees of sulfation. The degree of 

sulfation was controlled by the addition of different molar ratios of sulfur trioxide pyridine 

complex per repeat unit of HA. The ratios of moles of sulfur trioxide pyridine complex to 

moles of HA repeat units were 1:1, 2:1, 5:1 or 8:1 which we termed s-HA-1 (least sulfated), 

s-HA-2, s-HA-3 or s-HA-4 (most sulfated) respectively. Sulfation of HA occurs at hydroxyl 

groups, i.e. at C-2’, C-3’, C-4, or C-6 OH in Fig. 1B, where R can represent either H or 

SO3
− depending on the degree of sulfation. Sulfation would occur first at the C-6 position 

since it is the only primary and most reactive hydroxyl in HA.

1H-NMR and 13C-NMR analysis were performed to determine the degree of sulfation of 

each s-HA. Representative data for s-HAs prepared from 150 kDa HA are shown in Fig. 1C-
D. Sulfation of C-6 OH, the most reactive hydroxyl, could be followed by 1H-NMR since it 

resulted in the downfield shift of the C-6 CH2 protons from 3.45 ppm to 3.55 ppm due to 

higher electron withdrawing properties of sulfate groups (Fig. 1C).[22, 25] 1H-NMR 

showed that s-HA-1 was only partially sulfated at the C-6 position since peaks were 

observed at both 3.45 and 3.55 ppm (red arrow). Complete sulfation at C-6 was achieved for 

s-HA-2, s-HA-3 and s-HA-4 since no peak was observed at 3.45 ppm and a new peak was 

detected at 3.55 ppm (blue arrow). s-HA-3 and s-HA-4 showed new peaks in the range of 

3.9 ~ 4.4 ppm (green arrows) indicating additional hydroxyl sulfation at positions C-2’, C-3’ 
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and C-4. Since these positions are all secondary hydroxyls and thus have similar reactivity, 

s-HA-3 and s-HA-4 both contained a mixture of degrees of sulfation at those positions. The 

increased relative peak heights between 3.9 ~ 4.4 ppm for s-HA-4 compared to s-HA-3 

indicated a higher degree of sulfation.

In Fig. 1D, the 13C peak at 61.1 ppm represents the C-6 carbon in unmodified HA. Sulfation 

of the OH at C-6 resulted in a peak shift from 61.1 to 67.7 ppm (blue arrow).[25] Since 

peaks were observed at both 61.1 and 67.7 ppm in s-HA-1, we can conclude that the C-6 

position was partially sulfated. HAs with increased sulfation (s-HA-2, s-HA-3 and s-HA-4) 

were completely sulfated at the C-6 position, as seen by the complete disappearance of the 

peak at 61.1 ppm.

Sulfation of HA resulted in an increase in negative charge density, as reflected in the 

decreasing zeta potential with increasing sulfation (Fig. 1E), from −21 ± 5 mV for HA to 

−45 ± 3 mV for s-HA-4. Increased sulfation of HA also decreased the pH of aqueous s-HA 

solutions (1.0 mg/mL). The pH of HA, s-HA-1, s-HA-2, s-HA-3, and s-HA-4 solutions were 

6.05, 5.55, 4.33, 4.25, and 4.15 respectively.

3.2 Selective Binding Properties and Structure Relationship

To study the binding properties of s-HA to VEGF165a and VEGF165b we performed surface 

plasmon resonance (SPR)-based binding studies. A chip with a thin gold film coated with 

carboxymethylated dextran was covalently modified with either VEGF165a or VEGF165b 

using EDC/NHS chemistry (Fig. 2A). [23, 24] Each s-HA solution was injected and flowed 

over the surface of the chip modified with VEGF165a or VEGF165b. A change in SPR signal 

was observed if the polymers bound to the immobilized protein, from which binding kinetics 

were calculated. All experiments were performed using the same concentrations of polymer 

(50 μg/mL) and the change of SPR signal was recorded as a relative intensity of binding 

response (SPR signal in arbitrary units, a. u.) over time for each sample (Fig. 2A). We 

investigated the binding response of HA and s-HAs to VEGF165a (black bar) and VEGF165b 

(empty bar) at 200 msec after injection with respect to sulfation degree (s-HA-1, s-HA-2, s-

HA-3, and s-HA-4), molecular weight (17 kDa, 150 kDa, 1,000 kDa), and counter cations 

(sodium in Fig. 2B-D, Pyr/TBA salt in Fig. 2E-G; sensorgrams for those data are in Figs. 
S4-S6). All samples were compared to HA of the same molecular weight to determine if 

statistically significant binding occurred. As shown in Fig. 2B-G, relatively weak SPR 

responses (i.e. no binding to VEGF) were observed for unmodified HA or s-HA-1 regardless 

of molecular weight and types of counter cation for binding to either VEGF165a (black bar) 

or VEGF165b (empty bar). Importantly, all molecular weights of the sodium salt (X=Na) of 

s-HA-2 studied showed strong binding responses for VEGF165a but not VEGF165b, 

indicating selective binding (Fig. 2B-D; unpaired t tests p < 0.05). The binding response of 

17 kDa and 150 kDa s-HA-2 for VEGF165b was not significantly different from those of 17 

kDa and 150 kDa HA (unpaired t test, p > 0.05), indicating the sulfate groups in s-HA-2 did 

not increase its affinity for VEGF165b. The binding response of 1000 kDa s-HA-2 for 

VEGF165b was significantly stronger than that of 1000 kDa HA for VEGF165b (unpaired t 

test, p < 0.05), indicating that sulfation of 1000 kDa HA did result in a small increase in 

affinity for VEGF165b. s-HAs with higher degrees of sulfation (s-HA-3 and s-HA-4) showed 
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even stronger binding responses for VEGF165a but also bound VEGF165b when compared to 

HA (unpaired t tests, p < 0.05). Therefore, only s-HA-2 had the appropriate sulfation degree 

for selective binding of VEGF165a (Fig. 2B-D). The binding response of s-HAs to VEGF 

increased as a function of s-HA MW, this may be attributable to the fact that SPR binding 

responses are proportional to the mass of the bound molecule (Fig. 2B-D).[26] The 

tetrabutylammonium (TBA) and pyridine salts of s-HA (17, 150, 1000 kDa) showed a lower 

binding response for VEGF165a than did the sodium salt of s-HA (X=Na) as shown in Fig. 
2B-C, E-F (unpaired t tests, p < 0.05). A decrease in binding was also observed for TBA 

and pyridine salts of s-HA for VEGF165b as compared to the sodium salt of s-HA for 17 and 

150 kDa s-HA-3 and s-HA-4, and 1000 kDa s-HA-2, s-HA-3 and s-HA-4 (unpaired t tests, p 

< 0.05). 17 and 150 kDa s-HA-1 and s-HA-2 and 1000 kDa s-HA-1 did not show any 

significant binding to VEGF165b when compared to HA (unpaired t tests, p > 0.05), and 

therefore did not show a difference in binding when comparing s-HA with different counter 

ions. The lower binding responses with the TBA and pyridine salts of s-HA may be 

attributable to increased steric hindrance from the larger counter cations during polymer-

protein complex formation. We also investigated if other common polysaccharides with 

various degrees of sulfation have selective binding properties for VEGF165a (Fig. S2 for 

structures). None of the investigated sulfated polymers except s-HA-2 showed selective 

binding to VEGF165a. Dextran (non-sulfated; Dex) showed no detectable response to either 

isoform of VEGF165, whereas sulfated dextran (s-Dex; 200 kDa and 400 kDa; 2.3 sulfate 

groups per glucosyl residue) showed strong binding responses to both VEGF165a and 

VEGF165b (Fig. 3A, S7). The binding response of s-Dex for VEGF165a was only 1.1 times 

stronger than that for VEGF165b (Fig. 3A). Heparan sulfate (HS), which has variable 

sulfations at C-2’, C-3’, and C-6 OH, bound both VEGF165a and VEGF165b (Figs. 3A, S7).

[20] Heparan sulfate's binding response for VEGF165b was approximately half that for 

VEGF165a, which is consistent with a previous report.[20] Chondroitin sulfate (CS-1), C-4 

OH sulfated (Fig. S2), showed very weak SPR responses to both isoforms of VEGF165, 

while completely sulfated chondroitin (CS-2; Fig. S2), where all hydroxyls are sulfated, 

showed strong binding responses to both isoform of VEGF165 (Figs. 3B, S8). CS-2 bound 

VEGF165a with twice the intensity as VEGF165b (Fig. 3B). The binding behaviors of HS and 

CS-2 for both isoforms of VEGF165 were similar to those of the highly sulfated HAs, s-

HA-3 and s-HA-4. s-HA-2 was the only polymer studied here that was found to have 

selective binding to VEGF165a. One possible implication is that a specific degree of 

sulfation is critical for selective binding.

To further demonstrate that the total charge density is important for the selective binding 

properties of s-HA-2, a new positive charge was introduced by removing the acetyl group in 

the N-glucosamine unit of HA and the effect on binding behaviors was studied. N-

deacetylated s-HA-2 (deacetyl s-HA) was synthesized by reducing the acetyl group to an 

amine (positive charge) with hydrazine. Deacetylated s-HA-2 showed a 4 fold decrease in 

binding response for VEGF165a compared to s-HA-2 (Figs. 2C, 3B, S8). The decreased 

binding response of deacetyl s-HA was most likely due to the introduction of a positively 

charged amine group at C-2 (Fig. 1B), which supports the importance of charge density for 

selective binding.
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Since Avastin®, an anti-VEGF antibody, is the current clinical standard for VEGF binding 

and inhibition, we studied its binding profile to VEGF165a and VEGF165b. Avastin® is 

known to bind the receptor binding domain that is present in both VEGF165a and VEGF165b. 

The SPR study used to evaluate s-HA-2 binding showed a strong binding response of 

Avastin® for both isoforms of VEGF165 (Fig. 3B), which is consistent with a prior report.

[13]

To compare the affinities of the various agents, their binding kinetics and rate constants for 

VEGF165a and VEGF165b were calculated (Table 1) from SPR binding experiments at 

multiple concentrations for each agent (Figs. 3C-D, S9, S10). The binding constants were 

calculated using the Langmuir binding model.[27] Avastin® and the sulfated polymers other 

than s-HA-2 showed similar association and dissociation rate constants (ka and kd 

respectively) for both isoforms of VEGF. The slightly higher VEGF165a association rate 

constants for sulfated polysaccharides compared to Avastin® may be attributable to the 

presence of multiple binding sites in polymers.[28] The binding rate constants of s-HA-2 for 

VEGF165a were similar to those of the other molecules, but it did not bind VEGF165b and 

therefore did not have binding rate constants for that molecule (Fig. 3C, Table 1). The data 

demonstrated that s-HA-2 was able to bind VEGF165a with affinity similar to that of 

Avastin® and other sulfated polymers, but was unique for its selective binding properties.

3.3 In vitro bioactivity of s-HA-2

The anti-angiogenic activity of s-HA-2 prepared from HA (MW 150 kDa) was studied 

because of its selective and strong binding affinity for VEGF165a. The inhibition of 

VEGF165a by s-HA-2 was evaluated by examining the effects of s-HA-2 on the viability of 

human umbilical vein endothelial cells (HUVECs) in endothelial growth media (EGM-2) 

which contains endothelial basal media (EBM-2), VEGF165a, 2% FBS, FGF-2, and EGF 

(Fig. 4A). Cell viability (using the CellTiter 96® Aqueous Solution Cell Proliferation Assay 

[MTS]) was measured in the presence of HA, s-HA-2, and Avastin® at the concentrations 0, 

1.0, 10, 100, and 1,000 μg/mL since HS, a similar polymer to s-HA-2, was previously shown 

to inhibit VEGF165a in this concentration range.[29] All data were normalized to those from 

cells grown in EGM-2 without HA, s-HA-2 and Avastin® (dashed line at 100, Fig 4A). s-

HA-2 showed a significant decrease in cell viability when compared to samples with HA or 

Avastin® at all concentrations studied (2 way ANOVA with bonferroni correction, p < 

0.05). To further examine the inhibitory effect of s-HA-2, we performed tube formation 

assays with human dermal microvascular endothelial cells (HMVECs) on Geltrex™ coated 

surfaces in EBM-2 media with 0.5% FBS and VEGF165a (100 ng/mL). FGF-2 and EGF 

were not included to isolate the effects of s-HA-2 on VEGF165a. Several different conditions 

were studied: a negative control that did not contain VEGF165a; a positive control that 

contained VEGF165a; HA (100 or 1000 μg/mL) with VEGF165a; s-HA-2 (100 and 1000 

μg/mL) with VEGF165a; and, Avastin® (100 μg/mL) with VEGF165a (Fig. 4B-C). For 

quantification, the number of branch points in images acquired from 4 independent samples 

per condition were counted, compared with a 1-way ANOVA with Bonferroni's correction. 

The positive controls with VEGF165a contained more branch points than the negative control 

without VEGF165a. Only HA at 100 μg/mL was not significantly different from the positive 

control, indicating that all other samples inhibited tube formation. The inhibitory effect of 
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HA at 1 mg/mL (p < 0.05) indicated that high concentrations of non-sulfated polymers may 

interfere with tube formation. Both s-HA-2 and Avastin® at 100 μg/mL were significantly 

lower than the positive control (p < 0.05) but not from each other (p > 0.05).

4. Discussion

Several cancers and common retinal diseases involve VEGF165a-induced pathological 

angiogenesis. Consequently, it is important to develop anti-angiogenic therapeutics that 

target VEGF165a and not the anti-angiogenic isoform VEGF165b that is prevalent in some 

diseases. This work demonstrated that HA modified with sulfate groups at the C-6 hydroxyl 

group (s-HA-2) selectively bound the angiogenic isoform of VEGF, VEGF165a. Previously, 

selective binding of VEGF165a has only been accomplished with the aptamer pegaptanib 

(Macugen®), which has a similar KD for VEGF165a as s-HA-2 (0.2 nM for pegaptanib and 1 

nM for s-HA-2).[6] The use of selective biopolymers as VEGF165a inhibitors has several 

advantages over aptamers: 1) raw materials are relatively cheap, 2) synthesis and 

purification are simple, and 3) nanoparticles and hydrogels can be made from those 

materials for long-term drug delivery applications or sequestration agents (e.g. a VEGF165a 

sponge).

It was determined that 1 sulfate group per repeat unit of HA resulted in selective binding for 

VEGF165a. Since HA's repeat unit has 1 primary hydroxyl and primary hydroxyls are more 

reactive than secondary hydroxyls, sulfation was easily limited to the primary hydroxyl by 

controlling the ratio of sulfation reagent to HA (as with s-HA-2). Increasing the ratio of 

sulfation reagent to HA results in the complete sulfation of HA's primary hydroxyl and a 

mixture of sulfated secondary hydroxyls, resulting in non-selective s-HAs (e.g. s-HA-3 and 

s-HA-4). Other polysaccharides such as dextran and chondroitin only contain secondary 

hydroxyls, making it difficult to limit sulfation to 1 sulfate group per repeat unit.

s-HA-2's and the natural polymer HS both bound VEGF165a (KD of 1.0 and 3.3 nM for s-

HA-2 and HS, respectively; Fig 3, Table 1) but only HS bound VEGF165b. This indicates 

that the binding strength of a sulfated polymer for VEGF165a does not predict its binding 

strength for VEGF165b. Therefore, the difference in binding affinity of sulfated polymers for 

VEGF165a and VEGF165b was not only dependent on the negative charge density, but may 

involve other non-covalent interactions. Highly sulfated polymers such as s-HA-3, s-HA-4, 

s-Dex, and CS-2 were shown to strongly bind both VEGF isoforms mostly likely due to the 

large number of possible ionic interactions. The total binding ability of s-HA-2 can be 

calculated from its KD, which will determine if s-HA-2 can be used as a sink for VEGF165a 

for various diseases. Since most retinal and cancer diseases have VEGF165a concentrations 

similar to or below the KD of s-HA-2 for VEGF165a (1 nM), 50% of VEGF165a will be 

bound when the concentration of s-HA-2 is equal to s-HA-2's KD (1 nM). 100% of 

VEGF165a will be bound when the concentration of s-HA-2 is equal to 100 times the KD of 

s-HA-2 (100 nM).

Unlike Avastin®, s-HA-2 blocks VEGF165a activity by binding to the HBD and not the 

RBD.[30] Other molecules such as heparan sulfate[29] and pegaptanib[31] that bind the 

HBD have also been demonstrated to be VEGF165a inhibitors. Inhibition is believed to occur 
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through 2 different mechanisms: 1) steric hindrance; and, 2) prevention of VEGF165a 

binding to HS coated cell surfaces. The binding of sulfated polymers or the PEGylated 

aptamer, pengaptanib, to the HBD of VEGF165a is believed to sterically interfere with 

VEGF165a complexation with cell surface receptors.[31] HS on the surface of cells is 

believed to locally enhance the concentration of VEGF165a, which in turns increases the rate 

of VEGF receptor activation. HBD competitors such as s-HA-2 could decrease the 

concentration of VEGF165a on the cell surface through sequestration of soluble VEGF165a 

and therefore decrease the rate of VEGF receptor activation.[31]

s-HA-2 differs from Avastin since it targets the HBD, and therefore will most likely bind all 

cytokines that contain a HBD, whereas Avastin binds VEGF isoforms with the VEGFR2 

receptor binding domain. Therefore, s-HA-2 may prove beneficial over Avastin when the 

binding of other growth factors with HBDs is needed. For instance, FGF-2, which contains a 

HBD, has been shown to enhance proliferation of human pancreatic cancer.[32] We 

confirmed experimentally that s-HA-2 does indeed bind FGF-2 (Fig. S13). Conversely, 

Avastin® may be beneficial when only VEGF proteins should be targeted. The choice of 

therapeutic for specific diseases will depend on the therapeutic targets.

Since s-HA-2 binds VEGF165a's HBD, it most likely inhibits VEGF165a activity in a similar 

manner to other therapeutics that bind the HBD of VEGF165a such as pegaptanib. 

Pegaptanib prevents the binding of VEGF165a to NP-1 by blocking the HBD and limits 

neovascularization.[33] The binding of VEGF165a's HBD to NP-1 enhances the VEGF165a-

VEGFR2 interaction and leads to increase neovascularization. The introduction of soluble 

heparan sulfate at high concentrations also decreases the activity of VEGF165a, which is also 

believed to be the result of decreased NP-1 activation and prevention of VEGF165a 

sequestration near the cellular surface.[34] Therefore, it is likely that s-HA-2 will limit 

VEGF165a neovascularization in a similar manner as pegaptanib and heparan sulfate. I In a 

manner similar to growth factors bound to the ECM [35], VEGF165a bound to s-HA-2 might 

still be degraded by plasmin into smaller VEGF isoforms that do not have a HBD, and 

which therefore would no longer interact with s-HA-2.

To limit potential systemic side effects, as with any therapy, s-HA-2 could be administered 

directly at the disease sites (e.g. injection into the eye to treat retinal degenerative diseases) 

or incorporated into delivery vehicles (e.g.,s-HA-2 within cancer-targeting nanoparticles). If 

s-HA-2 is injected systemically without a delivery vehicle, it could have adverse effects in 

regions that require VEGF165a activity. s-HA-2 may have other biological effects; for 

example it could activate HA signaling pathways such as CD44 receptor activation.

s-HA-2 was designed to be a heparan sulfate mimic to bind HBDs, and therefore may 

influence the composition of the native extracellular matrix (ECM). The introduction of s-

HA-2 will effectively increase the amount heparan sulfate like polymers in the extracellular 

matrix (ECM). This may lead to a greater sequestration of heparin binding growth factors, 

which may result in a rapid release of growth factors in a short time period when the ECM is 

degraded. Therefore, it will be important to limit the delivery s-HA-2 to disease sites.

Lim et al. Page 11

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In growth media conditions that contain 2% FBS, EGF, FGF-2 and VEGF165a, s-HA-2 

hindered HUVEC viability to a greater extent than did HA or Avastin® at all concentrations 

tested (1 to 1000 μg/mL, Fig 4A, p < 0.05). HA was not expected to influence HUVEC 

proliferation or survival since it does not bind growth factors. Avastin® did not show a 

significant decrease in HUVEC viability (Fig 4A). Since Avastin® is specific for VEGF165 

[36], it is only capable of blocking VEGF165 activity and not the multiple other factors 

present in growth media. s-HA-2 is probably able to bind and sequester growth factors with 

HBDs and thus interfere with several other pathways (e.g., FGF-2). To determine the effects 

of VEGF165a inhibition, a HMVEC tube formation assay was performed in media with 0.5% 

FBS and 100 ng/mL VEGF165a. Both s-HA-2 and Avastin® (100 μg/mL) decreased tube 

formation when compared to the positive control (p < 0.05), but were not significantly 

different from each other (p > 0.05, Fig 4B). High concentration of HA (1 mg/mL also 

hindered the tube formation even though it does not bind growth factors. We expect s-HA-2 

to show similar anti-VEGF165a inhibition to heparan sulfate since they both bind the same 

site (HBD of VEGF165a) and have similar KD (1.0 and 3.3 nM for s-HA-2 and heparan 

sulfate respectively). Heparan sulfate has been show to inhibit endothelial cell migration and 

tube formation as well as limit angiogenic activity in in vitro and in vivo models.[34]

5. Conclusion

We demonstrated the strong (KD ~ 1.0 nM) and selective binding properties of C-6 OH 

sulfated sodium hyaluronate (s-HA-2) to VEGF165a with a label-free real-time assay (SPR). 

Structurally similar sulfated polysaccharides did not have VEGF165a selective binding 

properties. The degree of sulfation was critical for selective binding. Only s-HA with 1 

sulfate group per repeat unit showed selective binding. Cell viability and tube formation 

assays in various media conditions with VEGF165a demonstrated that s-HA-2 does inhibit 

VEGF165a activity. This indicates the potential of s-HA-2 as a therapeutic to treat 

angiogenesis-related diseases.
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Figure 1. 
Structure and characterization of VEGF165a, VEGF165b and sulfated hyaluronic acid (s-HA). 

(A) The amino acid sequences of the heparin binding domains of VEGF165a (142-165) and 

VEGF165b (142-165) are compared, where the 6 amino acid difference between VEGF165a 

and VEGF165b is shown in red and the presence of a disulfide bridge in VEGF165a is 

illustrated by the black line. Positively charged arginines, which are identified in green, are 

important for the binding of sulfated polymers. (B) Chemical structures of HA and s-HA 

where R = H for HA and R= H or SO3
−X+ for s-HA. s-HA with different counterions were 

produced as illustrated. Carbons with hydroxyl groups that can be sulfated are numerically 

labelled in red. Carbon 6 (C6) is a reactive primary hydroxyl and most likely to be sulfated. 

(C) 1H-NMR spectra (3.2 ~ 4.7 ppm) of HA and s-HAs with increasing degrees of sulfation, 

from s-HA-1 (least sulfated) to s-HA-4 (most sulfated). The labels in red indicate which 

NMR peaks correspond to which protons in HA or s-HA in Fig 1B. The peak shift of the 

methylene protons at C-6 from the sulfation of the hydroxyl is indicated by the red and blue 

arrows. Green arrows indicate proton peaks from sulfation at positions 2, 3 and 4. (D) 13C-

NMR spectra of HA and the s-HAs. The blue arrows indicate the shift of the carbon peak at 

C-6 (CH2) with the sulfation of C-6 OH. (E) The zeta potential (mV) of HA and s-HAs. All 

s-HA used for zeta potential measurement were prepared using HA (150 k Da)).
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Figure 2. 
Surface plasmon resonance (SPR)-based studies of HA and s-HAs binding to VEGF165a and 

VEGF165b. (A) Schematic of surface modification of gold SPR chip with VEGF and SPR-

based binding studies. (B-D) The binding response of the sodium salt of HA or s-HAs to 

VEGF165a (black bar) or VEGF165b (empty bar) as a function of molecular weight (17 kDa, 

150 kDa, 1,000 kDa) at 200 msec after injection. (E-G) The binding response of pyridine 

and tetrabutylammonium (TBA) salts of HA or s-HAs with VEGF165a (black bar) or 

VEGF165b (empty bar) as a function of HA molecular weight at 200 msec after injection. 

The data in Fig. 2B-G are mean values of triplicate SPR responses obtained at 200 sec after 

the injection of sample solutions.
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Figure 3. 
Binding responses of sulfated and non-sulfated polysaccharides to VEGF165a and 

VEGF165b. (A) SPR response of dextran (Dex), sulfated dextran (s-Dex 200 kDa, s-Dex 400 

kDa), and heparan sulfate (HS) to VEGF165a (black bar) and VEGF165b (empty bar) are 

shown. (B) SPR response of chondroitin sulfate with a low sulfation degree (CS-1), 

chondroitin sulfate with a high sulfation degree (CS-2), N-deacetylated s-HA-2 (deacetyl s-

HA), and anti-VEGF antibody (Ab; Avastin®) to VEGF165a (black bar) and VEGF165b 

(empty bar). (C) The calculated association rate constants (ka) and dissociation rate 

constants (kd) for the binding of anti-VEGF antibody (Ab), sulfated dextran (s-Dex, 200 

kDa), heparan sulfate (HS) and s-HA-2 (150 kDa) to VEGF165a (black bar) and VEGF165b 

(gray bar). (D) Representative SPR sensorgrams of anti-VEGF (Ab, blue), sulfated dextran 

(200 kDa, red), heparan sulfate (HS, green) and s-HA-2 (150 kDa, magenta) to VEGF165a 

(solid line) and VEGF165b (dotted line). See Table 1 for calculation of derived constants.
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Figure 4. 
Bioactivity of s-HA-2 on human umbilical vein endothelial cells (HUVECs) and human 

dermal microvascular endothelial cells (HMVECs). (A) HUVEC viability assay (CellTiter 

96®Aqueous One solution cell proliferation assay ([MTS]) results in endothelial growth 

media (EGM-2 [which contain EBM-2, FBS, VEGF165a, EGF, FGF-2]) in the presence of 

HA, s-HA-2, and Avastin® (0 – 1000 μg/mL). Data were normalized to cells in media 

without HA, s-HA-2 or Avastin (dotted line). s-HA-2 was significantly different from HA 

and Avastin at 1, 100 and 1000 μg/mL (N=4, ANOVA with Bonferroni's corrections. (B) 

Anti-angiogenic activity of s-HA-2 was evaluated by quantifying HMVEC vascular tube 

formation. All samples were cultured in EBM-2 media in the presence of 0.5% FBS with 

100 ng/mL of VEGF165a except for a negative control which did not contain VEGF165a. A 

representative image was taken from 4 different samples for each condition, and the average 

number of branch points per image was determined for each condition. All samples except 

HA 100 μg/mL were significantly different from the positive control of VEGF165a (N=4 

different samples for each condition. Data are means ± standard deviations. Data were 

compared by one-way ANOVA with Bonferroni's corection). (C) Representative images 

from HMVEC tube formation assays. All samples except the negative control contained 100 

ng/mL of VEGF165a.
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Table 1

Summary of binding constants

Ka (M−1S−1) (VEGF165a) Ka (M−1S−1) (VEGF165b) Kd (S−1) (VEGF165a) Kd (S−1) (VEGF165a) KD (nM) (VEGF165a)

Avastin 2.2 × 105 3.6 × 105 2.2 × 10−3 2.9 × 10−4 10.1

s-Dex 1.1 × 106 1.5 × 106 8.5 × 10−4 6.5× 10−4 0.7

HS 8.5 × 105 5.7 × 104 2.9 × 10−3 7.2 × 10−3 3.3

s-HA-2 2.8 × 106 N/A 2.8 × 10−3 N/A 1.0

The rate and equilibrium binding constants (association rate constant (Ka), dissociation rate constant (Kd) and equilibrium dissociation constant 

(KD)) were calculated by fitting SPR binding curves from Fig. S9-S12 with software applying an A + B = AB Langmuir binding model (values 

accepted when χ2 ± 100). [27] Data are means ± standard deviation (SD), N=4.
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