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A B S T R A C T   

Background: High-molecular weight heparin (HMWH), a molecule extensively used as an anticoagulant, shows 
concentration-dependent angiogenic and anti-angiogenic potential. So far, no studies have reported the inter-
active potential of HMWH with various pro-angiogenic growth factors under physiological conditions. Haence, 
we aimed to find the impact of major pro-angiogenic growth factors under HMWH induced angiogenesis. 
Methods: Chicken Chorioallantoic Membranes (CAMs) are incubated with various concentrations of HMWH. 
Semiquantitative PCR method was implemented to measure the changes in the transcription level of pro- 
angiogenic growth factors. The scanning electron microscopic technique is applied to find the morphological 
changes in CAM. Molecular docking and molecular dynamics simulation studies using NAMD and CHARMM 
force field discerned the heparin-binding mode with the pro-angiogenic growth factors. 
Results: HMWH can enhance the transcription level of major pro-angiogenic growth factors, significantly 
impacting FGF2 under 100 μM concentration. The in-silico analysis reveals that HMWH shows the highest binding 
affinity with FGF2. Further, molecular dynamics and interaction studies using 1 kDa Heparin against FGF2 
showed that the former binds stably with the latter due to a strong salt bridge formation between the sulfate 
groups and arginine residues (ARG 119 and ARG109). 
Conclusion: The combined experimental and in-silico analysis results reveal that HMWH can interact with pro- 
angiogenic growth factors under micromolar concentration while inducing angiogenesis. This observation 
further supports the therapeutic benefits of HMWH as an angiogenic factor under such low concentration. This 
technique is used to replenish the blood supply to chronic wounds to speed healing and prevent unnecessary 
amputations.   

1. Background 

Angiogenesis plays a central role in various physiological and path-
ological processes such as foetal development, wound healing, and tis-
sue repair after surgery, cancer, and various inflammatory diseases [1]. 
The process of angiogenesis is highly dynamic and is mediated through a 
complex multistep process by various cellular components. Proteins 
such as basic fibroblast growth factor 2 (bFGF2) and vascular endo-
thelial growth factor (VEGF) are associated with endothelial cell (EC) 
growth and differentiation while on angiogenesis [2,3]. 
High-molecular-weight Heparin (HMWH) is a highly sulfated 

glycosaminoglycan carbohydrate molecule. It is commonly used to 
prevent blood clots in many medical conditions because of its high 
negative charge density [4,5]. HMWH binds with both angiogenic and 
anti-angiogenic growth factors through electrostatic interactions due to 
its polyanionic character and exerts diverse effects on angiogenesis 
based on the concentration and the molecular weight [6–8]. In the 
cellular system, the Heparin, which is in the extracellular matrix (ECM), 
acts as a reservoir for angiogenic growth factors and will sustain a 
long-term stimulation of endothelial cells in support of neo-
vascularisation [9]. 

In our previous study, we reported that the HMWH (15 kDa) could 
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induce the formation of capillary-like tubular structures on the chick 
chorioallantoic membrane vascular model (CAM) and could establish 
concentration-dependent angiogenic ability. We also pointed out the 
diffusion pattern and internalised action of Heparin as a preliminary 
observation, which can further flag the interactive potential of Heparin 
with many angiogenic growth factors [4]. Hence, in the present study, 
we aimed to validate the hypothesis that HMWH could regulate angio-
genesis by interacting with angiogenic growth factors. For the first time, 
we evaluated the transcription level of certain pro-angiogenic growth 
factors and analysed the angiogenic response of HMWH through various 
methodologies using the CAM vascular model. The CAM is a simple, 
highly vascularised extra-embryonic membrane that performs multiple 
embryonic development functions [10]. For more than two decades, the 
CAM model has used a robust experimental platform to evaluate the 
angiogenic and anti-angiogenic potential of many natural and synthetic 
compounds [4,11,12]. In addition, the binding ability of Heparin against 
these pro-angiogenic growth factors has been probed in silico by mo-
lecular docking and dynamics simulations using a 1 kDa heparin as a 
model ligand. 

2. Materials and methods 

2.1. Materials 

Fertilised white leghorn chicken eggs are purchased from Tamil 
Nadu Poultry Research Station, Madras Veterinary University, Nanda-
nam, Tamil Nadu, India. Gelatine sponges are purchased from Jhonson 
& Jhonson Pvt Lmtd, India. Paraffin film, wax, TRIzol reagent, agarose, 
and EtBr are purchased from Sigma, Aldrich, USA. High molecular 
weight Heparin purchased from CALBIOCHEM, USA (Product No. 
375054). ImProm-11™ Reverse Transcriptase kit and GoTaq Green 
Master Mix PCR amplification kit were from Promega, USA, Oligo (dt) of 
length 18-meres from Eurofins, mwg operon, Germany, Random hex-
amers from MP Biomedicals, USA. All primers are purchased from Bio-
serve, India. DNA ladders purchased from Invitrogen, USA. DAB system 
purchased from Bangalore Genei, India. Bradford reagent and FITC 
(Goat ant-rabbit IgG were from Bangalore Genei, India. Rabbit poly-
clonal FGF2 is a kind gift from Dr. Li Haiqing, MD, Ph.D., Technology 
transfer specialist, National Cancer Institute, Rockville, USA. Unless 
otherwise specified, all other common reagents and chemicals are pur-
chased from Sigma, Aldrich, USA. 

3. Methods 

3.1. Semiquantitative reverse Transcriptase–Polymerase chain reaction 
(RT-PCR) using CAM vascular bed model 

Fertilised white leghorn chicken eggs weighing 50 ± 2 g were 
incubated at 37 ◦C in a humidified atmosphere (>60 % relative hu-
midity) based on Hen’s Egg Test- Chorioallantoic Membrane (HET- 
CAM) protocol. On the third day of post-incubation, 2–3 mL of albumin 
is withdrawn using a 21-gauge needle through the sizeable blunt edge of 
the eggs to minimise the adhesion of the shell membrane with the CAM. 
A square window of 1 cm2 was opened in the eggshell and sealed with 
paraffin film to prevent dehydration. On day 9, gelatinase sponges of 1 
mm3 in length are placed on the top of the growing CAM under a sterile 
condition. The sponges are soaked with ten μl of 50, 100, and 150 μM 
concentrations of Heparin. Control CAM is incubated with ten μl of 1X 
PBS. The window was closed with transparent adhesive tape, and the 
eggs were returned for further incubation till day 12 (72 h of incuba-
tion), at which the vascularisation potential of CAM reached its 
maximum. The experiment groups are divided into 4 of, each containing 
40 numbers of eggs. Group 1 represents the control; groups 2, 3, and 4 
correspond to 10 μL volume of 50, 100, and 150 μM concentrations of 
Heparin. 

According to the manufacturer protocol, total RNA is isolated from 

the tested CAMs (10 numbers each) using TRIzol reagent (100 mg/1 
mL). The isolated RNA’s quantity and purity are checked using a 
UV–visible spectrophotometer. Synthesise of cDNA of 20 μl in volume 
was done using ImProm-11™ Reverse Transcriptase kit with Oligo (dt) 
of length 18-meres and random hexamers from 2 μg of RNA. PCR 
amplification is performed using a Go Taq Green Master Mix kit, and the 
changes in the level of mRNA expression of FGF2, MMP2, MMP9, NOS, 
VEGF A, VEGF C, and GAPDH are evaluated using 100 Pico moles of 
chicken specific primers. The relative expression level of each mRNA 
transcript is normalised with control. PCR products were subjected to 
electrophoresis on 1.5 % agarose gel containing 0.5 μg/ml EtBr and were 
photographed using a Canon Digital Camera of 12X5.0 MegaPixel res-
olution (Power Shot A95). The base pair products are compared against 
a DNA ladder of 10 base pairs. The relative density of the bands per 
experiment is calculated using a Scion Image release α 4.0 3.2 software. 
Specific primer sequences and the PCR reaction set-up were given in 
Tables 1 and 2, respectively [13]. 

3.2. In silico analysis 

1 kDa heparin ligand structure was modelled using Marvin, Chem-
Axon (https://www.chemaxon.com) and energy minimised using 
MOPAC2016, PM7-a semiempirical force field [14]. The 
chicken-specific bFGF-2 protein structure was modelled using SWISS 
MODEL. The chicken bFGF-2 protein sequence (Uniprot:P48844) was 
used as a query, and the human bFGF-2, PDB:4OEE (sequence identity 
91.1 %) was used as a template to build the homology model. The model 
was validated based on the Ramachandran plot (0 % outlier) and Mol-
Probity score (1.05 Å). The structures for docking were prepared using 
the UCSF Chimera dock prep module [15]. Briefly, the non-receptor 
atoms were removed, hydrogens were explicitly added, then gasteiger 
charges were assigned and energy minimised using amff14sb forcefield 
using steepest descent algorithm with a minimum of 1000 steps. The 
molecular Docking was performed using Autodock Vina.1.1.2, and the 
docked poses were clustered using the UCSF Chimera ensemble/cluster 
analysis module. The best binding pose with minimum binding energy 
was chosen for further molecular simulation. The input files for molec-
ular dynamics simulation were generated using CHARMM-GUI, and the 
simulations were performed using NAMD.v.2.14 as described elsewhere 
[16–18]. The equilibration on NVT and NPT were performed for 500 ps 
each, and the production run was carried out for 50ns. The final simu-
lation trajectories were analysed using VMD.v.1.9.3, and the molecular 
interactions were visualised using Discovery studio visualiser, BIOVIA, 
Dassault Systèmes, San Diego [19]. 

Table 1 
Primers sequences.  

Gene Primer Sequence Base Pair 

FGF2 Sense- 5′-TTCTTCCTGCGCATCAAC-3′ 
Antisense-5′-GGATAGCTTTCTGTCCAG-3′ 

250 bp 

MMP2 Sense- 5′-CCTACACCAAGAACTTCC-3′ 
Antisense-5′-ACTCCATTCCAAGAATCC-3’ ( 

580 bp 

MMP9 Sense-5′-GATGCYCAYTTYGATGATGATGAG-3′ 
Antisense-5′-GGTCCARTATTTYCCRTYCTTGA- 
3′ 

1400 bp 

NOS3 Sense- 5′-CCAGAGAGATTCATCTGACCG-3′ 
Antisense- 5′-GGTCCCTACAACGAGTCTGAA-3′ 

530 bp 

VEGF (165/ 
190) 

Sense-5′-GACCCTGGTGGACATTTTCC-3′ 
Antisense-5′-TGCGCTCGTTTAACTCAAGC-3′ 

VEGF165 -381 
bp 
VEGF190- 456 
bp 

GAPDH Sense- 5′- GAGGAAAGGTCGCCTGGTGGATCG- 
3′ 
Antisense-5′- 
GTGAGGACAAGCAGTGAGGAACG-3′ 

300 bp  
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4. Immunohistochemistry 

CAM tissues incubated with ten μL of 100 μM Heparin (10 μM in 
thickness) were deparaffinised and dehydrated and allowed to undergo 
an antigen retrieval process using Sodium Citrate (10 mM-pH 6.0) in a 
microwave oven for 20 min and washed with DDH2O for 3 × 5 minutes 
in 1X PBS (pH 7.3). Standard Goat Serum Blocking Solution (2 % goat 
serum,1 % BSA, 0.1 % cold fish skin gelatin, 0.1 % Triton X-100, 0.05 % 
Tween- 20, 0.05 % Sodium Azide, 0.01 M PBS (pH 7.2) of 50–75 μL in 
volume was added immediately on the sections and are incubated for 1 h 
in a humidified chamber. After washing (IX PBS), the primary antibody 
of FGF2 was applied on the sections after being diluted in a blocking 
serum. After overnight incubation, the sections are rinsed with 1X PBS 
with 0.05 % Tween-20. Diluted FITC (Goat anti-rabbit IgG) and HRP 
(both Goat anti-rabbit and Goat anti-mouse IgG) secondary antibodies 

(1:40 dilution) are applied for 1 h according to the manufacturer’s in-
struction. For HRP-conjugated secondary antibodies, the DAB system 
was used for colour development. The slides were finally counterstained 
with Mayer’s hematoxylin and mounted with 90 % glycerol. For the HRP 
conjugated system, the images are recorded using a light microscope. 
For FITC conjugation, the photos are taken using BX51 Olympus Fluo-
rescence Microscope at a wavelength of 515 nm with ASI FISH View 5.5 
software at 40× magnification [13]. 

4.1. Scanning electron microscopic (SEM) analysis 

The tested area of the CAM (with 100 μM Heparin) is dissected after 
72 h of incubation and washed with 1X PBS. After drying at room 
temperature, the unfolded air-dried membranes are glued onto stubs 
with carbon spattered with gold (10 min, 14–17 Ma, and 0.07 m bar). 
The sections are observed under a Hitachi S–3400 N Variable Pressure 
Scanning Electron Microscope (Hitachi, Tokyo, Japan) at an acceler-
ating voltage of 15–30 kV, and the images are recorded at 100×
magnification [11]. 

4.2. Data analysis and statistics 

Unless otherwise specified, All experiments were performed in trip-
licate (n = 3). Data are presented as mean ± SEM and are analysed by 
One-Way ANOVA analysis of variance test, Student’s t-test, and Turkey 

Table 2 
The amplification conditions are as follows.  

Gene Name Denaturation Annealing Extension Cycles 

FGF2 94 ◦C/1min 54 ◦C/1min 72 ◦C/1min 35 
MMP2 94 ◦C/30sec 60 ◦C/30sec 72 ◦C/1min 35 
MMP9 94 ◦C/30sec 48 ◦C/30sec 72 ◦C/1min 35 
NOS3 94 ◦C/1min 57 ◦C/40sec 68 ◦C/1.5min 30 
VEGF(165/190) 94 ◦C/1min 59 ◦C/1min 72 ◦C/1min 40 
GAPDH 94 ◦C/30sec 60 ◦C/30sec 72 ◦C/1min 35  

Fig. 1. HMWH up-regulates the molecular level expression of chicken-specific pro-angiogenic growth factors. Images of Reverse Transcriptase - PCR products 
of (A) FGF2, (B) MMP2, (C) MMP9, (D) NOS3, (E) VEGF A, and (F) VEGF C from CAM after the incubation with 50, 100, and 150 μM concentrations of HMWH for 72 
h. Control CAM is incubated with 1X PBS. GAPDH is used as an internal loading control. A 100 bp DNA ladder confirms the transcripts. Graphs represent the OD value 
ratio of mRNA transcripts after normalising with the GADPH OD value of the same. The OD value is measured using Image J software. The relative level expression of 
specified genes is increased significantly under all concentrations of HMWH. The relative expression of FGF2 increased significantly under all concentrations of 
HMWH. Each value is the mean ± SEM, *p=<O.OO1 and #P––O.OO1. Experiments are performed in triplicate, and the data are presented as mean +SEM. (Lane 1 – 
marker, lane 2- control, lane 3–50 μM HMWH, lane 4–100 μM HMWH, and lane 5–150 μM HMWH). 
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post hoc tests as appropriate by Sigma Stat 2.0. Values of p = < 0.001 
and p = 0.001 were considered statistically significant. 

5. Results 

5.1. Heparin up-regulates the molecular level expression of pro-angiogenic 
growth factors 

Heparin’s potential to enhance the molecular level expression of 
major pro-angiogenic growth factors such as VEGF 160 (VEGF A), VEGF 
190 (VEGF C), FGF2, MMP2, MMP9, and NOS3 were analysed by 
semiquantitative reverse transcriptase PCR method. The intensity of the 
bands is measured as relative OD and is given in Fig. 1. The molecular 
level expression studied pro-angiogenic growth factors are found to in-
crease upon heparin treatment incubation. Heparin at 100 μM exhibits 
the most significant angiogenic potential among the studied concen-
trations. When compared to the control value (standardised as one-fold), 
the mRNA level expression of FGF2 has been found to increase signifi-
cantly up to 3 fold, MMP2 up to 2.8 fold, MMP9 up to 2.4 fold, NOS3 up 
to 2.2, VEGF An up to 1.8 fold, and VEGF C up to 1.6 fold under 100 μM 
concentration of Heparin (*p < 0.001). It is also noted that the mRNA 
level expression of FGF2 has been increased even at 50 and 150 μM 
concentrations of Heparin significantly (*p < 0.001). The PCR data 
support that Heparin could accelerate the transcriptional rate of the pro- 
angiogenic growth factors while exerting angiogenic potential. Though 
Heparin is found to increase the transcription level of all the studied pro- 
angiogenic factors, it is mainly found to increase the molecular level of 
FGF2 noticeably. The inference also shows that the 100 μM concentra-
tion of Heparin shows the maximum angiogenic response among the 
analysed concentrations. 

5.2. Salt bridge formation stabilises bFGF-2 binding with heparin in silico 

Since the intact 3D structures of chicken-specific growth factors are 
not yet available, the homology modelling is adopted using the SWISS- 
Model to build the models of pro-angiogenic growth factors, namely 
bFGF2, VEGF-A and VEGF-C. The homology models built were validated 
based on the Ramachandran plot and GMQE scores, as shown in Fig. 2. 
The modelling and simulation of 15 kDa-UHMWH Heparin would be 
computationally intense; hence, the binding interaction analysis here 
has been studied using a 1 kDa heparin, which consists of the two repeat 
units of core heparin glycans. The 1 kDa Heparin has been modelled 
using MOPAC PM7-semi-empirical forcefield. Molecular docking was 
performed using AutodockVina v.1.2.0. The top 10 poses based on 
binding energy is clustered, and the ensemble with higher ligand bind-
ing pose and minimum binding energy has been selected as the best 
binding pose. 

The docking analysis shows that 1 kDa Heparin exhibits higher af-
finity towards bFGF2 (− 7.0 kcal/mol) than VEGF-A (− 6.85 kcal/mol) 
and VEGF-C (− 6.8 kcal/mol) (Fig. 3A). This is inconsistent with our 
above molecular experimental results which show that the UHMWH 
exhibits a dose-dependent response increase in FGF2 expression 
compared to other growth factors such as VEGF-A and VEGF-C. How-
ever, the molecular basis for Heparin and bFGF2 interaction has not 
been explored. To assess Heparin’s binding stability and interaction with 

bFGF2, we performed a 50ns molecular dynamics simulation using 
NAMD v.2.14 and CHARMM force field. 

The FGF2-Heparin (1 kDa) interactions were found to stabilise at 
30ns (Fig. 3B) with a minimum average of 6.0 ± 2.0 H-bonds in-
teractions (Fig. 3D) throughout the run. The side chain sulfate group 
present in Heparin forms a stable salt bridge interaction with Arg-119 
and Arg-109, thus stabilising the ligand interactions (Fig. 3E). Previ-
ous studies have shown that the affinity of bFGF-2 towards the sulfate 
moieties plays a significant role in bFGF-2 sequestration by Heparin in 
vivo promoting local enrichment of FGF during neovascularisation [20]. 
The Heparin binding to bFGFs has also been shown to confer protective 
effects against proteolytic cleavages [21]. This local enrichment of 
FGF-2 is considered one of the essential steps in angiogenesis [22]. 
Although the in-silico data presented in this study is based on 1 kDa 
heparin sulfate, one could imagine that the UHMWH (15 kDa), which is 
15-fold larger than 1 kDa Heparin can bind and sequester several bFGF-2 
proteins. Khurshid et al. has studied the effect of heparin interaction 
with amyloid proteins by comparing various molecular weights and 
observed that the amyloid binding sites of shorter heparin fragments (1 
kDa or dp = 4) is similar to larger heparin fragments. However, the 
longer chains of heparin allowed the self-assembly of amyloids into 
tertiary structures while the shorter chains formed smaller interspersed 
heparin-amyloid complexes (https://doi.org/10.1021/acsomega.2c010 
34). This correlates with the above observed experimental results, 
where the UHMWH was found to exhibit increased bFGF2 protein levels. 
These heparins-bFGFs can be released in active form in vivo by 
heparin-degrading enzymes like heparinase I [23]. 

5.3. Expression of FGF2 elevated in the presence of heparin 

From the in silico and molecular profiling analysis, we could identify 
that the heparin-mediated angiogenic process is accelerated through the 
involvement of FGF2. The inference from the immunohistochemical 
analysis confirmed the above observation. Fig. 4 represents the level of 
immunohistochemical expression of FGF2 on the CAM vascular bed. The 
images indicate that the CAM tissue incubated with 100 μM concen-
tration of Heparin shows more FGF2 in the chorionic layer, majorly at 
the stromal region than the control CAM (Fig. 4. B). The large blood 
vessels of the same CAM tissue also show more vessel ECs with FGF2 
expression located beneath the chorionic layer. The control CAM shows 
the presence of more FGF2 by those ECs trapped in the small vessels 
(Fig. 4. A). The data emphasise that Heparin can induce angiogenesis by 
enhancing the functional properties of FGF2. These changes, in turn, 
favour the Heparin-induced microvascular ECs migration, proliferation, 
and differentiation. FGF2 presence at the vessel endothelium indicates 
that the Heparin could accelerate the EC activation and sprout to induce 
new vessels growing from the major ones. 

5.4. Heparin changes the microvascular environment of the CAM vascular 
bed 

Observing the changes in the SEM images of the microvascular 
environment of the CAM vascular bed, we try to confirm the angiogenic 
potential of Heparin. Fig. 5 represents the SEM images of control CAM 
and CAM incubated with 100 μM concentration of Heparin. CAM 

Fig. 2. Ramachandran plot and 3D structures of bFGF2, VEGF A and VEGF C.  
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vascular bed incubated with Heparin shows many sprouted and elon-
gated vessels (black arrows) with a few angiogenic holes (yellow ar-
rows). The capillaries are visible as septum-like structures without 
circular posts near the giant vessel (red arrow) because of long tissue 
septa from the capillary plexus that separates the blood vessels. On the 

contrary, control CAM shows a flat capillary network at the outer 
structure with small blood vessel bulges (green arrows). Angiogenic 
holes (yellow arrows) are also visible as an indication of intussusceptive 
angiogenesis, which usually happens during CAM vasculature develop-
ment. Thus, SEM image analysis supports the fact that Heparin can 

Fig. 3. - A. Docking binding energy of vascular angiogenesis growth factors bFGF2, VEGF-A and VEGF-C against 1 kDa Heparin. B. Protein backbone RMSD analysis 
of modelled bFGF-2 alone(black) and bFGF2+heparin(1 kDa) (orange) during the molecular dynamics production run; C. RMSD of ligand (1 kDa-heparin) concerning 
protein backbone; D. Total hydrogen bond interaction count of Heparin and bFGF2 during run; E. Post 50ns snapshot of Heparin (1 kDa)-bFGF2 interaction. The 
protein surface represents the charge density. The red circle highlights the regions of salt bridge formation between sulfate groups of heparins and Arg 119 and 
Arg109 residues; F—the ligand interaction plot of the heparin-bFGF2 complex. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. HMWH up-regulates the protein level expression of FGF2 Immunohistochemical images of CAM with FGF2 4 expression after the incubation with 100 μM 
concentration of HMWH for 72 h. Control CAM is incubated with 1X PBS. Control CAM shows the presence of FGF2 in ECs trapped at the small vessels (Fig. 4. A). 
CAM incubated with 100 μM concentration of HMWH shows the presence of FGF2 in the chorionic layer, majorly at the stromal region and by ECs trapped at large 
and small vessels (Fig. 4. B). Images are recorded by light and BX51 Olympus fluorescence microscopes. The arrow indicates the presence of protein, the magni-
fication is 60×, and the magnification bar is 50 μm. 
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induce the sprouting of new blood vessels from the main vessel through 
EC elongation and migration. 

6. Discussion 

Our earlier study reported that HMWH (15 kDa) could exhibit 
concentration-dependent neovascularisation potential on the CAM 
vascular bed. The molecule significantly induced the vessels’ growth 
and was found to increase the thickness of the vascular bed due to 
enhanced neovascularisation at the area of incubation under 100 μM 
concentration. In the research, we also pointed out the diffusion pattern 
and internalised action of Heparin as a preliminary observation, which 
can further flag the interactive potential of Heparin with many angio-
genic growth factors [4]. Hence, in the present study, we aimed to 
validate the angiogenic potential of HMWH and its potential to interact 
with the main pro-angiogenic growth factors. For the first time, we 
evaluated the transcription level of certain pro-angiogenic growth fac-
tors and analysed the angiogenic response of HMWH through various 
methodologies using the CAM vascular model. 

Heparin is known for its diverse effect on angiogenesis [21,22]. 
Heparin can bind with vascular cells such as ECs and smooth muscle 
cells and regulate the various angiogenic processes. Heparin interaction 
with angiogenic growth factors depends on the distribution of sulfate 
groups and the length of the distinct oligosaccharide sequences [23]. 
Our mRNA expression study reveals that HMWH could show 
dose-dependent interaction with major pro-angiogenic growth factors. 
Among the studied concentrations, 100 μM of Heparin exerts its 
maximum potential by significantly increasing the mRNA level of main 
pro-angiogenic growth factors. The transcription level of FGF2 has 
elevated substantially under all three concentrations of HMWH with a 
greater transcription rate at 100 μM concentration. FGF2 directly affects 
angiogenesis through the induction of tubulogenesis and migration of 
endothelial progenitor cells and affects the expression of several chemo 
cytokines, such as VEGFs. Our study found that the micromolar con-
centration of HMWH can accelerate the gene transcription level of FGF2 
significantly more than any other analysed growth factors. 

Molecular docking analysis is performed to understand the binding 
interaction of Heparin with main pro-angiogenic growth factors using 1 
kDa Heparin. The docking data agrees that Heparin could exhibit a 
higher affinity towards bFGF2 (− 7.0 kcal/mol) than studied pro- 
angiogenic growth factors. The observation is in accordance with the 

molecular profiling of pro-angiogenic growth factors under high mo-
lecular weight heparin. The molecular dynamic study further cemented 
the notion that the molecule FGF2 could form a minimum average of 6.0 
± 2.0 hydrogen bonds, and the side chain sulfate group of Heparin 
creates a stable salt bridge interaction with Arg-119 and Arg 109. This 
bonding further stabilised the interaction between Heparin and FGF2. 
The finding further cemented the greater affinity of FGF2 molecules 
with the sulfate moiety and its protection impact against proteolytic 
cleavage [20,21]. The high binding affinity of Heparin with FGF2 
further supported the transportation and release of FGF2 at its specific 
stage to initiate its biological function [4,23]. 

The CAM consists of a dense vascular network, and this extra em-
bryonic membrane physiologically serves as a respiratory organ for the 
embryo until it hatches. Because of its extensive vasculature, CAM al-
lows a large-scale screening of chemicals that impact angiogenesis with 
the easy application of many experimental methodologies [10]. One of 
the main advantages of CAM is that the impact of the test materials on 
angiogenesis can be visualised directly and could be validated further 
with the aid of many microscopic applications [4]. In this study, we 
analysed the changes in the vascular morphological structure of the 
CAM under HMWH incubation. We found that the HMWH can induce 
neovascularisation by employing numerous small vessels from the main 
large blood vessels. Involvement of the specific growth factor, such as 
FGF2-induced angiogenesis, is documented by identifying the mole-
cules’ protein level expression on CAM. The data shows that the word 
FGF2 is more prominent in CAM incubated with HMWH. The FGF2 
expression is evident in those ECs trapped at the main blood vessels and 
between the main vessels’ septum, in which the sprouting of new blood 
vessels occurs. 

7. Conclusion 

The results obtained from our combined experimental and molecular 
modelling approach provide precious information on how HMWH (15 
kDa) interacts with various pro-angiogenic growth factors under various 
concentrations while inducing angiogenesis. The neovascularisation 
potential of HMWH is concentration-dependent and exerts its maximum 
angiogenic potential at micromolar concentration. HMWH can accel-
erate the transcription level of most known pro-angiogenic growth fac-
tors, but it significantly activates the angiogenic process through FGF2. 
Through in-silico modelling, we also demonstrate that Heparin and 

Fig. 5. HMWH modifies the micro-vascular structure of the CAM vascular bed. Scanning electron microscopic images of CAM incubated with 100 μM con-
centration of HMWH and control CAM with 1X PBS for 72 h. CAM set with HMWH (Fig. 5. B) shows the presence of many sprouted and elongated vessels (black 
arrows) with a few angiogenic holes (yellow arrows). The capillaries resemble septum-like structures near the giant vessel (red arrow). Control CAM (Fig. 5. A) shows 
a flat capillary network at the outer frame with small blood vessel bulges (green arrows) with many angiogenic holes (yellow arrows) as an indication of intus-
susceptive angiogenesis for the normal development of CAM vasculature. HMWH can potentially induce the sprouting of new blood vessels from the main vessel 
through EC elongation and migration. Images represent three sets of experiments, and the magnification bar is 200 μm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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bFGF-2 interaction is stabilised by salt bridge formation between the 
arginine residues in bFGF2 and anionic sulfate groups in Heparin. The 
significance of these findings can be implicated in exploring the pro- 
angiogenic therapeutic potential of UHMWH. It also highlights that 
this can be a suitable biomaterial for in vivo growth factor delivery. 
Applying this molecule for the prevention of various pathological con-
ditions that arise due to insufficient healthy vasculatures, such as wound 
healing. 
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