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ABSTRACT 

Tulbaghia violacea Harv. has found extensive uses in traditional medicine for the treatment of 

numerous ailments among which are tuberculosis, oesophageal cancer, diabetes and 

cardiovascular diseases. Current reports show that cardiovascular diseases are now the primary 

cause of mortality worldwide. Thus, the potential of T. violacea plant extracts against 

cardiovascular diseases should be explored. The objectives of this study were, (i) to conduct 

qualitative and quantitative preliminary phytochemical screening of T. violacea aqueous leaf 

extracts, (ii) to conduct Gas chromatography–mass spectrometry (GC-MS) analysis for 

screening of compounds present in the plant extract, (iii) to evaluate the antioxidant activity of 

the T. violacea crude extracts using the DPPH:1.1-diphenyl-2-picrylhydrazyl and ABTS: 2,2-

azino-bis 3-ethylebenzthiazoline-6-sulfonic acid assays, (iv) to evaluate the antimicrobial 

activity of the T. violacea crude extracts using disk diffusion and Minimum inhibitory 

concentration/Minimum bactericidal concentration (MIC/MBC), (v) to evaluate the 

antithrombogenic properties of T. violacea crude extracts on polystyrene, (vi) to fabricate 

polycaprolactone (PCL) and PCL-T. violacea incorporated scaffolds, (vii) to evaluate the 

antithrombogenic properties of T. violacea crude extracts on the fabricated PCL and PCL-T. 

violacea fabricated scaffolds and, (viii) to evaluate the growth and differentiation of adipose 

derived stem cells (ADSCs) on the fabricated scaffolds. 

The qualitative and quantitative phytochemical screening was conducted using standard 

procedures. Folin-Ciocalteu method was used to evaluate both total phenolic content (TPC) and 

total tannin content (TTC), the Aluminium chloride method was used for total flavonoid content 

(TFC) and GC-MS was used to screen for compounds present in the plant extract. The 

antioxidant activity was evaluated using DPPH and ABTS and the antimicrobial activity was 

evaluated using disc diffusion and MIC/MBC assays. 

The antithrombogenic properties of the T. violacea aqueous leaf extracts was then evaluated 

using platelet activation and whole blood clotting kinetics on polystyrene discs which have been 

reported to induce platelet activation. The experiment was performed in the absence and presence 

of 100 and 1000 µg/ml T. violacea plant extracts for both the platelet activation study which 

used blood plasma and the whole blood clotting kinetics assay which used fresh whole blood. 

Platelet adhesion was evaluated using fluorescence microscopy and a scanning electron 

microscope (SEM) was used to evaluate their morphology. 
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Three scaffolds designated as PCL, 10% Tvio and 15% Tvio were fabricated which consisted of 

a 10% PCL powder and 10% as well as 15% T. violacea aqueous plant extract with respect to 

the PCL powder weight. The scaffolds were then characterized using Fourier-transform infrared 

spectroscopy (FTIR) and Energy-dispersive x-ray spectroscopy (EDS). The scaffolds were then 

evaluated for their antithrombogenic properties in the presence and absence of 100 and 1000 

µg/ml T. violacea plant extracts. Platelet adhesion was evaluated using a fluorescent microscope 

and the morphology was evaluated using SEM. 

For the cell study, adipose derived stem cells (ADSCs) were cultured on the designed scaffolds 

and evaluated for their toxicity, viability, adhesion, proliferation, morphology and differentiation 

into osteoblasts over a period of 3 weeks. Lactate dehydrogenase (LDH) assay was used for 

toxicity studies, alamar blue assay was used for viability, fluorescence microscopy was used to 

evaluate cellular adhesion and proliferation while the alkaline phosphate (ALP) assay was used 

to evaluate differentiation of the cells into osteoblasts. Cell morphology was evaluated using 

SEM. 

Phytochemical screening of the prepared T. violacea aqueous extract revealed the presence of 

terpenoids, flavonoids, cardiac glycosides, saponins, protein, phenols, tannins, carbohydrates 

and amino acids. This is the first study that has identified the presence of carbohydrates and 

amino acids in T. violacea aqueous leaf extracts. Different concentrations of 0.1, 1.0 and 10 

mg/ml of plant extract were used to conduct the quantitative phytochemical screening assays. 

There was a concentration dependent increase in the amount of phenols, tannins and flavonoids 

as the concentration of the plant extracts increased. This was the first study that evaluated the 

total tannic content of T. violacea plant extracts. The amount of total phenols was higher than 

that of flavonoids and tannins at every concentration range studied followed by the total 

flavonoids and lastly total tannins. The GC-MS analysis showed the presence of 33 compounds 

among which were 2,4 – Dithiapentate - 2,2-dioxide, Cannabidiol, 2,4,5,7 –Tetrathiaoctane and 

2,4,5,7 - Tetrathiaoctane 2-dioxide. The presence of sulphur compounds support the 

characteristic garlic-like smell as well as some of the biological activities of T. violacea plant 

extracts. The antioxidant activities based on DPPH (0.49 mg/ml) and ABTS (0.24 mg/ml) 

suggest that T. violacea can be used as potential antioxidant agents. For the antimicrobial activity 

using disc diffusion, the extracts exhibited appreciable antibacterial activities against Bacillus 

subtilis, Serratia marcescens, Staphylococcus aureus and S. epidermidis. The highest zone of 

inhibition was observed for S. epidermidis at 19.50 ± 0.87 mm. The MIC results revealed that 

the plant extract of T. violacea was moderately active against B. subtilis, S. aureus, S. 
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epidermidis, E. coli, and S. marcescens with MIC value of 2.5 mg/ml. However, the 

antimicrobial effect of the extract on S. epidermidis was bactericidal when compared to the 

bacteriostatic effect on the other active microorganisms.  

The antithrombogenic results on the polystyrene discs showed a significant reduction in the 

number of platelets that adhered on the polystyrene surfaces treated with plasma mixed with 100 

µg/ml of plant extract when compared to the untreated control and the 1000 µg/ml treatment. 

For the 1000 µg/ml treatment, there was a significant increase in the number of platelets that 

adhered to polystyrene surfaces. These results were confirmed by the fluorescence and SEM 

results which showed a higher platelet count for the 1000 µg/ml treatment when compared to the 

other groups. The whole blood clotting kinetics study showed delayed blood clotting with the 

100 µg/ml treatment over a period of 60 min when compared to the untreated control and the 

1000 µg/ml treatment. These results correspond with the lower platelet adhesion observation and 

thus confirm the anticlotting properties of T. violacea aqueous leaf extracts at lower 

concentrations.  

The mean diameter of the scaffolds was recorded on the SEM as 275.60 ± 60.65 nm, 193 ± 30 

nm and 537 ± 138 nm for the PCL, 10% Tvio and 15% Tvio scaffolds, respectively. The FTIR 

spectrum revealed the presence of amide groups as well hydroxyl O–H stretching groups which 

were the characteristic groups for the presence of T. violacea plant extracts in the 

polycaprolactone. The EDS results showed the presence of potassium, chlorine and sulphur 

compounds which were only present in the T. violacea scaffolds in addition to the carbon, oxygen 

and silicon observed in the PCL scaffold. The fabricated scaffolds were then used to evaluate 

platelet adhesion and activation on blood plasma in the absence and presence of 100 and 1000 

µg/ml T. violacea aqueous leaf extracts. The results showed that the 10% Tvio scaffold was more 

effective in inhibiting platelet adhesion and activation at every treatment group especially when 

plasma was used in the absence of T. violacea plant extracts. A similar observation to the 

polystyrene study was observed were addition of 1000 µg/ml of plant extract resulted in the 

highest number of activated platelets. The study suggests the potential of the 10% Tvio scaffold 

in the prevention of platelet adhesion and aggregation.  

The in vitro cell adhesion, proliferation and differentiation of adipose derived stem cells 

(ADSCs) on the fabricated T. violacea loaded PCL nanofibers was then evaluated. The LDH 

assay illustrated less activity on the 10% Tvio scaffold when compared to PCL and 15% Tvio 

scaffolds however, none of the scaffolds were considered as toxic. The alamar blue assay was 
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used for viability after 4 and 7 days of culture. The results showed a significant increase in cell 

viability for all scaffolds from day 4 to day 7 with the 10% Tvio scaffold having the highest 

overall cell viability for both day 4 and day 7 of cell cultures. Immunofluorescence staining was 

then used to count the number of cells using DAPI (4′,6-diamidino-2-phenylindole) stained 

images and illustrated that the T. violacea incorporated scaffolds supported better cell growth 

compared to the PCL scaffold. Cell morphology on the T. violacea scaffolds was denser and 

spread out into cellular extensions when compared to the PCL scaffold after 7 days of cell 

culture, supporting the higher number of adhered cells from the fluorescence results. For the long 

term cell study after week 1 and 3, the ALP results showed a significant difference in ALP 

activity between week 1 and week 3 for all scaffolds. The highest ALP activity was observed for 

the 15% Tvio scaffolds which is a marker for initial phase of bone matrix deposition. The 

designed T. violacea scaffolds supported better cell growth compared to the PCL scaffold and 

their morphology was more spread out and covered the entire surface of the scaffolds after week 

3. Lastly, the cell count and osteocalcin differentiation was more prominent on 10% Tvio scaffold 

indicating higher levels of the protein marker for bone formation. Thus, supporting the use of 

the 10% Tvio scaffold for long-term cell studies.  

In conclusion, the results of this study indicated that the aqueous extract of T. violacea is rich is 

phytochemicals and also possess a broad range of pharmaceutically important compounds which 

may be attributed to the high antioxidant and antimicrobial activities identified. The results from 

this study suggest that T. violacea aqueous extracts have antithrombogenic properties at lower 

concentrations. Scaffolds fabricated with the incorporation of T. violacea plant extract also 

confirm the potential antiplatelet activity of the fabricated 10% Tvio scaffold. The results also 

suggest the potential of the fabricated 10% Tvio scaffold to enhance cell adhesion, proliferation 

and differentiation over long-term cell studies. It can thus be recommended that T. violacea may 

be useful for tissue engineering applications and bone repair with prospects of preventing 

cardiovascular diseases associated with bone defects. This research study has provided the 

foundation for clinical evaluation and outlined the potential effects of T. violacea aqueous leaf 

extracts as a clinical drug. 

Key words: Adipose derived stem cells, Alkaline phosphate, Alamar blue, Antimicrobial, 

Antioxidants, Antithrombogenic, Antiplatelet, Electrospinning, Immunofluorescence, Lactate 

dehydrogenase, Osteoblasts, Phytoconstituents, Platelets, Polycaprolactone, Scanning electron 

microscopy, Scaffolds, Tulbaghia violacea. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. General introduction 

Tulbaghia violacea (wild garlic) belongs to the genus Tulbaghia and is a member of the family 

Amaryllidaceae.  The plant is bulbous with hairless leaves arising from a white, fleshy stalk (Van 

Wyk et al. 1997; Vosa et al. 2006 and Vosa 2007). In traditional medicine, the leaves of the plant 

have been used in the treatment of various ailments such as fever, colds, asthma, tuberculosis, 

oesophagus cancer, high blood pressure, and gastrointestinal ailments (Burton 1990; Dyson 

1998; Kubec et al. 2002 and Ncube et al. 2011). Tulbaghia violacea produces a weak odour of 

onion or garlic when the plant is intact but the smell grows stronger when the plant is bruised 

(Watt et al. 1962). The odour  may be due to sulfur compounds present in T. violacea (Burton 

1990). The plant is, therefore, commonly known as wild garlic (Van Wyk et al. 2000) or society 

garlic (Watson et al. 1992).  

Generally, plants possess innate defence mechanisms to fight against herbivores usually by 

producing chemical agents/compounds that cause irritation and inflammation (Tewksbury et al. 

2001 and Jordt et al. 2002). However, these compounds are responsible for a variety of medicinal 

properties found in plants, among which are anti-carcinogenic, anti-mutagenic, anti-

inflammatory, antioxidant, and antimicrobial properties (Surh 2003 and Yiase et al. 2015). A 

recent study by Madike et al. (2017) showed that pharmacologically active compounds such as 

tannins, terpenoids, flavonoids, saponins, proteins, steroids, cardiac glycosides, phenols and 

coumarins were present in  T. violacea especially in the leaves. Allium sativum which is closely 

related to T. violacea has been extensively studied and has been utilized as an agent for 

prevention and treatment of cardiovascular and other metabolic diseases,  atherosclerosis, 

hyperlipidaemia, thrombosis, and hypertension (Reuter 1995 and Reuter et al. 1996). Although 

studies by Duncan et al. (1999); Mackraj et al. (2008); Davison et al. (2012) and Raji et al. 

(2012) have been conducted to evaluate the use of T. violacea extracts on cardiovascular diseases 

in animal models, more research focusing on the cardiovascular potential of T. violacea plant 

extracts should be conducted to find more effective strategies  to combat the epidemic of 

cardiovascular diseases.  

Cardiovascular diseases (CVDs) were responsible for 17.9 million deaths in the year 2016 

(World Health Organisation 2017). One of the biggest risk factors in the increasing rate of 
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cardiovascular diseases is obesity which can be attributed to rising income, global trade, 

changing food supplies to genetically modified (GMO) food as well as high intake of unhealthy 

food, and declines in physical activity (World Health Organisation 2017). No success stories 

have been reported on how to prevent obesity which is a serious risk factor for CVDs (Tozzi et 

al. 2016). Although major advances have been made in the treatment and prevention of 

cardiovascular diseases in the last decade, 37% of the total fatalities of premature deaths under 

the age of 70 is related to the cardiovascular system (World Health Organisation 2017).  

Some of the current treatment methods for cardiovascular diseases involve synthetic blood 

vessels, artificial hearts, cardiac pacemakers and heart transplantation among others (Niinomi 

2002; Kara 2012 and Jaganathan et al. 2014). However, apart from the shortage of hearts for 

transplantation, there are a number of complications that may arise after heart and heart 

associated surgeries, which includes rejection of the heart by the host recipient, cardiac allograft 

vasculopathy, graft dysfunction, chronic kidney disease (CKD), infection, malignancy (Alba et 

al. 2016) and multiple organ failure (Muneretto et al. 1989). This has led to a global increase in 

the use of biomaterials for the treatment of cardiovascular diseases. Cardiovascular biomaterial 

implants, such as stents, disturb the endothelium layer promoting smooth muscle cell migration 

and proliferation ultimately leading to restenosis and the failure of the implant (Costa et al. 

2005). However, this may be avoidable with the design of a biomaterial surface capable of 

influencing cellular interactions. Enhancement of cell-biomaterial interactions can be altered by 

immobilizing surfaces with extracellular matrix (ECM) molecules, such as fibronectin, laminin, 

collagen or vitronectin (Mao et al. 2009). By modifying biomaterial surfaces with these ECM 

components, cell-binding sites are introduced that may promote cell functionality. There is a 

need to develop materials that can mimic the properties of the natural epicardial adipose tissues. 

This can be done by producing composite materials that exhibit the property of both natural and 

synthetic materials (Saravana et al. 2014).  

In spite of the frequent use of different biomaterials as a substrate for seeding cells for the 

formation of new matrix deposition, only a few studies have reported on the incorporation of 

extracts from medicinal plants in scaffold fabrication to enhance the biomaterial surface. Among 

these are Tecomella undulata extracts PCL/polyvinylpyrrolidone nanofibers for antibacterial 

activity against pathogens (Suganya et al. 2011), Cissus quadrangularis extract alginate (Alg) 

and O-carboxymethyl chitosan (O-CMC) scaffold for bone tissue engineering, incorporation of 

aloe vera plant extracts during scaffold fabrication (Chithra et al. 1998; Jithendra et al. 2013; 

Suganya et al. 2014a and  Mary et al. 2015), curcumin nanofibers for potential treatment of lung 
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and breast cancer (Sridhar et al. 2014), C. quadrangularis extract PCL nanofibers to evaluate 

human fetal osteoblast cells proliferation and osteogenic differentiation (Suganya et al. 2014b), 

curcumin/neem loaded polycaprolactone scaffolds to evaluate anticancer and cytotoxic activities 

(Ravanan et al. 2016), Broussonetia kazinoki extract silk fibroin scaffolds to evaluate 

biocompatibility and the osteogenic differentiation capacity in both in vitro and in vivo 

investigates (Kim et al. 2017), C. quadrangularis extract–loaded chitosan/Na-carboxymethyl 

cellulose–based scaffolds for bone regeneration (Tamburaci et al. 2018), Tridax procumbens 

extract loaded electrospun PCL nanofibers as novel wound dressing material (Khan et al. 2018; 

Suryamathi et al. 2019) and Emblica officinalis-loaded PCL electrospun nanofiber scaffold as 

potential antibacterial and anticancer deployable patch (Arbade et al. 2019). Jaganathan et al. 

(2019a) evaluated juniper oil and titanium dioxide encapsulated polyurethane scaffolds for their 

physicochemical and blood-compatible properties, garlic incorporated polyurethane nanofibrous 

scaffold were evaluated for their physicochemical and blood compatibility characteristics (Mani 

et al. 2019) and sesame oil, honey and propolis incorporated polyurethane nanofibrous scaffold 

were assessed for their blood compatibility and cytotoxicity (Jaganathan et al. 2019b). Hence 

our focus is on a novel herbal scaffold incorporating plant extracts of T. violacea with natural 

biopolymers.  

1.2. Problem Statement 

According to the World Health Organisation (2017), cardiovascular diseases are the primary 

cause of deaths globally with more people dying annually from CVDs than any other cause. It is 

estimated that out of the approximately 17.9 million people that die from CVDs annually, 7.4 

million are due to coronary heart disease and 6.7 million to stroke (World Health Organisation 

2017). The main cause of CVDs is a combination of risk factors such as tobacco use, unhealthy 

diets and obesity, physical inactivity, genetics, harmful use of alcohol, hypertension, and 

hyperlipidaemia (World Health Organisation 2017 and Nordqvist 2018). This raises a global 

demand for cardiovascular implants which can prevent intimal hyperplasia, calcification of 

adipose tissue and thrombosis (Gong et al. 2016). By investigating how platelets and adipose-

derived stem cells interact with the fabricated scaffolds incorporated with T. violacea plant 

extracts, this research will determine whether these surfaces have the potential to be used as 

cardiovascular implants. 
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1.3. Motivation 

Tulbaghia violacea has been reported to be rich in sulphur-containing compounds which are for 

the most part responsible for the plant’s medicinal properties (Lyantagaye 2011). In spite of the 

frequent use of different biomaterials as a substrate for seeded cells and for support of the 

formation of new matrix depositions, little to no work has been done in incorporating extracts of 

medicinal plants with cardiovascular properties in scaffold fabrication. The main focus of this 

study was to develop a novel herbal scaffold composed of aqueous plant extracts of T. violacea 

and a synthetic polymer, polycaprolactone (PCL). The T. violacea plant extracts were 

incorporated during scaffold fabrication with the aim of inhibiting platelet adhesion and 

activation and also enhancing cell adhesion, proliferation and differentiation on the developed 

biomaterials.  

1.4. Aim 

To evaluate the effect of crude water extracts of Tulbaghia violacea on scaffolds with 

cardiovascular applications. 

1.5. Objectives 

1. To conduct qualitative and quantitative preliminary phytochemical screening of the extracts. 

2. To conduct GC-MS analysis for screening of compounds present in the plant extract. 

3. To evaluate the antioxidant activity of the T. violacea crude extracts using the DPPH:1.1-

diphenyl-2-picrylhydrazyl and ABTS: 2,2-azino-bis 3-ethylebenzthiazoline-6-sulfonic acid 

assays. 

4. To evaluate the antimicrobial activity of the T. violacea crude extracts using disk diffusion 

and Minimum inhibitory concentration / Minimum bactericidal concentration (MIC/MBC) 

assays. 

5. To evaluate the antithrombogenic properties of T. violacea crude extracts on polystyrene. 

6. To fabricate polycaprolactone (PCL) and Tulbaghia violacea incorporated PCL scaffolds.   

7. To evaluate the antithrombogenic properties of T. violacea crude extracts on the fabricated 

PCL and T. violacea incorporated PCL fabricated scaffolds. 

8. To evaluate the growth and differentiation of adipose derived stem cells (ADSCs) on the PCL 

and T. violacea extracts PCL scaffolds. 
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1. Medicinal Plants 

Archaeological evidence has illustrated that for centuries numerous cultures have relied on 

indigenous medicinal plants as their primary source of health care (Veilleux et al. 1996 and 

Gurib-Fakim et al. 2010). South Africa, with an ecosystem harbouring around 30,000 flowering 

plant species, has a strong history of traditional healing using medicinal plants (Louw et al. 

2002). Medicinal plants have gained international acclamation as the foundation for some critical 

human health, social, and economic support systems (Diederichs et al. 2006). Davidson-Hunt 

(2000) described medicinal plants as the backbone of traditional medicine since an estimated 3.3 

billion people in the less developed countries utilize medicinal plants on a regular basis either as 

food, medicine or fragrances. The world composes of over 2000 ethnic groups each with its own 

indigenous knowledge and experiences of traditional medicine (Liu et al. 2009 and Kebriaee-

zadeh 2010). For the past 50 years, some of the most important drugs that have been developed 

and commercialized were produced from medicinal plant compounds. Medicinal plants are also 

easily accessible to millions of people especially in rural communities and local nurseries and 

they are also affordable and in some cases considered to be safer than synthetic drugs (Singh et 

al. 1981 and Dar et al. 2017). There is  now a general acceptance of medicinal plants being 

incorporated into modern medicine due to the growing rate of studies conducted in the fields of 

environmental science, immunology, medical botany and pharmacology to not only validate 

their ancient use for treating certain diseases but with the prospects of developing new medicine 

(Abdullahi 2011). Tulbaghia violacea is one such plant which has a wide range of medicinal 

uses for the treatment of various ailments.  

2.2. Tulbaghia violacea 

Tulbaghia violacea belongs to the genus Tulbaghia in the family Amaryllidaceae (Fig. 1) 

(Benham 1993). It is in the same family as Allium sativum (garlic) and A. cepa (onion) (Bungu 

et al. 2006). According to Aremu et al. (2013), T. violacea is currently the most popular as well 

as the most highly investigated species in the genus Tulbaghia. It is a small perennial bulbous 

herb with corm-like rhizomes characterized by narrow, hairless, strap-shaped, dark green and 

leathery textured leaves that grows up to 30 - 120 cm high and are about 1.5 cm wide depending 

on environmental conditions (Van Wyk et al. 2000). The plant grows best in partial shade or 

partial to full sun as well as in dry to moist soils and produces tubular bulb-like mauve/lilac 
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seasonal flowers which occur in umbels of about ten at the tip of a slender stalk and bloom from 

summer to autumn (Watson et al. 1992 and Kindersley 2008).  

 

Figure 1: Typical example of a T. violacea plant (Crisanra nursery, Vanderbijlpark, South 

Africa). 

The common English name for T. violacea.  is “wild garlic or society garlic” which is attributed 

to its garlic-like smell due to the presence of similar bioactive compounds as garlic (A. sativum) 

(Van Wyk et al. 1997; Van Wyk et al. 2000 and George et al. 2010). The plant has several 

indigenous names including, Wildeknoffel (Afrikaans), Icinsini (Zulu), Itswele lomlambo 

(Xhosa) and Mothebe (Sotho) (Dyson 1998 and Van Wyk et al. 2000). Tulbaghia violacea 

contains a carbon-sulfur lyase enzyme as well as sulfur compounds which may have the same 

functions as those in the various Allium species (Jacobsen et al. 1968). This may suggest that the 

sulfur compounds which are responsible for the garlic-like smell in Allium are the same as those 

reported in T. violacea (Burton 1990) and may likely possess similar medicinal properties as A. 

sativum. Tulbaghia violacea is mainly distributed in the southern hemisphere with a large 

population of the species being native to the Eastern Cape, KwaZulu-Natal, and Northern 
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Gauteng in South Africa. The plant has also been located in the rocky grasslands of Zimbabwe 

(Dyson 1998).  

The special characteristics of T. violacea are its ornamental value (Lyantagaye 2011), drought 

tolerance (Knox 1988) and a garlic-like odour when the leaves are bruised without the 

development of the sulphurous odour when eaten unlike the consumption of commercial garlic 

(A. sativum) (Dyson 1998; Kubec et al. 2002 and Moodley et al. 2016).  Tulbaghia violacea is 

also the ideal plant for herb gardens as both the leaves and flowers can be used in certain salads 

and dishes (Joffe 1993) and the evergreen leaves are used as a substitute for chives in certain 

meals (Dyson 1998). 

Above all, T. violacea has also been used for decades as traditional medicine for the treatment 

of various ailments including, gastrointestinal problems, asthma, fever, colds, pulmonary 

tuberculosis, seizures/fit, rheumatoid arthritis (Burton 1990; Dyson 1998; Ebrahim et al. 2010; 

Ncube et al. 2011a and Kubec et al. 2013), constipation/purgative and as an anti-helminthic 

(Watt et al. 1962). The plant is used unconventionally in deterring moles, as an aphrodisiac and 

for repelling snakes (Burton 1990; Dyson 1998 and Kubec et al. 2002). Some Rastafarian 

communities believe that eating copious amounts of T. violacea eases aches and pains and also 

keeps them warm during the winter. Some communities in the Eastern Cape province of South 

Africa use different parts of T. violacea to relieve colic, wind, restlessness, headache and fever, 

primarily in young children (Dyson 1998). Lim (2013) reported on how the residues from the 

crushed leaves of T. violacea have the ability to treat sinus headaches, repel fleas, ticks, as well 

as mosquitoes. A mixture made from soaking the leaves and bulbs of T. violacea in water 

overnight can be used for rheumatism, arthritis and to reduce fever. Another use of T. violacea 

is in the treatment of depressed fontanelle in infants (Dyson 1998). Some cultures in South Africa 

use T. violacea plant extract for protection against misfortunes of natural and supernatural causes 

(Hutchings et al. 1996). 

2.3. Chemical constituents of Tulbaghia violacea 

The characteristic taste and smell of T. violacea and other Allium species is due to volatile sulfur-

containing flavour compounds in the plants. However, there is very little published  information 

on the chemical constituents present in T. violacea compared to that of A. sativum (Jacobsen et 

al. 1968). Some of the compounds identified in T. violacea, include C–S lyase and three 

unidentified substituted cysteine sulfoxide derivatives (Jacobsen et al. 1968), kaempferol (Bate-

Smith 1968), free sugars including glucose, fructose, sucrose, maltose, arabinose, rhamnose, 
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xylose and galactose, and glycosides from an aqueous extract of T. violacea (Burton 1990). 

Burton et al. (1992) showed the presence of 2,4,5,7- tetrathiaoctane-2,2-dioxide and 2,4,5,7- 

tetrathiaoctane from the leaves of T. violacea. Watson et al. (1992) reported the presence of 

flavonols e.g. saponins/sapogenins, and glucopyranoside Methyl-α-D-glucopyranoside (MDG) 

from T. violacea aqueous extracts (Lyantagaye et al. 2003). Kubec et al. (2002) identified 

2,4,5,7-tetrathiaoctane-4-oxide, (RSRC)-S-(methylthiomethyl) cysteine-4-oxide (marasmin), 

(SSRC)-S-methyl- and (SSRC)-S-ethylcysteine sulfoxides (MCSO and ECSO, respectively).   

2.4. Biological activities of Tulbaghia violacea 

There is a wide range of biological activities associated with extracts of T. violacea. Several 

studied have reported that extracts of different plant parts of T. violacea possess antibacterial, 

antifungal, anticancer, antioxidant and anthelmintic activities (McGaw et al. 2000; Ncube et al. 

2011b and Aremu et al. 2013). Burton et al. (1992) reported the antimicrobial activity of the 

compounds 2,4,5,7-tetrathiaoctane-2,2- dioxide and 2,4,5,7-tetrathiaoctane from the leaves of T. 

violacea. Lyantagaye et al. (2003) reported on the potential anticancer activity of T. violacea 

aqueous extracts which was confirmed by Lyantagaye (2005) using T. violacea compounds 

containing a methyl-α-D-glucopyranoside (MDG) moiety in their structure. Bungu et al. (2006) 

evaluated the anti-cancer properties of methanol extracts of the leaves and bulbs of T. violacea 

and reported that both extracts inhibited the growth of MCF-7, WHCO3, HT29 and HeLa cancer 

cell lines. Bungu et al. (2008) found that the bulb and leaf extracts of T. violacea possess anti-

thrombotic and anti-coagulant properties. Crude methanol extracts of above- and below-soil 

parts of T. violacea were found to have an antimicrobial effect against a broad spectrum of 

bacterial species such as Clavibacter michiganensis, Ralstonia solanacearum and Xanthomonas 

campestris (Nteso et al. 2006). Nöthlings et al. (2008) reported on the anticancer (pancreatic 

cancer) activity of three flavonols, namely kaempferol, quercetin, and myricetin and found that 

their intake was associated with lower pancreatic cancer risk.  Kaempferol has been isolated from 

T. violacea (Bate-Smith 1968) and helps in the reduction of heart disease (Park et al. 2006). In a 

study by Ebrahim et al. (2010) a 50% ethanol extract of T. violacea was reported to possess 

androgenic activity. Aqueous extracts of T. violacea showed potential anti-fungal activity against 

Aspergillus flavus (Belewa et al. 2011). Olorunnisola et al. (2011) reported on the antioxidant 

activity and toxic potential of methanolic extracts from dried and fresh rhizomes of T. violacea 

and reported that that the two extracts exhibited high antioxidant activities as well as a high 

degree of cytotoxic activity. The chemical composition, antioxidant and cytotoxicity assays from 

essential oils of T. violacea demonstrated moderate radical scavenging activities as well as 
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cytotoxic activity using the Brine shrimp lethality assay (Olorunnisola et al. 2012). Krstin et al. 

(2018) reported on the anti-parasitic activity of T.  violacea dichloromethane extracts against 

parasites Trypanosoma brucei brucei and Leishmania tarentolae. 

Tulbaghia violacea also appears to have cardiovascular properties.  For example,  T. violacea 

reduced systemic arterial blood pressure in Dahl salt sensitive (DSS) rats as a result of a decrease 

in renal AT1 receptor gene expression (Duncan et al. 1999 and Mackraj et al. 2008). Raji et al. 

(2012) reported that methanol leaf extracts of T. violacea reduced blood pressure (BP) and heart 

rate (HR) in anaesthetized male spontaneously hypertensive Wistar rats. Davison et al. (2012) 

researched on the cardiovascular benefits of an organic solvent of T. violacea and reported that 

the bulb extract of T. violacea has a beneficial effect on the cardiovascular system by decreasing 

fibrinogen levels, increasing the Activated Partial Thromboplastin Time (APTT) and through the 

modulation of platelet activation, via the Glycoprotein IIb receptor present on platelets.  

High phenolic and flavonoid contents were identified in the aqueous extracts of dried T. violacea 

leaves (Madike et al. 2017) and acetone extracts of fresh leaves (Takaidza et al. 2018). Takaidza 

et al. (2018) also reported that the acetone extract of fresh T. violacea leaves had the highest 

antioxidant activity among eight Tulbaghia species. Allium sativum, a closely related member of 

T. violacea, has been utilized as an agent for the prevention and treatment of cardiovascular 

diseases, atherosclerosis, hyperlipidaemia, thrombosis, and hypertension (Reuter 1995 and 

Reuter et al. 1996). However, T. violacea has not been investigated for its cardiovascular 

properties to a great extent. This study aims to apply aqueous extracts from the leaves of T. 

violacea for the preparation of scaffolds for cardiovascular research.  

2.5. Non-communicable diseases 

According to the World Health Organization (WHO) (2018a), non-communicable diseases 

(NCDs) are responsible for over 41 million deaths annually and that is equivalent to 71% of all 

deaths globally. The four main types of NCDs are cardiovascular diseases (heart attacks and 

stroke), cancers, chronic respiratory diseases (chronic obstructive pulmonary diseases and 

asthma) and diabetes (WHO 2013). Among these, cardiovascular diseases are the primary cause 

of death followed by cancers, respiratory diseases, and diabetes (Fig. 2). There are a number of 

factors that can be attributed to the increase in NCDs, namely, tobacco smoking, physical 

inactivity, the harmful use of alcohol and unhealthy diets. Thus, the key responses to NCDs are 

screening and treatment as well as palliative care (WHO 2018a).  
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Total deaths: 608,000 

NCDs are estimated to account for 43% of total deaths 

Figure 2: World Health Organization non-communicable diseases country profiles (South 

Africa), 2014. 

2.6. Cardiovascular diseases (CVDs) 

Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide (Roth et al. 2017 

and WHO 2017). According to WHO (2011), 22.2 million people will die annually from CVDs 

by the year 2030. Obesity is among the leading causes of CVDs mortality and morbidity. An 

estimated 1.9 billion adults, 18 years and older, were overweight in 2016 and over 650 million 

of these individuals were obese (WHO 2018b). An increase in weight gain/obesity increases the 

risk of CVDs. This is due to the development of risk factors such as hypertension, dyslipidaemia, 

diabetes, or insulin resistance, elevated levels of fibrinogen, c-reactive protein, high blood 

pressure, coronary heart disease (CHD), stroke, rheumatic heart, and myocardial infarction (MI) 

(WHO 2004 and Luma et al. 2011). A Demographic and Health Survey done in South Africa in 

2016, showed that two-thirds of women (68%) and under one third of men (31%) are overweight 

or obese (South Africa Demographic and Health Survey 2016). Approximately 114 countries 
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including the USA, Europe and the Middle East, have more than half the adult population 

considered as overweight or obese (Tozzi et al. 2016).  Heart disease is responsible for over 17.5 

million deaths annually and an estimated 80% of these deaths are common in low- and middle-

income families and in poor countries (Shi et al. 2016). There is a high rate of CVDs mortalities 

in younger individuals and children in developing countries mainly due to low income, 

malnutrition, poverty, unemployment, excessive alcohol consumption, tobacco smoking, car 

accidents, and other factors (Beaglehole et al. 2008). According to Harikrishnan et al. (2004), 

the mortality rate from CVDs was estimated as 41% for individuals between the age of 35 and 

64 years in South Africa, 35% in India, 28% in Brazil, 12% in the USA, and 9% in Portugal.  

Current treatment methods used for end-stage cardiovascular disease in adults, or in children 

with congenital cardiovascular anomalies, include heart transplantation after failure of medical 

therapy, surgery and/or cardiac resynchronisation therapy (Haeck et al. 2012). However, the 

problem lies with the relative paucity of autologous tissue that is present for reconstructive 

surgeries, thus, raising a need for the use of synthetic materials (Lee et al. 2014). For 

cardiovascular surgeons, the materials present in their armamentarium are autologous vessels 

and prosthetics. Compared to prosthetic material, autologous vessels are a better option and more 

superior. This is due to the fact that prosthetics such as GORE-TEX®, have been reported to 

result in undesirable side effects such as thrombosis, infectious complications, neointimal 

hyperplasia, and accelerated atherosclerosis (Desai et al. 2007; Malvindi et al. 2007; Dashwood 

et al. 2009 and Hong et al. 2009b). Unfortunately, the disadvantage of using autologous vessels 

is that adult patients that have been subjected to various cardiac or peripheral vascular procedures 

have a shortage of suitable autologous tissue for harvest (Hoenig et al. 2005). However, surgery 

for children with complex congenital heart defects, requires more autologous tissue than is 

available as the restoration may be extra-anatomic. This raised the need for enhanced, 

biocompatible vascular conduits for such populations. In this regard, cardiovascular tissue 

engineering has some advantages since it stimulates the development of biological substitutes 

that restore, maintain and improve tissue function (Carrel et al. 1935 and Miyamoto et al. 2017).  

2.7.  Tissue engineering in CVDs 

Tissue engineering (TE) is a developing field which has the prospects of regenerating damaged 

tissues by combining cells from the body with highly porous three dimensional scaffold 

biomaterials, which acts as templates for tissue regeneration, maintenance or improvement of 

tissue function  (Bonassar et al. 1998; Langer 2000; Atala 2004 and Chaudhari et al. 2016). A 

scaffold describes the three dimensional biomaterial before addition of cells (in vitro or in vivo) 
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(O'Brien 2011). The field of tissue engineering is very broad with the incorporation of different 

fields of study, including clinical medicine, mechanical engineering, materials science, genetics, 

as well as related disciplines from both engineering and the life sciences (Berthiaume et al. 

2011). Developed scaffolds are seeded with cells and then growth factors are added or they may 

be exposed to biophysical stimuli which might be a bioreactor, a device or a system which exerts 

varying mechanical or chemical stimuli to the cells (Martin et al. 2004). The cell-seeded 

scaffolds are then either cultured in vitro which allows for tissue synthesis outside of the body 

or are embedded directly into an injured site. This process allows for tissue or organ regeneration 

in vivo leading to a tissue engineering triad which consists of the combination of scaffolds, cells 

and growth factors (De Isla et al. 2010 and O'Brien 2011). Throughout the world, thousands of 

daily surgical procedures are performed for the replacement or repair of tissue that has been 

damaged through disease or trauma. These can lead to damage and degeneration of tissues in the 

human body and requires treatment to facilitate their repair, replacement or regeneration 

(O'Brien 2011).  

Currently, the treatment procedures for diseased vessels less than 6 mm in diameter uses vascular 

grafts (Niklason et al. 1999) which incorporate either autografts (self-tissue transferred from one 

site of the body to another in the same patient), allografts (transplanting tissue from a non-

identical donor of the same species  to another) (Luciani et al. 2007), xenografts (a tissue graft 

or organ transplant from a donor of a different species to another) (Bogaerde et al. 1997) and 

induced pluripotent stem cells (iPSCs) (generated from adult somatic cells) (Takahashi et al. 

2006). Although these techniques have been successfully employed in the last few years, they 

have been associated with a number of problems. The autograft procedure requires harvesting 

cells/tissues/organs which is expensive, painful, constrained by anatomical limitations and 

associated with donor-site morbidity due to infections and hematoma (Bonassar et al.  1998; 

Langer  2000 and Atala  2004). There is also a risk of blood loss, long surgical time, infections 

and there is a limited quantity of graft material (Wang et al. 2017). The use of the allograft 

technique is limited due to problems with accessing enough tissue for all of the patients who 

require them and the fact that there are high risks of rejection by the patient's immune system 

(Atala 2004 and Gaafar et al. 2014) and the risk of introducing infection or disease from the 

donor to the patient (Ison et al. 2009 and Ison et al. 2011). Similar to allografts, organ xenografts 

are prone to cellular rejection (Cascalho et al. 2008) and iPSCs have the potential to form 

cancerous tumours (Hong 2015).  
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These problems have led to the search for substitutes that are non-obstructive, non-

thrombogenic, resistant to infections, chemically  inert,  non-haemolytic  and durable which can 

easily and  permanently be inserted into the host (Harken et al. 1962 and Parveen et al. 2006).  

2.8. Scaffold requirements in tissue engineering  

The ideal tissue engineered scaffold should allow for new cells to grow and proliferate in three 

dimensions (Yang et al. 2001 and Griffith 2002). There are a number of factors to consider 

during scaffold fabrication irrespective of the tissue type. The biomaterial scaffold needs to be 

biocompatible, biodegradable, highly porous, interconnected, mechanically reliable (Bruder et 

al. 2000; Chen et al. 2008 and Liu et al. 2013), should have a large surface area and the  ability  

to  degrade enzymes  released by  the cells during tissue  repair (Cima et al. 1991; Mikos et al. 

1993 and Hubbell 1999). The first factor to consider for fabrication of tissue engineering 

scaffolds is biocompatibility. It is important for the cells to be able to adhere to the scaffolds, 

function normally, and migrate onto the surface then through the scaffold and lastly allow the 

cells to proliferate before laying down a new matrix (Chan et al. 2008; O'Brien 2011 and Nigam 

et al. 2014).  Secondly, the tissue engineered scaffold needs to be biodegradable since the main 

concept of tissue engineering is to allow for the tissue engineered constructs or implants to be 

replaced by the body’s own cells as time passes. The scaffold material should thus not be a 

permanent implant and allow the cells to produce their own extracellular matrix (Babensee et al. 

1998 and O'Brien 2011). The biodegradation process should also allow for toxic by-products to 

be released from the body without interfering with other organs (Brown et al. 2009 and Lyons 

et al. 2010). The third factor to consider for tissue engineering scaffold fabrication is the 

mechanical properties of the scaffold (Peyton et al. 2005 and Engler et al. 2006). The mechanical 

properties of the scaffold need to be compatible with the biological site of the area into which it 

is to be implanted and also be substantial enough to withstand surgical handling throughout 

implantation (Hutmacher 2000). However, there has been some issues with many scaffolds 

which have been found to possess the ideal mechanical properties; these scaffolds would function 

perfectly in vitro but fail when implanted in vivo. This is generally due to an imbalance in the 

porosity as well as insufficient capacity for vascularization. There is thus a need to create a 

scaffold that allows for a balance between mechanical strength and porous architecture so as to 

enable cell infiltration and vascularization (O'Brien 2011). 

The fourth factor which is of outmost importance in tissue engineering is the scaffold 

architecture. The tissue engineered scaffold needs to have a high porosity and interconnected 

pore structure enabling the cells to penetrate and allow for the dispersal of nutrients to cells 
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within the construct and to the ECM (extra-cellular matrix) fabricated by the cells. A porous 

interconnected structure is important because it enables the disposal of waste products out of the 

scaffolds and the discharge of these products from the body should be completed in such a way 

that they do not interfere with neither the tissues nor the surrounding organs (Ko 2006 and Phelps 

et al. 2009).  

The mean pore size is also an important aspect of the scaffold structure because porous structures 

enables interaction of the scaffolds with cells. The pore size is also used to evaluate the cell 

seeding efficiency of cells into the scaffolds (O’Brien et al. 2005). When the pore size is very 

small, cells are unable to penetrate the scaffold whereas if the pore size is very large the cells are 

prevented from attaching to the scaffolds (Freyman et al. 2001). The initial contact of cells to 

the scaffold is through ligands (chemical groups) on the surface of the material. Scaffolds 

fabricated from natural extracellular materials inherently contain ligands while those fabricated 

from synthetic material may require the addition of ligands, for example, via protein adsorption 

(Yannas et al. 1989 and O’Brien et al. 2005).  

Lastly, in the manufacturing technology, it is essential for a scaffold or tissue engineered 

construct to be clinically and commercially feasible; it should also be affordable and allow for  

upscaling from a research lab to a small batch production (Partap et al. 2010). According to 

Hollister (2009), one of the most critically important aspects in tissue engineering is the 

development of scalable manufacturing processes to good manufacturing practice (GMP) 

standards. This is essential in certifying the translation of tissue engineering strategies to the 

clinical level. Of all the factors listed above, the final criterion which is of utmost importance in 

tissue engineering and forms part of all the other factors is the choice of  the biomaterial which 

will be used for the fabrication of the designed scaffold (O'Brien 2011). 

2.9. Biomaterials as tissue engineering scaffolds 

The European Society for Biomaterials Consensus Conference II defines biomaterials as 

materials that interface with the biological system with the intention to treat, augment or replace 

any tissue, organ or function of the body (Leali et al. 2009). In tissue engineering, there are four 

individual groups of biomaterials used as scaffolds for cell culture, namely, bioceramics, 

synthetic polymers, natural polymers and composites. Bioceramics describe ceramic materials 

used in biomedical applications. Scaffolds such as hydroxyapatite (HA) and tri-calcium 

phosphate (TCP) are predominantly used for bone regeneration applications.  
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This is due to their high mechanical stiffness (Young’s modulus), very low elasticity, and a hard-

brittle surface (Hench 1998; Ambrosio et al. 2001).  

Ceramic scaffolds also have widespread applications in dental and orthopaedic surgery to fill 

bone defects and to coat metallic implant surfaces which allows for better implant integration 

with the host bone. The disadvantages associated with ceramic scaffolds include brittleness, 

difficulty of shaping for implantation and their low mechanical resistance (Wang 2003 and 

Gervaso et al. 2013) as well as the difficulty to control their degradation rate (Van Landuyt et 

al. 1995 and Tancred et al. 1998).  

Natural polymers are still the most popular material for the fabrication of scaffolds due to their 

biocompatibility, biodegradability as well as their similarity to the natural ECM (Garg et al. 

2012). Natural polymers can be derived from animal sources, namely, collagen, gelatine, silk 

and chitosan or from vegetables, namely, cellulose, alginate, agarose and corn starch (Ko et al. 

2010 and Khan et al. 2012). When compared to synthetic polymer-based scaffolds, natural 

polymers have the ability to stimulate cell adhesion and growth. The disadvantages associated 

with natural polymer-based scaffolds are that they present source variability, immunogenicity, 

uncontrollable pore size, and poor mechanical strength (Yannas et al. 1989 and Friess et al. 

2006). 

Synthetic polymers have also been widely used for the fabrication of scaffolds due to their good 

mechanical strength, reproducible/controllable mechanical-chemical properties and controllable 

biodegradation rates (Ajiro et al. 2012 and Poncin-Epaillard et al. 2013). Compared to natural 

polymers, synthetic polymers have longer shelf lives, are cost-effective, can be tailored to obtain 

the desired shape, can quickly be mass produced under controlled conditions, have better cell 

differentiation properties and better pore characteristics (Gunatillake et al. 2006). There are a 

number of synthetic polymers which have been used in the fabrication of tissue engineering 

scaffolds. This includes polystyrene (PS), poly-l-lactic acid (PLLA), polyglycolic acid (PGA), 

poly(DL-lactic acid-co-glycolic acid) (PLGA), polylactic acid (PLA), polyvinyl alcohol (PVA), 

polyvinyl chloride (PVC), polycaprolactone (PCL), nylon, gelatine, polyurethrine, 

hydroxyapatite (HA), β-tricalcium phosphate (TCP), HA nanoparticles, glass ceramics among 

many others (Lu et al. 2000; Cascone et al. 2001; Oh et al. 2003; Rowlands et al. 2007 and 

Nigam et al. 2014). The disadvantages of synthetic polymers include the risk of rejection by the 

host due to reduced bioactivity and since most are hydrophobic they show poor wetting 

properties and thus require chemical modifications to improve cell distribution and adhesion 



16 

 

(Cascone et al. 2001; Ajiro et al. 2012 and Poncin-Epaillard et al. 2013). Synthetic polymers 

also result in systemic or local reactions due to acidic degradation products (Ajiro et al. 2012 

and Poncin-Epaillard et al. 2013). In addition, PLLA and PGA can be degraded by hydrolysis, 

producing carbon dioxide and  thus lowering the local pH which can lead to cell and tissue 

necrosis (Liu et al. 2006).  

Single-phase biomaterial groups each contain their fair share of both advantages and 

disadvantages and this has led to an increase in the combination of different materials to obtain 

a composite. The desired outcome of creating composite materials is to increase the performance 

of the single-phase materials that compose it with the aim of modifying the biological capacity 

of the scaffold (Ciardelli et al. 2005 and Gervaso et al. 2013). Examples of some composites 

include the combination of ceramics into polymer-based scaffolds (Friess et al. 2006; Kim et al. 

2006; Huang et al. 2008b and Damadzadeh et al. 2010), and the combination of synthetic 

polymers with natural polymers (Friess et al. 2006 and Wu et al. 2007). The advantage of a 

composite polymer is that it can provide tailored mechanical properties and degradation rates 

while the disadvantage is that the scaffold fabrication techniques can be quite complicated 

(Gervaso et al. 2013). Polycaprolactone is the only polymer used in this study to fabricate 

scaffolds since it can be easily processed and manipulated into a wide range of shapes and sizes 

(Mondal et al. 2016). 

2.10. Polycaprolactone (PCL) 

Polycaprolactone (PCL) is a semi-crystalline polyester which has been used extensively for 

tissue engineering applications due to its great solubility, melting temperature of 55 – 60°C, glass 

transition temperature of −54°C (Sant et al. 2011 and Guiro et al. 2015), low tensile strength 

(~23 MPa), but very high elongation at breakage (4700%) which makes PCL a very good elastic 

biomaterial (Gunatillake et al. 2006). Compared to other synthetic materials, PCL also has a high 

processability which enables the fabrication of scaffolds that are composed of adhered 

microspheres (Garkhal et al. 2007 and Danhier et al. 2009), electrospun fibers (Li et al. 2006; 

Luciani et al. 2008 and Chung et al. 2010), or porous networks created by porogen leaching 

(Guarino et al. 2008; Pankajakshan et al. 2008 and Chen et al. 2011). PCL also has a very low in 

vivo degradation rate and high drug permeability which makes it ideal for use as a long-term 

implant delivery device. One example of a commercial PCL product is Capronor® which is a 

contraceptive that functions for over a year to deliver levonorgestrel in vivo (Saad et al. 2001). 

Like the other synthetic polymers, PCL also has  a number of disadvantages such as its poor cell 

behaviour due to its hydrophobic nature (Sant et al. 2011).  
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The degradation rate for pure PCL products (2-3 years) has been a major issue with the food and 

drug administration (FDA),  leading to many of its products being rejected for commercialization 

e.g. micro- and nano-sized drug delivery vehicles (Ulery et al. 2011). This has led to the current 

research of blending or copolymerizing PCL with other polymers such as PLLA (Lu et al. 2008; 

Ito et al. 2010 and Lee et al. 2010), Poly-d,l-lactic acid (PDLLA) (Rieger et al. 2009 and Richter 

et al. 2010), PLGA (Singh et al. 2006; Mundargi et al. 2007 and Singh et al. 2008) and polyethers 

(Huang et al. 2008a; Hassan et al. 2009 and Huang et al. 2009) to accelerate overall polymer 

abrasion. The current research on tissue engineering involves the incorporation of medicinal 

plant extracts into the PCL material during scaffold fabrication as shown by Chellamani et al. 

(2014); Sridhar et al. (2014); Pajoumshariati et al. (2016) and Ravanan et al. (2016).  

2.11. Fabrication of tissue engineering scaffolds 

The development of tissue engineering scaffolds has raised a new field of research for the 

potential replacement of auto- and allo-grafts for use as medical implants. The scaffold 

fabrication process can incorporate bioactive molecules such as therapeutic drugs and growth 

factors to enhance the biomaterial (Vasita et al. 2006). Tissue engineered scaffolds are required 

to mimic both the structure and biological function of native ECM with regards to the chemical 

composition and physical structure (Ma et al. 2005). Several studies have indicated that tissue 

engineered scaffolds, especially nanofibrous scaffolds, result in improved biological responses 

in terms of cellular infiltration and in vivo integration when compared to normal scaffolds which 

contain only the polymer material (Woo et al. 2003; Lee et al. 2004b and Woo et al. 2007). The 

topography of tissue engineered scaffolds has been reported to dictate cellular attachment, 

migration, proliferation, and differentiation which are crucial steps to be considered in tissue 

engineering (Cao et al. 2009; Holzwarth et al. 2011 and James et al. 2011).  

Different techniques can be used to fabricate scaffolds (Fig. 3). These include electrospinning, 

freeze drying (thermal induced phase separation), molecular self-assembly, and phase separation 

induced by a non-solvent (Dhandayuthapani et al. 2011; Jithendra et al. 2013; Mary et al. 2015 

and Suganya et al. 2014a). For this study, only the electrospinning technique will be used for the 

fabrication of T. violacea incorporated scaffolds.  
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Figure 3: Different scaffold fabrication methods (Nigam et al. 2014).  

2.12. Electrospinning Technique 

The electrospinning technique first gained popularity in the early 1900s and has since been used 

for the production of nanoscale fibres for tissue engineering and other applications (Reneker et 

al. 1996; Zheng et al. 2001 and Ko 2006). Compared to other techniques, electrospinning is 

relatively simple, inexpensive, and reliable (Li et al. 2004 and Bottino et al. 2012). The process 

of electrospinning involves a combination of polymer science, applied physics, fluid mechanics, 

electrical, mechanical, chemical and material engineering and rheology (Gu et al. 2005). The 

basic principle of an electrospinning process consists of applying a voltage (1-30 Kv) for 

charging the polymer solution loaded into a syringe (Fig. 4). The applied voltage charges the 

polymer solution thus causing the induced charges to be evenly distributed throughout the chosen 

surface on the electrospinning apparatus. This causes the polymer solution to experience 

electrostatic repulsion forces due to surface charges and Coloumbic forces from the external 

electric field (Li et al. 2004). According to Li et al. (2004), the combination of the electrostatic 

repulsion forces with the Coloumbic force should result in surface tension of the solution, leading 

to an eruption of streams from the deformed droplets known as Taylor cones at the end of the 

nozzle. The streams will only be elongated if there is polymer cohesion thus resulting in the 

formation of fibers on the electrospinning surface (Laudenslager et al. 2012).  
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Figure 4: Schematic diagram of Electrospinning (www.anxinpiao.com 2019). 

However, insufficient polymer cohesion or chain entanglement results in electro-spraying or 

droplet formation. As the stream travels towards the collector, jet elongation occurs which 

enables the stream to undergo a stretching and whipping process, thus drawing the fibre into an 

ultrafine and long filament (Bae et al. 2013 and Haider et al. 2013). This results in the 

simultaneous evaporation of the solvent used, deposition of the fibres to the electrospinning 

surface and the formation of a non-woven, randomly aligned fibrous mat (Meng et al. 2009). 

The collected fibres primarily depend on the parameters used during the electrospinning process. 

There are three parameter categories, namely, polymer parameters, polymer-solution parameters, 

and parameters of the apparatus (Haider et al. 2018). The use of either a synthetic or a natural 

polymer as well as their physical properties greatly affects the resultant nanofibers. Physical 

properties to be considered include the molecular weight, molecular weight distribution and the 

branching of the polymer (Beachley et al. 2010). The solution properties to be considered include 

viscosity, polymer concentration, conductivity, and surface tension. Lastly, the parameters of the 

electrospinning apparatus that influence fibre formation include flow rate, voltage, distance from 

the syringe needle tip to the collector, type of collector and whether it is static or dynamic, the 

type of needle used, and the ambient conditions during electrospinning (Srinivasan et al. 1995; 

Reneker et al. 1996; Reneker et al. 2000 and Spivak et al. 2000). 

Electrospun nanofibers are excellent for three-dimensional (3D) cell cultures and tissue 

engineering applications due to the fact that they morphologically mimic fibrous components of 
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the native ECM (Kumbar et al. 2008; Li et al. 2009; Alamein et al. 2012 and Zhao et al. 2015). 

There are a number of advantages associated with electrospun nanofibers, among which are their 

extremely high surface-to-volume ratio, tunable porosity, malleability to conform over a wide 

variety of sizes and shapes, and thus allowing the scaffold composition to be controlled so as to 

obtain the desired properties and functionality (Liang et al. 2007). For these reasons, there has 

been an increase in the fabrication and investigation of electrospun nanofibrous scaffolds for 

applications in regenerative medicine and tissue engineering (Dhandayuthapani et al. 2011). 

There are currently no reported studies that have investigated the application of electrospun T. 

violacea incorporated PCL nanofibrous scaffolds on cell platelet adhesion and activation as well 

as proliferation and differentiation. 

2.13. Adipose - derived stem cells (ADSCs) in tissue engineering 

As far back as the 20th century, cells have been used for tissue repair (Nerem 2010). In particular, 

the use of stem cells including ADSCs in regenerative medicine therapies has swiftly increased 

over the last decade as they have the potential to differentiate into progenitors and a variety of 

different cell lineages with the ability of self-renewal throughout the life of the organism 

(Schwindt et al. 2005 and Bertolini et al. 2012). These factors have led to the classification of 

stem cells into totipotent, pluripotent, multipotent, oligopotent, or omnipotent (Spangrude et al. 

1988; Schwindt et al. 2005 and Oliveira et al. 2006). Over the years, different stem cell lineages 

including bone marrow derived cells (BMDC) (Abdel-Latif et al. 2007), bone marrow derived 

mesenchymal stem cells (MSC) (Chen et al. 2004), adipose derived stem cell (ADSC) (Perin et 

al. 2014), hematopoietic stem cells (HSC) (Murry et al. 2005), and cardiac stem cells (CSC) 

(Garbern et al. 2013) have been researched and reported to possess therapeutic potential for 

cardiovascular diseases. For years, adult bone marrow derived mesenchymal stem cells (MSC) 

have been considered the ideal cell type for cell-based therapies. However, the aspiration 

procedure of bone marrow MSCs is highly invasive and there is a higher potential of decline in 

their proliferation and differentiation as well as low cell numbers upon harvest, making them 

suboptimal for clinical use (Koobatian et al. 2015).  

The introduction of adipose tissue-derived stem cells (ADSCs) at the beginning of the 21st 

century (Zuk et al. 2001 and Zuk et al. 2002) has been a breakthrough as they have been used as 

an alternative source of MSCs. Adipose tissues are made up of mature adipocytes and a 

mononuclear cell fraction known as stromal vascular fraction (SVF). The SVF is composed of a 

variety of cells, among which are endothelial cells (ECs), vascular smooth muscle cells 

(VSMCs), blood cells, and mesenchymal stem cells (MSCs) that are exactly like ADSCs. 
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Adipose tissue-derived stem cells are morphologically and phenotypically similar to MSCs. 

Adipose tissues are extracted from the mesenchyme with a supportive stroma. They are simple 

to isolate and according to the Internal Fat Applied Technology Society (IFATS) have the ability 

to differentiate like MSCs and display the expression of the specific stem cell markers in vivo 

(Zuk et al. 2002 and Woo et al. 2016).  

Adipose tissues have been reported to differentiate into adipocytes (Rodriguez et al. 2005), 

osteoblasts (Rodriguez et al. 2005 and Shoji et al. 2010), chondrocytes (Huang et al. 2002 and 

Lin et al. 2005), pancreatic β-cells (Timper et al. 2006), hepatocytes (Aurich et al. 2009), neural 

cells (Jang et al. 2010 and Liqing et al. 2011), myocytes (Rodriguez et al. 2005), cardiovascular 

lineage cells such as cardiomyocytes (CMs) (Planat-Benard et al. 2004), endothelial cells 

(Fischer et al. 2009 and Shoji et al. 2010), and vascular smooth muscle cells (VSMCs) (Harris 

et al. 2011). Adipose tissue can also express some MSC markers such as CD44, CD73, CD90, 

and CD105, and are negativity for CD14 (monocytes), CD34 (Hematopoietic stem cells), CD45 

(white blood cells), HLA-DR (mature cells), non-MSC markers including hematopoietic cell 

markers, pericyte markers, and muscle cell markers (Basu et al. 2011 and Tallone et al. 2011). 

Adipose tissues are more advantageous when compared to other sources of MSCs due to their 

abundance, availability and accessibility (Zuk et al. 2001). The increasing level of obesity has 

also made it easier to isolate large quantities of the tissue using a minor procedure such as 

liposuction while elevating the number of progenitor cells per volume compared to bone marrow 

(Gimble et al. 2007).  

Several studies have used ADSCs as therapeutic tools for cardiovascular diseases in animal 

models by implanting them into the heart and this has in most cases shown efficacy in recovering 

cardiac function (Strem et al. 2005; Yamada et al. 2006; Valina et al. 2007 and Kim et al. 2012). 

According to Colazzo et al. (2010) and Frese et al. (2015), ADSCs have the ability to reproduce 

the major tissue structures that are essential for the heart valve to function properly as they 

produce matrix components like collagen and elastin, while also secreting matrix enhancing or 

degrading products. ADSCs also have the capability to differentiate into cells with phenotypic 

and functional features of endothelial cells (Colazzo et al. 2010 and Frese et al. 2015). For this 

study, ADSCs will be evaluated for their proliferation, morphology, adhesion and differentiation 

on the designed T. violacea incorporated PCL nanofibers. 
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CHAPTER 3 

3. Phytochemical screening, GC-MS analysis, antioxidant and antimicrobial analysis of 

Tulbaghia violacea aqueous leaf extracts 

3.1. ABSTRACT 

Medicinal plants contain secondary metabolites that are responsible for their ability to be used 

for disease prevention. The leaves of T. violacea have been reported to contain phytoconstituents 

that are useful for therapeutic purposes. This study provided a qualitative and quantitative 

analysis of the aqueous extracts of T. violacea. Preliminary phytochemical investigation of the 

aqueous extract of the leaves of T. violacea revealed the presence of cardiac glycosides, 

flavonoids, saponins, carbohydrates, terpenoids, amino acids, phenols, tannins and protein 

whereas alkaloids were absent. The total phenolic content (TPC), total tannin content (TTC) and 

total flavonoid content (TFC) were determined by colorimetry using three extract concentrations 

of 0.1, 1.0 and 10 mg/ml. The results showed that at the lowest concentration of 0.1 mg/ml, the 

aqueous extracts contain a total phenolics of 0.0646 ± 0.010 (mg Gallic acid equivalents / g dry 

matter) which is higher compared to the total tannin content of 0.0010 ± 9.33 e-05 (mg Gallic 

acid equivalents / g dry matter) and total flavonoid content of 0.030825 ± 0.0021 (mg Quercetin 

equivalents / g dry matter). This observation was similar for all tested concentrations were total 

phenols were higher compared to total tannins and flavonoids. A wide range of compounds were 

identified using Gas chromatography–mass spectrometry (GC-MS) which included 2,4 – 

Dithiapentate - 2,2-dioxide, Cannabidiol, 2,4,5,7 -Tetrathiaoctane, 2,4,5,7 -Tetrathiaoctane 2-

dioxide amongst others. The extracts showed strong antioxidant activity against DPPH and 

ABTS radicals at the concentration ranges studied as well as strong antibacterial activity against 

Bacillus subtilis, Staphylococcus marcescens, S. aureus and S. epidermidis using disc diffusion 

and MIC assays. The results from this study support the use of T. violacea plant extracts for the 

development of antioxidant as well as antimicrobial agents to combat infectious diseases and 

oxidative damage. The study also supports some of the biological activities previously reported 

in T. violacea. 

 

Key words: Phytoconstituents, antioxidant, antimicrobial, Gas chromatography–mass 

spectrometry. 
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3.2. INTRODUCTION 

Phytochemicals are non-nutritive secondary metabolites which are responsible for the protective 

and disease preventative properties of plants (Kumar et al. 2009). Although plants produce these 

chemicals as a defence mechanism, research has illustrated that many of these phytochemicals 

can protect humans and animals against diseases (Mallikharjuna et al. 2007). According to 

Vijyalakshmi et al. (2012), medicinal plants are not only potential therapeutic agents but also an 

enormous source of information for a wide variety of chemical constituents which could be used 

for the development of drugs with precise selectivity. The most important bioactive constituents 

of plants have been identified as alkaloids, tannins, flavonoids and phenolic compounds (Doss 

et al. 2009). Pandey et al. (2013) reported that the relationship between the phytoconstituents 

and the bioactivity of plants is of great importance. This will lead to better understanding of how 

compounds with specific activities that are able to treat various health ailments and chronic 

diseases can be synthesized. Plant based therapeutic drugs have also been reported to be more 

effective with little or no side effects in comparison to synthetic chemotherapeutic agents 

(Harborne 1973). Tulbaghia violacea is a plant that has shown potential as a source of 

chemotherapeutic compounds. Phytochemical studies have revealed that the plant is rich in 

phenolic compounds, flavonoids and other water-soluble polyphenolic compounds (Madike et 

al. 2017 and Takaidza et al. 2018). There is currently very little information on the chemical 

constituents present in T. violacea. The objectives of this study were (i) to conduct a qualitative 

and quantitative phytochemical screening of compounds in T. violacea aqueous leaf extracts (ii) 

to screen for the chemical constituents in the plant using gas chromatography-mass spectrometry 

(GC-MS), and (iii) to conduct antioxidant and antimicrobial assays of the extracts. 

3.3. MATERIALS AND METHODS 

3.3.1. Collection of plant material 

Tulbaghia violacea was collected from Vanderbijlpark, South Africa and grown inside a 

greenhouse at the Vaal University of Technology. Identification of this plant was done with the 

assistance of Professor Stefan Siebert, a botanist at AP Goosen Herbarium, North-West 

University where a unique voucher specimen numbered ST0008 was deposited.  

3.3.2. Preparation of extracts  

The leaves of T. violacea were gently washed with tap water to remove the dust and cut into 

small pieces, frozen at -20ºC, lyophilized and eventually pulverized into a fine powder. The 

crude water extracts from the leaves were then prepared by mixing 30 g of the pulverized plant 
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material with 600 ml of distilled water. The mixture was then boiled for 10 minutes and allowed 

to cool down. Thereafter, the mixture was filtered through a 0.45 µm Whatman® filter paper. 

The resultant filtrate was then frozen and lyophilized to form a powder and then stored at -20ºC 

in opaque vessels until use. 

3.3.3. Qualitative and quantitative Phytochemical screening 

3.3.3.1. Qualitative Phytochemical Analysis 

A 50 mg/ml aqueous leaf extract was prepared from the powdered plant extract and assessed for 

the presence/absence of the following constituents: saponins, alkaloids, proteins, carbohydrates, 

amino acids, flavonoids, phenols,  tannins, cardiac glycosides and terpenoids  using standard 

methods  (Harborne 1973; Harborne 1988; Evans 2002 and Godghate et al. 2012).  

Saponins  

About 3 ml of the plant extract was added to 3 ml of distilled water and shaken vigorously. The 

formation of a stable persistent froth was taken as a positive test for saponins. 

Alkaloids  

Approximately 3 ml of the extract was added to 3 ml of 1% HCl (hydrochloric acid) and heated 

for 20 min. The mixture was then cooled and used to perform the following tests:  

1. Mayer’s test: To the filtrate in test tube I, 1 ml of Mayer’s reagent was added drop by drop. 

The formation of a greenish coloured or cream precipitate indicated the presence of alkaloids.  

2. Dragendoff’s test: To the filtrate in test tube II, 1 ml of Dragendoff’s reagent was added drop 

by drop. The formation of a reddish-brown precipitate indicated the presence of alkaloids.  

3. Wagner’s test: To the filtrate in test tube III, 1 ml of Wagner’s reagent was added drop by 

drop. The formation of a reddish-brown precipitate indicated the presence of alkaloids.  

Protein  

Xanthoproteic test: A few drops of nitric acid were added to 2 ml of plant extract and a colour 

change to yellow indicated a positive test for protein. 

Carbohydrates  

Fehling test: Two millilitres (2 ml) of the plant extract was hydrolysed with dilute HCl, 

neutralized with alkali, and then heated with Fehling’s solution A and B. The formation of a red 

precipitate indicated for the presence of a reducing sugar. 
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Amino acids 

Ninhydrin test: To the 2 ml extract, 2 ml on ninhydrin reagent was added and boiled for a few 

minutes and the formation of a blue colour indicated the presence of amino acid. 

Flavonoid 

1. Alkaline reagent test: About 2 ml of the plant extract was treated with 10% NaOH (sodium 

chloride) solution and formation of an intense yellow colour indicated the presence of flavonoid.  

2. NH4OH test: Three millilitres (3 ml) of the extract was added to 10% NH4OH (ammonia) 

solution and the development of a yellow fluorescence indicated a positive test for flavonoids.  

Phenol 

Ferric Chloride test: The test extract (2 ml) was treated with 4 drops of alcoholic 10% FeCl3 

(ferric chloride) solution. The formation of bluish black colour indicated the presence of phenol. 

Tannins  

Two millilitres (2ml) of the extract was boiled with 5 ml of 45% ethanol (prepared in distilled 

water) for 5 minutes. The mixture was cooled and filtered. The filtrate was used for the following 

tests: 

1. Ferric Chloride Test: One millilitre (1 ml) of filtrate was diluted with 1 ml of distilled water 

and two drops of FeCl3 were added. A transient greenish to black colour was an indication of the 

presence of tannins. 

2. Lead Sub Acetate Test: One millilitre (1 ml) of the filtrate was added to three drops of 10% 

lead sub-acetate solution. A creamy gelatinous precipitation indicated a positive test for tannins.  

Glycosides 

1. Keller-Kiliani Test: Two millilitres (2 ml) of the plant extract was dissolved in 1 ml of glacial 

acetic acid containing one drop of 5% FeCl3. The mixture was then under-layered with 1 ml of 

concentrated H2SO4 (sulphuric acid). The appearance of a reddish-brown colour at the interface 

of the two liquid layers with the lower acidic layer turning bluish green indicated the presence 

of cardiac glycosides. 

2. Salkowski’s Test. Two millilitres (2 ml) of concentrated H2SO4 was added to 2 ml of the plant 

extract. The formation of a reddish-brown colour was an indication of the presence of steroidal 

aglycone part of the glycoside. 
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Terpenoids  

Approximately 2 ml of chloroform and 3 ml of H2SO4 were added to 5 ml of the plant extract. A 

reddish-brown coloration was taken as a positive test for terpenoids. 

3.3.3.2. Quantitative Phytochemical screening 

Quantitative phytochemical analysis was conducted for total phenols, total tannins and total 

flavonoids content (Chang et al. 2001; McDonald et al. 2001 and Mohammed et al. 2015). For 

the quantification, three concentrations of 0.1, 1.0 and 10 mg/ml were prepared and used for the 

subsequent assays. 

3.3.3.2.1. Determination of Total Phenolic Content (TPC) 

The total phenolic acid content of the aqueous extracts was determined using the Folin-Ciocalteu 

reagent  as described by McDonald et al. (2001). Aliquots of 0.5 ml of the dilute water extracts 

(0.1, 1.0 and 10 mg/ml) and gallic acid of standard 1 mg/ml were mixed with 5 ml of Folin–

Ciocalteu reagent (1∶10 diluted with distilled water) and 4 ml of aqueous 7.5% sodium carbonate 

(Na2CO3). The mixture was allowed to stand for 15 min and total phenolic acid content was 

determined spectrophotometrically at 760 nm using a Genesys 10S UV-Vis spectrophotometer. 

A standard curve was prepared using 0, 50, 100, 150, 200, and 250 µg/ml solutions of gallic acid 

in methanol. The total phenolic acid contents are expressed in milligrams of gallic acid 

equivalents per gram of dry material. 

3.3.3.2.2. Determination of Total Tannins Content (TTC) 

The tannin content in the leaf extracts of T. violacea was determined using Folin-Ciocalteu 

method as described by Mohammed et al. (2015). Aliquot extracts of 100 μl (0.1, 1.0 and 10 

mg/ml) were added to 750 μl of distilled water, 500 μl of Folin-Ciocateu reagent and 1 ml of 

35% sodium carbonate (Na2CO3). The mixture was shaken vigorously after diluting to 10 ml of 

distilled water. The mixture was incubated for 30 min at room temperature and the absorbance 

was read at 725 nm. Distilled water was used as blank. Gallic acid standard solutions were 

prepared as described above for TPC. The total tannins content was expressed as GAE/ g dry 

matter as calculated from the prepared standard curve with 0 - 100 mg/ GA (Tamilselvi et al. 

2012). 

3.3.3.2.3. Determination of Total Flavonoid Content (TFC) 

The total flavonoid content of the leaf extracts was determined using a colorimetric assay 

described by Chang et al. (2001). Aqueous extracts (0.5 m1) of 0.1, 1.0 and 10 mg/ml were 

mixed with 0.5 m1 of aluminium chloride (1.2% w/v) and 0.5 m1 potassium acetate (120 mM). 
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The mixture was allowed to stand for 30 min at room temperature and then the absorbance was 

measured at 415 nm. Quercetin was used as a standard (0.5 g/L). The flavonoid content was 

expressed in milligrams of quercetin equivalents per gram of dry material (mg QE/g) (Kallel et 

al. 2014). 

3.3.4. Gas chromatography–mass spectrometry (GC-MS) 

Analysis by GC–MS was carried out with the assistance of Dr Karolien Denef from Colorado 

State University, Colorado USA using a Thermo GC TSQ-8000 Central Instrument Facility. The 

powdered aqueous plant extract prepared in section 3.3.2 was dissolved and concentrated in 

MeOH. The sample was analysed on an Elite-5MS (30 m x 0.25 mm id x 0.25 μm) column. The 

oven temperature was programmed at 37°C to 320°C at a rate of 18 - 25°C/min and held for 0.5 

and 1.85 min at 18°C and 320°C, respectively. The injector temperature was 250°C and MS Ion 

Source temperature was 280°C with full scan and solvent delay of 0 - 2.30 min. MS scan range 

was m/z 35 - 500 in 0.10 s. One microliter of the samples was injected in Helium carrier gas at 

a split flow rate of 20 ml/min. 

3.3.5. Antioxidant Activity 

3.3.5.1. DPPH free radical scavenging assay  

The method given by Blois (1958) was followed to determine the hydrogen donating capacity of 

different concentrations of T. violacea water extracts using 2, 2’-diphenyl-1-picrylhydrazyl 

radical as a substrate. Tulbaghia violacea water extracts (1 ml) with concentration ranging from 

0.01 to 10 mg/ml, were mixed with 1 ml of a 0.12 mM DPPH solution. After shaking, the mixture 

was incubated at ambient temperature in the dark for 30 min, and then the absorbance was 

measured at 517 nm using a UV-160U spectrometer (PG instruments, Leicestershire, UK). 

Distilled water was used as a negative control and L-ascorbic acid was used as a positive control. 

All assays were done in triplicates. The radical scavenging activity was determined as the 

percentage of inhibition using equation 1 below:  

% Scavenging activity = (Acontrol − Atest) /Acontrol 100                                                              (1) 

where Acontrol is the absorbance of the control (DPPH solution without any sample) and Atest is 

the absorbance of the test sample (DPPH solution plus the sample). The inhibitory concentration 

(IC50) value is the concentration of the sample that is required to scavenge 50% of the DPPH 

free radicals. 
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3.3.5.2. 2, 2-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid (ABTS) assay 

The aqueous plant extracts were prepared in distilled water with concentrations ranging from 

0.01 mg/ml to 10 mg/ml. L-Ascorbic acid was used as a positive control and distilled water was 

used as a negative control. A 7-mM stock solution (192 mg in 50 ml distilled water) of ABTS 

was prepared in double-distilled water. The ABTS radical cation was then prepared by adding 

88 μl of 140 mM potassium persulfate to 5 ml of ABTS. This solution was stored in the dark for 

12-16 h to stabilize it before use. Shortly before conducting the assay, the concentrated ABTS+ 

solution was placed in a cuvette and diluted with cold ethanol to a final absorbance of 0.70 ± 

0.02 at 734 nm. The total scavenging capacities of the extracts were quantified by addition of 1 

ml of ABTS+ to 50 μl of each plant extract. The solutions were heated on a heating block at 37℃ 

for 4 min, after which the absorbance was recorded at 734 nm using a spectrophotometer. All 

assays were performed in triplicates and the percentage of inhibition was calculated in the same 

manner as in section 3.3.5.1. using equation 1 (Re et al. 1999). 

3.3.6. Antimicrobial assay 

3.3.6.1. Preparation of plant extracts 

Stock solutions of the lyophilized crude water extract at concentrations of 10 and 100 mg/ml 

were prepared using distilled water and stored at -20ºC in opaque vessels for subsequent assays. 

3.3.6.2. Microorganisms  

The bacterial species used in this study included the Gram positive Bacillus subtilis, 

Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus pneumoniae and Gram 

negative Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Serratia 

marcescen. 

3.3.6.3. Disc diffusion 

The antibacterial properties of crude water extracts from the leaves of T. violacea was evaluated 

using the agar disk diffusion method as described by Van Vuuren et al. (2006). The bacteria 

were grown in 20 ml nutrient broth (Merck catalogue number 1.05443.0500) at 37°C overnight. 

The cultures were then diluted to the McFarland No.5 standard (1.0 × 108 CFU/ml). Standard 

petri dishes containing nutrient agar were then inoculated with the bacterial suspension (1.0 × 

108 CFU/ml). Sterile paper disks of 6 mm diameter were placed on the inoculated plates and 10 

μl of the 10 and 100 mg/ml of the T. violacea crude water extracts was added to the paper disks. 

The plates were then incubated at 37°C for 24 h and the zone of inhibition was measured. Tests 
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were performed in triplicate and the standard error of the mean values reported. Neomycin and 

distilled water were used as the positive and negative controls, respectively. 

3.3.6.4. Minimum inhibitory concentration/ Minimum bactericidal concentration 

(MIC/MBC) 

The minimum inhibitory concentration (MIC) of crude water extracts from the leaves of T. 

violacea was determined by the method of Eloff (1998). Nutrient broth (50 μl) was added to all 

wells of a 96-well microtitre plate. Exactly 50 μl of the prepared 100 mg/ml aqueous extract was 

added to the wells in row A and then serially diluted down the rows from row A to H and the 

remaining 50 μl was discarded. Approximately 50 μl of the bacterial culture of McFarland 

standard was added to all the wells and the plates were incubated at 37°C for 24 h.  p-

Iodonitrotetrazolium violet (INT) solution (20 μl of 0.2 mg/ml) was then added to each well and 

incubated at 37°C for 30 min. The MIC is the lowest concentration at which no visible microbial 

growth is observed. The minimum bactericidal concentration (MBC) is the lowest concentration 

of the sample at which inoculated bacteria are completely killed. The MIC was confirmed by re-

inoculating 10 μl of each culture medium from the microtitre plates which were used for MIC 

on nutrient agar plates and incubated at 37°C for a further 24 h. Bacteria treated with neomycin 

was used as positive controls and those treated with distilled water as negative controls. 

3.4. RESULTS AND DISCUSSION 

3.4.1. Qualitative phytochemical screening 

Preliminary phytochemical analysis is essential for evaluating chemical constituents present in 

plant material, they also detect the source of these pharmacologically active chemical compounds 

as well as the plant’s medicinal properties (Seow et al. 2013). Many important phytochemicals 

including saponins, proteins, carbohydrates, amino acids, flavonoids, phenols, tannins, cardiac 

glycosides and terpenoids were present whereas alkaloids were absent (Table 1).  The extraction 

yield was used as an indicator of the extraction conditions (Dhanani et al. 2013). There was a 

high extraction yield of 72.70% obtained from the water extracts of the leaves after freeze drying. 

The high extraction yield is possibly due to the high polarity of water. This was higher that what 

was obtained by Madike et al. (2017) for the water extracts of T. violacea. The difference may 

be attributed to seasonal as well as possible extraction temperature variations (Dhanani et al. 

2013 and Terblanche et al. 2017). The presence of saponins means that the plant may possess 

antidiabetic, antioxidant, anticancer and anti-inflammatory properties (Rathore et al. 2012). This 

is the first study that has identified the presence of carbohydrates and amino acids in T. violacea 

leaf extracts. Carbohydrates were absent in the study of Madike et al. (2017) wherein they used 
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macerated powdered plant extracts, whereas this study used freeze dried plant extracts. Amino 

acids are essential since they function as the as the building blocks of proteins and act as the 

mediator in metabolism (Burkovski and Krämer 2002). Flavonoids are potent water-soluble 

antioxidants and free radical scavengers which can prevent oxidative cell damage and exhibit 

anti-cancer effect (Doss et al. 2009). The presence of phenolic compounds in the plants indicates 

that it may possess anti-microbial properties. A similar observation was reported by Madike et 

al. (2017) and Takaidza et al. (2018).  According to Aguinaldo et al. (2005), tannins may be 

associated with  cytotoxic and antineoplastic agents. The presence of cardiac glycosides supports 

the potential use of the plant for the treatment of cardiovascular diseases. Terpenoids are the 

most abundant naturally occurring compounds and have been applied in the treatment of various 

ailments including cancer (Kappers et al. 2005) and cardiovascular diseases (Silva et al. 2019). 

Table 1: Results of preliminary phytochemical screening obtained from the water extract (50 

mg/ml) of the leaves of T. violacea. 

Phytochemical compounds Results 

Saponins + 

Alkaloids  

 Mayer’s reagent − 

 Dragendorff’s reagent − 

 Wagner’s reagent − 

Proteins + 

Carbohydrates + 

Amino acids + 

Flavonoids  

 Alkaline reagent test + 

 NH4OH test + 

Phenols + 

Tannins  

 Ferric Chloride test + 

 Lead Sub Acetate test + 

Cardiac glycosides  

 Keller-Kiliani test + 

 Salkowski’s test. + 

Terpenoids + 

Percentage extraction yield (% w/w) 72.70 

+ = Positive test, − = Negative tests 
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3.4.2. Quantitative phytochemical screening 

The total phenolic content (TPC), total tannin content (TTC) and total flavonoid content (TFC) 

of the T. violacea water extracts are shown in Table 2. In general, the total contents of phenolic 

acids, tannins and flavonoids increased as the concentration of plant material increased. 

Table 2: Total phenolic content (TPC), total tannin content (TTC) and total flavonoid content 

(TFC) from Tulbaghia violacea water extracts. 

Concentration 

(mg/ml) 

TPC (mg of GAE/g of dry 

extract) ± SEM 

TTC (mg of GAE/g of 

dry extract) ± SEM 

TFC (mg of QE/g of dry 

extract) ± SEM 

0.1 0.0646 ± 0.010* 0.0010 ± 9.33 e-05* 0.030825 ± 0.0021* 

1.0 0.2615 ± 0.011* 0.0046 ± 0.0001 * 0.126665 ± 0.0021* 

10 2.003 ± 0.022* 0.031 ± 0.0009* 0.9116 ± 0.0979* 

Data represents the mean ± SD mg of Gallic acid equivalent per gram of dry weight (mg GAE/g) and Quercetin 

equivalent per gram of dry weight (mg QE/g) of the extracts, n = 3. * indicates statistically significant groups 

according to the t-test: Two-Sample Assuming Equal Variance (p < 0.05). 

3.4.2.1.  Total Phenolic content (TPC) 

This study showed that the leaf extracts of T. violacea have a higher content of phenolic 

compounds than those of tannins and flavonoids at every concentration of plant material that was 

used (Table 2). These results are similar to previous reports that showed a high percentage of 

phenolic compound in the leaves of T. violacea (Madike et al. 2017 and Takaidza et al. 2018). 

Phenolic compounds have been reported to be the main source of natural antioxidants in fruits, 

vegetables, nuts, seeds, flowers and  some herbs and are also responsible for their colour and 

sensory properties such as bitterness and astringency (Macheix et al. 1990 and Proestos et al. 

2006). According to Yu et al. (2003), phenolic compounds are strong antioxidants thus, 

preventing the influence of free radicals and ROS which is the basis of several chronic human 

infections. The presence of phenolic compounds in T. violacea indicates that it has potential use 

in pharmacology and needs to be investigated further. 

3.4.2.2. Total tannin content (TTC) 

Tannins are water-soluble antioxidants with molecular weight of 500 - 3000 g/mol and mainly 

present in plants. Tannins  have the ability to condense proteins and alkaloids (Hagerman et al. 

1997 and Amarowicz 2007). Tannins isolated from various plant sources have been reported to 

inhibit a number of digestive enzymes such as trypsin, α-amylase and lipase in vitro (Griffiths 

1986). The presence and quantity of tannic compounds in T. violacea leaves is significant in 
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confirming the antioxidative properties of the leaves. To the best of our knowledge, this is the 

first study that has evaluated the total tannic content of the water extracts of T. violacea. 

3.4.2.3. Total flavonoid content (TFC) 

For the total flavonoid content (Table 2), a lower quantity was observed when compared to the 

total phenolics in the T. violacea leaves which is in agreement with previous reports (Madike et 

al. 2017 and Takaidza et al. 2018). This may be  due to the fact that polar flavonoids such as 

flavones and isoflavones are more soluble in ether and chloroform (Mohammed et al. 2015) 

compared to water which was used as a solvent in this study. Flavonoids are polyphenolic 

compounds present in most plants and are composed of a number of hydroxyl groups attached 

to aromatic ring structures that determines its antioxidative properties. They are the most 

common and widely distributed group of phenolic compounds and are known to prevent free 

radicals associated damage through direct scavenging of the free radicals and by inhibiting  

enzymes involved in free radical production (Sandhar et al. 2011). 

3.4.3. GC/MS analysis of aqueous extract of Tulbaghia violacea 

Qualitative analysis of the extract was performed using GC-MS and the individual constituents 

were identified by matching their mass spectra and retention time with those of the National 

Institute of Standard and Technology (NIST) library (Table 3). The plant extract was reported to 

be rich in sulfur-containing compounds similar to those found in Allium sativum (garlic) 

(Dieumou et al. 2009; Kimbaris et al. 2009; El-Meleigy et al. 2010 and Martinez-Velazquez et 

al. 2011). This study identified 33 compounds from the leaf extracts of T. violacea. Some of the 

most common compounds identified from the analysis include 2,4 – Dithiapentate - 2,2- dioxide, 

Cannabidiol, 2,4,5,7 -Tetrathiaoctane, 2,4,5,7 -Tetrathiaoctane 2- dioxide (Table 3). The 2,4,5,7- 

tetrathiaoctane and 2,4,5,7- tetrathiaoctane-2,2-dioxide from the leaves of T. violacea 

corresponds with the finding of Burton et al. (1992) while  Moodley et al. (2015) also identified 

a 2,4-Dithiapentate from the rhizomes of T. violacea. These polysulphides are responsible for 

the garlic smell and anthelminthic properties of T. violacea (Lim et al. 1999). This study has for 

the first time identified the presence of cannabidiols in T. violacea which supports the use of the 

plant for the treatment of cancer, diabetes and cardiovascular diseases (Stanley et al. 2012). The 

presence of Dronabinol suggests that T. violacea has antiemetic properties which would make 

the plant effective for HIV/AIDS induced anorexia and chemotherapy induced nausea as well as 

vomiting (United States Food and Drug Administration 2004; Badowski 2017; Hendel 2018 and 

National Cancer Institute 2019).  
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Table 3: Compounds identified in GC-MS analysis of Tulbaghia violacea extract. 

S. No. Retention 

Time 

Molecular 

Weight 

 

Name of compound 

Molecular 

Formula 
Chemical structure 

 

1 

 

3.66 

 

93.97 
Disulfide, dimethyl 

 

C2H6S2 

 

 

2 

 

4.46 

 

98.04 

 

2 – Furanmethanol 

 

C5H6O2 

 

 

3 

 

6.63 

 

125.96 

 

Dimethyl trisulfide 

 

C2H6S3 
 

 

4 

 

8.28 

 

125.98 

 

S- Methyl 

methanethiosulfonate 

 

C2H6O2S2 

 

 

5 

 

8.84 

 

130.10 

 

1 – Butanol - 2 - methyl 

acetate 

 

C7H14O2 

 

 

6 

 

8.92 

 

130.10 

 

1 – Butanol - 3 - methyl 

acetate 

 

C7H14O2 

 

 

7 

 

9.04 

 

139.98 
Disulfide methyl 

(methylthio) methyl 

 

C3H8S3 

 

 

8 

 

9.37 

 

144.04 

 

4H - Pryan-4- one. 2,3 - 

dihydro - 3,4 - 

dihydroxy - 6 - methyl 

 

C6H8O4 

 

 

9 

 

9.61 

 

140.00 

 

2,4 – Dithiapentate - 2,2 

- dioxide 

 

C3H8O2S2 

 

 

10 

 

10.48 

 

144.08 

 

1,3 – Disilacyclobutane. 

1,1,3,3 - tetratmethyl 

 

C6H16Si2 

 

 

11 

 

10.55 

 

247.16 

 

9 – Borabicyclo [3,3,1] 

nonane, 9 - methylthio, 

B - pyridin 

 

C14H22BNS 
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12 

 

10.74 

 

126.03 

 

5- 

Hydroxymethylfurfural 

 

C6H6O3 

 

 

13 

 

10.89 

 

106.01 

 

2 – Methylthioacetic 

acid 

 

C3H6O2S 

 

 

14 

 

11.45 

 

144.01 

 

3,4-Dimethylthiophene-

2-thiol 

 

C6H8S2 

 

 

15 

 

11.56 

 

239.06 

 

2,5-Pyrrolidione, N-[2-

(thienyl)acetyloxy] 

 

C10H9NO4S 

 

 

16 

 

12.23 

 

222.94 

 

N-Chloro-N,O-

bis(methylsulfonyl)hyd

roxylamine 

 

C2H6ClNO5S2 

 

 

17 

 

12.68 

 

171.97 

 

Methylthio(methylythio

-methyl)sulfone 

 

C3H8O2S3 

 

 

18 

 

12.91 

 

171.96 

 

2,4,5-trithiahexane 2,2- 

dioxide 

 

C3H8O2S3 

 

 

19 

 

13.97 

 

185.97 

 

2,4,5,7 -Tetrathiaoctane 

 

C4H10S4 
 

 

20 

 

14.91 

 

180.12 

 

3-tert-Butyl-4-hydroxy-

anisole 

 

C11H16O2 

 

 

21 

 

15.44 

 

153.99 

 

Methane, 

tris(methylthio) 

 

C4H10S3 

 

 

22 

 

15.70 

 

217.96 

 

2,3,5,7 -Tetrathiaoctane 

3,3-dioxide 

 

C4H10O2S4 
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23 

 

17.80 

 

201.96 

 

2,4,5,7 -Tetrathiaoctane 

2-dioxide 

 

C4H10OS4 

 

 

 

 

24 

 

 

 

18.04 

 

 

 

169.07 

 

 

 

 

dl-Noradrenaline 

 

 

 

C8H11NO3 

 

 

25 

 

18.14 

 

217.094 

 

2,4,5,6,8 -

Pentathianonane 

 

C4H10S5 

 

 

 

26 

 

 

18.31 

 

 

261.02 

 

 

3-Benzylsulfanyl-3-

fluoro-2-

trifluoromethyl-

acrylonitrile 

 

 

C11H7F4NS 

 

 

27 

 

18.69 

 

153.06 

 

Acetamide, 2-fluoro-N-

phenyl 

 

C8H8FNO 

 

 

28 

 

19.08 

 

213.06 

 

3-Pyridinecarboxylic 

acid, 1,2-dihydro-4-

(hydroxymethyl)-6-

methyl-2-thioxo 

 

C8H11N3O2S 

 

 

29 

 

19.21 

 

168.07 

 

9H-Pyrido[3,4-b]indole 

(Norhaman) 

 

C11H8N2 

 

 

30 

 

19.24 

 

191.09 

 

 

8-Methoxy-1,3,4,5-

tetrahydro-2H-1-

benzazepin-2-one 

 

C11H13NO2 
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31 

 

19.96 

 

314.22 

 

Cannabidiol 

 

C17H30O2 

 

 

32 

 

21.09 

 

314.22 

 

 

Dronabinol 

 

C21H30O2 

 

 

33 

 

21.43 

 

360.19 

 

14β-Pregnane. 

3,12,15,20 -tetrone, 14-

hydroxy 

 

C21H28O5 

 

 

3.4.4. Antioxidant activity 

There has been a growing interest for natural antioxidants and their health benefits (Heim et al. 

2002). Antioxidant-based drug formulations are used for the prevention and treatment of many 

complex diseases. Plants are a major source of natural antioxidants and  produce a wide range of 

secondary metabolites with antioxidative activities that have therapeutic potential (Baier et al. 

2005). Polyphenols have been identified as the most abundant secondary metabolite in plants 

(Dai et al. 2010). The antioxidant activity of polyphenols is attributed to their redox properties 

which establishes their activity as reducing agents, hydrogen donors, singlet oxygen quenchers, 

metal chelators and reductants of ferryl (Kumaran et al. 2006). Medicinal plants are commonly 

rich in phenolic compounds such as flavonoids, phenolic acids, stilbenes, tannins, coumarins, 

lignans and lignins. These compounds have multiple biological effects including antioxidant 

activity (Chen et al. 1997 and Rubió et al. 2013). The presence of antioxidants in plant material 

has been suggested to have potential in the prevention of several chronic diseases, namely, 

cancer, diabetes, cardiovascular disease (Cai et al. 2004) and osteoporosis (Rao et al. 2015). 

Tulbaghia violacea possesses a wide range of compounds including flavonoids, phenolics, 

tannins and coumarins (Madike et al. 2017).  

The percentage DPPH and ABTS activity is illustrated in Fig. 5 and Fig. 6, respectively. There 

was a concentration dependent increase in the antioxidant activity in both the DPPH and ABTS 

assays. This may be attributed to the presence of phenols, tannins and flavonoids in the plant 

extracts (Table 1).  
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In the DPPH method, the percentage inhibition of the water extract was in the range of 55.28% 

– 86.31% (Fig. 5). The highest concentration of plant extract at 10 mg/ml showed the highest 

percentage inhibition value (86.31%) as shown in Fig. 5.  

Figure 5: DPPH scavenging activities of Tulbaghia violacea water extracts. Values are 

expressed as mean ± SD (n = 3). Ascorbic acid and distilled water was used as a standard and 

control, respectively. 

With the ABTS activity (Fig. 6), the percentage inhibition of the water extracts was in the range 

of 80.90% – 84.38% and the highest concentration of 10 mg/ml showed the highest percentage 

inhibition value (84.38%).  These values were low when compared to the ascorbic acid control. 

These results are similar to those of Soyingbe et al. (2013) and Takaidza et al. (2018) who 

reported on a dose dependent increase in antioxidant activity which was lower than the ascorbic 

acid control. According to Soyingbe et al. (2013), the antioxidant activity was mainly due to the 

potential of the T. violacea essential oils to prevent the generation of free radicals through Fe2+ 

chelation as opposed to pre-existing free radical scavengers. 
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Figure 6: ABTS scavenging activities of Tulbaghia violacea water extracts. Values are 

expressed as mean ± SD (n = 3). Ascorbic acid and distilled water was used as a standard and 

control, respectively. 

Oxidative stress has been identified as the major cause for the development and progression of 

a number of life-threatening diseases, among which are neurodenerative and cardiovascular 

diseases. The presence of antioxidants in plant material suggests that the plant has the ability to 

decrease  ROS-induced oxidative damage (Lee et al. 2004a; Kasote et al. 2013) and will enable 

the plant to play a role in the prevention of heart diseases, cancer, DNA degeneration, pulmonary 

disease, and neurological disorder (Jacob 1995). The high percentage of antioxidant activity in 

the T. violacea plant extracts supports the use of the plant as an antioxidant agent to eliminate 

free radical intermediates. 

The concentration of the samples required to scavenge 50% of the peroxide radicals, the IC50, 

was used to examine the antioxidant effectiveness of the samples (Table 4). A low IC50 confirms 

that the plant extract is a strong scavenger of free radicals (Kumawat et al. 2012). This means 

that the lower the IC50, the greater the overall effectiveness of the suspected antioxidant sample 

in question. The results revealed that the water extracts of T. violacea showed significant 

antioxidant effectiveness with IC50 values of 0.49 and 0.24 mg/ml for DPPH and ABTS, 

respectively. L- ascorbic acid produced the lowest IC50 values of 0.22 and 0.27 mg/ml for DPPH 

and ABTS respectively (Table 4). Antioxidant activity was reported to be higher in the ABTS 

than in the DPPH assay.  
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The results of this study are different from those recorded by Takaidza et al. (2018) who recorded 

lower IC50 values of 0.08 and 0.003 mg/ml for DPPH and ABTS, respectively using crude 

acetone extracts.  The higher antioxidant activity reported by Takaidza et al. (2018)  may be 

attributed to the ability of acetone to extract more phenolic compounds compared to that of water 

(Eloff 1998 and Tiwari et al. 2011). 

Table 4: IC50 values of the crude water extracts of Tulbaghia violacea. 

 

Sample 

DPPH (mg/ml) ABTS (mg/ml) 

LogIC50 1/ LogIC50 LogIC50 1/ LogIC50 

Tulbaghia violacea 0.49 2.04 0.24 4.12 

L- ascorbic acid 0.22 4.55 0.27 3.70 

     

Mokgotho et al. (2013) and Soyingbe et al. (2013) reported higher antioxidant activity compared 

to the results of this study may be due to the fact that crude extracts of T. violacea were used 

instead of pure compounds isolated from the plant extracts which may have degraded some plant-

derived compounds that are most effective when pure (Mokgotho et al. 2013 and Soyingbe et al. 

2013).  

3.4.5. Antimicrobial activity 

3.4.5.1. Disc diffusion 

The antimicrobial activity of most medicinal plants has been attributed to the presence of 

phytochemicals  (Shimbe et al. 2014). Tulbaghia violacea water extracts contain terpenoids, 

flavonoids, cardiac glycosides, saponins, protein, phenols, tannins, carbohydrates, coumarins, 

steroids and amino acids (Madike et al. 2017 and Takaidza et al. 2018). The presence of these 

phytochemicals in T. violacea may be attributed to the pharmacological activities both in 

traditional and orthodox medicine. The results from the disc diffusion assay illustrated that 

among the eight bacterial species screened, the growth of K. pneumonia and S. pneumonia were 

not affected by the plant extracts (Table 5). The water extracts exhibited appreciable 

antimicrobial activity against B. subtilis, S. marcescens, S. aureus and S. epidermidis. The largest 

zone of inhibition was recorded at 100 µg/ml of the T. violacea aqueous extract for S. epidermidis 

at 19.50 ± 0.87 mm while the other organisms showed some level of resistance to the extract. At 

10 mg/ml the extract did not affect the growth of all the tested bacterial species. 
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Table 5: Antibacterial activities of the water extracts of T. violacea (zones of inhibition in mm). 

Bacteria species Neomycin 2 mg/ml 10 mg/ml of T. violacea 100 mg/ml of T. violacea 

Bacillus subtilis 24.75 ± 0.25 NA 11.50 ± 1.32 

Esherichia coli  18.5 ± 0.65 NA 4.25 ± 1.44 

Klebsiella pneumonia 14.25 ± 1.44 NA NA 

Pseudomonas aeruginosa 17.00 ± 0.79 NA 5.57 ± 1.93 

Serratia marcescens 23.00 ± 0.00 NA 11.00 ± 0.71  

Staphylococcus aureus 23.75 ± 0.20 NA 9.75 ± 0.25 

Staphylococcus epidermidis 31.50 ± 1.04 NA 19.50 ± 0.87 

Streptococcus pneumoniae 13.25 ± 1.41 NA NA 

Inhibition zone diameters (mm) including diameter of the sterile disc (6 mm): values are given as mean ± SEM (n 

= 3). NA = not active. 

3.4.5.2. Minimum inhibitory concentration/ Minimum bactericidal concentration 

(MIC/MBC) 

The MIC is described as the lowest concentration of plant extracts at which there is no visible 

microbial growth after incubation (Rukayadi et al. 2008). Van Vuuren (2008) grouped MIC 

effectiveness of the plant extracts towards the tested microbial species into 3 classes; 1 mg/ml or 

less (good), > 1 mg/ml < 10 mg/ml (moderate), and > 10 mg/ml (poor). This definition was used 

for this study. The antibiotic neomycin was highly active against all the bacterial species tested 

with MIC < 1 mg/ml. The 100 mg/ml T. violacea aqueous extract was moderately active against 

B. subtilis, S. aureus, S. epidermidis, E. coli, and S. marcescens which all produced an MIC value 

of 2.5 mg/ml (Table 6). However, the MBC results showed that the effect of the water extracts 

was more bacteriostatic than bactericidal. Staphylococcus epidermidis was the only active specie 

with bactericidal properties. This was supported by the large zone of inhibition reported for S. 

epidermidis (19.50 ± 0.87 mm) from the disc diffusion assay (Table 5). 
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Table 6: Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) of the water extracts of T. violacea. 

Bacteria Speciess MIC of 2 mg/ml 

Neomycin 

MIC of 100 mg/ml 

of T. violacea 

MIC of Distilled 

water 

MBC of 100 mg/ml 

of T. violacea 

Bacillus subtilis 0.0125 2.5 NA BS - Bacteriostatic 

Esherichia coli  0.0125 2.5 NA BS - Bacteriostatic 

Klebsiella pneumonia 0.05 40 NA BC -  Bactericidal 

Pseudomonas 

aeruginosa 

0.0125 40 NA BC – Bactericidal 

Serratia marcescens 0.0125 2.5 NA BS - Bacteriostatic 

Staphylococcus aureus 0.0125 2.5 NA BS - Bacteriostatic 

Staphylococcus 

epidermidis 

0.0125 2.5 NA BC – Bactericidal  

Streptococcus 

pneumoniae 

0.0125 40 NA BS - Bacteriostatic 

NA = Not active, Bacteriostatic (BS) – Stop bacteria from growing while not necessarily killing them, Bactericidal (BC) – 

Completely kill bacteria 

Staphylococcus epidermidis is a gram negative bacteria which is the main cause of infections in 

built-in medical devices such as prosthetic joint, vascular graft, surgical sites, central nervous 

system shunts, and cardiac device infections (Rogers et al. 2009). There has been an increase in 

the number of S. epidermidis infections due to the increase in the number of device implantations 

(O'Toole et al. 2000 and National Nosocomial Infections Surveillance System 2004). The 

bacteria is also responsible for ~ 13% of prosthetic valve endocarditis (PVE) infections, about 

38% of intra-cardiac abscesses (38%) and a mortality rate of about 24% (Chu et al. 2009). 

The MIC results were different to those of Takaidza et al. (2018) who reported antimicrobial 

resistance against P. aeruginosa and K. pneumonia for the fresh leaf extracts of T. violacea using 

acetone crude extracts. This difference may be attributed to the ability of acetone to extract more 

saponins which have been reported to possess antimicrobial activity (Ncube et al. 2008). 

Similarly, Soyingbe et al. (2013) reported that the essential oils of T. violacea are not active 

against bacterial species of  K. pneumonia. However, in contradiction, the study of Soyingbe et 

al. (2013) reported that the essential oils of T. violacea are not active against S. epidermidis and 

S. marcescens while in this study the aqueous extract showed antimicrobial activity against these 

species.  



42 

 

The T. violacea plant extract was not active against P. aeruginosa in this study whereas the 

essentials oils from the study of Soyingbe et al. (2013) showed antimicrobial activity against the 

specie. According to Krstin et al. (2018), a dichloromethane T. violacea bulb extract was active 

against B. subtilis, S. epidermidis, E. coli, K. pneumoniae and P. aeruginosa with MIC values 

ranging from 40 to 160 µg/ml. It is evident from these results that the antimicrobial activity of 

plant extracts is primarily based on the nature of the extract. This is because phytocompounds 

can either be enhanced or degraded through the extraction process or the use of different solvents 

for extraction (Tiwari et al. 2011).  There is thus a need to develop the best extraction methods 

which will result in maximum performance of the crude extracts (Co et al. 2012). The plant 

extract from this study showed moderate resistance with a broad spectrum activity across both 

the tested Gram positive and Gram negative bacteria. These results suggest that T. violacea 

leaves contain components that may be explored to combat drug resistant microorganisms. 

3.5. CONCLUSION 

The compounds identified in the aqueous leaf extracts of T. violacea included, terpenoids, 

flavonoids, cardiac glycosides, saponins, protein, phenols, tannins, carbohydrates and amino 

acids. However, alkaloids were absent. This is the first study that has identified the presence of 

carbohydrates and amino acids in aqueous leaf extracts of T. violacea. This is the first study that 

has evaluated the total tannin content in T. violacea aqueous leaf extracts and showed that it is 

lower than that of phenolics and flavonoids. Tannins have been associated with certain cancers, 

such as oesophageal cancer, thus suggesting that they might be carcinogenic. It is therefore of 

great importance that they are present in low quantities in plant extracts. A wide range of 

compounds were identified using GC-MS which supports some of the biological activities as 

well as characteristics of T. violacea. Further research is necessary to isolate some of the 

compounds identified from GC-MS so as to confirm their biomedical applications. Tulbaghia 

violacea water extracts showed strong antioxidant activity against DPPH and ABTS radicals. 

The extracts were also active against B. subtilis, S. marcescens, S. aureus and S. epidermidis 

using disc diffusion and MIC assays. Staphylococcus epidermidis was the most effective specie 

with bactericidal properties when compared to the bacteriostatic effect on the other 

microorganisms. The plant can thus be used as a potential source for the development of 

antioxidant and antimicrobial agents to control oxidative damage and infectious diseases. 
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CHAPTER 4 

4. Antithrombogenic properties of Tulbaghia violacea aqueous leaf extracts: evaluation of 

platelet activation and whole blood clotting kinetics 

4.1. ABSTRACT 

One of the major challenges in cardiovascular disease interventions is the inhibition of platelet 

activation and clotting. The aim of this study was to investigate the in vitro antithrombotic and 

anticoagulant properties of T. violacea aqueous leaf extracts using platelet adhesion, platelet 

morphology and whole blood clotting kinetics. The results illustrated that the 100 µg/ml T. 

violacea extract mixed with blood plasma demonstrated the lowest platelet adhesion and 

activation and also reduced whole blood clotting kinetics. There was a reduction of about 70% 

in platelet adhesion for the 100 µg/ml treatment compared to the control in the first 15 min which 

was supported by morphological characterization under SEM. These observations suggest that 

at lower concentrations, T. violacea may be a potential antiplatelet therapeutic agent to inhibit 

platelet adhesion and activation.  

 

Key words: antiplatelet, anticoagulant, antithrombotic and Tulbaghia violacea. 

 

4.2. INTRODUCTION 

Haemostasis is a complex physiological process in all vertebrates and acts as the initial defence 

mechanism. The process involves the interaction of several connections which include platelets, 

endothelial cells, white cells and plasma proteins such as soluble-coagulation factors, inhibitors 

and insoluble proteins (Gentry 2004). Blood platelet activation and aggregation are vital aspects 

in the atherothrombotic processes, including inflammation and fibroproliferation, which are 

associated with a variety of cardiovascular disease (CVDs) (Vane et al. 2003; Davì et al. 2007 

and Kaplan et al. 2011). The activation of blood platelets on the surface of medical implants such 

as stents causes the devices to fail. Antiplatelet therapy is a procedure of great significance which 

has been used for treatment of coronary diseases (Bednar et al. 1999; Sabatine 2009 and Schäfer 

et al. 2009) and to also prevents the formation of clots throughout post-percutaneous coronary 

interventions (PCIs). Anti-platelet drugs such as acetylsalicylic acid/aspirin (thromboxane 

inhibitor) (Vane et al. 2003), clopidogrel (adenosine diphosphate antagonists), abciximab 

(glycoprotein-IIb/IIIa antagonists), warfarin (vitamin K epoxide reductase inhibitor), and 
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heparin (inhibitor of factor IIa) have been used to inhibit the uncontrollable activation of platelets 

(Badimon et al. 2008).  

Despite the frequent use of these anti-platelet drugs, one of their major problems is that they are 

all standardized which results in permanent modifications of platelet function thus leading to 

complications in clinical research for the management of clotting (Badimon et al. 2008). This 

has led to research on non-fouling surface coating in which the surfaces are prepared with 

poly(ethylene glycol) (PEG) and zwitterionic polymeric materials with the aim of inhibiting 

platelet activation and preventing blood coagulation cascades (Vendra et al. 2007). Jain et al. 

(2009) and Thiara et al. (2010) evaluated the effect of dialysis catheters and cardiopulmonary 

bypass (CPB) surfaces coated with heparin which was able to reduce thrombosis and infection 

when compared to the controls. The major disadvantage observed with these coatings is that they 

result in implant failure due to delamination and bring no solution to the issue of irreversible 

platelet activation (Lavenus et al. 2010). This raises a need to develop more effective treatment 

strategies to resolve the limitations of the current antithrombogenic treatments.  

Over the years, the use of medicinal plants with a broad spectrum of active compounds has 

gained popularity in pharmacological research and drug development. This involves a direct 

approach as therapeutic agents, as templates from which the drugs are produced, or as models to 

access the active compounds that are present in the plant constituents (Levetin et al. 1999). 

Cardiac glycosides occur as secondary metabolites in several plants but also in some animals 

such as the milkweed butterflies. They are drugs used for the treatment and management of 

congestive heart failure and cardiac arrhythmia (Denwick 2002). According to Chukwuebuka et 

al. (2015), cardiac glycosides are responsible for increased levels of sodium ions in the myocytes, 

promoting an increase of calcium ions which enables contraction of the heart muscle thus 

improving cardiac output while reducing distention of the heart. One of the plants that was shown 

to be rich in cardiac glycosides is Tulbaghia violacea (Madike et al. 2017 and Takaidza et al. 

2018). 

Studies have shown that extracts from T. violacea demonstrated antithrombotic activity but this 

was dependent on the extraction method and also showed seasonal variation (Bungu et al. 2008 

and Kee et al. 2008). Duncan et al. (1999) and Mackraj et al. (2008) reported that T. violacea 

reduces systemic arterial blood pressure in Dahl rats due to a decrease in renal AT1 receptor 

gene expression. Recent studies have focused on the effects of T. violacea extracts to reduce 

hypertension (Raji et al. 2012). According to Davison et al. (2012), an organic bulb extract of T. 
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violacea showed beneficial effects on the cardiovascular system by decreasing fibrinogen levels, 

increasing the activated partial thromboplastin time (APTT) and regulation of platelet activation 

via the GPIIb receptor present on platelets. In this study, the responses of platelets and red blood 

cells incorporated with T. violacea aqueous leaf extracts were evaluated using platelet adhesion, 

platelet morphology and whole blood clotting kinetics for better understanding of the effect of 

the extracts on various aspects of clot formation.  

4.3. MATERIALS AND METHODS 

4.3.1. Materials 

Phosphate buffered saline (PBS) was obtained from EMD Chemicals (Gibbstown, NJ), and 

calcein- AM was obtained from Invitrogen (Eugene, OR). All other chemicals were procured 

from Sigma-Aldrich (St Louis, MO) and used as received. 

4.3.2. Platelet adhesion and activation 

Platelet adhesion and activation studies were conducted following a modified procedure 

described in Smith et al. (2010); Smith et al. (2012) and Leszczak et al. (2013). Initially, whole 

blood was drawn from a healthy donor into standard 6 ml vacuum tubes that were coated with 

the anticoagulant EDTA. The first vial of drawn blood (about 6 ml) was disposed so as to avoid 

any skin plug and to remove the locally activated platelets produced by insertion of the needle. 

The subsequent blood vials were centrifuged at 150 g for 15 min to separate the plasma from the 

red blood cells. The plasma was then pooled together into fresh tubes and used immediately for 

adhesion and activation studies. Tulbaghia violacea powdered plant extract prepared in chapter 

3 (3.3.2), was used to prepare aqueous crude extracts of concentrations 100 µg/ml and 1000 

µg/ml. Two sets of experiments were performed with aqueous leaf extracts of T. violacea: (i) 

plasma mixed with 100 µg/ml extract and (ii) plasma mixed with 1000 µg/ml of extract. The 

control was represented by untreated plasma without any plant extract.  

Platelet adhesion and activation experiments were performed using tissue culture polystyrene 

(PS) discs (Greiner Bio-One GmbH, Frickenhausen, Germany). All PS discs were sterilized prior 

to the experiment by sonicating in 70% ethanol for 15 min, washing twice with PBS buffer, air 

drying and finally exposure to UV light for 30 min. Each sterilized tissue culture disc was 

incubated with 0.5 ml of freshly pooled plasma in a 24-well plate at 37ºC and 5% CO2 on a 

horizontal shaker plate at 100 rpm for 2 h. After 2 h, non-adhered platelets were removed by 

carefully aspirating the supernatant plasma from the well plate followed by rinsing the discs 

gently with PBS buffer (2x). Half of the PS discs were transferred to a new 24-well plate and 
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incubated with 300 µl of 5 mM calcein-AM solution in PBS buffer for 20 min at room 

temperature. The discs were then rinsed with PBS and immediately imaged using a fluorescence 

microscope with high efficiency filter set 62 HE BP 474/28 (green) (Zeiss, Jena, Germany).  

4.3.3. Platelet morphology: Scanning electron microscopy (SEM) 

The platelet–leukocyte morphology was investigated using scanning electron microscopy (SEM) 

(JEOL JSM-6500F, Peabody, MA) to visualize the platelet–leukocyte interaction with the tissue 

culture disc surfaces in the presence and absence of T. violacea plant extracts. The remaining PS 

discs were then transferred to a clean petri dish where the platelets were fixed and dehydrated. 

The platelets were fixed by incubating the PS discs in a solution of primary fixative (3% 

glutaraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences, Warrington, PA), and 0.1 M 

sucrose (Sigma)) for 45 min. They were then incubated for 10 min in a solution of secondary 

fixative which is the primary fixative without glutaraldehyde. Subsequently, the surfaces were 

dehydrated by incubation in consecutive solutions of increasing ethanol concentrations (35%, 

50%, 70%, 95%, and 100%) for 10 min each. The discs were then air dried overnight and stored 

in a desiccator until further imaging by SEM at 15 kV after coating with 10 nm layer of gold. 

Each experiment was conducted in triplicate with 3 different platelet populations (n = 3). For 

both fluorescence and SEM, 5 images were analysed per sample with a total of 15 images per 

treatment group. 

4.3.4. Whole blood clotting kinetics 

The influence of the antithrombogenic properties of the T. violacea aqueous extracts on the 

whole blood clotting kinetics was investigated using whole human blood obtained from the same 

non-smoking healthy volunteer acquired through venepuncture. Whole blood was drawn into 

standard 3 ml sterile centrifuge tubes without any anti-coagulants and the initial drawn blood 

(about 3 ml) was discarded. Two concentrations of T. violacea aqueous extracts, 100 µg/ml and 

1000 µg/ml, were prepared and each one added to the blood. Seven microliters of this mixture 

was immediately dropped onto the surface of sterilized PS discs placed in a 24-well microtitre 

plate. Similarly, blood without T. violacea extracts was used as the experimental control where 

7 µl of untreated blood was added to 3 ml of distilled water. The blood was allowed to clot on 

sterilized tissue culture discs for up to 60 min and the free haemoglobin concentration, as a 

measure of the extent of clotting, was measured at regular intervals of 0, 15, 30 and 60 minutes. 

After the specific clotting periods, the discs were transferred into a different 24-well microtitre 

plate and immersed in 500 µl of de-ionised (DI) water. The discs were gently agitated for 30 s 

and left in the DI water for another 5 min to release the free haemoglobin from the red blood 
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cells. About 300 µl of the blood sample was then transferred to a 96-well plate and the free 

haemoglobin content was measured at a wavelength of 540 nm using a plate reader. The value 

of absorbance is directly proportional to the concentration of free haemoglobin in DI water and 

provides a direct correlation of the extent of blood clotting on the surface (Damodaran et al. 

2013). The experiments were repeated on multiple days using the blood drawn from the same 

donor to check the reproducibility and reliability of the method and results. 

4.3.5. Statistical analysis 

All samples experiments were assayed in triplicates. A two-way ANOVA was performed to 

determine the significance of the platelet counts. The significance was set at p < 0.05. All 

statistics are presented here as a mean ± standard deviation. Graphpad prism 8 and Image J 

software were used for analysis.  

4.4. RESULTS AND DISCUSSION 

4.4.1. Platelet adhesion and activation  

The term thrombogenicity is still not yet clearly defined but includes the activation, secretion, 

adherence and aggregation of platelets (Franke et al. 2012). Many factors determine the 

adherence and conformation of proteins and platelets on material surfaces. They include surface 

properties such as availability of certain functional groups, domain structure, surface electrical 

charge, hydrophilicity/hydrophobicity, linker molecules, interfacial adaptability, or surface 

roughness (Anderson 1989; Salzman 1994; Sivaraman et al. 2012 and Braune et al. 2013). One 

of the major reasons for the failure of blood-contacting medical devices such as vascular grafts, 

stents, and heart valves is thrombosis (Gorbet et al. 2004 and Jaffer et al. 2015). Thrombosis can 

be shown/demonstrated by the level of platelet adhesion which is the initial step in blood 

coagulation (Damodaran et al. 2013).  

For this study, freshly pooled plasma isolated from whole human blood was treated with 100 

µg/ml and 1000 µg/ml of T. violacea aqueous leaf extracts. The research investigated the 

adhesion of platelets within the treated and untreated plasma onto polystyrene surfaces after 2 h 

of contact time. The platelets were then stained with calcein-AM and platelet adhesion was 

evaluated by examining surfaces under a fluorescence microscope. Fluorescence microscopy 

was evaluated at 20x magnification and the quantity of the adhered platelets on surfaces was 

determined using ImageJ software (Fig. 7A - C).  

This study found that there was a significant reduction in the number of platelets that adhered on 

the polystyrene surfaces treated with plasma mixed with 100 µg/ml plant extract (Fig. 7B) 
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compared to the untreated group (Fig. 7A). On the contrary, treatment with 1000 µg/ml T. 

violacea extract (Fig. 7C) showed a great increase in the number of platelets that adhered to the 

polystyrene surfaces and this was even higher than the untreated sample (Fig. 7A).  

  

 

 

 

 

 

 

Figure 7: Representative fluorescence microscopy images of adhered platelets on polystyrene 

stained with calcein-AM as shown in the untreated group(A), 100 µg/ml (B) and 1000 µg/ml (C) 

of aqueous leaf extracts of T. violacea. 

The platelets coverage analysed using the ImageJ software from fluorescence images showed a 

nearly 69% decrease in cell coverage with plasma mixed with 100 µg/ml compared to the 

untreated platelets (Fig. 8). One of the reasons for the decrease in platelets coverage is that the 

100 µg/ml T. violacea leaf extract hindered platelet aggregation and adhesion to the polystyrene 

surfaces. The increase of nearly 58% in platelet adherence compared to the untreated control 

when the plasma was mixed with 1000 µg/ml of the extract may be attributed to the genotoxicity 

of T. violacea aqueous extracts.  In a previous study it was demonstrated that T. violacea aqueous 

extracts at 1000 µg/ml produced genotoxic effects in an Allium cepa assay (Madike et al. 2019). 

The results obtained in this study are not congruent with the observations reported  by Davison 

et al. (2012) who reported a lower platelet count for a concentration of 1000 µg/ml leaf aqueous 

extract treated plasma when compared to the untreated group and their lowest concentration of 

250 µg/ml.  Davison et al. (2012) also reported that the different parts of T. violacea showed 

variation in terms of the number of adhered platelets. For example, according to Davison et al. 

(2012), the quantity of adhered platelet increased as the concentration of the aqueous root 

extracts increased, whereas with the aqueous leaf extract platelet adhesion was not dependent on 

the concentration of the plant extract.  

The differences in the results between the study done by  Davison et al. (2012) and this study 

may be due to the variation in the preparation of the extracts which may have resulted in the 
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extraction of different compounds thus producing different biological activities (Alder et al. 2003 

and Terblanche et al. 2017).  

 

Figure 8: Quantity of adhered platelets stained with calcein-AM on polystyrene for untreated 

group, 100 µg/ml and 1000 µg/ml T. violacea aqueous leaf extracts treatments. There was a 

significant difference between untreated and 1000 µg/ml, and between 100 µg/ml and 1000 

µg/ml treatment groups. Error bars indicate standard deviation. Significant groups are indicated 

by (a - c) (p < 0.05).  

4.4.2. Platelet morphology: Scanning electron microscopy (SEM) 

SEM imaging was used to study the morphological changes produced by the T. violacea plant 

extracts on cellular functionality. Heemskerk et al. (2002) reported that platelet activation and 

blood coagulation are interdependent and synergetic processes in haemostasis and thrombosis. 

Activated platelets have been linked to a number of coagulation factors which may lead to 

acceleration of thrombin, a potent pro-inflammatory mediator. This may in turn cause arterial 

thrombosis and acute coronary syndromes due to the formation of atherosclerotic plaques 

(Monroe et al. 2002 and Davì et al. 2007). In particular, platelets play a key role as inflammatory 

mediators by delivering activating signals to target cells including endothelial cells and 

myelomonocytic cells which may lead to amplification of inflammation (Henn et al. 1998; 

Wagner et al. 2003 and Gawaz et al. 2005). There is thus a need to develop materials that can 

prevent initial platelet activation with the ultimate aim of inhibiting thrombotic events.  
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The SEM study was undertaken to evaluate the morphology of platelet activation after 2 h of 

surface contact time (Fig. 9A - F). At a lower magnification of 500x (Fig. 9A – C), the platelets 

appeared more clustered with the 1000 µg/ml treatment group (Fig. 9C) and the surface area of 

the PS discs was almost completely covered with platelets. However, the 100 µg/ml treatment 

group (Fig. 9B) had fewer platelets adhered to the surface of the PS discs when compared to the 

1000 µg/ml and the untreated control (Fig. 9A) groups. These results may be attributed to the 

ability of the higher concentration of T. violacea plant extract to support higher platelet adhesion 

which may in turn result in thrombosis. Similar to the fluorescence microscopy results, there was 

a higher number of adhered platelets with the 1000 µg/ml treatment compared to the control 

while the 100 µg/ml treatment had the lowest number of adhered platelets. At a higher 

magnification of 2000x (Fig. 9D – F), a more detailed morphology of the adhered platelets was 

visible. Both the untreated platelets (Fig. 9D) and 1000 µg/ml (Fig. 9F) treatments had long 

dendritic extensions that connected some of the platelets to each other. In comparison, the 100 

µg/ml treatment (Fig. 9E) which produced less adhered platelets with a more rounded shape and 

smaller dendritic extensions that did not connect the platelets to one another.  

 

 

                                                                                                              

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Representative SEM images of adhered and activated platelets on polystyrene control 

(A: 500x, D: 2000x), 100 µg/ml (B: 500x, E: 2000x) and 1000 µg/ml (C: 500x, F: 2000x). 
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4.4.3. Whole blood clotting kinetics 

Blood clotting is a complex process that involves the activation of the clotting cascade (Sing 

2012). When examining a blood-dilating material as a potential precursor for antithrombogenic 

therapies, the whole blood clotting kinetics should be evaluated as it plays a key role in the 

success or rejection of the material (Damodaran et al. 2013). In this study, the absorbance of the 

free haemoglobin concentration was measured in the untreated control, 100 µg/ml and 1000 

µg/ml treatments for a period of 60 minutes (Fig. 10). The results indicated that blood clotting 

was delayed significantly from time 0 to time 15 min with the 100 µg/ml treatment when 

compared to the control and 1000 µg/ml treatments. The untreated whole blood showed a nearly 

70% reduction in the free haemoglobin within the initial 15 min suggesting that there was a 

significant amount of clotting within that period. This time frame is supported by Rand et al. 

(1996) who indicated that the maximum rate of thrombin production in untreated whole blood 

can be observed at time points beyond 7 minutes.  However, with the 100 µg/ml extract treatment 

there was a reduction in the free haemoglobin of about 55% in the initial 15 min when compared 

to the 70% of the untreated control and 71% of the 1000 µg/ml treatment groups. After a 60 min 

clotting period there was an 84% reduction in the free haemoglobin for the 100 µg/ml group, 

which was significantly lower than that observed with the untreated control (87%) and 1000 

µg/ml (95%) treatments. The experiment was repeated three times using blood from the same 

donor and a similar trend of results was observed. These results showed delayed clotting kinetics 

with the 100 µg/ml treatment thus confirming the anticlotting properties of T. violacea aqueous 

leaf extracts when used at lower concentrations.  
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Figure 10: Measurements of free haemoglobin concentration for the untreated group, 100 µg/ml 

and 1000 µg/ml T. violacea aqueous leaf extracts treatments for 60 min. At 15 min there were 

significant differences between untreated and 100 µg/ml, and between 100 µg/ml and 1000 

µg/ml treatments. At 30 min there were significant differences between all treatments. At 60 min 

only the interaction of 100 µg/ml and 1000 µg/ml was significant. Significant groups are 

indicated by (a - e) (p < 0.05). 

4.5. CONCLUSION 

This study was undertaken to assess the potential of aqueous leaf extracts of T. violacea as 

antithrombogenic and anticlotting agents. The results of the fluorescence microscopy and SEM 

indicated that at 100 µg/ml of T. violacea aqueous leaf extracts, platelet adhesion and activation 

decreased significantly. With the whole blood clotting kinetics, there was a significant increase 

in free haemoglobin concentration for the 100 µg/ml when compared to the untreated control 

and the 1000 µg/ml groups which suggests that the extract possesses anticlotting properties at 

lower concentrations. Since platelet activation and thrombosis are mutually dependent processes, 

the prospects of T. violacea aqueous leaf extracts especially at lower concentrations to prevent 

recurrent thrombotic events is of great interest for the development of T. violacea incorporated 

therapeutic agents which may possess reversible platelet function. There is currently no 

anticoagulant that is capable of this phenomenon.  
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CHAPTER 5 

5. Antithrombogenic properties of Tulbaghia violacea loaded polycaprolactone (PCL) 

nanofibers 

5.1. ABSTRACT 

A broad range of polymers have been utilized for the development of blood-contacting 

implantable medical devices however, their rate of failure has raised the need for developing 

more hemocompatible biomaterial surfaces. In this study, novel scaffolds based on 

polycaprolactone (PCL) incorporated with 10% and 15% (w/w) T. violacea plant extracts were 

fabricated using the electrospinning technique. The fabricated scaffolds were then treated with 

T. violacea aqueous plant extracts (100 and 1000 µg/ml) to investigate their use as interfaces for 

blood-contacting implants. The 10% Tvio scaffold produced the lowest mean fiber diameter (193 

± 30 nm) whereas the 15% Tvio scaffold produces the highest mean fiber diameter (538 ± 236 

nm) when compared to the control PCL (275 ± 61 nm) scaffold. The number of adhered platelets 

was directly linked to fiber diameter and concentration of plant extract in such a way that the 

lowest fiber diameter scaffold (10% Tvio) inhibited platelet adhesion whereas more platelets 

adhered to the scaffold with the highest fiber diameter (15% Tvio scaffolds). There was also an 

increase in platelet adhesion as the concentration of T. violacea was increased from 100 to 1000 

µg/ml for all designed scaffolds. The improved blood-compatibility demonstrated by the 10% 

Tvio scaffold suggests that the plant possesses antithrombogenic properties, particularly at lower 

concentrations.  

Key words: Antithrombogenic, platelets, polycaprolactone, scaffolds, Tulbaghia violacea. 

5.2. INTRODUCTION 

Vascular diseases including cardiovascular and peripheral blood vessels are considered the 

leading cause of death worldwide (World Health Organisation 2017). The most preferred method 

for clinical treatment for vascular diseases is vascular transplantation using autografts. One of 

the major disadvantages of this procedure is the limited number of available donors, raising a 

need for the development of artificial grafts as substitutes (Pektok et al. 2008). Although many 

artificial vascular grafts for clinical applications have been developed, there is a high rate of 

failure with these products especially grafts that have small diameters (<6 mm) and most of these 

vascular grafts are hardly commercialized (Sayers et al. 1998). One of the major disadvantages 

associated with the transplantation of small-diameter vascular grafts is short and mid-term 
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restenosis. This is mainly due to platelet adhesion, plasma protein aggregation and thrombosis 

caused by poor blood compatibility of artificial vascular grafts (L'Heureux et al. 2006; Hashi et 

al. 2007; Lovett et al. 2008; Hong et al. 2009a; Chung et al. 2010; Roh et al. 2010 and Zheng et 

al. 2012). There is a need to fabricate vascular grafts with hemocompatible surfaces and with 

antithrombogenic properties (Hashi et al. 2007 and Sarkar et al. 2007). A surface with 

antithrombogenic properties has the ability to prevent the formation of blood clots especially 

within the blood vessels (Wurtz et al. 2000). Several polymeric materials such as 

polycaprolactone (PCL) (Low et al. 2009), polyethylene (Pruitt et al. 2009) and polyether ether 

ketone (Kurtz et al. 2007), have been widely utilized for the fabrication of blood-contacting 

implantable medical devices due to their biodegradability, bioresorbability, biocompatibility as 

well as mechanical strength (Nair et al. 2007 and Garg et al. 2009). These polymeric materials 

have been used in the fabrication of tissue grafts (Ze et al. 1994; Puskas et al. 2004 and 

Venkatraman et al. 2008),  orthopaedic implants (Middleton et al. 2000), coronary and vascular 

stents (Li et al. 2013). There are, however, some disadvantages associated with all these 

materials.  For example,  they are hydrophilic, bio-inert and lack a reactive site for further bio-

functionalization (Garg et al. 2009). They are also associated with  undesirable blood-material 

interactions leading to undesirable effects in patients such as acute or chronic inflammation, 

fibrosis, infection, and/or thrombosis (Gorbet et al. 2004 and Anderson et al. 2008) with ultimate 

failure of the implant (Wise et al. 2000). This means that a polymer on its own is not an ideal 

material for creating grafts for cardiovascular applications.  Modification of the polymer surfaces 

may improve the material surface compatibility with blood and its components and create a 

material that can simulate the physiology  of signalling molecules from the body (Gorbet et al. 

2004 and Blair et al. 2009). 

There is currently an increased interest in using plants with medicinal properties for the 

development of products with therapeutic applications (Salem et al. 2014). Several studies have 

reported on the anticoagulant, antithrombotic (Bordia 1978; Mohammad et al. 1986; Srivastava 

1986; Ariga et al. 2006 and Rivlin 2006), antimicrobial, anticancer, antioxidant, immune 

boosting, antidiabetic, hepatoprotective, antifibrinolytic and antiplatelet aggregatory activity of 

garlic (Allium sativum) and its potential role in preventing cardiovascular diseases (Santhosha et 

al. 2013). Tulbaghia violacea which is closely related to garlic (Motsei et al. 2003 and Bungu et 

al. 2008) has been extensively used in traditional medicine for the treatment of various ailments 

including cardiovascular diseases (Burton 1990). However, few studies have investigated the 

potential of T. violacea extracts for treatment of cardiovascular problems (Duncan et al. 1999; 
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Bungu et al. 2008; Mackraj et al. 2008; Davison et al. 2012 and Raji et al. 2012). There are 

currently no studies that have fabricated T. violacea incorporated scaffolds or evaluated the 

antithrombogenic properties of T. violacea incorporated scaffolds. It is essential to assess the 

antithrombogenic properties of scaffolds used in biomedical devices because the implanted 

scaffold material will be in direct contact with human blood (Middleton et al. 2000). There is a 

rise in the study for antithrombogenic biomaterials with the aim of developing artificial organs 

and biomaterial that are in contact with blood because they have the ability to prevent the 

formation of thrombosis on the material surface (Lee et al. 1995). The objectives of this study 

were (i) to prepare a synthetic PCL scaffold incorporated with T. violacea plant extracts, (ii) to 

use the fabricated scaffolds for evaluation of platelet adhesion and platelet morphology so as to 

evaluate the antithrombogenic properties of the developed materials. 

5.3. MATERIALS AND METHODS 

5.3.1. Fabrication and characterization of nanofiber scaffolds 

Tulbaghia violacea extract-loaded polycaprolactone (PCL) nanofibers were fabricated by the 

electrospinning method (Fig. 11) according to the modified protocol of Sridhar et al. (2014). All 

chemicals were of analytical grade and used without further purification. Tulbaghia violacea 

powdered plant extract prepared in chapter 3 (3.3.2) was used. Control nanofiber scaffolds were 

fabricated by electrospinning a solution of PCL (10% w/v) and oleic acid (OLA) (0.36% w/v) in 

3:1 (volume ratio) of chloroform: methanol. Tulbaghia violacea extract-loaded scaffolds were 

fabricated from a similar solution that contained T. violacea so that the final scaffold 

compositions were 10% and 15% (w/w) with respect to PCL. The polymer solution was loaded 

into a glass syringe and fed to an 18-gauge blunt-tip needle by a syringe pump at a rate of 0.6 

mL/h. A high-voltage power supply was used to apply voltage in the range of 12 kV to the blunt-

tip needle that was positioned 12 cm from the grounded collector plate. An 8 mm biopsy punch 

was then used to create sample sized scaffolds to be used in subsequent assays. Scaffold 

morphology and fiber diameters were examined using a field-emission scanning electron 

microscope (SEM). The scaffolds were sputter-coated with 10 nm of gold and fiber diameters 

were measured using SEM image analysis software. At least 45 measurements were made on 

each scaffold (n = 45) and the fiber diameter distribution was plotted. The structure of the 

electrospun fibres was examined using Fourier Transform Infrared (FT-IR) Avatar 380 

spectrometer (Thermo Nicolet, Waltham, MA) in the region of 3500 – 500 cm−1 with the 

resolution of 4 cm−1. The notations for the rest of the thesis are as follows: Control 
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polycaprolactone (PCL – 0.5 g), PCL + 10% (0.05 g) of T. violacea plant extract (10% Tvio) and 

PCL + 15% (0.075 g) of T. violacea plant extract (15% Tvio). 

 

Figure 11: Electrospinning apparatus (Colorado State University Bioengineering lab). 

5.3.2. Preparation of extracts  

Aqueous extracts of 100 and 1000 µg/ml were prepared from the stock solution prepared in 

chapter 3 (3.3.2) and used in subsequent assays. 

5.3.3. Platelet adhesion and activation  

Platelet adhesion and activation studies were conducted following a modified procedure 

according to Smith et al. (2010); Smith et al. (2012) and Leszczak et al. (2013). Whole blood 

was drawn from a healthy donor into standard 6 ml vacuum tubes coated with the anticoagulant 

EDTA. The initial drawn blood of about 6 ml was discarded to avoid any skin plug and to 

eliminate the locally activated platelets caused by the needle insertion. The subsequent blood 

vials were centrifuged at 150 g for 15 min to separate the plasma from the red blood cells. The 

plasma was then pooled together into fresh tubes and used immediately for adhesion and 

activation studies. Six sets of experiments were performed using the three designed scaffolds: (i) 

Controls – Untreated plasma incorporated on PCL, 10% Tvio and 15% Tvio scaffolds, (ii) plasma 

mixed with 100 µg/ml of the T. violacea aqueous leaf extract - incorporated on PCL, 10% Tvio 

and 15% Tvio scaffolds and, (iii) plasma mixed with 1000 µg/ml of T. violacea aqueous leaf 

extract - incorporated on PCL, 10% Tvio and 15% Tvio scaffolds. Each experiment was 

conducted in triplicates with 3 different platelet populations (n = 3) and was repeated at least 

twice with a total of 54 samples for the experiments.  

For the experiment, all the scaffolds were initially sterilized by exposing them to UV light for 

30 min. Each sterilized scaffold was incubated with 0.5 ml of freshly pooled untreated plasma, 

100 µg/ml and 1000 µg/ml of T. violacea aqueous leaf extract treated plasma in a 24-well plate 
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at 37ºC and 5% CO2 on a horizontal shaker plate (100 rpm) for 2 h. After 2 h, non-adhered 

platelets were removed by carefully aspirating the supernatant plasma from the plate wells 

followed by rinsing the scaffolds gently with PBS buffer (2x). Half of the scaffolds were 

transferred to a new 24-well plate and incubated with 300 µl of 5 mM calcein- AM solution in 

PBS buffer for 20 min at room temperature. The scaffolds were then rinsed with PBS and 

immediately imaged using a fluorescence microscope. 

The morphology of the adhered platelets onto the nanofibers was then investigated using SEM 

to visualize the platelet–leukocyte interaction with the nanofiber surfaces in the presence and 

absence of T. violacea extracts. To prepare the nanofibers for SEM, the protocol described in 

chapter 4 (4.3.3.) was followed. Lastly, the nanofibers were air dried overnight and stored in a 

desiccator until further imaging by SEM at 5 kV after coating with a 10 nm layer of gold.  

5.3.4.  Statistical analysis 

All nanofiber scaffolds (PCL, 10% Tvio and 15% Tvio) were assayed in triplicates. A two-way 

ANOVA was performed to determine the significance of platelet counts for each nanofiber. 

Significance was set at p < 0.05. All statistics are presented here as a mean ± standard deviation. 

Graphpad prism 8 and Image J software were used for analysis.  

5.4. RESULTS AND DISCUSSION 

5.4.1. Fabrication and characterization of scaffolds 

This is the first study that fabricated scaffolds composed of PCL and aqueous leaf extracts of T. 

violacea using two concentrations of 10% and 15% (w/w) of leaf extracts. The SEM images and 

frequency distributions of the PCL, 10% Tvio and 15% Tvio nanofibers (Fig. 12A – F) showed 

that the 10% Tvio scaffold exhibited the smallest mean fiber diameter of 193 ± 30 nm, as well as 

the narrowest frequency distribution (Fig. 12B and E). However, the 15% Tvio scaffold showed 

fiber diameters with a mean of 537 ± 138 nm and exhibited a broad frequency distribution (Fig. 

12C and F). The fibers of the PCL scaffolds (275.60 ± 60.65 nm) were more similar in size as 

well as fiber diameter to that of the 10% Tvio scaffold.  There was a non-significant difference 

(p < 0.05) between the fiber diameters of the PCL and the 10% Tvio scaffold. Overall, this study 

illustrated that addition of a 10% T. violacea plant extract to the PCL resulted in the reduction 

of fiber diameter whereas the addition of the15% T. violacea plant extract resulted in the highest 

overall fiber diameter. In a previous study, the addition of 5% neem, aloe vera, curcumin/neem 

and curcumin/aloe vera to PCL resulted in a reduction in fiber diameters when compared to the 

untreated PCL (Sridhar et al. 2014). Ravanan et al. (2016) also reported similar results for 5% 
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neem and curcumin/neem PCL scaffolds where the fiber diameters were lower than those of the 

control PCL. A recent study by Mani et al. (2019) showed that a 4% garlic incorporated 

polyurethane (PU) nanofibrous scaffold resulted in the reduction of the fiber diameter and pore 

size when compared to pristine PU. Similarly, a study by Jaganathan et al. (2019b) illustrated a 

decrease in fiber diameter when 9% of sesame oil and sesame oil/honey/propolis were 

incorporated into the PU matrix. Remya et al. (2019) fabricated 1, 3, and 5% pamidronate-

encapsulated PCL scaffolds and also reported a decrease in fiber diameter as the concentration 

of pamidronate increased and when compared to the control PCL scaffold. These studies suggest 

that addition of lower concentrations of plant material/drugs during scaffold fabrication is 

essential to obtain lower fiber diameters. Lower fiber diameters result in an exponential increase 

of the specific area of the material. This attribute makes nanofibers ideal for numerous 

applications that require/desire a highly specific surface area (Do Céu Teixeira et al. 2017). 
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Figure 12: Scanning electron micrographs of PCL (A), 10% Tvio (B), and 15% Tvio (C) 

nanofiber scaffolds at 10 000x magnification. Scaffold fiber diameters for the PCL (D: 275 ± 61 

nm), 10% Tvio (E: 193 ± 30 nm) and 15% Tvio (F: 538 ± 236 nm) scaffolds are represented as 

mean ± standard deviation. 

5.4.2. Structure characterization of fabricated scaffolds 

The surface chemistry of PCL before and after addition of T. violacea plant extracts was 

compared by FT-IR in ATR mode (Fig. 13). In the spectra of PCL, 10% Tvio and 15% Tvio, 

prominent peaks appeared at 1724, 1726 and 1724 cm-1, respectively. This is ascribed to the 
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strong ester carbonyl stretching C=O bonds. Peaks at 1169, 1173 and 1171 cm-1 represent C–O 

stretching while those at 2867, 2866, 2866 cm-1 correspond to the C–H stretching (Kolev et al. 

2005; Crouzier et al. 2009 and Ashenhurst 2016). The spectra of the powdered T. violacea 

aqueous leaf extract from chapter 3 (3.3.2), 10% Tvio and 15% Tvio showed peaks at 1598, 1599 

and 1597 cm-1, respectively corresponding to the amide bond of the T. violacea plant extract. 

The peaks at 3261, 3267 and 3267 cm-1 represents hydroxyl O–H stretching from addition of the 

T. violacea plant extract. Both sets of peaks were absent in the control PCL scaffold as also show 

by Ashenhurst (2016) who reported only ester carbonyl stretching C=O bonds, C–O stretching 

and C–H stretching in PCL. This indicates the presence of the T. violacea plant extract in the 

fabricated 10% Tvio and 15% Tvio PCL scaffolds. The results illustrated that the intensity of 

peaks increased with increasing concentrations of T. violacea. A similar observation was 

reported by Vashisth et al. (2016) where addition of 1, 2, and 4% of the antioxidant quercetin 

during scaffold fabrication increased the intensity of the FTIR peaks as the concentration of 

quercetin increased.  
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Figure 13: Comparison of ATR-FT-IR spectrum of PCL, 10% Tvio, 15% Tvio scaffolds and T. 

violacea aqueous leaf extract. 

Further, EDS (Energy-dispersive X-Ray Spectroscopy) study confirmed the presence of T. 

violacea in the PCL matrix (Fig. 14A – C). The PCL scaffold showed only oxygen, carbon and 

silicon (Fig. 14A), while the 10% Tvio and 15% Tvio scaffolds showed overall aluminum, 

potassium, sulphur and chlorine in addition to the carbon, oxygen and silicon (Fig. 14B and C), 

respectively. The 15% Tvio scaffold showed additional compounds that were absent from the 
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10% Tvio scaffold and those included sodium, magnesium and phosphate. This may be attributed 

to the increased intensity of peaks reported from the FTIR spectrum. 

 

 

 

Figure 14: EDS of (A) PCL, (B) 10% Tvio and (C) 15% Tvio scaffolds. 
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5.4.3. Platelet adhesion and activation 

Several studies have researched non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin 

and indomethacin for their antithrombotic activities. Both in vitro and in vivo studies have 

illustrated that these two drugs have the ability to inhibit platelet aggregation and thromboxane 

formation (Silver et al. 1974; Ali et al. 1978; Cerskus et al. 1978 and Cerskus et al. 1980). 

Although these drugs are somewhat effective and have been used for decades, their harmful life-

threating side effects are a major disadvantage (Stone et al. 2007; Bounameaux 2009). This has 

led to a growing interest in the use of naturally occurring chemical substances derived from 

medicinal plants as potential treatments for coagulation disorders as well as template molecules 

for the development of new drugs (Lee et al. 2012). In this study, the effect of 100 µg/ml and 

1000 µg/ml of T. violacea aqueous leaf extracts on platelet adherence onto PCL, 10% Tvio and 

15% Tvio scaffolds was evaluated after 2 h of contact time. After incubation, the platelets were 

stained with calcein-AM, and platelet adhesion and activation studies were conducted by 

evaluating the scaffolds under a fluorescence microscope at 20x magnification. ImageJ software 

was used to quantity the adhered platelets on the fabricated scaffolds. For the untreated group 

(Fig. 15A – C), the number of adhered platelets decreased from the control PCL scaffold to the 

10% Tvio scaffold (Fig. 15A and B).  However, the number of adhered platelets was highest in 

the 15% Tvio scaffold (Fig. 15C).  This pattern was observed with the 100 ug/ml (Fig. 15D – F) 

and 1000 µg/ml (Fig. 15G – I) treatments. The fluorescence results also showed an increase in 

the number of adhered platelets when the concentartion of T. violacea plant extract was increased 

from  100 ug/ml to 1000 µg/ml. These results suggest that the fabricated PCL, 10% Tvio and 

15% Tvio scaffolds have the ability to decrease some levels of platelet adhesion especially in the 

absence of T. violacea plant extracts. Overall, the 10% Tvio scaffold showed the lowest amounts 

of adhered platelets for all treatment groups. 

 

 

 

 

 

 

 

 

 

 



64 

 

  

 

 

 

 

                                                                 

 

                                                                                                             

 

 

 

 

 

 

 

                                              

                                        

 

 

 

 

Figure 15: Quantity of untreated plasma adhered platelets stained with calcein-AM on PCL, 

10% Tvio and 15% Tvio nanofiber scaffolds (A, B and C), 100 µg/ml T. violacea aqueous leaf 

extract treatments on PCL, 10% Tvio and 15% Tvio nanofiber scaffolds (C, D and E) and 1000 

µg/ml T. violacea aqueous leaf extract treatments on PCL, 10% Tvio and 15% Tvio nanofiber 

scaffolds (G, H and I). Quantification was performed using ImageJ software. Scale bar at 20 µm. 

There was a significant increase in the number of adhered platelets between the PCL and the 

1000 µg/ml treatments (Fig. 16). This significance was more prominent with the 10% Tvio which 

had the least number of adhered platelets overall whereas the 15% Tvio scaffold had the highest 

number of adhered platelets. 
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Figure 16: Quantity of adhered platelets stained with calcein-AM on PCL, 10% Tvio, and 15% 

PCL- Tvio nanofibers scaffold which contain untreated platelets, platelets treated with 100 µg/ml 

and 1000 µg/ml aqueous leaf extracts of T. violacea. For the untreated group, there was a 

significant difference in quantity of adhered platelets between 10% Tvio and 15% Tvio nanofiber 

scaffolds. Quantity of adhered platelets on untreated 10% Tvio scaffold was significant to 100 

µg/ml treated PCL, 15% Tvio 100 µg/ml and 1000 µg/ml treated scaffolds. Quantity of adhered 

platelets on the 100 µg/ml treated 10% Tvio scaffold was significant to the 1000 µg/ml treated 

15% Tvio scaffold. Lastly for, the quantity of adhered platelets on untreated PCL scaffold was 

significant to the 1000 µg/ml treated 15% Tvio scaffold. Error bars indicate standard deviation. 

Significant groups are indicated by (a - f) (p < 0.05). 

For the untreated group, there was a 35% decrease in platelet adhesion from PCL to 10% Tvio, 

an increase of 62% from the 10% Tvio to the 15% Tvio scaffold and a 40% increase from PCL 

to the 15% Tvio scaffold. For the 100 µg/mL treatment, there was a 33% decrease in platelets 

from PCL to 10% Tvio, an increase of 47% from 10% Tvio to 15% Tvio and a 30% increase from 

PCL to 15% Tvio scaffolds. Finally for the 1000 µg/mL treatment, there was 28% decrease in 

adhered platelets from PCL to 10% Tvio, an increase of 44% from 10% Tvio to the 15% Tvio 

and a 22% increase from PCL to the 15% Tvio scaffold. A comparison of the groups illustrated 

an increase of 31%, 8% and 37% in platelet adhesion for the PCL scaffold from the untreated to 
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the 100 µg/mL, from 100 µg/mL to 1000 µg/mL scaffolds and the from untreated PCL to the 

1000ug/mL group, respectively. For the 10% Tvio scaffold, there was a 34%, 14% and 43% 

increase in platelets from the untreated to 100, from 100 to 1000 µg/mL and from the untreated 

to 1000 µg/mL scaffolds, respectively. Finally, for the 15% Tvio scaffold there was an 8%, 10% 

and 18% increase in platelet count from the untreated to 100, from 100 to 1000 µg/mL and from 

the untreated PCL to the 1000 µg/mL scaffolds, respectively. The addition of T. violacea plant 

extracts to the PCL scaffold also illustrated a lower platelet adhesion with a non-significant 

difference of less than 50% when compared with all treatment groups.  

Overall these results show the potential of the 10% Tvio scaffold to prevent platelet adhesion and 

aggregation. The higher platelet count on the 15% Tvio may be attributed to the potential  toxicity  

of T. violacea plant extracts at higher concentrations as reported by Madike et al. (2019) which 

might have resulted in platelet aggregation. The study also suggests the potential of  adding lower 

concentrations of  T. violacea plant extracts directly onto fabricated PCL material as an 

alternative way to decrease the rate of platelet adhesion. However, the addition of plant extracts 

to the plasma resulted in the activation and aggregation of  more platelets when compared to 

untreated plasma. It was also evident that the scaffold with the smaller fiber diameter (10% Tvio: 

193 ± 30 nm) showed very low coagulation with lower platelet adhesion whereas those with 

larger fiber diameter (PCL: 275 ± 60.56 nm and 15% Tvio: 537 ± 138 nm) triggered higher 

thrombin formation and platelet adhesion. The highest platelet adhesion and activations rates 

were found in plasma incubated in contact to the scaffolds with the biggest fiber diameter (15% 

Tvio: 537 ± 138 nm). These results correspond with what was reported by Milleret et al. (2012) 

who evaluated the influence of fiber diameter and surface roughness of electrospun vascular 

grafts on blood activation and reported that fibers with lower diameter inhibited platelet adhesion 

better than those with higher diameter ranges. These results may indicate that the fabrication of 

fibers with smaller diameters is a better option and could lead to a reduced early thrombogenicity 

by lower platelet adhesion and lower activation of platelets and coagulation cascade (Milleret et 

al. 2012). One of the major reasons that can be attributed to the failure of material surfaces is 

thrombogenicity (Gorbet et al. 2004). 

5.4.4. Platelet morphology: Scanning electron microscopy (SEM) 

SEM was used for high-magnification imaging to evaluate the morphology of the adhered 

platelets on the different surfaces as well as the effects of T. violacea plant extracts after 2 h of 

surface contact time (Fig. 17A – I). Similar to the fluorescence results, a higher number of 
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platelets adhered onto the scaffold with the highest fiber diameter (15% Tvio) (Fig. 17C, F and 

I) whereas the lowest diameter fibers scaffold (10% Tvio) (Fig. 17B, E and H) had a lower 

number of adhered platelets compared to the PCL (Fig. 17A, D and G) scaffold. There was a 

calculated increase in platelet adhesion and activation as scaffolds were treated with plasma 

incorporated with 100 µg/ml (Fig. 17D, E and F) and more so with 1000 µg/ml (Fig. 17G, H and 

I) T. violacea extracts, respectively as seen with the fluorescence results. 

 

 

 

 

 

                                                                                                                                  

 

 

 

                                                                                                                                                                 

 

                                                        

                                                                    

                                                                                                                              

 

 

Figure 17: SEM images of adherent platelets on PCL, 10% Tvio and 15% Tvio nanofiber 

scaffolds (Untreated: A, B and C), 100 µg/ml T. violacea aqueous leaf extract treatments on 

PCL, 10% Tvio and 15% Tvio nanofiber scaffolds (D, E and F) and 1000 µg/ml T. violacea 

aqueous leaf extract treatments on PCL, 10% Tvio and 15% Tvio nanofiber scaffolds (G, H and 

I) at 10 000x magnification. Scale bar at 1 µm. 
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5.5. CONCLUSION 

For this study, the antithrombogenic effects of T. violacea plant extracts on three different 

surfaces (PCL, 10% Tvio and 15% Tvio) were investigated for their use as interfaces for blood-

contacting implants. There was successful fabrication of T. violacea aqueous leaf extracts PCL 

scaffolds as seen with the results of the SEM, FTIR and EDS. This work has demonstrated that 

the 10% Tvio scaffold could have beneficial effects on the cardiovascular system by decreasing 

platelet adhesion and activation when compared to the PCL and 15% Tvio surfaces. The study 

also suggests that there is a direct link between platelet adhesion and concentrations of plant 

extract since this number increased as the concentration of plant extract was increased. This 

observation was confirmed by the morphological study using SEM.The rate of platelet adhesion 

and activation was also directly proportional to fiber diameter as well as addition of a plant 

material which possesses antithrombogenic properties. The improved blood-compatibility 

demonstrated by the 10% Tvio scaffold suggests that the plant possess antithrombogenic 

properties at a lower concentration. These findings introduce a new avenue of improving 

electrospun scaffold designs by incorporating extracts of medicinal plants. The study also 

suggests the use of lower concentrations of plant material during scaffold fabrication to enhance 

the surface material. 
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CHAPTER 6 

6. In vitro cell adhesion, proliferation and differentiation of adipose derived stem cell on 

Tulbaghia violacea loaded polycaprolactone (PCL) nanofibers 

6.1. ABSTRACT 

Tissue engineering has been used for decades to restructure, replace and repair damaged tissue 

in the body. However, there are a number of challenges that have been identified, with the biggest 

one currently being the development of scaffolds with the ideal properties that can promote cell-

scaffold interactions to enhance cell proliferation and differentiation. Adipogenic tissue 

engineering research has significantly increased due to the demands for alternative treatment 

methods after adipose tissue traumas and cosmetic surgeries. Adipose derived stem cells 

(ADSCs) have been identified as an alternative and more advantageous source of mesenchymal 

stem cells (MSCs) due to their abundant availability and accessibility. ADSCs have the ability 

to differentiate into a number of mesodermal lineages among which are osteogenic, adipogenic 

and chondrogenic phenotypes among others. The use of a biodegradable material for scaffold 

fabrication to be used in tissue engineering is an important factor since the ideal polymer supports 

progenitor cell migration, adhesion, proliferation, and also induces differentiation and 

extracellular matrix synthesis. Polycaprolactone is a biodegradable polymer that has found a 

variety of applications in biomedical and tissue engineering. There is currently very little 

research on the incorporation of medicinal plants in scaffold fabrication with the aim of 

enhancing the surface material. For this study the adhesion, proliferation and differentiation of 

ADSCs on Tulbaghia violacea incorporated PCL scaffolds was investigated. The 

electrospinning technique was employed for fabrication of the scaffolds. The results showed that 

the addition of T. violacea during scaffold fabrication resulted in enhanced cell proliferation and 

adhesion as well as the formation of elongated cells. Further, immunofluorescence imaging of 

marker proteins illustrated that the T. violacea incorporated scaffolds supported better 

osteocalcin production which is a non-collagenous bone matrix protein. 

 

Keywords: Tissue engineering, polycaprolactone; adipose derived stem cells; Tulbaghia 

violacea, osteocalcin differentiation. 
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6.2. INTRODUCTION 

One of the major setbacks facing the field of medicine is tissue and organ deficiencies which 

mostly require tissue or organ transplants (Sheehy et al. 2003 and Dzobo et al. 2018). The biggest 

crisis currently facing the field of biomedicine worldwide is the shortage of organs for 

transplantation (Sheehy et al. 2003 and Jones et al. 2012). However, with only an estimated 10% 

of the world’s current need for organ transplantation being met (Jones et al. 2012), as well as 

high risk of rejection of the donated body parts (Wood et al. 2012 and Lo et al. 2014), there are 

major setbacks. While the African continent consists of 16% of the world’s population, there are 

only 0.5% of organs being transplanted mainly due to lack of funds and traditional beliefs 

(Shimazono 2007 and Giwa et al. 2017). This has led to the development of regenerative 

medicine which is a combination of biology, medicine, and engineering (Helder et al. 2007). The 

initiation of stem cell research paved the way for regenerative medicine research. This 

development can be attributed to the three unique characteristics that have been identified in 

stem cells which are their self-renewal capacity, long-term viability, and multilineage potential 

(Zuk et al. 2002 and Rodriguez et al. 2005).  

Two types of stem cells have been identified including somatic stem cells and embryonic stem 

cells (Saleh 2015).  Most of the research conducted in tissue engineering thus far has focused on 

both somatic and embryonic stem cells.   The use of somatic stem cells has been more prominent 

than that of embryonic stem cells due to a variety of ethical and political issues (Zuk et al. 2002 

and Rodriguez et al. 2005). There are two groups of somatic stem cells, namely, hematopoietic 

stem cells (HSCs) and mesenchymal stem cells (MSCs). Mesenchymal stem cells (MSCs) are 

used more commonly in tissue engineering due to their ability to differentiate not only into 

osteoprogenitor cells but a number of cell types including adipocytes, chondrocytes, osteoblasts, 

and myoblasts (Hauner et al. 1987; Grigoriadis et al. 1988; Wakitani et al. 1995; Ferrari et al. 

1998; Johnstone et al. 1998 and Pittenger et al. 1999). However, since MSCs are derived from 

bone marrow, there are disadvantages with obtaining them that includes, the invasive procedure 

used for their isolation and the low cell numbers upon harvest. Leading to the recent development 

of using adipose tissue as an alternative source of MSCs (Zheng et al. 2006). Adipose tissue-

derived stem cells (ADSCs) are  adult stem cells that can be easily harvested from subcutaneous 

adipose tissue (Suzuki et al. 2016). 

The use of ADSCs in tissue engineering has a number of advantages over the use of MSCs. They 

are easily accessible due to their supportive stroma, there is an abundance of adipose derived 

stem cells from the adipose tissue and they are  able to proliferate rapidly in culture (Katz et al. 
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1999 and Bunnell et al. 2008). Similar to MSCs,  ADSCs have the ability to differentiate into 

multiple cell lineages such as osteogenic, chondrogenic, myogenic, adipogenic,  neurogenic cells 

(Zheng et al. 2006) and even the ability to form bone in vitro (Zuk et al. 2001 and Zuk et al. 

2002). Adipose derived stem cells have also been reported to have the potential to treat various 

diseases, such as graft-versus-host disease (Fang et al. 2007), autoimmune-induced diseases 

(Gonzalez-Rey et al. 2009 and Gonzalez-Rey et al. 2010), multiple sclerosis (Riordan et al. 

2009), diabetes mellitus (Trivedi et al. 2008), and tracheomediastinal fistulas (Álvarez et al. 

2008). Several studies have reported on the potential of ADSCs to be used as alternatives for 

wound healing (Nie et al. 2009), cardiovascular grafts (Heydarkhan-Hagvall et al. 2008), 

orthopaedic tissue repair (Tapp et al. 2009), as well as plastic tissue reconstruction after surgery 

(Alhadlaq et al. 2005). Tissue engineering involves the use of biomaterials known as scaffolds 

which act as templates for seeded cells such as ADSCs and present the cells with an essential 

growth structure, maintenance and for differentiation to enable tissue repair. The use of 

polycaprolactone for scaffold fabrication has gained popularity due to the biodegradability, good 

mechanical strength and a low degradation rate of the polymer (Woodruff et al. 2010). It is also 

biocompatible in vitro and in vivo (Lam et al. 2009). This has resulted in an increase in the use 

of PCL as an implantable biomaterial for tissue engineering and drug delivery applications. This 

includes tissue-engineered skin (Ng et al. 2001), axonal regeneration (Koshimune et al. 2003) 

and scaffolds for supporting fibroblasts and osteoblasts growth (Hutmacher et al. 2001).  

The most important aspect of scaffold design is to fabricate a material that will mimic the in vivo 

environment of cells. This has led to the use of nanostructures since they have the ability to affect 

cell behaviour such as morphology, functionality as well as cell-cell interactions (Cao et al. 2010; 

Bechara et al. 2011 and McMurray et al. 2011). The nanostructures should also have the ability 

to enhance cell behaviour such as fibroblast adhesion (Park et al. 2007), neuronal differentiation 

(Seidlits et al. 2008), and osteoblast phenotypic activity (Werner et al. 2007 and Bechara et al. 

2010). Thus, the fabrication of the ideal nano surfaces should have the potential to enhance 

cellular adhesion, proliferation and differentiation. 

The strain on the cardiovascular system has been implicated as the leading cause of mortality in 

patients with chronic kidney disease, diabetes, high blood pressure, and bone disease such as 

osteoporosis among others (Elsheikh et al. 2016). During heart injury, connective tissue cells in 

the heart turn into bone-producing cells (heart muscle calcification). This is the reason why some  

survivors of heart damage develop abnormal calcium deposits in the valves or walls of the heart 
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(Pillai et al. 2017). There is thus a need to develop biomaterials that have the ideal properties to 

be used to combat diseases of the cardiovascular system. 

Over the last 10 years there has been a growing interest in the fabrication of nanofibrous 

architectures produced by electrospinning with addition of plant extracts. However, there is still 

very limited research  on the incorporation of plant material during electrospinning (Zhang et al. 

2017). The use plants for the treatment of different diseases has been employed for centuries and 

a large number of drugs are currently being derived from various plants types (Subashini et al. 

2011). Plants possess a variety of biological activities which makes them ideal materials for 

nanofiber fabrication (Hammer et al. 1999 and Kähkönen et al. 1999). The fabrication of plant 

material incorporated nanofibers using electrospinning may extensively accelerate the plant’s 

remedial potential. The therapeutic potential of the plant may be maximized by improved 

bioavailability as well as maintenance of a steady concentrations of the plant material to the 

target areas (Pachuau 2015 and Whittam et al. 2016). 

In this study, Tulbaghia violacea plants extracts were added during scaffold fabrication to 

physically modify the surface of polycaprolactone. The designed scaffolds were then used as 

templates for growth and maintenance of ADSCs and to evaluate their potential to support the 

differentiated state of these cells into osteoblasts. Thus, the objectives of this study were (i) to 

evaluate the cytotoxicity, (ii) proliferation and (iii) differentiation potential of ADSCs on T. 

violacea aqueous plant extract incorporated PCL scaffolds. 

6.3. MATERIALS AND METHODS 

6.3.1. Cell culture 

ADSCs isolated from human fat were generously donated by Dr. Kimberly Cox-York from the 

Department of Food Science and Human Nutrition at Colorado State University, Colorado, USA. 

The cells were cryopreserved until used. The cells were thawed in a water bath at 37°C and 

suspended in 13 ml of MEM, Alpha Modification (α MEM - GE Life Sciences, Pittsburgh, PA) 

which contains 10% Foetal Bovine Serum (FBS) and 1% penicillin/streptomycin solution and 

then transferred into 75 cm2 culture flasks and incubated at 37°C and 5% CO2. The first media 

change was performed after 3 days of the initial culture, with subsequent media changes every 

other day. When the ADSCs reached about 70% confluence, the cells were removed from the 

culture flasks by adding a mixture of 0.25% trypsin/EDTA. The cells were then detached from 

the surface and a trypsin neutralizer was added to stop the action of trypsin. The solution was 

then centrifuged at 1000 rpm for 10 min. The supernatant was aspirated and the ADSCs were 
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resuspended in the culture medium. The density of the cells was determined with the help of a 

hemocytometer using the trypan blue exclusion test (Louis et al. 2011). The experiments for this 

study were performed using third passaged ADSCs. ADSCs were seeded on the PCL, 10% Tvio 

and 15% Tvio nanofiber scaffolds previously fabricated and characterized in chapter 5 (5.3.1), 

in 48-well plates. Prior to cell culture, the scaffolds were sterilized by being subjected to 30 min 

of ultraviolet exposure. The density of the ADSCs that were seeded onto the surface of the 

composite was 1 × 104 cells/ml. The scaffolds were incubated in cell-rich media and then 

investigated for cell adhesion, viability and cellular morphology after 4 and 7 days of cell culture. 

6.3.2. Toxicity test using the lactate dehydrogenase (LDH) assay 

The lactate dehydrogenase (LDH) assay was performed after 1 day of culture to evaluate the 

toxicity of the scaffolds towards the cells. After 24 h of cell culture on the scaffolds, 160 μl of 

α-MEM was replaced with an equal amount of LDH (Quantichrom Bio Assay Systems, 

Hayward, CA) in each well. This was followed by an incubation period of 4 h after which 100 

μl of the supernatant containing LDH was transferred into a 96-well plate. The absorbance of the 

solution in each well was measured at 500 nm (n = 5) using a plate reader (BMG LABTECH 

FLUOstar Omega, Ortenberg, Germany). 

6.3.3. Cell viability using the Alamar Blue (Promega) assay 

The Alamar Blue kit (Promega, Madison, WI) was used to evaluate cell viability after 4 and 7 

days of culture. The spent α-MEM in all the wells was replaced with a fresh solution containing 

10% (60 μl) alamar blue. α-MEM was used as a negative control to determine the background 

signal. After 4 h of incubation, the percentage reduction of alamar blue was calculated following 

the instructions of the manufacturer (Thermo Scientific, Grand Island, NY) by reading the 

absorbance at 570 nm and 600 nm simultaneously, using a plate reader.  

6.3.4. Cell adhesion to scaffold 

Cell adhesion to the scaffolds was investigated by fluorescence staining by firstly fixing the live 

cells with 3.7% formaldehyde followed by incubation for 15 min at room temperature. The 

scaffolds were then washed three times with PBS before being transferred into a new well plate 

with 600 μl of Triton X – 100 in 1% PBS and incubated for 3 min. This was followed by washing 

with PBS again, then transferring the scaffold to a new well plate containing 600 μl of 

Rhodamine Phalloidin (F-actin stain), and incubation for 25 min at room temperature. About 63 

μl of DAPI (Life Technologies, Grand Island, NY) stain was added directly into the Actin stain 

and left at room temperature for 5 min.  
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The solution was finally aspirated and the scaffolds were immersed in PBS and covered with 

aluminium foil since DAPI is a light sensitive stain then left in the refrigerator until they were 

imaged using a fluorescence microscope (Zeiss, Jena, Germany). The number of ADSCs for each 

of the evaluated days (day 4 and 7) was calculated using DAPI images (n =5) by counting the 

number of nuclei. The area of the cells on each of the scaffolds for each day (day 4 and 7) was 

evaluated using Rhodamine images (n =5). All images were evaluated using the ImageJ software. 

The morphology of the ADSCs that adhered to the scaffolds were evaluated using scanning 

electron microscopy (SEM) as described in chapter 4 (4.3.3) after 4 and 7 days of culture. Lastly, 

the scaffolds were incubated in 100% hexamethyldisilazane (HMDS) for 10 min (Trujillo et al. 

2013) and then allowed to dry completely in a desiccator before being visualized under SEM. 

The cell cultured scaffolds were then sputtered with a 10 nm layer of gold nanoparticles and the 

imaging was carried out at 5 kV. 

6.3.5. Alkaline phosphatase (ALP) assay 

For the long-term study (1 - 3 weeks), osteogenic induction media containing α-MEM was 

supplemented with antibiotics, 10% FBS, 1 mM sodium pyruvate, 2 mM Glutamax, 50 µg/ml L-

ascorbic acid 2-phosphate, 10 nM dexamethasone, and 10 mM β-glycerophosphate, and the 

media was changed every other day for up to 3 weeks.  Expression of alkaline phosphatase (ALP) 

was then determined after 1 and 3 weeks of culture. For the ALP assay at week 1 and 3, the 

scaffolds were moved into new well plates and the ADSCs were lysed with 500 µl of 0.2% 

Triton-X100 buffer (Sigma-Aldrich), after which the plates were placed on a shaker for 20 min 

at 150 rpm. The samples were then thoroughly mixed and transferred to Eppendorf tubes. Serum 

alkaline phosphatase activity was assayed using QuantiChrom Alkaline Phosphatase Assay Kit 

(BioAssay Systems, Hayward, CA). Briefly, 200 µl of distilled water and 200 µl of calibrator 

(10 ml Tartrazine) were added into separate wells of a clear bottom 96-well plate to act as the 

positive and negative controls. About 50 µl of samples from the Eppendorf tubes were then 

transferred to new wells and 150 µl of working solution (200 µl Assay Buffer, 5 µl Mg Acetate 

(final 5 Mm solution)) and 2 µl pNPP liquid substrate (10 mM)) was added to the samples to 

obtain a final volume of 200 µl.  

 

 

 

 



75 

 

The absorbance was read at 405 nm for time 0 and after 4 min. ALP activity of the sample (IU/L 

= µmol/(L·min)) was calculated using equation 2 below: 

(ODSample t− ODSample 0) x Reaction Vol  

(ODCalibration−ODH2O) x Sample Vol x 𝑡
 x 35.3                                                                     (2) 

ODSAMPLEt and ODSAMPLEo are OD405nm values of sample at time t (4 and 0 min). The factor 1000 

converts mmol/L to µmol/L. t is the incubation time (min).  

6.3.6. Immunofluorescence (IF) staining 

The non-adherent cells were removed by aspirating the cell rich media from the scaffolds 

followed by two gentle rinses with PBS (500 µl). The scaffolds were then transferred to a new 

48-well plate. Adherent cells were fixed in 3.7% w/v formaldehyde in PBS for 15 min at room 

temperature and washed three times in PBS. The cell membrane was permeabilized by 

incubating the scaffolds in a 1% Triton-X solution in PBS at room temperature for 3 mins, 

followed by a gentle rinse with PBS. To block nonspecific binding, the scaffolds were incubated 

in 10% blocking (10% BSA in PBS) serum in PBS for 30 mins at room temperature. The 

scaffolds were then incubated in a primary antibody solution of Osteocalcin (OCN) – 1:100 (10 

ml 1% BSA in PBS + 100 µl OCN) with 1% blocking serum in PBS for 1 h at room temperature. 

The scaffolds were then washed three times (5 mins per wash) in PBS, and incubated with a 

secondary FITC or TR labelled antibody (CMFDA (5-Chloromethylfluorescein Diacetate)) 

solution of osteopontin (OC) and osteocalcin (OP) – 1:200 (10 ml 1% BSA in PBS + 50 µl OCN) 

with 1% blocking serum in PBS for 45 min at room temperature. This was followed by one wash 

in PBS and transferred to new wells. Finally, the scaffolds were incubated in rhodamine-

phalloidin stain at a concentration of 1:200 (10 ml PBS + 50 µl rhodamine W.S. (14 µM)) for 

20-25 mins. After 25 min of rhodamine-phalloidin (actin) staining, DAPI stain (105 μl/1 ml) was 

added directly to the rhodamine phalloidin during the last 5 mins of the stain (31.5 µl for 300 

µl). The scaffolds were then rinsed twice in PBS and visualized using a fluorescence microscope. 

The number of adhered cells on all the scaffolds after 1 and 3 weeks of culture was determined 

from DAPI stained images (n = 5) by counting the individual nuclei using ImageJ software. The 

morphology of the adhered ADSCs on the scaffolds was investigated using SEM after 1 and 3 

weeks of culture using the method described in chapter 4 (4.3.3). 
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6.3.7. Statistical analysis 

All the quantitative results were analyzed using Two-way analysis of variance (ANOVA). 

Statistical significance was considered at p < 0.05. All quantitative methods used n = 5. 

Experiments were repeated at least three times with three different cell culture populations. 

 

6.4. RESULTS AND DISCUSSION 

Major advances have been made in the field of regenerative medicine over the last few decades.  

However, recurring challenges connected to the restructuring, repairing, and replacing of 

damaged tissue in the body remains a problem (Spees et al. 2006). This is due to limited skin, 

bone, cartilage, capillary and periodontal tissues (Ikada 2006) as well as a donor  shortage (Wood 

et al. 2012 and Lo et al. 2014). This has led to an increase in the use of ADSCs as an alternative 

source for reconstruction therapies following adipose tissue traumas and cosmetic surgeries. The 

characteristics of ADSCs can be attributed to their ability to differentiate into a wide range of 

mesodermal lineages such as bone, muscle and connective tissue (Trujillo et al. 2013). All 

through an individual’s life, bone remains metabolically active, repeatedly repaired and 

remodelled. These processes are controlled by the action of three major types of bone cells, 

namely, osteoclasts, osteoblasts and osteocytes (Baron et al. 2012). The activity of the bone cells 

can be assessed using biochemical markers of bone formation such as by-products of collagen 

neosynthesis and osteoblast-related proteins, for example ALP (Garnero 2014).  

6.4.1. Lactate dehydrogenase (LDH) assay 

The cytotoxicity of the cells on PCL, 10% Tvio and 15% Tvio scaffolds was evaluated after 1 

day of the ADSCs culture. Lactate dehydrogenase (LDH) is a cytosolic enzyme present in cells 

that is released into the cell media upon cell death usually through damage of the plasma 

membrane of cells.  The amount of LDH released is equivalent to the cytotoxic potential of the 

substrate towards the cells and can be measured spectrophotometrically using a plate reader at 

490 nm and 680 nm, respectively. The yellow tetrazolium salts are converted to formazan by the 

action of lactate dehydrogenase, to generate reducing equivalents such as nicotinamide adenine 

dinucleotide (NAD+) to nicotinamide adenine dinucleotide hydride (NADH) and H+ (Burd et al. 

1973 and Pulyala et al. 2017). The results indicated that the 10% Tvio scaffold produced the least 

LDH when compared to PCL and 15% Tvio scaffolds (Fig. 18). The LDH assay affirmed that all 

the fabricated scaffolds were not cytotoxic and can thus be used in subsequent assays. The 

highest LDH reading recorded for the 15% Tvio scaffold corresponds to the findings of Madike 

et al. (2019) who reported toxicity of T. violacea aqueous extracts at higher concentrations using 
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the Allium cepa assay. This confirms that the fabricated scaffolds (PCL, 10% Tvio and 15% Tvio) 

are the ideal materials to be used for further cell studies as that is one of the major factors to 

consider for cell growth and maintenance.  

 

Figure 18: Cytotoxicity of the scaffolds analysed by measuring the absorbance of LDH after 24 

h of cell culture on the surfaces. PCL and 15% Tvio scaffolds were found to be statistically more 

cytotoxic than the 10% Tvio scaffold. The PCL and 10% Tvio scaffold have significantly lesser 

absorbance values of LDH than the 15% Tvio scaffold. There was no significant difference 

among all treatments. Error bars indicate standard deviation. 

6.4.2. Alamar Blue (Promega) assay 

Cell viability was measured using the Alamar blue assay which is a fluorescent blue indicator 

also called resazurin that changes from blue to pink when there is an impairment of cellular 

metabolism. The fluorescence intensity is regarded as a measure of the number of living cells 

(Kreft et al. 2009). The alamar blue results indicated that there was a significant increase in cell 

viability after 7 days compared to day 4 cell cultures (Fig. 19). Cell viability on the PCL scaffolds 

after 7 days of culture was significantly higher by about 20% than that of the cells on PCL after 

day 4 of cell culture. There was also a significant difference in cell viability between PCL day 4 

cells and 10% Tvio (24%) as well as 15% Tvio (19%) cells after day 7. Cell viability observed 

on the PCL day 7 scaffold was significantly different from that of the 10% Tvio (16%) and 15% 

Tvio (20%) day 4 cells. The cell viability for 10% Tvio after day 4 of cell culture was significantly 
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different from that of the 10% Tvio (20%) and 15% Tvio (15%) day 7 cells. After day 7 of cell 

culture, the 10% Tvio scaffold showed a significant difference to that of the 15% Tvio (24%) day 

4 cells. Lastly, cell viability on the 15% Tvio scaffold at day 4 was significantly different to that 

of the15% Tvio (19%) day 7. In general, there was a statistically significant increase in cell 

viability for all the scaffolds from day 4 to day 7 of cell culture. The highest cell viability was 

observed in the 10% Tvio scaffold for both day 4 and day 7 cultures.  

 

Figure 19: Cell viability after 4 and 7 days of cell culture represented as a percentage reduction 

of alamar blue. Paired t-test revealed statistical differences between day 4 and day 7 cultures (p 

< 0.05). Error bars indicate standard deviation. Significant groups are indicated by (a - e). 

A number of studies have reported that scaffolds with a smaller fiber diameter are ideal for cell 

culture studies as they support cell proliferation significantly more than fibers with higher 

diameters (Chen et al. 2007 and Hodgkinson et al. 2014). In this study, the 10% Tvio scaffold 

had the smallest fiber diameter (193 ± 30 nm) and produced the highest count of viable cells 

whereas the highest fiber diameter scaffold of 15% Tvio (538 ± 236 nm) had the lowest number 

of viable cells. This was observed after both 4 and 7 days of cell culture. This study also showed 

that cell viability decreased as the fiber diameter of the scaffolds increased.  
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6.4.3.  Fluorescence microscopy 

The proliferation of the ADSCs was analysed after 4 and 7 days of cell culture by calculating the 

number of DAPI stained nuclei on the scaffolds using ImageJ software. Rhodamine is a high 

affinity F-actin multifunctional protein in the cells that is recognized by a red-orange fluorescent 

dye called tetramethylrhodamine (TRITC). DAPI stains the nuclei of DNA and binds to the 

adenine-thymine regions emitting a fluorescent blue colour (Trujillo et al. 2013). The stained 

cells on the fabricated scaffolds were imaged using a fluorescence microscope. The fluorescence 

images showed that all the fabricated scaffolds promoted cell adhesion and proliferation (Fig. 

20A – F). Cell morphology and organization on the PCL scaffolds (Fig. 20A and B) was different 

from those of the T. violacea incorporated scaffolds especially after day 7. The cells on all 

scaffolds were round and on the PCL scaffolds they had organized themselves in different 

directions whereas cells on the T. violacea containing scaffolds were arranged in a more 

elongated manner. The difference in morphologies may be attributed to the actin filaments of 

each cell being aligned in a specific direction with the nanofibers (Trujillo et al. 2013). The 

morphology of the cells on the 10% Tvio scaffolds (Fig. 20C and D) was similar to that of the 

15% Tvio scaffolds (Fig. 20E and F) after both 4 and 7 days of cell culture. The 15% Tvio scaffold 

(Fig. 20E and F) showed greater proliferation than the other scaffolds after both 4 and 7 days. 

The entire surface of the 15% Tvio scaffold was almost covered with cells after 7 days of cell 

culture (Fig. 20F) compared to the other scaffolds. Pulyala et al. (2017) reported that 

morphological differences of the cells on different surfaces  may be attributed to the fiber 

diameters, the roughness, hydrophilicity as well as the surface energies.  
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Figure 20: Representative fluorescence microscopy images of ADSCs on the PCL, 10% Tvio 

and 15% Tvio after 4, and 7 days of culture. Cell nuclei were counted using DAPI fluorescence 

(blue) and ImageJ software. Rhodamine staining is represented by the red colour. 
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There was a significant increase in the number of cells from day 4 to Day 7 in all scaffolds (Fig. 

21) as shown by the fluorescence microscopy images.  The 15% Tvio scaffold had the highest 

cell count followed by the 10% Tvio and lastly the PCL at both 4 and 7 days of cell cultures. 

There was a significant difference in cell count between the PCL day 4 and the 15% Tvio day 7 

(35%) scaffold. The 10% Tvio day 4 scaffold cell count was significantly different to the 15% 

Tvio day 7 (31%) scaffold. Overall, the T. violacea doped scaffolds supported better cell growth 

than the untreated PCL scaffold.   

 

Figure 21: Cell count after 4 and 7 days of culture. Cell nuclei were counted using DAPI 

fluorescence and ImageJ software. Paired t-test revealed a significant difference between day 4 

and day 7 cultures (p < 0.05). Error bars indicate standard deviation. Two-way ANOVA revealed 

a significant difference in cell count between day 4 of cell culture on PCL and 10% Tvio with 

day 7 cells on the 15% Tvio scaffold (p < 0.05). Significant groups are indicated by (a -b). 

6.4.4. Cell morphology: Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was used to visualize the morphological changes of the 

cells on the different scaffolds after 4 and 7 days of culture (Fig. 22A – F). For the PCL scaffold, 

there was only a few spherical cells after 4 days of cell culture (Fig. 22A) with very little 

migration and interactions between the cells on the PCL scaffolds after 7 days (Fig. 22B). The 
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10% Tvio scaffold showed few rounded clustered cells after 4 days of cell culture (Fig. 22C). 

This was different from the cell morphology on the 15% Tvio scaffold after 4 days of cell culture 

which showed cells that were spreading out over the surface of the scaffold (Fig. 22E). After 7 

days of cell culture, cells on both the 10% Tvio (Fig. 22D) and 15% Tvio (Fig. 22F) scaffolds 

were more elongated and involved in cell to cell interactions. The cells formed dense cell 

populations that were spread out into cellular extensions that were interacting with the nanofiber 

architecture on the surface of the scaffolds. A higher number of cells was observed on the 15% 

Tvio scaffold than on the PCL and 10% Tvio scaffolds as shown by the fluorescence microscopy 

results. 
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Figure 22: Representative SEM images at 5000× magnification of ADSCs on the fabricated 

scaffolds after 4 and 7 days of cell culture. The substrates were coated with a 10 nm layer of gold 

nanoparticles before imaging at 5.0 kV. Experiments were repeated at least three different 

samples of the same scaffold. 
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6.4.5. Long-term ADSCs response to nanofiber scaffolds: Week 1 and 3 

6.4.5.1. Alkaline phosphatase activity 

Alkaline phosphatase is a membrane bound enzyme that is found in almost all living organisms 

(Le Du et al. 2001). ALP is a key component of bone matrix vesicle due to its role in the 

formation of apatitic calcium phosphate (Anderson et al. 2004) and it is also an early indicator 

of bone formation and a major sign of osteoblastic activity (Liu et al. 2003 and He et al. 2014). 

Elevated levels of ALP activity in bone tissue are typically observed during initial phase of bone 

matrix deposition (Heinemann et al. 2008). There was a significant increase in ALP activity 

between week 1 and week 3 of culture in all scaffolds (Fig. 23). For PCL, there was a 52% 

increase in ALP activity from week 1 to week 3, a 61% increase for 10% Tvio and a 58% increase 

for 15% Tvio scaffolds. The ALP activity for PCL week 1 is significantly different from week 1 

and 3 of 10% Tvio and week 3 of 15% Tvio scaffolds, respectively. The highest ALP activity 

was observed for the 15% Tvio scaffold whereas the PLC scaffold produced the lowest ALP 

activity. This will be beneficial when conducting in vivo studies using T. violacea incorporated 

scaffolds because according to Li et al. (2010) immature osteoblasts exhibit a stronger potential 

to support osteoclast formation and differentiation. 
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Figure 23: ALP activity after week 1 and 3 of ADSCs cultures. The t-test revealed an overall 

significant difference between week 1 and week 3. Two-way ANOVA revealed a significant 

difference between week 1 and week 3 for each group. PCL week 1 was significantly different 

from 10% Tvio week 1 and week 3 as well as 15% Tvio week 3. There was a significant difference 

between 10% Tvio week 1 and 15% Tvio week 3 (p < 0.05). Significant groups are indicated by 

(a - e). 

6.4.5.2. Fluorescence microscopy  

Cell proliferation after 1 and 3 weeks of cell culture was analysed by calculating the number of 

DAPI stained nuclei on the scaffolds using ImageJ software (Fig. 24A – F). The results showed 

that all the fabricated scaffolds support cell adhesion and proliferation as a greater number of 

cells were observed after week 3 of cell culture. The PCL scaffolds (Fig. 24A and B) appear to 

have the least number of cells when compared to the 10% Tvio (Fig. 24C and D) and 15% Tvio 

(Fig. 24E and F) scaffolds which had cells that covered the entire surface of the scaffolds 

especially after week 3. Overall, the 10% Tvio scaffold showed the highest number of cells 

followed by the 15% Tvio and lastly the PCL scaffold over the incubation time explored. This 

shows that the scaffolds containing extracts of T. violacea supports greater cell growth and 

proliferation over time.  
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Figure 24: Representative fluorescence microscopy images of ADSCs on the PCL, 10% Tvio 

and 15% Tvio after week 1 and 3 of culture. Cell nuclei were counted using DAPI fluorescence 

(blue) and ImageJ software. CMFDA staining is represented by the green colour.  

There was a significant increase in the number of cells for all the scaffolds from week 1 to week 

3 which was even more than the number of cells observed in day 7 (Fig. 25). Cell counts were 

significantly different between the PCL week 1 and week 3 (29%) scaffolds. The cell count for 
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the PCL week 1 scaffold was also significantly different to that of the 10% Tvio scaffold week 1 

(21%) and week 3 (42%) as well as to the 15% Tvio week 3 (34%) scaffolds. The number of 

cells for the PCL week 3 scaffold was significantly different to that of the 10% Tvio week 3 

(18%) scaffold. There was a significant difference between the cell count for 10% Tvio week 1 

and week 3 (27%), as well as between the 10% Tvio week 1 and 15% Tvio week 3 (16%) scaffold. 

The cell count for the 10% Tvio week 3 scaffold was significantly different to the 15% Tvio week 

1 (30%) scaffold. Lastly there was a significant difference in the number of cells between the 

15% Tvio week 1 and week 3 (20%) scaffolds. Overall, it was shown that T. violacea 

incorporated scaffolds support better cell growth compared to the PCL scaffold (Fig. 25). The 

10% Tvio scaffold showed better cell proliferation over the tested period when compared to the 

PCL and 15% Tvio scaffolds which suggests that the scaffold is ideal for long-term cell studies. 

According to Strioga et al. (2012), ADSCs are  genetically and morphologically more stable in 

long-term cultures, with higher proliferation capacities. These results suggest that the use of a 

10% Tvio scaffold may enhance the growth rate of ADSCs over time. 
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Figure 25: Cell count after 1 and 3 weeks of culture. Cell nuclei were counted using DAPI 

fluorescence and ImageJ software. Error bars indicate standard deviation. Two-way ANOVA 

revealed a significant difference between week 1 and week 3 for all scaffolds. Quantity of cells 

on PCL after week 1 were significantly different from the number of cells on 10% Tvio scaffold 

after week 1 and week 3 as well as on 15% Tvio week 3 scaffolds. There was a significant 

difference between 10% Tvio week 1 and 15% Tvio week 3 as well as between 10% Tvio week 

3 and 15% Tvio week 1 scaffolds (p < 0.05). Significant groups are indicated by (a - e). 

6.4.5.3. Cell morphology: Scanning electron microscopy (SEM) 

The cell morphology after 1 and 3 weeks of cell culture was investigated using SEM imaging 

(Fig. 26A – F). A greater number of cells was observed on both the PCL and T. violacea scaffolds 

after week 1 and 3 of cell culture when compared to the day 4 and 7 results. This proves that the 

designed scaffolds support the growth of ADSCs over time. The cells had a sheet-like appearance 

covering the surface of the scaffolds. After week 1 of cell culture, the PCL scaffold (Fig. 26A) 

covered the least surface area when compared to the 10% Tvio (Fig. 26C) and the 15% Tvio (Fig. 

26E) scaffolds. In addition, on the T. violacea incorporated scaffolds, cell coverage was higher 

after week 1 and complete cell coverage was observed when compared to the PCL scaffolds after 

week 3 of cell culture. The SEM results suggest that the ADSCs proliferate more on a surface 
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fabricated with the addition of T. violacea plant extracts and can thus be used as a template for 

cell interactions with the aim of providing structural support for to newly formed tissue. 

                                Week 1                                                          Week 3   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Representative SEM images of 1000× magnification of ADSCs on the fabricated 

scaffolds after week 1 and 3 of cell culture. The substrates were coated with a 10 nm layer of 

gold nanoparticles before imaging at 5.0 kV. Experiments were repeated on at least three 

different samples of the same scaffold. 
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6.4.5.4. Osteocalcin expression 

Osteocalcin is predominantly known as a protein marker of bone formation which is produced 

by osteoblasts (Lee et al. 2007, Clemens et al. 2011, Karsenty et al. 2012). The main function of 

osteoblasts is to produce bone organic matrix that will continue to exist as a tight epithelium to 

direct mineralization of the matrix environment. As the osteoblasts continue to grow, some of 

the cells become absorbed into the matrix as living cells known as osteocytes which are 

terminally differentiated mature osteoblasts. The formation of new osteoblasts starts from the  

stem cells and committed osteoblast precursors so as to support constant epithelial layer 

formation over actively forming bone (Fujisawa et al. 2012). One of the major clinical issues 

currently facing osteoblasts is ectopic osteogenesis which is a critical issue in atherosclerosis and 

heart valve diseases (Johnson et al. 2006) in which ossification of tissues occurs outside their 

usual origins mainly due to local inflammation followed by a gathering of skeletal progenitor 

cells (Scott et al. 2011). 

For this study, the osteocalcin percentage area was calculated using (CMFDA (5-

Chloromethylfluorescein diacetate) stained images on the scaffolds using ImageJ software. The 

results of the CMFDA staining illustrated the expression of the specific extracellular matrix 

(ECM) marker for cartilaginous tissue which is osteocalcin (OCN). The percentage area of 

osteocalcin after week 1 and 3 of cell differentiation illustrated a significant difference between 

week 3 of PCL and 10% Tvio with 15% Tvio week 1 scaffolds (Fig. 27). There was a decrease 

in the percentage of osteocalcin for all scaffolds from week 1 to week 3. On the contrary, there 

was an increase in cell growth from week 1 to week 3 for all scaffolds (Fig. 25). It can be 

postulated  that since there was a high number of cells, the decrease in osteocalcin percentage 

from week 1 to week 3 may be attributed to the incorporation of some osteoblasts into the matrix 

as living cells (Fujisawa et al. 2012). This means that after week 3 of cell culture, more 

osteoblasts were still being formed thus supporting the long term differentiation of the ADSCs 

into osteoblast on the fabricated scaffolds. 
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Figure 27: Percentage osteocalcin area after week 1 and 3 of ADSCs culture differentiation. 

Two-way ANOVA revealed a significant difference between osteocalcin percentage area of PCL 

and 10% Tvio week 3 with that of 15% Tvio week 1 (p < 0.05). Significant groups are indicated 

by (a - b). 

The percentage osteocalcin area normalized by total protein content was calculated to identify 

the total osteocalcin present in the cells (Fig. 28). There was a significant difference in the 

osteocalcin content between week 1 and week 3 for all scaffolds. The PCL week 1 scaffold was 

significantly different from 10% Tvio week 1 and week 3 as well as 15% Tvio week 3 scaffolds. 

The 10% Tvio week 1 scaffold was significantly different from the 15% Tvio week 3. Similarly, 

there was a decrease in percentage osteocalcin area normalized by total protein content from 

week 1 to week 3 for all scaffolds. Overall, the T. violacea incorporated scaffolds produced the 

highest percentage of osteocalcin differentiation compared to the PCL scaffold. 

Phenol components in natural plants have been shown to promote the deposition of calcium ions 

in osteoblastic MC3T3-E1 cells (García-Villalba et al. 2014).  Preliminary studies by Madike et 

al. (2017) and Takaidza et al. (2018) illustrated that T. violacea aqueous extracts contain 

phenolic compounds. The presence of phenolic compounds has been associated with increased 

levels of alkaline phosphatase activity (ALP), gene expression and stimulation of osteoblast 
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differentiation (Dabbaghmanesh et al. 2017). Flavonoids have been shown to increase bone 

formation and to prevent bone resorption via their activity on cell signalling pathways that 

stimulates osteoblast and osteoclast differentiation. T. violacea aqueous leaf extracts have been 

reported to contain flavonoids (Madike et al. 2017; Takaidza et al. 2018).  

 

Figure 28: Percentage osteocalcin area normalized by total protein content after week 1 and 3 

of ADSCs cultures. Two-way ANOVA revealed a significant difference between week 1 and 

week 3 for all scaffolds. PCL week 1 was significantly different from 10% Tvio week 1 was 

significantly different from 15% Tvio week 3 (p < 0.05). Significant groups are indicated by (a 

- e). 

6.5.CONCLUSION 

In this study, the potential of ADSCs to proliferate and differentiate into osteoblasts on PCL, 

10% Tvio and 15% Tvio scaffolds was evaluated. From the LDH results it can be concluded that 

the 10% Tvio scaffold produced the least LDH when compared to PCL and 15% Tvio scaffolds 

although none of the fabricated scaffolds were as cytotoxic. The alamar blue assay indicated that 

there was a statistically significant increase in cell viability for all scaffolds from day 4 to day 7 

of cell cultures. The highest cell viability was observed for the 10% Tvio scaffold for both day 4 
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and day 7. Fluorescence microscopy showed that all the fabricated scaffolds promoted cell 

adhesion and proliferation with a greater number of cells observed in the T. violacea incorporated 

scaffolds compared to the sole PCL scaffold. It was evident from the morphological studies that 

the T. violacea incorporated scaffolds produced cells that were more elongated with extended 

morphologies. The ALP activity showed that there was a significant difference in activity 

between week 1 and week 3 scaffolds while the highest ALP activity was observed for the 15% 

Tvio scaffold. Cell differentiation of ADSCs into osteoblasts was confirmed by the presence of 

the osteocalcin protein which was higher on the T. violacea incorporated scaffolds when 

compared to the PCL scaffold. Overall, both the T. violacea scaffolds supported better cell 

growth and differentiation compared to the PCL scaffold. However, the 10% Tvio scaffold 

should be considered for future research since it showed lower levels of LDH. These results 

suggest that the T. violacea incorporated scaffolds may be the ideal templates for osteoblasts 

differentiation. Increased osteocalcin activity in this study may be attributed to the presence of 

phenolic and flavonoid compounds as well as increased ALP activity. Osteoblast differentiation 

is essential for the formation of bone adequate for structural and dynamic support of the body. 

Tulbaghia violacea incorporated scaffolds may thus be useful for tissue engineering and bone 

repair with prospects of preventing cardiovascular diseases associated with bone defects.  
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CHAPTER 7 

7. GENERAL CONCLUSIONS AND RECOMMENDATIONS 

7.1. GENERAL CONCLUSION 

The use of medicinal plants is as ancient as human kind itself and has found a broad range of 

uses for the treatment of various ailments. However, apart from the ancient knowledge that has 

been passed on through generations, there is limited scientific information to support some of 

these findings. Tulbaghia violacea is the most widely utilized species in the genus Tulbaghia  

with numerous reports of the plant being used for the treatment of a wide range of ailments 

including cardiovascular diseases. Since cardiovascular diseases are now the number one cause 

of mortalities worldwide, it is thus essential to evaluate alternative sources of treatment to combat 

this pending pandemic. The current study was conducted to evaluated firstly the phytochemistry 

as well as the biological activities of T. violacea aqueous crude extract, the antithrombogenic 

activity of the plant, as well as that of fabricated T. violacea incoporated PCL scaffolds and the 

adhesion, proliferation and differentiation potential of the fabricated scaffolds towards ADSCs.  

The following conclusions have been drawn from the studies: 

7.1.1. Phytochemical screening, GC-MS, antioxidant and antimicrobial analysis 

From the phytochemical analysis, the presence of terpenoids, flavonoids, cardiac glycosides, 

saponins, protein, phenols, tannins, carbohydrates and amino acids was reported. The 

quantitative analysis for the total phenols ranged from 0.065 to 2.003 milligrams of gallic acid 

equivalent per gram (GAE/g), the total tannin content ranged from 0.001 to 0.031 milligrams of 

gallic acid equivalent per gram (GAE/g) and the total flavonoid content ranged from 0.031 to 

0.912 milligrams of quercetin equivalent per gram (QE/g) for the concentration ranges explored. 

For the Gas chromatography-mass spectroscopy (GC-MS) results, 33 compounds were identified 

which included 2,4 – Dithiapentate - 2,2-dioxide, Cannabidiol, 2,4,5,7 -Tetrathiaoctane, 2,4,5,7 

-Tetrathiaoctane 2-dioxide amongst others. The plant extract was found to be rich in sulfur-

containing compounds as previously reported in Allium species. These results are essential to 

outline some of the potential medicinal properties that T. violacea may possess as well as to 

support some of the current uses of the plant for the treatment of certain diseases.  

The antioxidant activity showed a dose-dependent increase with regards to increase in 

concentration of the plant extracts. There was significant antioxidant effectiveness with IC50  
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values of 0.49 and 0.24 for DPPH and ABTS, respectively. These results may be attributed to 

the presence of phenolic compouds reported in the plant. Although the ascorbic acid (control) 

showed better activity compared to the plant extracts, these results may be due to the nature of 

the extracts being crude instead of pure compounds isolated from the plant. The disc diffusion 

assay illustrated that the plant extract was not active against K. pneumonia and S. pneumonia 

among the eight bacteria studied. The plant extract was recorded to be most active against S. 

epidermidis (19.50 ± 0.87 mm). In the minimum inhibitory concentration/ minimum bactericidal 

concentration (MIC/MBC) study, the plant extract was moderately active against B. subtilis, S. 

aureus, S. epidermidis, E. coli, and S. marcescens which all produced an MIC value of 2.5 

mg/ml. Staphylococcus epidermidis was the only active bacteria which was shown to be 

bacteriostatic than bactericidal with the MBC assay. These results suggest that the T. violacea 

aqueous plant extract is most active against S. epidermidis with bactericidal properties. This 

study supports the use of T. violacea as an antibacterial agent against S. epidermidis infections 

which is essential for decreasing the number of infections associated with built-in medical 

devices.  

7.1.2. Antithrombogenic properties of Tulbaghia violacea aqueous leaf extracts 

In this study, the 100 µg/ml T. violacea plant extract was shown to possess antithrombogenic 

activity on polystyrene discs which are known to activate platelets. The 1000 µg/ml T. violacea 

plant extract activated more platelets when compared to the lower concentration of 100 µg/ml as 

well as the untreated control group. The whole blood clotting kinetics assay also showed delayed 

blood clotting with addition of the 100 µg/ml plant extract. This confirmed the anticlotting 

activity of the T. violacea plant extract at lower concentrations.  

7.1.3. Antithrombogenic properties of Tulbaghia violacea loaded polycaprolactone (PCL) 

nanofibers 

Three scaffolds of PCL, 10% Tvio and 15% Tvio were successfully fabricated and characterized 

using FTIR and EDS. Characteristic amide groups as well as hydroxyl O–H stretching groups 

were identified on the 10% Tvio and 15% Tvio scaffolds that were only present on the powdered 

T. violacea plant extract spectrum. Characteristic compounds such as potassium, sulphur and 

chlorine were also identified only on the T. violacea fabricated scaffolds as a confirmation of the 

presence of the plant extract into the PCL material. The designed scaffolds decreased platelet 

adhesion in the absence of T. violacea plant extracts however, when the 100 µg/ml and 1000 

µg/ml plant extracts were added, the number of adhered platelets was increased. More platelets 

adhered to the scaffolds treated with the 1000 µg/ml of T. violacea plant extract compared to the 
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untreated plasma and 100 µg/ml treatment. The 10% Tvio scaffold was more effective in 

preventing platelet adhesion and activation in every treatment group especially in the absence of 

the T. violacea plant extracts (both 100 and 1000 µg/ml). This proves that lower concentrations 

of T. violacea possess antithrombogenic properties. Addition of a T. violacea plant extract to a 

scaffold fabricated with a T. violacea plant extract might have resulted in an even higher 

concentration of the plant extract in the scaffold which was proven to increase platelet adhesion 

as observed with the 100 and 1000 µg/ml treatment groups.  

7.1.4. In vitro cell adhesion, proliferation and differentiation of adipose derived stem cell 

(ADSCs) on Tulbaghia violacea loaded polycaprolactone (PCL) nanofibers 

In this study, the lactate dehydrogenase (LDH) assay illustrated that the fabricated 10% Tvio 

scaffold produced less LDH activity when compared to PCL and 15% Tvio scaffolds. However, 

none of the scaffolds were considered as toxic. Using the alamar blue assay, all the scaffolds 

supported cell adhesion and proliferation after 4 and 7 days with the 10% Tvio scaffold having 

the highest overall cell count. For the long term cell study (1 and 3 weeks), the T. violacea 

incorporated scaffolds supported better cell adhesion and proliferation with a more spread out 

morphology. There was also a sigificant increase in proliferation of cells from week 1 to week 

3. Alkaline phosphate activity was higher for the 15% Tvio scaffold compared to both the 10% 

Tvio and PCL scaffolds. Cell viability for the long term study was dependent on the fiber 

diameter with more cells adhering to scaffolds with the lowest mean fiber diameter which in this 

case was the 10% Tvio scaffold. There was higher osteocalcin differentiation on the T. violacea 

incorporated scaffolds which was an indication of bone formation. The 10% Tvio scaffold was 

more efficient in the long term studies which supports the use of the scaffold for long-term cell 

studies. These results coupled together suggest that the incorporation of T. violacea during 

scaffold fabrication is essential for ADSCs studies since that increases their proliferation and 

differentiation which is a vital aspect in ADSCs tissues engineering for the formation of different 

targeted cells in the body.  

7.2. GENERAL RECOMMENDATIONS 

7.2.1. Phytochemical screening, GC-MS, antioxidant and antimicrobial analysis 

Further research need to be conducted to evaluate the in vivo potential of the screened 

phytochemicals. It would be of great importance to identify the type of phenolic compounds, 

flavonoids, amino acids, terpenoids and cardiac glycoside present in T. violacea aqueous leaf 

extracts. Some of the compounds identified from the phytochemical analysis and GC-MS should 

be isolated and evaluated for their biological activities which includes, antiplatelet, anticancer, 
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antioxidant as well their antimicrobial activities, among others. In future, fractions or pure 

isolated compounds should be used for analysis instead of crude extracts with the prospects of 

formulating new and more potent drugs. 

7.2.2. Antithrombogenic properties of Tulbaghia violacea aqueous leaf extracts 

It would be of great interest to confirm the obtained results in vivo to evaluate the effect of the 

plant extract on blood clots preferably over longer periods. A concentration range study should 

be conducted to evaluate the impact of even lower concentrations of T. violacea aqueous leaf 

extracts on the antithrombogenic properties.  

7.2.3. Antithrombogenic properties of Tulbaghia violacea loaded polycaprolactone (PCL) 

nanofibers 

These results provide the basis for future studies which could include evaluating the use of a 

different solvent other than chloroform in the preparation of the scaffolds, a different synthetic 

polymer or the use of composite polymers for preparation of the scaffolds to evaluate their fiber 

diameter and effect on platelet adhesion. Since hydrophilic surfaces have better surface energies, 

the hydrophilicity of the designed scaffolds should be evaluated to have a better understanding 

of the surface. For future studies, the whole blood clotting kinetics of the designed scaffolds 

should be conducted to evaluate their anticlotting activity. Further research should also evaluate 

using concentrations lower than 10% of the plant extract during fabrication of the scaffolds. 

Since higher concentrations of the plant material ultimately increased platelet activity, it would 

be of great interest to explore the effect of the plant extract at lower concentrations. 

7.2.4. In vitro cell adhesion, proliferation and differentiation of adipose derived stem cell 

(ADSCs) on Tulbaghia violacea loaded polycaprolactone (PCL) nanofibers 

The ability of the ADSCs to udergo osteogenic differentiation on the fabricated scaffolds makes 

these surfaces promising candidates for bone tissue engineering. It would be of great interest to 

evaluate the osteocalcin production over a broader incubation time since there was a high 

production after just week 1 of cell culture e.g the assay could be conducted after every 7 days 

for a period of 4 weeks. In spite of the numerous studies that have reported on the differentiation 

of ADSCs into cardiomyocytes and vascular cells, in rabbits and mice, there are only a few 

studies that have been conducted in humans. Further studies should evaluate the biological 

behavior and cardiomyocyte differentiation of ADSCs on T. violacea incorporated scaffolds in 

vivo.  
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9. APPENDICES 

 

APPENDIX A: QUALITATIVE PHYTOCHEMICAL SCREENING 

 

 

Amino acids, Saponins, Carbohydrates, Protein, Terpenoids, Cardiac glycosides, Flavonoids, 

Phenols, Tannins, (Untreated water extract). 
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APPENDIX B: QUANTITATIVE PHYTOCHEMICAL SCREENING 

 

TOTAL PHENOLIC CONTENT 

Absorbance of standard compound (Gallic acid) at λmax = 760 nm 

Sample no. Concentration of Gallic acid 

(µg/ml) 

Absorbance at 760 nm 

1 0 0 

2 50 0.2693 

3 100 0.5437 

4 150 0.8253 

5 200 1.1063 

6 250 1.3300 

 

 

 

Concentration (mg/ml) Absorbance Concentration (µg/ml) TPC 

0.1 0.048 6.46 0.0646 

1.0 0.152 26.15 0.2615 

10 1.075 200.30 2.003 

 

y = 0.0053x + 0.0134

R² = 0.999
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TOTAL TANNIN CONTENT 

Absorbance of standard compound (Gallic acid- Tannins) at λmax = 725 nm 

Sample no. Concentration of Gallic acid 

(µg/ml) 

Absorbance at 725 nm 

1 0 0 

2 20 0.1727 

3 40 0.3223 

4 60 0.4603 

5 80 0.5127 

   

 

 

 

Concentration (µg/ml) Absorbance Concentration (µg/ml) TTC 

0.1 0.0037 0.516 0.00103 

1.0 0.0163 2.3 0.00460 

10 0.1107 15.59 0.031 

 

 

 

y = 0.0071x

R² = 0.9625
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TOTAL FLAVONOID CONTENT 

 

Absorbance of standard compound (Quercetin) at λmax = 420 nm 

Sample no. Concentration of Quercetin 

(µg/ml) 

Absorbance at 420 nm 

1 0 0 

2 20 0.015 

3 40 0.059 

4 60 0.081 

5 80 0.125 

6 100 0.1497 

 

 

 

Concentration (mg/ml) Absorbance Concentration (µg/ml) TFC 

0.1 0.0015 3.56 0.0356 

1.0 0.0245 12.76 0.1276 

10 0.2205 91.16 0.9116 

 

 

y = 0.0004x

R² = 0.8072
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APPENDIX C: GC-MS CHROMATOGRAPH OF AQUEOUS EXTRACTS OF T. 

VIOLACEA 
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APPENDIX D: FLUORESCENCE MICROSCOPY (DAY 4 AND 7) 

 Day 4 Fluorescent microscopy 

                     Rhodamine                                                                  DAPI 
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Day 7 Fluorescent microscopy 

 

                      Rhodamine                                                 DAPI 
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APPENDIX E: SCANNING ELECTRON MICROSCOPY (DAY 4 AND 7) 

Day 4 and 7 at x10 000 magnification 

 

                             Day 4                                                                    Day 7 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

Representative SEM images of 10000× magnification of ADSCs on the fabricated scaffolds after 

4 and 7 days of cell culture. The substrates were coated with a 10 nm layer of gold nanoparticles 

before imaging at 5.0 kV. Experiments were repeated on at least three different samples of the 

same scaffold. 
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APPENDIX F: FLUORESCENCE MICROSCOPY (WEEK 1 AND 3) 

Week 1 Fluorescent microscopy 

 

Rhodamine                                           DAPI                                                     CMFDA 
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Week 3 Fluorescent microscopy 

 

Rhodamine                                                  DAPI                                              CMFDA 
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APPENDIX G: SCANNING ELECTRON MICROSCOPY (WEEK 1 AND 3) 

Week 1 and 3 at x10 000 magnification 

 

                       Week 1                                                                Week 3 

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative SEM images of 10000× magnification of ADSCs on the fabricated scaffolds after 

week 1 and 3 of cell culture. The substrates were coated with a 10 nm layer of gold nanoparticles 

before imaging at 5.0 kV. Experiments were repeated on at least three different samples of the 

same scaffold. 
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