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ABSTRACT OF THE THESIS 

ROLE OF PLATELET DERIVED GROWTH FACTOR- ELASTIN LIKE POLYPEPTIDE (PDGF-ELP) 
FOR CHRONIC WOUND HEALING 

 
By MEHMA KAUR CHAWLA 

Thesis Director: Dr. Francois Berthiaume, PhD and Dr. Suneel Kumar, PhD 

Chronic wounds are characterized as non-healing wounds due to poor angiogenesis, 

impaired vascularization, collagen formation, and dysfunctional fibroblasts and 

keratinocytes in the hypoxic wound environment. Recent studies have demonstrated the 

use of growth factors for enhanced wound healing due to their ability to promote 

proliferation and migration of cells, stimulate collagen synthesis and augment 

angiogenesis. Platelet-derived growth factor (PDGF) is one of the earliest growth factors 

to be identified and clinically used for the treatment of chronic wounds. However, their 

applications are limited because of the increased level of proteases in the hostile wound 

environment which degrades the growth factors, thus impeding their activity. Here, we 

have developed and characterized a recombinant fusion protein comprising PDGF and 

elastin-like polypeptide (ELP). The phase transitioning property of ELP allows rapid 

purification of the fusion protein using inverse temperature cycling (ITC). The fusion 

protein retained all characteristics of PDGF-A as evident from fibroblast and endothelial 

cell proliferation and migration, and endothelial formation of a tube network similar to 

native PDGF. The self-assembling property of ELP caused the formation of nanoparticles 

at physiological temperature, which acted as an optimal and stable delivery mechanism 

for the wound environment. We used 5 nM concentration of PDGF-ELP to show an 
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increase in proliferation by ~2 fold, ~90% wound closure after 48 hours using cell-based 

scratch assays, and increased angiogenesis demonstrated by enhanced capillary-like tube 

network formation using a tube assay.  
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CHAPTER 1: INTRODUCTION 

1.1 CHRONIC WOUNDS 

Chronic wounds, especially lower extremity ulcers pose a major challenge to patients 

and healthcare professionals. More than 5.7 million suffer from chronic leg and foot 

ulcers, alone in the U.S., which costs approximately $20 million per year [1]. Chronic 

ulcers occur mostly in patients suffering from diabetes and vascular disease leading to 

diabetic ulcers, pressure ulcers, and venous ulcers. This is accompanied by loss of 

function, higher morbidity, increased rate of recurrence, and impaired quality of life [2]. 

Around 10-15% of people suffering from diabetes mellitus develop foot ulcers [3]. Of 

this, 15-25% get their lower limb amputated, with a 50-60 % mortality rate recorded 

during the first 5 years post-amputation [4,5]. An estimated 0.2-1 % of the population in 

the U.S. suffer from venous foot ulcers [6]. Thus, chronic wounds are a significant 

burden due to the high costs of treatment, the frustration of the patients, and a major 

health and economic issue.  

Chronic wounds are non-healing wounds that get arrested in the initial phases of wound 

healing and are unable to progress towards complete closure of the wounds [7]. In a 

normal acute wound, distinct but overlapping phases define the cellular and 

biochemical events in the wound microenvironment [8]. The first phase is the 

hemostasis/inflammatory phase that is characterized by platelet aggregation, removal 

of necrotic tissue, an influx of neutrophils, and activation of fibroblasts. The 

proliferation stage aims to reduce the affected area through keratinocyte activation, 

angiogenesis, and re-epithelialization, which may take up to 2 weeks. The final 
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remodeling phase starts 2-3 weeks after lesion formation which is defined by formation 

and reorganization of extracellular matrix and synthesis of collagen for maximum tensile 

strength of healed tissue [9, 10]. 

 

Figure 1.1: Phases of wound healing in an acute wound [8]. 

In contrast, the inflammatory phase in chronic wounds causes continuous activation of 

neutrophils throughout the healing process [7], resulting in further inflammation and 

upregulation of matrix metalloproteases (MMP) [11]. Higher levels of MMP cause 

abnormal degradation of the growth factors, negatively affecting the mitogenic activity 

of fibroblasts. Fibroblasts and keratinocytes become non-receptive to cytokines and 

reduced levels of growth factors, ultimately hindering ECM formation [12]. Insufficient 

angiogenesis and perfusion resulting from sensory neuropathy in diabetic condition 

cause hypoxia thereby prolonging the injury in the inflammatory phase [13, 14]. 

Impaired angiogenesis and vascularization, fibroblast and keratinocyte dysfunction, 



3 
 

 
 

hypoxia, reduced level of growth factors, and excessive protease activity contribute to 

impaired wound healing in the chronic wound environment [15].  

1.2 AVAILABLE TREATMENTS 

As evident from the above discussion, multiple factors contribute to the etiology of 

chronic wounds which makes it a complex problem to treat. The first most important 

therapeutic step is the removal of necrotic tissue. This process is called debridement 

and the dead tissue can be both surgically and enzymatically removed [16]. A common 

preventive treatment of chronic wounds is the topical application of antibacterial 

ointment at the site of injury [17]. Silver has been a popular ingredient in wound care 

products for almost 2000 years [18]. However, routine administration of these 

ointments does not always lead to better outcomes. Recent advances focus on 

integrating wound dressings like foam or hydrocolloid with antimicrobial agents like 

silver and betaine [19]. Offloading, negative pressure devices, the hyperbaric oxygen 

chamber, and the use of growth factors are some of the therapies that show promise in 

the treatment of non-healing wounds [20]. Despite reports of improved healing rates, 

there are several limitations to these methods that have been summarized in the table 

below: 
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Chronic wound treatment Method Disadvantages 

Surgical debridement  Callus, non-viable soft 
tissue and bone removal 
using scalpel, nippers, and 
scissors  

• Requires skill 
• Reoccurrence of ulcer 
 

Enzymatic Debridement  Treatment available in the 
UK contains Streptokinase 
and Streptodornase. The 
treatment digests fibrin, 
collagen, and elastin found 
in the wound 

• Contraindicated in 
patients with a risk 
of myocardial 
infarction  

• Expensive 
 

Total Contact Cast (TCC) 
 

Pressure relief and 
offloading 

• Need for expertise 
• Skin irritation 

Hyperbaric oxygen 
chamber 
 

Increased supply of oxygen 
to tissue leading to 
improved angiogenesis 
and fibroblast proliferation 

• Expensive 
• Not a substitute for 

other therapies  
 

Negative pressure wound 
therapy 
 

Latex-free foam airtight 
dressing with a negative 
pressure of 80-120 mmHg 
 

• Not a replacement 
for surgical 
debridement  

• Higher material 
expenses  

Growth factors 
 

Topical application 
 

• Limited 
bioavailability 

• Repeated 
application 

• Cost of treatment 
• Tumorigenicity 

Table 1.1: Available chronic wound treatments and their limitations [16, 17, 18, 20]. 

1.3 GROWTH FACTORS 

Growth factors are responsible for recruiting different cell types, promoting cell 

proliferation and migration, angiogenesis, and synthesis of collagen in the wound 

environment [21]. In a dysregulated wound environment, there is perturbation of 
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growth factors like transforming growth factor β (TGF-β), keratinocyte growth factor 

(KGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), basic 

fibroblast growth factor (b-FGF), platelet-derived growth factor (PDGF) and several 

other growth factors and cytokines. Thus, significant attention has been received for the 

exogenous application of one or a combination of these factors to enhance the healing 

process. The growth factor ligands bind to their specific receptors activating a cascade 

of molecular events leading to improved angiogenesis, re-epithelialization, granulation 

tissue formation, matrix formation, and the infiltration of the wound site by 

mesenchymal and endothelial cells [22]. Several recent studies have demonstrated 

accelerated wound closure by using co-delivery systems and a combination of growth 

factors with biomaterials [23, 24].  

The acceptance of growth factors has not been as dramatic as hoped mostly due to the 

costs associated with the medication. Becaplermin gel is the only commercially available 

FDA approved growth factor (rhPDGF) [25]. There is also difficultly in interpreting clinical 

data from the use of becaplermin as different animal models respond differently to the 

treatment and the variability in wound closure rates in patients may demonstrate 

contradicting results in the efficacy of the gel [26]. More information and limitations on 

the use of growth factors have been highlighted in the following section. 

1.4 PDGF FOR CHRONIC WOUNDS 

There are five different isoforms of PDGF: PDGF AA, BB, CC, and DD are homodimers, 

whereas PDGF AB is a heterodimer[30]. PDGF A and B are ~100 amino acid long and 
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share a 60% sequence identity. PDGF-AA and BB are processed intracellularly whereas 

PDGF-CC, and DD are latent ligands and are not studied extensively[30]. PDGFs belong 

to a family of cystine knot type growth factors and bind to receptors PDGFα and PDGFβ 

that are a part of class III receptor tyrosine kinase (RTK). PDGF-A and PDGF-B consist of 

four anti-parallel β strands that are connected by disulfide bridges [30]. PDGFα is 

activated by binding with PDGF-AA, and PDGF-BB, whereas PDGF-β is activated by 

binding with PDGF-BB. PDGF-AB binds with both receptors [30].  

PDGF was purified from platelets as early as 1979 [27]. They are found in all four stages 

of wound healing and are secreted by platelets, fibroblasts, keratinocytes, macrophages, 

and endothelial cells [28]. PDGF promotes mitogenic and chemotactic activity in 

fibroblasts, smooth muscle cells as well as regulates cell growth and division in 

endothelial cells [29]. Research has shown that PDGF might amplify angiogenesis and 

enhance endothelial cell proliferation in vitro [31]. In vivo experiments demonstrate that 

the growth factor supports blood vessel formation and maturation by recruiting 

pericytes to capillaries [32]. Under hypoxic conditions, PDGF upregulates the expression 

of VEGF in rabbit smooth muscle cells [33].  By enhancing fibroblast proliferation, PDGF 

targets tissue regeneration by increasing ECM formation [34]. 

Recombinant PDGF-BB is the growth factor for diabetic foot ulcer approved by the FDA 

and available in the market for clinical use. Pierce et al. showed that PDGF application 

improves the proliferative effect and formation of granulation tissue in rat incisional 

wound models [35, 36]. Significantly greater wound closure was observed in impaired 

wound healing model of genetically diabetic mice upon application of the growth factor 
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[37]. These pre-clinical studies showed promising results and was followed by human 

clinical trials for investigating the role of PDGF on chronic wound healing [38].  

Becaplermin is the active ingredient in Regranex (rhPDGF-BB) which is based in sodium 

carboxymethylcellulose. Multicenter prospective randomized control trials were 

conducted to study the efficacy of the drug on diabetic foot ulcers [39]. The trials 

continued for 20 weeks and were followed-up 3 months after the end of each study. 

Phase II trial reported statistically significant wound healing in PDGF (30 µg/g) treated 

group vs the placebo group in 20 weeks (48 % vs 25 %) [39]. However, a Phase III study 

with 30 µg/g Becaplermin and placebo did not yield statistically significant data. The 100 

µg/g Becaplermin group, however, showed a 50 % increase in wound closure rate as 

compared to the statistically lower 35% wound closure by placebo [40]. Another smaller 

study comparing 100 µg/g of Becaplermin and good ulcer care alone demonstrated a 

statistically insignificant difference in complete wound closure between the two groups 

(36 % vs 32 %, respectively) [41]. 

1.5 LIMITATIONS OF GROWTH FACTORS 

Like many growth factors, PDGF is not very stable in the wound microfluid. The presence 

of several proteases makes it a hostile environment, thus degrading both endogenous 

and exogenously applied PDGF, which has a half-life in the order of hours [42]. The 

outermost skin layer poses difficultly in the permeation of topically administered growth 

factors, which are rapidly cleared from the wound bed, thus limiting their efficacy. 

Without an engineered delivery system, continuous application of the growth factor 
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makes it a costly and impractical therapeutic agent. Thus, a novel delivery system that 

facilitates sustained release and mitigates proteolysis is required for the stabilization of 

the protein [43].  

The effectiveness of Becalpermin is still debatable due to the baseline variability in the 

complete wound closure of diabetic wounds in patients. Another consideration is the 

durability of the treatment, as only a 3-month follow-up study after 20 weeks of the trial 

was conducted. Recurrence rate was found to be 28% in all groups of treatment [39]. 

Overactivity of PDGF BB has been related to malignancies [44, 45]. FDA released a 

warning stating that increased rates of malignancies were observed in patients treated 

with 3 or more tubes of Regranex [46]. Cost-effectiveness is another criterion that needs 

to be looked into. Each 0.01 % Regranex tube costs about $1200, which needs to be 

applied twice daily for at least 20 weeks. This puts an economic burden on the patient 

suffering from diabetic chronic wounds.  

1.6 PLATELET DERIVED GROWTH FACTOR- ELASTIN LIKE POLYPEPTIDE (PDGF-ELP) 

FUSION PROTEIN 

Elastin like polypeptides (ELP) are repeats of Valine-Proline-Glycine-Xaa-Glycine, where 

X can be any naturally occurring amino acid except proline [78]. In our experiments we 

use pentapeptide repeats of ELP. Properties that make it useful for biomedical 

applications are its non-immunogenicity, non-pyrogenicity, and biocompatibility [47]. 

ELP can undergo a phase transition at physiological temperatures. Inverse temperature 

cycling (ITC) is used for purification of the fusion protein to high homogeneity without 
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the use of costly protein purification techniques [48]. Below the inverse transition 

temperature, the recombinant ELPs are soluble in aqueous solutions and above the 

transition temperature, they aggregate into self-assembling insoluble nanoparticles [49, 

50]. 

By acting like “drug depots” they allow sustained release of the fusion protein over an 

extended time [51]. Recombinant ELP based proteins have also been shown to protect 

biomolecules from the proteolytic environment of the wound fluid by the formation of 

nanoparticles [52]. Senior et al. and Kamoun et al.  demonstrated that elastin derived 

peptides also exhibit a role in dermal remodeling and regeneration by acting as 

mitogenic and chemotactic agents for fibroblasts [53, 54]. However, the role of ELP in 

cell proliferation and migration is still debatable.  

Hence, we fabricated a fusion protein consisting of PDGF-A and ELP that has been 

shown to have the individual properties of both PDGF and ELP and may address some of 

the above-mentioned limitations of native PDGF in wound healing. We hypothesize that 

the recombinant fusion protein enhances cell proliferation, migration, and angiogenesis 

and therefore accelerates wound closure.  
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CHAPTER 2: PURIFICATION AND CHARACTERIZATION OF PDGF-ELP 

2.1 INTRODUCTION 

As discussed above, ELP tagged proteins have desirable effects in terms of 

purification, safety, biocompatibility, and dermal remodeling. In this section, we have 

discussed the transformation of the vector consisting of the PDGF-A-ELP gene in 

Escherichia coli (E. coli), followed by its purification using ITC. Here we chose E. coli for 

transformation because of its higher efficiency in the introduction of DNA molecules and 

rapid protein production due to a short generation time of 20 minutes. The purified 

protein was then characterized using different analytical techniques to help understand 

the properties of nanoparticles formed at physiological temperatures.  

2.2 MATERIAL AND METHODS 

2.2.1 Media Preparation 

 Luria-Bertani (LB) media, Terrific Broth (TB) media, and LB with agar media were 

prepared for cloning and expression of the protein. 20 grams of LB Broth solution (Life 

Technologies) were mixed in 1 L of DI water. 47 grams of TB was mixed with 1 L of De-

ionized (DI) water and 4 mL of glycerol. 35 grams of LB broth with agar was mixed in 1 L 

of DI water. The media were autoclaved and allowed to cool.  

2.2.2 Cloning and expression of PDGF-ELP 

PDGF-ELP was cloned using pET25B+ plasmid with 50 pentapeptide repeats of ELP using 

the protocol described by our lab and others  [48, 72]. The sequencing of plasmid, done 

by GenScript indicated the presence of three restriction enzymes: Mph1103I, NdeI, and 
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HindIII in the plasmid. The ELP was fused to PDGF-A chain using NdeI and HindIII 

restriction enzymes and His tag were inserted in the N-terminal using the Mph1103I 

restriction enzyme. The plasmid consisting of PDGF-A and ELP fused was retransformed 

in the bacterial host using a heat shock mechanism. E. coli (BL21 Star DE3) was obtained 

from Invitrogen (Lot #: 1932973).  In this process, 1 µL of recombinant plasmid was 

added to 20 µl of thawed E. coli in a 1 mL tube and kept on ice for 5 minutes. This was 

followed by heat shock where the tube was kept in the water bath at 42ºC for 2 minutes 

and then on ice for 2 minutes. This allows competent bacteria to take up the 

recombinant plasmid. 80 µL of thawed SOC media (Novagen) was added to the tube 

containing bacterial host and plasmid and the solution was incubated at 37ºC for 1 hour. 

2 g of carbenicillin was dissolved in 40 mL deionized (DI) H2O to make a stock solution of 

50 mg/mL and aliquoted into 1.5 mL microcentrifuge tubes. A day prior to the bacterial 

transformation, petri dishes were prepared using 25 mL of agar solution/petri dish 

including carbenicillin antibiotic (1:1000, 25 µL from stock carbenicillin solution) and 

stored at 4ºC until use. On the day of experiment, , 10 µL of host and plasmid solution 

was spread on the warm agar plate with antibiotics by the streaking method. The next 

day, several colonies were observed on the petri dish. A single colony of bacteria was 

picked up and grown overnight in 50 mL of LB media supplemented with 50 µL of 

carbenicillin stock solution. After 24 hours, the culture was used to inoculate 1000 mL of 

TB media with 1000 µL of carbenicillin stock solution. The culture was grown overnight 

in the incubator shaker located in the BSL 2 facility.  
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2.2.3 Purification of PDGF-ELP using inverse temperature cycling (ITC) 

After 24 hours of incubation, the bacterial culture was centrifuged at 3000 x g at 4ºC for 

10 minutes. The supernatant was discarded, and the pellet was dissolved in 30 mL PBS 

with 1:100 ratio of Halt ™ protease inhibitor cocktail (100X) and 0.5 M EDTA solution 

(100X) (Thermo Scientific). The suspension was sonicated twice on ice for 3 minutes 

each cycle with 5 seconds ON pulse and 25 seconds OFF pulse and then centrifuged at 

15000 x g,  4ºC for 30 minutes. The pellet was discarded and 2 mL of 10% w/v of 

poly(ethyleneimine) (PEI) solution (Sigma Aldrich) was added to the pellet. PEI is 

positively charged polyelectrolyte and leads to the precipitation of any negatively 

charged contaminants like DNA from the cell lysate. The solution was centrifuged at 

20000 x g, 4ºC for 15 minutes. 0.08 grams/1 mL of sodium citrate was added to the 

supernatant. The solution was incubated at 40ºC for 30-40 minutes till it turned cloudy 

and was then centrifuged (10000 x g) at 40ºC for 15 minutes. This is the first hot cycle or 

spin (H1). The pellet after centrifugation was dissolved in 4 ml of PBS buffer and again 

centrifuged  (15000 x g) at 4ºC for 10 minutes. This is the first cold cycle or spin (C1). The 

supernatant was then used to repeat the hold and cold cycle two more times. 10 µL 

samples were collected between each spin for SDS PAGE.    
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Figure 2.1: Flow chart showing the expression and purification of PDGF-ELP using ITC. 

Modified from Chilkoti et al. [49] 

2.2.4 Physical Characterization 

Determination of Protein concentration 

Nanodrop spectrophotometer 

After three cycles of ITC, the concentration of purified protein was determined by using 

a NanoDrop spectrophotometer 2000C (Thermo Fisher Scientific). The 2 µL of PBS was 

used as a blank for the system and then 2 µL of the sample was loaded in the nanodrop 

and the concentration was measured using the A280 category of protein.  

BCA Assay 

Diluted albumin from Pierce™ BCA Protein Assay Kit (Thermo Scientific) was used in 

different concentrations in a 96-well plate as a standard. A set of diluted albumin 
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standards ranging from 2000 µg/mL to 0 µg/mL (blank) were prepared using the 2 

mg/mL albumin ampule provided in the kit. A total volume of the working reagent (WR) 

was calculated used the formula below: 

(no. of standards + no. of unknowns) x (no. of replicates) x volume of WR per sample 

For making the WR, 8 parts of BCA reagent A were mixed with 1 part of BCA reagent B. 

In the 96-well plate, 200 µL of WR and 25 ul of albumin standards were added in 

triplicate to generate a standard curve. Again, 200 µL of WR  and 25 µL of the protein 

sample to be measured were added in each well in triplicate in the same 96-well plate 

and incubated in the dark at 37ºC for 30 minutes. The plate was allowed to cool for 10 

minutes at room temperature. Absorbance was measured at 562 nm using an Infinite 

M200 Pro plate reader (Tecan). The concentration of the protein was determined by 

using the standard curve obtained and interpolating the value from it. 

SDS PAGE 

For SDS-PAGE, a 10 well 4-12% Bis-Tris Gel from Invitrogen (Thermo Fisher Scientific) 

was used. Loading buffer containing 7.5 µL of LDS sample buffer (Invitrogen) and 3 µL of 

β-mercaptoethanol (Bio-Rad) for each well was prepared. Each well was loaded with a 

30 µL mixture consisting of 19.5 µL samples for all hot and cold spins mixed with 10.5 µL 

of loading buffer. The supernatant from the third cold spin was diluted to 1 µg/µL for 

loading. The gel cassette was placed in the SDS-PAGE chamber (Novex). 250 mL of 1X 

running buffer (made from 20X running buffer by Novex) containing 500 µL of 

antioxidant (Novex) was poured in the chamber. Both the protein sample mixtures (30 
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µL) and protein ladder (10 µL, Precision Plus Protein™ Kaleidoscope, Bio-rad) were 

loaded. SDS PAGE was set to 50 V, 120 mA, 25 W for 5 minutes, followed by 200 V, 120 

mA, 25 W for the next 45 minutes. After this, the gel cassette was cooled in running 

buffer for 10 minutes. Locks on the gel cassette were opened and the gel was allowed to 

sit in autoclaved water for 5 minutes. The gel stain dye (30 mL, SimplyBlue™ SafeStain, 

Novex) was used to stain the gel on a rotor for 1 hour. The stain was pipetted out and 

the gel was washed thrice with autoclaved water to visualize the clear bands of proteins.   

Western blot 

To perform the western blot, the first step was to run the SDS PAGE gel with 10 µL 

Ladder, 5 µL PDGF-AA (20 ng), and 10 µL PDGF-ELP (500 ng) in a 10-well gel cassette 

using the method described above. The gel was removed from the cassette and placed 

alongside a nitrocellulose membrane in between sponges soaked in 1X transfer buffer 

containing antioxidant. This setup was placed in the same chamber as described above 

and was filled with transfer buffer containing antioxidant and methanol (50 mL transfer 

buffer+ 100 µL antioxidant + 20 mL methanol). Western blot was run for 1 hour at 30 V. 

The membrane was sealed in a pouch with 10 mL casein to block non-specific binding 

and kept on the shaker for 30 minutes at 200 rpm. A 1:10000 ratio of primary anti-PDGF 

antibody (Peprotech) in casein was prepared and filled in a pouch containing the 

membrane. The pouch was kept on a shaker for 24 hours at 200 rpm, 4ºC. Wash buffer 

containing 0.05% tween was used to wash the membrane thrice. 1:5000 secondary 

antibody (Rabbit human anti-PDGF AA antibody from Peprotech) was prepared in 
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casein, sealed in a pouch with the membrane, and kept on a shaker for 1 hour at 200 

rpm. After washing thrice with wash buffer, the membrane was stained with Pierce™ 1-

Step Ultra TMB blotting solution (Thermo Scientific) for 5 minutes in dark.    

Particle size determination 

PDGF-ELP was diluted to 7 µM concentration in 1X PBS buffer and used to measure 

particle size in a Zeta Nano series (Malvern). 1.2 µL of the diluted protein was pipetted 

in a cuvette and inserted into the Zetasizer at 37ºC. Dynamic light scattering was used to 

determine the diameter of nanoparticles formed at physiological temperatures. Raw 

data was extrapolated and graphed to demonstrate a single peak representing the 

diameter of the particle.  

Turbidity 

To study the formation of nanoparticles at physiological temperature, 100 µl of 15 µM 

PDGF-ELP was pipetted into 96 well plates in triplicates. The plate with the sample was 

inserted into an incubator plate reader (Infinity M200 Pro, Tecan) and turbidity was 

determined spectrophotometrically by measuring the absorbance at 350 nm starting 

from 25ºC till 40ºC with a gradient of 2ºC. Absorbance vs temperature was graphed to 

determine the transition temperature of the nanoparticle.  
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2.3 RESULTS  

2.3.2 Cloning and expression of PDGF-ELP 

The plasmid consisting of 50 pentapeptide repeats of ELP and a single chain of PDGF A is 

shown below: 

Sequence for Mph1103I-6xHIS-PDGF-A-3 x GAL linker NdeI 
(378bp 126 aa from XM_011515419.3) 
atgCATCACCATCACCATCAC 
 
agcatcgaggaagctgtccccgctgtctgcaagaccaggacggtcatttacgagattcctcggagtcaggtcgaccccacgtc
cgccaacttcctgatctggcccccgtgcgtggaggtgaaacgctgcaccggctgctgcaacacgagcagtgtcaagtgccagc
cctcccgcgtccaccaccgcagcgtcaaggtggccaaggtggaatacgtcaggaagaagccaaaattaaaagaagtccagg
tgaggttagaggagcatttggagtgcgcctgcgcgaccacaagcctgaatccggattatcgggaagaggacacgggaaggc
ctagggagtcaggtaaaaaacggaaaagaaaaaggttaaaacccacc 
GGCGCCcttggtgcgctgggcgcactt 
CATATG 
 
ELP Motifs V40C2 Mph1103I-NdeI-ELP-HindIII 
atgCATCACCATCACCATCACGGTGGTGAAAATCTGTATTTTCAGGGCGGCGGTgGGCCGGGCG
TGGGTCATATG 
GGGCCGGGCGTGGGT GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC GTACCGGGCGTTGGT 
GlyProGlyValGly  ValProGlyValGly 
 
GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC 
GTACCGGGCGTTGGT GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT 
GTCCCAGGTGTGGGC GTACCGGGCGTTGGT GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT 
GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC GTACCGGGCGTTGGT GTTCCTGGTGTCGGC 
GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC GTACCGGGCGTTGGT 
GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC 
GTACCGGGCGTTGGT GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT 
GTCCCAGGTGTGGGC GTACCGGGCGTTGGT GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT 
GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC GTACCGGGCGTTGGT GTTCCTGGTGTCGGC 
GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC GTACCGGGCTGCGGT 
GTTCCTGGTGTCGGC GTGCCGGGCGTGGGT GTTCCGGGCGTAGGT GTCCCAGGTGTGGGC 
GTACCGGGCTGCGGT GTTCCTGGTGTCGGC  GTGCCGGGCTGGCCG  
TGA TAA  TTCGAGCTCCGTCGAC Aagctt 



18 
 

 
 

 

Figure 2.2: Plasmid consisting of recombinant fusion protein PDGF-A-ELP 

2.3.3 Physical Characterization  

Determination of Protein Concentration 

Protein concentration was found to be between 2 and 3 mg/mL using both the 

Nanodrop and BCA.  

SDS PAGE 

With each cycle of ITC, the number of bands in the gel reduces, eventually leaving a 

single purified band obtained after 3 cycles of bacterial lysate purification. The band 

corresponds to ~37 kDa which matches the theoretical molecular weight of our fusion 

protein PDGF-ELP.  
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Figure 2.3: SDS PAGE gel: Lane 1 is the molecular weight ladder; Lane 2 is the protein in 

the bacterial lysate before purification; Lane 3 is the contaminants after H1 spin. Several 

bands indicate non-purified protein; Lane 4 represents protein after C1 spin. Fainter 

bands show the removal of contaminants; Lane 5 represents contaminants after H2 

spin. The second hot spin has lesser bands as compared to the first hot spin. Lane 6 

represents protein after C2 which shows only a few bands after purification. Lane 7 

represents supernatant which does not show any bands because contaminants have 

been removed after 3 cycles of ITC purification. Lane 8 is the final purified protein after 

third cold spin C3 representing a single band at ~37 kDa which is PDGF-A-ELP. 

 

 

 

 

PDGF-ELP 
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Western Blot 

The protein transferred to the nitrocellulose membrane was subjected to the 

monoclonal anti-PDGF antibody. The figure below shows that the fusion protein was 

reactive to the anti-PDGF antibody showing a single band at ~37 kDa.  

 

 

 

 

 

 

 

Figure 2.4: Western blot: Lane 1: Molecular Weight Ladder; Lane 2: PDGF-AA used as 

Control ; Lane 3: PDGF-ELP  

 

 

 

 

1     2     3 

PDGF-AA 

PDGF-ELP 
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Particle size determination 

Particle size of 624 nm was obtained from the Zetasizer. A single sharp peak at ~620 nm 

is observed in the chromatogram which represents the diameter of the nanoparticles 

formed at 37ºC. The polydispersity index (PDI) was obtained as 0.039 under these 

conditions. For nanoparticles, PDI is representative of how monodisperse/polydisperse 

the sample is. Values less than 0.1 means that the sample is monodisperse i.e. there is 

high uniformity of particle sizes [77]. Hence, we can say that our solution is 

monodisperse at 37 ºC, 7 µM concentration.  

 

Figure 2.5: Chromatogram of PDGF-ELP nanoparticles (~620 nm) run on a Zetasizer. The 

size obtained from the graph is ~620 nm.  

 

Turbidity  
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As seen from the graph below, the transition temperature of the nanoparticles is around 

37ºC which is the physiological temperature of the human body. The absorbance 

plateaus from 25ºC to 35ºC and then starts increasing close to 37 ºC. This indicates that 

the formation of nanoparticles has begun and keeps increasing as the temperature rises 

to 42ºC.  

 

                                                        (A)                                                          (B) 

Figure 2.6: Determination of phase transition temperature and turbidity. a) The 

turbidity graph shows the increase in absorbance around 37ºC which peaks as the 

temperature increases to 42ºC. b) The first tube shows the cloudy PDGF-ELP solution at 

40ºC resulting due to nanoparticle formation, the second tube shows a clear PDGF-ELP 

solution in the soluble form at 4ºC. 

 

 

 



23 
 

 
 

2.4 SUMMARY 

The development of fusion protein using an E.coli host led to the formation of PDGF-ELP 

of length 398 amino acid, molecular weight 37.229 kDa, and charge at pH 7.4 as 4.38. 

The positively charged protein allowed for purification using ITC and PEI. Physical 

characterization using SDS-PAGE revealed the presence of a single band after a third hot 

spin, by getting rid of impurities at each ITC step. The presence of PDGF-A in the fusion 

protein was further confirmed by western blot with an anti-PDGF-A antibody. Nanodrop 

and BCA assays were used to determine the concentration of the protein obtained after 

the third hot spin, which ranged between 2-3 mg/ml. The size of the nanoparticle 

formed at 37ºC  was ~620 nm. Using the turbidity experiment, the formation of 

nanoparticles can be seen both physically with a more cloudy/turbid solution at 40ºC as 

compared to 4ºC and experimentally by measuring the absorbance of the fusion protein 

with an increase in temperature. In the graph, nanoparticles start forming around 37ºC 

and keep the increase as the temperature rises to 42ºC. 
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CHAPTER 3: CELL PROLIFERATION ASSAY  

3.1 INTRODUCTION 

PDGF activates cell surface receptors α and β present on fibroblasts in chronic wounds. 

Peus et al. demonstrated the increased level of messenger mRNA for both the receptor 

types on fibroblasts [56]. Immunostaining for the receptors in the granulation tissue 

layer from wounds showed the localization of the receptors on these mesenchymal cells 

[57]. Yu et al. proposed that both PDGF AA and PDGF BB promote the migration of 

murine fibroblasts [58]. Proliferation ability of endothelial cells in the presence of PDGF 

is still debatable. Endothelial cells express only β receptors [59]. A study conducted by 

Zetter et al. suggested that PDGF plays a role in human umbilical vein endothelial cell 

(HUVEC) growth [60]. Hence, we tested the proliferation ability of both fibroblasts and 

HUVEC in the presence of our fusion growth factor as well as low serum media. 

3.2 MATERIAL AND METHODS 

Dulbecco’s Modified Eagle’s Medium (DMEM by Gibco) supplemented with 10% v/v FBS 

(Fetal Bovine Serum by Gibco) and 1% v/v Pen/Strep were used to grow and maintain 

fibroblasts (human primary cell line from Lifeline Cell Technologies) in a sterile incubator 

(21% O2, 5% CO2 at 37 ºC) and was called complete DMEM. Cells were cultured in 125 

cm2 tissue culture flasks and were used between passages 2 and 6 for the proliferation 

experiment. Fibroblasts were seeded in a 96 well plate (Falcon) at density 2 X 103 

cells/well in 200 µL/well complete DMEM and grown for 24 hours in the incubator (Day 
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1). After overnight growth, the cells were washed with PBS buffer, and grown in serum-

free media, meaning that the old media was aspirated and replaced with DMEM + 1% 

v/v Pen/Strep without supplement (Day 2). Four conditions were used in the 

experiment: i) Control- cells were grown in serum-free media, ii) cells grown in serum-

free media+ 5 nM PDGF, iii) cells were grown in serum-free media+ 5 nM PDGF-ELP and 

iv) cells were grown in serum-free media+ 5 nM ELP. A control positive condition (cells 

were grown in complete DMEM) was also used in each plate, not for experimental 

purposes, but to check the working of the cell system in general. 48 hours after adding 

the conditions (Day 4), the wells were washed and replaced with 100 µl/well serum-free 

media and 20 µl/well CellTiter 96® AQueous (by Promega). This is a non-radioactive, 

colorimetric method used to measure the number of viable cells in a proliferation assay. 

After 2 hours of incubation at 37 ºC, the absorbance was measured at 492 nm using 

Infinite M200 Pro plate reader by Tecan. A cell number in each well and the fold change 

were calculated using the standard curve generated parallelly. Experiments were 

repeated in triplicates.  
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Figure 3.1: Cell proliferation protocol using CellTiter to estimate cell number and fold 

change. Some individual images in the flow diagram is modified from [80] 

The proliferation assay was conducted in a similar manner using HUVEC from Life 

Technologies. HUVEC cells were maintained in Medium 200 media + low serum growth 

supplement (Life Technologies) + 1% v/v Pen/Strep (complete M200 media). Cells were 

grown in 75 cm2 tissue culture flasks and the only cells between passage number P2-P6 

were used. Cells were seeded in a 96 well plate at density 5 X 103 cells/well in 200 

µl/well on day 1. On day 2, the media was replaced with M200 + 2% v/v FBS and 1% v/v 

Pen/Strep (serum-free M200). Four conditions were used in the experiment: i) Control- 

cells were grown in serum-free media, ii) cells grown in serum-free M200+ 5 nM PDGF, 

iii) cells were grown in serum-free M200+ 5 nM PDGF-ELP and iv) cells were grown in 

serum-free M200+ 5 nM ELP. A control positive condition (complete M200) was also 

used in each plate, not for experimental purposes, but to check the working of the cell 

system in general. On Day 4, cells were measured using CellTiter using the same 

protocol as fibroblast cells.  

3.3 DATA ANALYSIS 

Data shown are mean ± standard error of the mean (SEM). N value of 5 or more 

replicates was used. One-Way ANOVA followed by posthoc Tukey HSD test was used for 

statistical analysis of the data. Pvalue of <0.05 is considered statistically significant. 
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3.4 RESULTS 

PDGF-ELP fusion protein cultured in serum-starved DMEM shows a statistically higher 

cell number and thus higher fold increase as compared to the control, PDGF, and ELP 

groups. PDGF-ELP showed a ~1.8-fold increase in fibroblast proliferation and a ~3.5-fold 

increase in HUVEC proliferation suggesting enhanced cell growth and biological activity 

of the fusion protein. PDGF and ELP itself had no/minimal effect on fibroblast 

proliferation.   

 

Figure 3.2: Effect of PDGF-ELP on fibroblast proliferation. Cell proliferation as a function 

of cell growth was studied under serum-starved using different conditions. The cell 

number was measured using CellTiter post 48-hour of treatment with ELP, PDGF, PDGF-
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ELP (5 nM in each group), and compared with Control (only media). Data are presented 

as mean ± SEM (n = 6).  * indicates a comparison between PDGF and PDGF-ELP 

(*p<0.05). ^ indicates comparison between ELP and PDGF-ELP (^^p<0.01) while # 

indicates comparison between Control and PDGF-ELP group (###p<0.001).   

 

Figure 3.3:  Effect of PDGF-ELP on HUVEC proliferation. Cell proliferation as a function of 

cell growth was studied under serum-starved using different conditions. The cell 

number was measured using CellTiter post 48-hour of treatment with ELP, PDGF, PDGF-

ELP (5 nM in each group), and compared with Control (only media). Data are presented 

as mean ± SEM (n = 3).  * indicates a comparison between PDGF and Control (*p<0.05). 

^ indicates comparison between ELP and PDGF-ELP (^^p<0.01), # indicates comparison 
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between Control and PDGF-ELP group (###p<0.001) while & indicates comparison 

between PDGF and PDGF-ELP (&p<0.05)   

3.5 SUMMARY 

The goal of this section was to investigate and compare the proliferative ability of PDGF-

ELP with PDGF and ELP. Both fibroblasts and HUVEC showed increased fold change 

when PDGF-ELP in 5 nM concentration was used. For fibroblast and HUVEC, ~1.8 fold 

change and ~3.4 fold change were observed respectively. This result was statistically 

higher than PDGF and ELP at 5 nM concentrations suggesting higher biological activity at 

this concentration for the fusion protein.   
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CHAPTER 4: MIGRATION ASSAY USING FIBROBLASTS 

4.1 INTRODUCTION 

Cell migration plays an important role in many biological processes like tissue repair, 

organogenesis, angiogenesis, and tumor growth. Several studies have shown that PDGF 

can induce proliferation, migration, and differentiation [61]. PDGF exerts such functions 

by binding to its receptors, dimerizing, and activating a cascade of catalytical activity. 

This is followed by its autophosphorylation on tyrosines with specificity, which act as 

anchoring sites for signaling molecules that are within the cells. The association of SH2 

containing adapter proteins activates mitogen-activated protein kinase (MAPK) thereby 

enhancing cell proliferation signals [62].  

Earlier studies have demonstrated the chemoattractant properties of PDGF using a 

Boyden’s chamber [63]. Recent studies have used fabricated scaffold for release of 

PDGF that gives rise to migration of skin fibroblasts in a controlled manner [64]. Hence, 

in this chapter, we have performed a monolayer scratch assay to study the fibroblast 

cell migration by measuring the wound closure time on a confluent cell layer. The 

scratch assay is a simple, cost-effective, and well-established measure of cell migration 

in vitro [65]. In our project, a scratch assay is particularly suitable because it mimics cell 

migration in vivo and allows imaging live cells during different time periods.  

4.2 MATERIAL AND METHODS 

Human dermal fibroblasts were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM)+ 10% v/v FBS+ 1% Pen/Strep (complete DMEM). Cells between passages 2-6 
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were used for the experiment. Cells were harvested and seeded in 24 well plates 

(Falcon) at a density of 5 X 104 cells/well in 500 µL complete DMEM (day 1). After 48 

hours of seeding (day 3), the cells were serum-starved, i.e. the complete DMEM was 

aspirated out of the well and replaced with DMEM+1% v/v Pen/Strep (serum-free 

DMEM), without supplement for 24 hours. On day 4, the cell monolayer was scared in 

the well using 200 µL pipette tips. To remove debris and dead cells, the wells were 

washed with PBS buffer and replaced with 500 µL of serum-free media. Four conditions 

were used in the experiment: i) Control- cells were grown in serum-free media, ii) cells 

were grown in serum-starved free+ 5 nM PDGF, iii) cells were grown in serum-free 

media+ 5 nM PDGF-ELP and iv) cells were grown in serum-free media+ 5 nM ELP. A 

control positive condition (cells were grown in complete DMEM) was also used in each 

plate, not for experimental purposes, but to check the working of the cell system in 

general. To obtain the same field during image capturing, a reference line was made at 

the bottom of the plate with a tip marker. 

 

Figure 4.1: Migration assay protocol. Scratching the cell monolayer with a pipette tip, 

adding conditions and imaging at 0, 24, and 48 hours. Some individual images in the 

flow chart is modified from [81] 
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Scratch closure was studied by using a phase-contrast microscope at 10X for image 

acquisition. At time points 0-hour, 24 hours, and 48 hours after scratching the 

monolayer of cells, the image was captured by matching the reference point and 

keeping the reference line outside the capture image field using the Olympus CKX31 

camera and Magnifier Software. During the period from 0 to 48 hours, cells were 

incubated in the tissue culture incubator (21% O2, 5% CO2 at 37 ºC). The images 

obtained were analyzed quantitatively using the NIH ImageJ software. The area for 

wound closure was measured using the software at different time points. For further 

analysis, the number of cells in the scratch were measured and plotted in a graph. The % 

wound closure was calculated using the formula below: 

% 𝑤𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 = 100 − [(
𝐴(𝑛)

𝐴(0)
) ∗ 100] 

Where A(n) is the area of the wound at day n (n=0, 1, and 2) and A(0) is the area of the 

wound at day 0. 

4.3 DATA ANALYSIS 

Data shown are mean ± standard error of the mean (SEM). N value of 6 or more 

replicates was used. One-Way ANOVA followed by posthoc Tukey HSD test was used for 

statistical analysis of the data. P-value of <0.05 is considered statistically significant. 
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4.4 RESULTS 

To evaluate whether our four different conditions had any effect on the migration of 

fibroblasts grown in serum-free DMEM, a series of scratch assays were carried out and 

the experiments were repeated thrice. A scratch of uniform width was created in each 

well. The purpose of serum-starving the cells 48 hours after seeding, was to control the 

cell growth and migration for obtaining enough time points to capture the image. 

Images were captured immediately (0-hour time point), after 24 hours of incubation 

(24-hour time point) and after 48 hours of incubation (48-hour time point). % Wound 

closure was calculated using the formula stated above.  

At the end of 24 and 48-hour incubations, the PDGF-ELP group showed enhanced 

migration of cells towards the scratch and thus, significantly increased wound closure by 

PDGF-ELP as compared to the control. PDGF treated groups also showed significant 

wound closure as compared to the control at 24 and 48-hour time point. The mean % 

wound closure after 48-hour time point for the PDGF-ELP treated group and PDGF 

treated group was 88.13% and 79.18% respectively, whereas Control and ELP treated 

groups had 59.9% and 69.2% wound closure, respectively. The number of cells migrating 

in the wound area is also graphed below. 
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Figure 4.2: Effect of PDGF-ELP on fibroblast migration. Representative phase-contrast 

microscope images of fibroblasts with different conditions at 0, 24, and 48 hour time 

points after scratch initiation.  
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Figure 4.3: Graphical representation of the effect of PDGF-ELP on fibroblast migration. 

The effect of ELP, PDGFand PDGF-ELP (5 nM) on % wound closure at 0, 24, and 48 h time 

points were studied and presented as plotted. ^ represents a comparison between 

PDGF-ELP and Control. ^^ means p<0.01 between PDGF-ELP and Control at 24 h time 

point. ^^^ means p<0.001 between PDGF-ELP and Control at 48 h time point. * 

represents a comparison between PDGF and Control. * means p<0.05 between PDGF 

and Control at 24 h time point. ** means p<0.01 between PDGF and Control at 48 h 

time point. $ represents the comparison between PDGF-ELP and ELP ($$p<0.01) 
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Figure 4.4: Number of cells migrated in the scratch area. Cell monolayer was 

conditioned with ELP, PDGF, and PDGF-ELP at 5 nM concentration. * represents a 

comparison between PDGF and Control (*p<0.0001) and # represents a comparison 

between PDGF and ELP (#p<0.0001). & represents comparison between PDGF-ELP and 

Control (&p<0.0001) and $ represents comparison between PDGF-ELP and ELP 

($p<0.0001) 
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4.5 SUMMARY  

In this section, the ability of fibroblasts to migrate and close the scratch formed on the 

monolayer was assessed using different conditions at different time points. The results 

are shown in three ways as shown by the images and graphs plotted above. Just by 

looking at the images, one can say that more number of cells migrated in the scratch 

with PDGF and PDGF-ELP at 5 nM concentrations. For graphical analysis, PDGF and 

PDGF-ELP show statistically higher % wound closure as compared to ELP and Control at 

24 hr and 48 hr time points which can be seen as the dashed lines on the graph. Because 

fibroblast migration is difficult to demarcate due to the shape of the cells, we used 

another analysis method to measure the migrative ability of fibroblasts. The number of 

cells within the scratch area were counted for each condition and time point and 

represented in a bar graph. The number of cells migrated into the scratch were 

statistically higher with PDGF and PDGF-ELP conditions at 5 nM concentration. Hence, 

from this chapter, we evaluated and analyzed the migration of fibroblasts, and both the 

nanoparticles and the native protein showed similar activity in vitro.  
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CHAPTER 5: ENDOTHELIAL CELL TUBE FORMATION ASSAY 

5.1 INTRODUCTION 

Angiogenesis is vital for embryonic development, organ formation, and growth, and 

wound healing [69]. The newly formed blood vessel support oxygen supply and nutrient 

replenishment to the tissue and removal of debris. During wound healing, angiogenesis 

is initiated immediately during the first stage of the process. Capillary endothelial cells 

have shown to have receptors for PDGF suggesting that PDGF may have a direct role in 

angiogenesis [29, 67]. PDGF receptor is specific for cord/tube forming endothelial cells 

contributing to angiogenesis in vitro [31].  An in vivo experiment using the chick 

chorioallantoic membrane revealed enhanced vessel formation in the presence of PDGF. 

While both PDGF-AA and BB affected angiogenesis, PDGF-BB was a more potent 

chemotactic agent than PDGF-AA [66]. Research on the application of PDGF-BB gel to 

study the wound healing effects on diabetic mice was conducted which showed that a 

dose-dependent PDGF-BB treatment enhanced angiogenesis studied using 

immunohistological methods [68]. However, the angiogenic effect of PDGF on tube 

formation is not as strong as other growth factors like basic FGF and VEGF.   

The tube formation/angiogenic assay is a fast and quantitative method for stimulating 

the cord/tube formation capability in response to signals that cause blood vessel 

formation. Endothelial cells are seeded on a basement membrane matrix which then 

differentiates and forms capillary-like structures that can be visualized using a phase-

contrast microscope or fluorescence/confocal microscope after staining with calcein 
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dye. Depending upon the stimuli, tube formation begins within 2-6 hours in this assay 

[70]. The number of tubes, nodes, and meshes can be quantitively calculated from the 

images obtained. In this experiment, we used primary endothelial cells such as HUVEC.  

5.2 MATERIALS AND METHODS 

Human primary HUVEC (passages between p2-p6, Life Technologies) cells were cultured 

in a 75 cm2 tissue culture flask in M200 phenol red-free media with low serum growth 

supplement (Life Technologies) until it was at least 80% confluent. Matrigel (Corning Life 

Sciences) was thawed on ice overnight at 4 ºC (day 1). On day 2, 250 µl/well (10 mg/ml) 

of Matrigel was spread evenly over the 24-well plate (Falcon). The plate with Matrigel 

was incubated for 30-40 minutes at 37ºC to allow to Matrigel to gel. HUVEC cultured in 

tissue culture flask was trypsinized, harvested, and concentrated in non-supplemented 

Medium 200 PRF. 1.2 X 105 cells in 300 µL from the cell suspension were pipetted onto 

the Matrigel.  

Three conditions were used in the experiment: i) control- cells grown in 2% free media, 

ii) cells grown in 2% FBS media+ 5 nM PDGF, iii) cells grown in 2% FBS media+ 5 nM 

PDGF-ELP. A control positive condition (cells were grown in complete DMEM) was also 

used in each plate, not for experimental purposes, but to check the working of the cell 

system in general. The three conditions were added in separate wells in triplicates. After 

16-18 hours of incubation at 37ºC (day 3), the wells were washed twice with 2X Hank’s 

Balanced Salt Solution (HBSS). To prepare calcein dye for cell and tube staining, 8 µg/ml 

of calcein-AM was prepared, 200 µl of the dye was pipetted into each well, and 
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incubated at 37 ºC for 30 minutes. The wells were washed twice with 2X HBSS. A 

fluorescence microscope (Olympus IX81®) was used to capture images of each well. The 

number of tubes, nodes, and meshes were counted NIH ImageJ software and graphed as 

shown in the next section. 

5.3 DATA ANALYSIS 

Data shown are mean ± standard error of the mean (SEM). N value of 3 replicates was 

used. One-Way ANOVA followed by posthoc Tukey HSD test was used for statistical 

analysis of the data. P-value of <0.05 is considered statistically significant 

5.4 RESULTS 

The ability of PDGF-ELP to form capillary-like tubes, meshes, and nodes represented by 

green dots is studied using an angiogenesis tube assay using HUVEC cells. A 

concentration of 5 nM for PDGF and PDGF-ELP was used for the experiment. After an 18 

hour incubation period, images were captured using a confocal microscope. Both PDGF 

and PDGF-ELP had a significantly higher number of tubes, nodes, and meshes formed 

than the vehicle control group which was the serum-free media without the presence of 

growth factors. There was not a significant difference between PDGF and PDGF ELP at 5 

nM concentrations. 

      

 

 

 



41 
 

 
 

 

 

  

 

 

 

      

A: Control                                B: PDGF A                               C: PDGF-ELP 

Figure 5.1: Effect of PDGF-ELP on tube formation and angiogenesis. Fluorescent images 

of endothelial cells forming capillary-like structures on Matrigel (N=3). Three different 

conditions are (A) Growth factor free media, (B) PDGF-A (5 nM) with media, and (C) 

PDGF-ELP (5 nM) with media. Image (A) shows only nodes represented by green dots 

without the formation of meshes and tubes. Image (B) and (C) shows nodes, as well as 

capillary like dtructures joining two nodes. Meshes are formed when three or more 

nodes form a network through tubes. Scale bar = 200 µm  

   

 

 

 

 

 

 

200 µm 
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   (A) Number of tubes 

 

(B) Number of nodes 
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(C) Number of meshes 

Figure 5.2: Graphical representation of the number (A) tubes, (B) nodes, (C) meshes 

formed in endothelial tube assay (N=3). (A) Number of tubes formed in different 

conditions. * represents a comparison between PDGF-ELP and Control (*p<0.0001). (B) 

Number of nodes formed in different conditions.  ^ represents a comparison between 

PDGF and Control (^p<0.0001) and & represents a comparison between PDGF-ELP and 

Control. (C) Number of meshes formed in different conditions. $ represents a 

comparison between PDGF and Control ($p<0.0001) and % means comparison between 

PDGF-ELP and Control (%p<0.0001) 
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5.5 SUMMARY  

The ability of HUVEC cells to form multicellular structures in the presence of PDGF and 

PDGF-ELP at 5nM concentration was evaluated in this section. HUVEC seeded on 

Matrigel-coated wells were imaged using fluorescent microscopy after 18 hours by 

staining with calcein dye. The green structures visible on the black background helped 

us distinguish the network forming ability of the cells under different conditions. The 

number of tubes, nodes, and meshes formed were counted using ImageJ software. 

PDGF-ELP formed statistically higher number of tubes than control at 5 nM 

concentration. Both PDGF and PDGF-ELP showed a higher number of meshes and nodes 

at the same concentration. From this experiment, we can conclude that both the fusion 

protein and the native PDGF have similar angiogenic properties. Furthermore, this can 

have a positive impact on wound healing as their activity was better as compared to the 

control with HUVEC cells seeded in low growth factor media.  
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CHAPTER 6: DISCUSSION AND CONCLUSION 

Chronic wounds are an economic burden to the patients, caretakers, and health care 

industry. The annual wound care market in the medical system is expected to rise to 

$15-$20 billion by 2024 [71]. Chronic wounds get arrested in the prolonged 

inflammatory stage of healing due to underlying factors of hypoxia, stress, age, and 

underlying health conditions amongst other factors (2).  While there are several 

treatment options as summarized in Table 1.  There are limitations associated with each 

method which includes the high cost of treatment and the requirement of a skilled 

professional. Moreover, these treatments do not always show satisfactory outcomes. 

Advances in the study of the pathophysiology of chronic wound environment have led 

to the use of therapies like growth factors for treatment. Becaplermin, the only 

available FDA approved topical gel treatment for diabetic ulcers, shows mixed efficacy 

results in randomized trials and there isn’t enough prolonged study data to support its 

use especially one that weighs the risk to benefit ratio. Hence, considering the positive 

effects of exogenously applied growth factors, we used ELP tagged growth factor PDGF-

A for testing the wound healing properties in the in vitro system.  

In this study, PDGF-ELP has generated as nanoparticles with particle size ~600 nm as 

shown using a Zetasizer.  PDGF-ELP was purified using ITC. ELP can undergo a phase 

transition and thus a protein fused with ELP also shows the same characteristics as 

native ELP. The ability of PDGF-ELP to form nanoparticles above the transition 

temperature and remain soluble in the solution below the transition temperature allows 
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for the removal of soluble and insoluble contaminants, respectively, using consecutive 

rounds of hot and cold spins as described above. This non-chromatographic method is a 

much cheaper alternative for protein purification. ELP 50 pentapeptide repeats were 

fused at the C terminus of PDGF-A. The phase transition temperature of the fusion 

protein was found to be ~37ºC using a turbidity measuring experiment thus warranting 

the presence of nanoparticle fusion growth factor in the wound at physiological 

temperatures.  

Our goal was to design a novel growth factor drug depot system that elicits the 

individual properties of both PDGF-A and ELP.  Cellular biological activity of the growth 

factor at 5 nM concentration was studied using proliferation, migration, and tube 

assays. Fibroblast and endothelial cell proliferation assays showed significantly higher 

cell fold change for PDGF-ELP when compared to ELP, PDGF A, and vehicle control. In 

the presence of PDGF-ELP, fibroblasts expressed a ~2 fold increase and HUVEC 

expressed a ~3.5 fold increase. PDGF-ELP showed a ~90% wound closure at 48 hours 

after scratch initiation as compared to ~60% wound closure in-vehicle control-treated 

wells. Further, enhanced angiogenesis using PDGF-ELP as shown in the endothelial tube 

assay also supports our hypothesis that our fusion protein improves wound healing in in 

vitro systems.  

PDGF-ELP outperforms PDGF which is supported by significantly higher fibroblasts and 

HUVEC proliferation data. Native PDGF shows statistically higher % wound closure in 

migration assay as compared to the control. However, in the proliferation assay, the 

native protein did not have significantly higher number of cells in fibroblast 
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proliferation. A reason for this could be a dose dependant activity of the native protein 

that activates different phenotypical response switching cells between proliferation and 

migration. A study conducted by Donatis et al showed that PDGF at lower 

concentrations around 1 ng/ml promotes cell migration, whereas when the 

concentration rises above 5 ng/ml, it elicits a strong cell proliferation output [79]. This 

can be due to the fact that at lower PDGF concentrations, the receptor internalization is 

due to clatherin-mediated endocytosis, but at higher concentration it shifts to raft-

mediated endocytosis which promotes mitosis of cells [79]. We use serum free media to 

check the activity of the individual proteins in in vitro assays without the effect of 

background growth factor. It would be interesting to study the effect of stressing the 

cells on the binding of protein ligand and receptor. A limitation of our studies performed 

was that we did not include a group that had ELP and PDGF-AA as separate proteins. It 

would be interesting to see how the cells react in presence of a combination of ELP 

nanoparticles and the growth factor.  

ELP fused protein is more stable and has a longer half-life as compared to the native 

protein [72]. In conclusion, we synthesized PDGF A-ELP that has better or at least 

comparable biological activity to recombinant PDGF-AA. Based on previously conducted 

research using other ELP fused protein [48, 55], PDGF-ELP is expected to be more stable 

in the wound environment. The formation of self-assembling nanoparticles at 

physiological temperatures allows it to be used as a prospective drug delivery vehicle for 

chronic wound healing in diabetes [71] and spinal cord injury-induced pressure ulcers 

[75, 76] . 
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CHAPTER 7: FUTURE DIRECTIONS 

The results obtained in the in vitro studies suggest certain ways in which the use of the 

fusion protein could be directed in the future: 

• Stability studies of the native protein and the fusion protein in a human wound 

fluid with chronic conditions. 

• Using ELP control at 5 nM concentration for tube assay to study its effect on 

capillary formation. 

• In vivo studies: Using diabetic mice models to assess the activity of the 

nanoparticles in vivo would be one of the ways that would further strengthen 

our hypothesis that PDGF-ELP nanoparticles assist wound healing in chronic 

conditions like diabetes.  

• Using a combination of growth factors to achieve even higher wound closure 

because the chronic wound environment is complex, hostile and requires the 

activity of several growth factor to achieve complete wound closure in time. 

• Using a dermal scaffold as a delivery mechanism for the nanoparticles: 

Biomedical applications of tissue/dermal scaffolds have been widely studied 

[74]. The size of our nanoparticles is ~600-700 nm which is lesser than the pore 

size of most available dermal scaffolds (~1 µm). Incorporating our fusion protein 

with tissue scaffolds that already have proven effects on wound healing would 

be a good alternative to deliver our proteins.  
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