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ABSTRACT 

Spinal cord injury (SCI) is a traumatic injury to the spinal cord which is 

characterized by a cascade of pathophysiological changes that include disruption of the 

blood spinal cord barrier (BSCB) and generation of reactive oxygen species (ROS) that 

ultimately leads to apoptosis cell death. The current therapy for treatment of SCI includes 

the delivery of high doses of neuroprotective agents which have not been proven to be 

effective. The challenge in therapy is to deliver low and effective doses of therapeutics to 

ameliorate the injury condition. Thus, this study focuses on developing nanoparticles (NP) 

loaded with naturally occurring antioxidant α–tocopherol (α–TP) for delivery to the injured 

site in SCI. 

Calcium alginate NP (CA–NP) and poly lactic co–glycolic acid (PLGA) NP were 

prepared by ionotropic gelation and solvent evaporation technique to obtain a particle size 

(PS) of 21.9 ± 11.19 and 152.4 ± 10.6 nm, respectively and were characterized.  An ultra–

high pressure liquid chromatography (UPLC) based method with a fluorescence detector 

was developed and validated for the detection and quantification of α-TP. The CA–NP and 

PLGA were found to have an entrapment efficiency of 4.00 ± 1.63% and 76.61 ± 11.45%, 

respectively. In vitro studies on human astrocyte–spinal cord (HA–sp) cells were 

conducted to determine the effect of NP on the cell lines.  

Blank CA–NP were found to decrease cell viability as their concentrations were 

increased, indicating that the NP themselves, had a deleterious effect on HA–sp cells. 

PLGA NP were found to be less toxic compared the pure drug solutions. The anti–oxidative 

effect of pure drug solution was compared to α–TP loaded PLGA NP against oxidative 
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stress induced by 400 μM H2O2. It was observed that α–TP PLGA NP showed two-fold 

higher protection as compared to the pure drug solutions.  

Thus, it was concluded that CA–NP are unsuitable for the treatment against 

oxidative stress in SCI. Additionally, pure α–TP solution and α–TP loaded PLGA NP 

showed protection against oxidative stress conditions with a dose of 100 μM. However, α–

TP loaded PLGA NP showed significantly (p < 0.05) higher protection as compared to pure 

drug solution. The in vitro data suggested that in vivo studies need to be investigated and 

compared.  
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1.1. Spinal cord injury 

The central nervous system (CNS) consists of the brain and the spinal cord. The spinal 

cord is a long, fragile cord, which runs down from the base of the brain to the lower back. 

Spinal cord conducts all the sensory and motor functions of the arms, trunk and legs.  

The spinal cord is segmented into 31 parts and are named by their relationship to the 

vertebral column. The five segments of the spinal cord are shown in figure 11. The 

segments include:  

• 8 Cervical (C) segments 

• 12 Thoracic (T) segments 

• 5 Lumbar (L) segments 

• 5 Sacral (S) segments 

• 1 Coccygeal (Co) segment  

Traumatic damage to any part of the spinal cord can lead to spinal cord injury (SCI). 

The Word Health Organization (WHO) has defined SCI as “… damage to the spinal cord 

resulting from trauma or from disease or degeneration,”2 while the National Institution 

Neurological Disorders and Stroke (NINDS) has defined SCI as “… a sudden, traumatic 

blow to the spine that fractures or dislocates vertebra.”3 

The WHO has reported that the injury affects 250,000–500,000 people annually which 

equals for nearly 40–80 cases per million population.2 The National Spinal Cord Injury 

Statistical Center (NSCISC) has reported an occurrence of 17,500 new cases every year 

within the USA, of which 81% are male.4 
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1.2. Epidemiology of SCI 

The NSICS has ranked the cause of SCI based on the number of injuries every year as 

shown in figure 2. Vehicular accidents rank the highest cause for SCI, accounting for nearly 

39% of the total. This is followed by falls including falls from stairs, building, snow, etc. 

which accounts for 29% of the whole. Acts of violence included gunshots, assaults, etc. is 

the third highest cause of SCI, accounting 14% of the total. The 4th highest cause for SCI 

is sports and recreational activities, which is followed by other miscellaneous causes like 

medical complication or any other unclassified causes. Both account for about 8% of the 

total causes of SCI. 5 

Cervical section (C1-C8) 

Thoracic section (T1-T12) 

Lumbar section (L1-L5) 

Sacral section (S1-S5) 

Coccygeal 

Figure 1: Schematic representation of spinal cord 
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Figure 2: Causes of spinal cord injury 

1.3. Pathophysiology of SCI 

The SCI leads to two phases, a primary phase and a secondary phase. The primary 

phase is characterized by the initial mechanical injury or trauma to the spinal cord. This 

primary phase triggers a cascade of events characterized as the secondary phase.6 Figure 

3 shows the pathophysiological changes that occur when there is an injury to the spinal 

cord.7   

1.3.1. Primary phase 

The primary phase occurs when there is a force or mechanical injury applied to the 

cord, which causes the disruption of the spinal cord. This phase occurs immediately after 

the injury and begins to cause pathological changes to the anatomy of the spinal cord. This 

phase lasts for a few minutes and immediately sets the onset of the secondary injury.6   
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1.3.2. Secondary phase 

The secondary phase is a phase involving multiple anatomical and physiological 

changes to the spinal cord. It leads to vascular dysfunction, edema, inflammation, 

excitotoxicity, etc. ultimately leads to apoptosis of neuronal and glial cells. This phase can 

broadly be divided into four stages based on the progression of the injury with time; 

immediate stage, acute stage, intermediate stage and chronic stage. 

1.3.2.1. Immediate stage 

This stage begins immediately after the injury and lasts for about two hours.8 During 

this stage there is vascular disruption to the cells leading to ischemia (lack of blood supply), 

hemorrhage of  blood vessels within white and grey matter.9,10 Along with these major 

Mechanical 

Injury 

Excitotoxicity 

Local factors 

Apoptosis 

Vascular 

effects 
Glutamate 

release 

Inflammation 

- Loss of 

autoregulation 

- Vasospasm 

- Thrombosis 

- Hemorrhage 

Systemic factors 

-Respiratory failure 

-Neurogenic shock 

Ischemia 

Reactive oxygen 

species 

Cell membrane 

damage 

Increased 

permeability 

Cell Death 

Increased 

Ca
2+

 

Increased 

caspases 

Interstitial 

edema & cord 

compression 

IL-6,  

TNF -α 

Figure 3: Flow chart for pathophysiology of spinal cord injury 
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Phase 1 
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changes, this stage leads to cascade of other events which cause a worsening of the 

condition. There is an immediate activation of microglial cells,11 an increase in the 

inflammatory cytokines like tumor necrosis factor (TNF α) and interleukin–1 β (IL–β) as 

well as extracellular glutamate causing excitotoxicity. 6,12,13 

1.3.2.2. Acute stage 

The acute stage lasts from 2 hours to up to two weeks after the injury.  This stage 

highlights the occurrence of many events simultaneously. Predominantly, it is 

characterized by the following series of events: 

1.3.2.2.1. Disruption of blood spinal cord barrier (BSCB):  

This causes an increase in the vascular permeability. Whetstone et al. demonstrated 

that there is direct damage to the blood vessels after an injury to the spinal cord. As a result, 

there is an abnormal permeability increase.14 After the disruption of the BSCB, it has been 

observed that after 3–5 days of the injury, angiogenesis or development of new blood 

vessels begins.15 The new blood vessels that are developed, show increased permeability.16   

1.3.2.2.2. Excitotoxicity:  

There is an increased influx of Ca2+ and Na+ ions into neurons due to the activation 

of glutamate receptors like NMDA, leading to the generation of reactive oxygen species 

(ROS), mitochondrial dysfunction, and neuronal death.17 

1.3.2.2.3. Generation of reactive oxygen species (ROS):  

The initiation of ROS generation like nitric oxide radicals (NO-), peroxynitrite 

(ONOO-), hydrogen peroxide (H2O2), hydroxyl radical (OH-), super oxides (O2
-) 
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propagates a chain reaction, causing an increase in intracellular Ca2+, and eventually 

leading to apoptosis of neuronal cells.18 

 Figure 4: Schematic illustration of ROS generation 

Oxidative stress is a condition that occurs when there is an increase in the ROS. 

This increase is beyond the capacity of the endogenous antioxidants. Figure 4 shows the 

mechanism for the generation of ROS. When there is an injury to the spinal cord, the 

glutamate receptors get activated which leads to the increase in the intracellular 

concentration of the Ca2+ which activates the nitric oxide synthase (NOS) and generates 

nitric oxide (NO). The chain reaction continues to generate peroxynitrite (ONOO -), 

hydroxyl ions (OH-) which subsequently leads to apoptosis through to lipid peroxidation, 

mitochondria impairment and DNA damage. 19 
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1.3.2.2.4. Increase in inflammatory mediators:  

This event causes an increase in pro–inflammatory cytokines like TNF α -, IL–β, 

which further leads to generation of reactive astrocytes, microglial cells, causing apoptosis 

in the cells.20 

1.3.3. Intermediate stage 

The intermediate stage begins 2 weeks after the injury and can last up to 6 months. 

During this stage, the multiplying astrocytes begin to form the astrocytic scar and it 

continues to mature up to six months. 

1.3.4. Chronic stage 

A connective tissue scar and possibly cystic cavitation can be formed at the injury 

site ultimately causing, neurological dysfunction, neuropathic pain, and necrotic death 

from beyond six months after the injury. 

1.4. Current therapy for treatment of SCI 

The current therapy focuses on targeting the pathophysiological changes that occur 

during the SCI. These methods of treatment aim to prevent the injury from progressing to 

the next stage, thus minimizing permanent damage. The current methods can broadly be 

classified into neuroprotective and neuroregeneration therapeutics.7 Neuroprotection 

therapeutic interventions focus on the treatment during the acute stage of the injury while 

neuroregenerative interventions focus on the chronic stage.  
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1.4.1. Neuroprotection therapeutics 

Neuroprotective interventions are pharmacological interventions that target 

inflammation, oxidative stress, apoptosis or necrosis, etc.  

Methylprednisolone (MP) is the only clinically accepted compound which 

facilitates and improves the injury condition. Its mechanism of action targets inflammation 

and lipid peroxidation that occurs during the secondary phase of the injury.21 The dose 

required for MP to exert its therapeutic action is 30 mg/kg of a bolus dose followed by 5.4 

mg/kg/hour for 23-hour infusion. The high dose used ultimately has adverse effects like 

pneumonia, sepsis and cell death.22 

The reduction of the ROS that are formed after the injury is one of the target 

strategies for spinal cord injury. Antioxidants like hydralazine, melatonin, and vitamins are 

some of the examples of the drugs used in the treatment of spinal cord injury. Another 

strategy includes targeting the enzymes like superoxide dismutase (SOD) that can further 

inhibit the formation of ROS.23 

Many therapeutic strategies involving the synergistic delivery of two drugs targeting 

different mechanisms of action have also been a tested for the treatment of spinal cord 

injury.24,25 

1.4.2. Neuroregenerative therapeutics 

Neuroregenerative therapeutic strategies include cell transplant therapies and tissue 

engineering. The most commonly used stem cells include Schwann cells and bone marrow 

cells. These strategies help in the regeneration of the myelin sheaths, reduce the cavity or 

cyst formation, enhance in the functional recovery of the axons.26 Tissue engineering 
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strategies include the regeneration of the damaged cells by transplanting a biocompatible 

tissue with the cells of interest. However, these strategies are challenging and still under 

investigation. 23,26 

1.5. Nanoparticles for SCI treatment 

Delivery of nanoparticles (NP) for the treatment of SCI has widely been investigated. 

The biggest challenge in the treatment of SCI is the passage of the drug across the blood 

spinal cord barrier. The delivery of extremely high doses of therapeutics is shown to have 

detrimental side effects. Thus, there have been ongoing investigations for the treatment of 

SCI by the aid of nano–particulate delivery systems.27,28 

NP show varied advantages due to their sizes ranging from 10 nm to 200 nm. The 

advantages offered by NP for treatment of SCI include: 

a) The disruption of the BSCB causes an abnormal increase in the vascularity of the 

blood vessels. As a result, particles being in the nanosized range can easily cross 

through the BSCB and reach the targeted site of the injury. 

b) The CNS is known to be an organ that lacks a robust lymphatic drainage system. 

The NP may reach the site of injury and accumulate, thus, exhibiting a higher 

bioavailability and therapeutic effect.  

c) NP can encapsulate large quantities of hydrophilic and hydrophobic drug, thus aid 

in simultaneous delivery of multiple drugs in one dosage form. 

d) NP when surface modified can show the advantage of circulating in the systemic 

circulation for a long period of time. This helps in increasing the bioavailability. 

NP can reduce the dose as compared to its drug solution dosage form and provide 

a therapeutic effect. 
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1.6. Vitamin E  

Vitamin E, also referred as α- tocopherol, was discovered by Evans and Bishop in 

1922.29 It is a family of compounds that has gained increased importance in the 

nutraceutical industries due to its antioxidative properties. It is a widely classified into two 

categories depending on the saturation of the side chain attached to second carbon (C2) as 

shown in figure 5. 

a. Tocopherols (TP)–Contain a saturated tail attached to the C2 position  

b. Tocotrienols (T3)–Contain three unsaturated bonds in side chain that is attached to 

the C2 position.  

TP and T3 are lipid soluble vitamins and are further classified into four types each, namely 

α–(α), beta- (β), gamma- (γ) and delta- (δ) as shown in table 1.30 α–TP is the only 

biologically active form of vitamin E.  

 

Figure 5: Structure of a) TPs and b) tocotrienols 

a) Tocopherols 

b) Tocotrienols 
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Table 1: Types of vitamin E 

 X Y Z 

α CH3 CH3 CH3 

Β CH3 H CH3 

Γ H CH3 CH3 

δ H H H 

 

Supplements of vitamin E usually contain α-TP. Hence, vitamin E is also referred 

as α- TPs. The TP exists in two forms, viz, natural and synthetic. The natural form is 

a stereoisomer ‘RRR-’ due to the presence of three chiral centers. The synthetic occurs as 

‘all rac–α–TP’. Table 2 shows the physicochemical properties of α–TP.31 

Table 2: Physicochemical properties of α–TP 

Property Value 

IUPAC name (2S)-2,5,7,8-tetramethyl-2-[(4S,8S)-4,8,12-trimethyltridecyl]-

3,4-dihydrochromen-6-ol 

Molecular weight 430.717 g/mol 

LogP 9.8 

Aqueous solubility Insoluble 

Property Antioxidant 

 

Along with antioxidative properties, vitamin E also shows neuroprotective, 

immune modulation, anti–cancer, cardiovascular properties. Vitamin E is obtained from 

edible oils. The various forms are extracted from food grains like wheat, maize, rice bran; 
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trees like coconut, palm tree; nuts like almonds, peanuts, walnuts and from seeds of flax, 

grapes, poppy and pumpkins.32 

1.6.1. Mechanism of action 

α–TP exerts its action by inhibiting the lipid peroxidation. It inhibits the chain propagation 

that occur in lipids by reacting with the lipid radicals that are formed. It undergoes self-

oxidation to form α–tocopheryl radical.33,34 

1.6.2. Metabolism of α–TP  

α- TP usually circulates in the system by binding to α-TTP or chylomicrons. α- TP 

tends to accumulate in the tissues while the other derivatives undergo catabolism. This 

catabolism occurs due to cytochrome P450 and undergoes a series of reactions.  

  Cyp 4F2 leads to the ω-hydroxylation of the TP as shown in figure 6. This 

metabolism occurs in the endoplasmic reticulum. This is followed by further metabolic 

pathways like oxidation that are followed by the β-oxidation of the side chain attached to 

the C2 position. These metabolic reactions occur in the mitochondria and 

peroxisome. Simultaneously, the metabolites undergo sulfation or glucuronidation, which 

α - TP  

ω - hydroxylation 

β - oxidation 
Sulfation/ 

glucoronidaiton 

Cyp 4F2 

Phase 1 
Phase 2 

Figure 6: Metabolism pathway for α - TP 
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are phase 2 metabolism pathways. The ω- hydroxylation path showed about 80% of the 

metabolites that are excreted in the feces. 35 

1.6.3. Vitamin E for treatment of SCI 

The neuroprotective effects of vitamin E are shown in table 3.  

Table 3: Vitamin E for treatment of SCI 

Group Findings Dose 

Smuder et al36 Trolox (water soluble analogue of 

vitamin E) maintains functions of 

diaphragm contraction after SCI 

20 mg/kg intraperitoneally 

every 12 hours 

Pamir et al37 Neuroprotective effects observed by 

pre – treatment of vitamin E against 

oxidative stress caused by radiation in 

SCI  

100mg/kg/day 

intraperitoneally 

Hee Kee Kim38 Analgesic effect for reduction in 

neuropathic pain after SCI 

50 mg/kg daily injections 

Morsy et al39 Improvement in motor and sensory 

functions 

600mg/kg i.m., twice 

weekly for 6 weeks 

Ardabili et al40 Palm vitamin E improved locomotor 

function 

100 mg/kg/day 

Several studies have been conducted in which vitamin E in combination with other drugs 

has shown synergistic effects.41–47 Most commonly used treatment includes the 

combination of vitamin E with vitamin C. This is because, vitamin C aids in the functional 

recovery (as an antioxidant) of vitamin E by reducing the tocopheryl radical back to 

tocopherol.43–47 All of the studies show the delivery of high doses of vitamin E in its 

solution state for the treatment of SCI. One of the possible ways to attain effectiveness of 

vitamin E with relatively low doses is by delivering it with the aid of NP. There is currently 

no literature found on vitamin E or α–TP loaded nanosystems for treatment of SCI.  
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Since the aqueous solubility of α–TP is very poor, delivery into the biological system in 

a solution dosage form is very challenging. Therefore, other alternative dosage forms like 

nano–drug delivery systems for the treatment of SCI maybe beneficial.  

The two types of polymeric NP tested in this study are:  

a) Calcium alginate NP which are developed using polymer alginate 

b) Poly lactic co–glycolic acid (PLGA) NP, developed using PLGA as a 

polymer. 

1.7. Polymer–Alginate 

Alginate is a naturally occurring polymer. It is used in pharmaceutical industries 

and tissue engineering. It is an anionic, biodegradable, and biocompatible polymer.48 The 

commercial source of alginate is usually from three species of brown algae namely, 

Laminaria hyperborea, Ascophyllum nodosum, and Macrocystis pyrifera. 49,50 Other 

source of alginate includes bacteria like Azotobacter vinelandiiand Pseudomonas species 

like P. aeruginosa, P. putida, P. fluorescens, and P. mendocina.50 The commercially 

available alginates are extracted, dried and processed to remove any impurities. The 

polymer which originally exists in its insoluble form, is converted into a soluble sodium 

salt form. 51 
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1.7.1. Structure and physicochemical properties of alginate  

Alginic acid is a long chain, linear polystructure which is made by combining two 

sugars: β mannuronic acid (M) and α–L–guluronic acid (G) connected by a (1,4) glycosidic 

linkage as shown in the figure 7.  

Alginate is a polymer having a molecular weight ranging from 32,000 to 400,000 

g/mol. Sodium alginate in the presence of a cross–linking cations like Ca2+, Sr2+, Ba2+ 

undergoes a sol–to –gel transformation.52 Alginate polymers show the ability to form a gel 

like structure due to the G unit. The length of the G chain, molecular weight as well as the 

G/M ratio influence the formation of hydrogel.53 The formation of the gel occurs due to the 

ability of the polymer to interact with a divalent cation, which leads to the formation of an 

“egg box” like structure as shown in figure 8.50  

The transformation of a solution state to a gel state occurs when the sodium 

monovalent ion from G unit is exchanged with the divalent cation. The divalent cation 

forms co–ordinate bonds with the carboxyl groups present on the G unit.54 

Figure 7: Structure  of sodium salt of alginic acid 

 Mannuronic acid (M) Guluronic acid (G) 
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1.7.2. Methods of preparations of calcium alginate NP (CA–NP) 

NP can be prepared by three different techniques based on the nature of the drug, 

the route of administration and the type of NP.  

1.7.2.1. External gelation method 

In this method, the formation of the calcium alginate nano/microparticles occurs 

when the sodium alginate solution containing the drug, is dropwise added to a solution 

containing the cross-linking agent. The formation of the gel occurs due to the diffusion of 

cross–linking agent’s cations into alginate with the surface of the polymer. 52  Thus, with 

this method, a strong cross–linking can be achieved at the surface of the polymer compared 

to its interior.55 

Ca
2+

 

Figure 8: “Egg box” model of calcium alginate 
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1.7.2.2. Internal gelation method 

The internal gelation process is a process by which the insoluble, divalent cross-

linking solution is added to the sodium alginate solution. The cross-linking agent is an 

insoluble calcium salt, like calcium carbonate or calcium chloride.52 This method produces 

particles with a uniform distribution of cross-linking agent within the matrix.55 

1.7.2.3. Gelation by cooling 

Gelation by cooling method is a process in which the polymer, a cross linking 

calcium salt, and a calcium sequestering agent are heated to a temperature of 90˚C, then 

cooled down. The heat inhibits the polymer to align itself, weakening the bonds between 

consecutive chains. As the solution is cooled down, it reforms the intermolecular bonds, 

enabling the formation of a tertiary structure of calcium alginate.52 

1.7.3. Pharmaceutical applications 

 Alginate polymers have been used in the pharmaceutical industry as is a naturally 

occurring polymer having the property of converting a solution state to a gel state. 

Alginates has been used in oral dosage form as a binding agent in tablet manufacturing and 

aided in the immediate release of the drugs.56 Alginates were also used as a material to aid 

in the controlled release of drug. It is used in the development of in situ gels, beads, 

liposomes combined with alginate; to form a gel within the liposome.57,58 Along with the 

oral route applications, alginate is also mucoadhesive, thus applicable for intranasal route.59 

Parenteral applications of alginate include the formation of nanospheres, microspheres, and 

NP.60 
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1.8. Polymer– Poly lactic co–glycolic acid (PLGA) 

PLGA is a biocompatible, biodegradable and clinically approved polymer by the 

Food and Drug Administration (FDA). It is synthesized by the copolymerization of two 

monomers; lactic acid (LA) and glycolic acid (GA). The structure of the polymer is shown 

in the figure 9 where x is the number of lactic acids and y is number of glycolic acid.61 

The polymer is synthesized by using different ratios of each monomer. The polymer 

commercially available as PLGA (75:25) where 75% is LA and 25% is GA; PLGA 50:50, 

PLGA 25:75. Etc.62 PLGA polymers are also synthesized with different molecular weights 

ranging from 20–100 kDa.63 The biodegradability of PLGA can be altered by varying the 

ratio of the copolymers with the fastest rate recorded by PLGA 50:50. PLGA has found its 

application in the pharmaceutical industries, and tissue engineering fields.64  PLGA is used 

Lactic acid Glycolic acid 

Poly lactic – co – glycolic acid 

Figure 9: Structure of copolymers PLA and PLGA to form PLGA  
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for the development of controlled and targeted delivery of drugs, peptides, nanoparticulate 

systems, etc.65 ,66 

1.8.1.1. Methods of preparations of PLGA nanosystems 

PLGA NP can be prepared in three different ways, based on the polymer type, and 

drug properties.67,68 

1.8.1.2. Solvent evaporation method 

The solvent evaporation method includes either the formation of a single emulsion 

(o/w) or a multiple emulsion (w/o/w). In the process for formation of an (o/w) emulsion, 

the polymer and drug are dissolved in a volatile organic phase, immiscible with water, 

which is added dropwise to the aqueous phase containing a surfactant (eg. PVA) to form 

the (o/w) emulsion. Upon the formation of the emulsion, the organic solvent is evaporated 

by continuous stirring. The NP are collected and dried with appropriate conditions. This 

method is widely used for the entrapment of hydrophobic drugs.62,67,68 

Multiple emulsion technique is used for the encapsulation of large molecules. The 

process for its formation includes the addition of hydrophilic drug to the aqueous phase. 

The aqueous phase is then added to an organic phase containing the polymer. Upon 

emulsification of the (w/o) phase, the emulsion is gradually added to the aqueous phase 

containing the surfactant to form the (w/o/w) multiple emulsion. This emulsion is then 

stirred overnight to evaporate the solvent. The particles are collected, hardened and then 

dried. This method is widely used for the entrapment of hydrophilic drugs. 62 
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1.8.1.3. Nanoprecipitation method 

The nanoprecipitation technique utilizes two solvents which are miscible with each 

other. The polymer and the drugs are both dissolved in one of the solvents. This solution 

is then added to the second solvent (non-solvent) which causes the precipitation of the NP. 

The mechanism for which the NP are formed is that the polymer containing solvent diffuses 

into the non-solvent (incompatible with the polymer) causing it to precipitate out. This 

method leads to the immediate entrapment of the drug. The formation of NP by this 

technique require the presence of a stabilizer to avoid the aggregation of the NP. This 

technique is widely used for the entrapment of hydrophobic drugs.69,70 

1.8.1.4. Salting out method  

Salting out technique is a method that utilizes the formation of an (o/w) emulsion 

in which the organic phase contains the polymer and the aqueous phase contains the 

surfactant and salt.  The formation of the emulsion is followed by the addition of excess 

water to the system until the solvent diffuses in the aqueous phase, leading to the salting 

out of the NP.67,68 

1.9. Objective, hypothesis and specific aims 

The objective of the study was to develop and characterize two nano–drug delivery 

systems loaded with α–TP and compare their in vitro effect against oxidative stress with 

α–TP in a solution for the treatment of spinal cord injury.  

The hypothesis of the project was: 

 α–TP when loaded into nano–drug delivery systems would show enhanced 

protection towards oxidative stress as compared to a solution dosage form.  
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To test this hypothesis, three specific aims were designed: 

Aim 1: Development and validation of a sensitive HPLC and UPLC method for detection 

and quantification of α–TP. 

Aim 2: Preparation, characterizations, and in vitro evaluations of calcium alginate NP. 

Aim 3: Preparation, characterizations, and in vitro evaluations of PLGA nanoparticle and 

its role against oxidative stress in HA-sp cells.  
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CHAPTER 2 

Development and validation of HPLC and UPLC method for 

quantification of α- tocopherol in solution 
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2.1. Introduction 

Vitamin E is a complex compound with a bicyclic heterocyclic structure substituted 

with a quinones. These compounds are called as chromanol structures. Vitamin E broadly 

classified as tocopherols and tocotrienol. Each family includes four isomeric compounds 

distinguished as α, β, γ, and δ. Among all the analogues of vitamin E, α–TP is biologically 

the most active compound. It is a lipid antioxidant having the structure shown in figure 10.  

Figure 10: Chemical structure of α- TP 

Many analytical methods have been developed for quantification of α–TP.71 The 

analytical methods include gas chromatography, column chromatography, reversed and 

normal phase liquid chromatography. Normal as well as reversed phase high performance 

liquid chromatography (HPLC) and ultra–performance liquid chromatography (UPLC) are 

widely used in separation and quantification of all four TPs and tocotrienols. Normal–phase 

chromatographic conditions are extensively used for separation of isomer mixtures in a 

sample.  Reversed–phase HPLC and UPLC is generally used when there is no requirement 

for separation of isomers from one mixture. Liquid chromatography offers practical 

advantages like high sensitivity, reproducibility of peaks, good selectivity for 

quantification and analysis of an analyte.72 
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Numerous detection techniques have been used for the quantification of α- TP 

including evaporative light-scattering detection (ELSD), UV absorbance detection, 

fluorescence (FL) detection, and electrochemical detection (ED).72  

The NP encapsulating α- TP developed in this study required a sensitive method 

for its detection and quantification. The goal of the study was to develop, validate and 

compare sensitivity of analytical methods using both, UV and FL detectors as per the ICH 

guidelines.73,74  

2.2. Materials 

α- TP was purchased from Sigma Aldrich (St. Louis, MO). Optima LC/MS grade 

methanol and water were purchased from Fischer Scientific (Fair Lawn, NJ). The Sun Fire 

C 18 column was purchased from Waters (Milford, MA). 

2.3. Methods 

2.3.1. Chromatographic conditions  

The method used for the detection was liquid chromatography. α–TP was found to 

show UV as well as fluorescence detection. Accordingly, two different methods were 

developed based on a UV detector and fluorescence (FL) detector. The two method were 

HPLC technique with UV detector and UPLC technique with FL detector.  

2.3.1.1. HPLC method with UV detector (HPLC–UV) 

An analytical method to quantitate α- TP was developed used a reversed phased 

high–performance liquid chromatographic (HPLC) technique based on the 

chromatographic conditions depicted in table 4. The method consisted of an isocratic 

elution of 95:5 v/v (methanol: water) as the mobile phase. Phenomenex C 18 (150 X 4.6 
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mm) column was used as the stationery phase maintained at 35ºC. The elution of α- TP 

occurred at 5.1 minutes with a mobile phase flow rate of 1.5 mL/min. A photo diode array 

detector at wavelength 292 nm was used for the detection of α- TP. The total runtime for 

the entire assay was 6 minutes. 

Table 4: Chromatographic conditions for HPLC–UV method development 

Parameter Specification 

Column Phenomenex C18 (4.6 mm X 150 mm) 

Mobile Phase Methanol: water (95:5 v/v) 

Flow rate 1.5 mL/min 

Injection volume 10 µL 

Column temperature 35ºC 

Wavelength of detection 292 nm 

Instrument Shimadzu Prominence-iLC-2030 

2.3.1.2. UPLC method with Fluorescence detector (UPLC–FL)  

An analytical method to quantitate α- TP was developed used a reversed phased 

ultra-performance liquid chromatographic (UPLC) technique based on the 

chromatographic conditions shown in table 5. The method consisted of an isocratic elution 

of 95:5 v/v (methanol:water) as the mobile phase. Sun Fire C 18 (4.6 mm X 50 mm) column 

with a guard column was used as the stationery phase maintained at 35ºC. The elution of 

α- TP occurred at 3.7 minutes with a mobile phase flow rate of 1.5 mL/min. A fluorescence 

detector having an excitation wavelength at 296 nm and emission wavelength at 324 nm 

was used for the detection of α- TP. The total runtime was for the method was 4.5 minutes.  
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Table 5: Chromatographic conditions for UPLC–FL method development 

Parameter Specification 

Column Sun Fire C18 (4.6 mm X 50 mm) with a 

guard column 

Mobile Phase Methanol: water (95:5 v/v) 

Flow rate 1.5 mL/min 

Injection volume 10 µL 

Column temperature 35ºC 

Wavelength of detection Excitation: 296 nm 

Emission: 324 nm 

Instrument Waters Acquity 

2.3.2 Preparation of standard stock solutions 

A standard solution of α–TP was prepared by weighing 25 mg of drug in a 

volumetric flask and dissolved in 50 mL of mobile phase 95:5 (v/v) methanol: water to 

prepare a concentration of 0.5 mg/mL stock solution. This stock was used for preparation 

of a series of dilutions ranging from 1.95–500 µg/mL for developing a calibration curve 

using the HPLC–UV method.  Another stock solution was prepared in a volumetric flask 

having a final concentration of 1 µg/mL stock to prepare a calibration curve by serially 

diluting to a concentration range from 0.015–1 µg/mL for the UPLC–FL method. 

2.4. Calculations 

A calibration curve was obtained by plotting the peak area on the Y–coordinate 

with respective concentrations on the X–coordinate.  A regression equation (y = mx + C) 

was used determine the concentrations of the unknown quantifies of α–TP by plotting the 

experimental peak area to the equation using least squares method.  
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2.5. Results and discussions 

The developed analytical method was validated as per the Q2 (R1) guidelines 

provided by ICH (International Conference on Harmonization).74 The method was 

validated for specificity, linearity, intra-day precision, inter-day precision, accuracy, limit 

of detection, and limit of quantification in the range of 1.95–500 µg/mL for HPLC–UV 

method and 0.015–1 µg/mL for UPLC–FL method.  

2.5.1. Specificity 

The ICH guidelines have defined specificity as the ability of an analytical method 

to differentially identify the analyte in the presence of any interfering components like 

impurities, degrading products or matrix.73 The specificity of the UPLC was determined 

by comparing the chromatograms of only mobile phase injection with mobile phase 

containing the drug. The figure 11 shows HPLC–UV method specificity with (a) 

chromatogram of only the mobile phase and (b) chromatogram of the mobile phase with 

the drug. Figure 12 shows the specificity using UPLC–FL method with (a) chromatogram 

of only the mobile phase and (b) chromatogram of the mobile phase with the drug.   

a) 
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Figure 11: HPLC–UV method with chromatograms of a) mobile phase only and 

b) α–TP peak at 5.1 minutes 

Figure 12: UPLC–FL method with chromatograms of a) mobile phase only and 

b) α–TP peak at 3.8 minutes 

b) 

b) 

 

a) 

 

5.1 minutes 

3.7 minutes 
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Retention time for α–TP in case of HPLC–UV method was 5.1 minutes and for 

UPLC–FL method it was 3.7 minutes, respectively. As there was no interference of the 

mobile phase injection with the α–TP peak, the specificity of this method to quantify the 

drug was certain.   

2.5.2. Linearity 

ICH guidelines have defined linearity as the ability of an analytical method to 

produce test results directly proportionate to the concentrations within the given range74. 

The goal focuses on development of a model to assess the concentration–response 

relationship73. Linearity is evaluated by obtaining a calibration curve between the signals 

given as the peak area or peak height to the specific concentration. It is calculated by 

obtaining a regression equation which uses the least squares method and spearman rank 

coefficient (R2).  Linearity of α–TP was evaluated by injecting seven standard solutions 

over a range of 1.95–500 µg/mL for HPLC–UV method and 0.015–1 µg/mL for UPLC–

FL method, having regression equation and spearman coefficient as shown in table 6.  

Table 6: Linearity for α- TP using HPLC–UV method and UPLC–FL method 

Method 
Concentration 

range 

Regression  

equation 

Spearman rank 

coefficient 

HPLC–UV 1.95–500 µg/mL y = 0.1378 x–0.06865 R² = 1 

UPLC–FL 0.015–1 µg/mL y = 1805.9x–2573.9 R² = 0.9998 

The peak areas and peak heights were both plotted against the respective 

concentrations as shown in figure 13 having a linear correlation which was determined 

using the equation y = 0.1378x–0.0687 as a function of peak area and y = 0.0081x–0.021 
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as a function of peak height using HPLC–UV method. For the UPLC–FL method, the peak 

areas and peak heights were plotted against the respective concentrations as shown in figure 

14 having a linear correlation which was determined using the equation y = 1805.9x–

2573.9 as a function of peak area and y = 195.3x–909.62 as a function of peak height.  

Figure 13: Calibration curve of α- TP (1.95-500µg/mL) by HPLC–UV method 

Figure 14: Calibration curve of α- TP (0.015–1 µg/mL) by UPLC-FL method 

Both HPLC–UV and UPLC–FL methods had a good correlation between the peak 

area or peak height to their respective concentrations, as required by the ICH guidelines. 

y = 1805.9x - 2573.9
R² = 0.9998
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2.5.3. Precision  

 Precision as defined by the ICH guidelines is the degree of closeness of the same 

test sample to give homogenous results when analyzed at different times.74 Precision can 

broadly be classified as intra–day precision and inter day precision also known as 

repeatability and intermediate precision respectively.73 Intra–day precision (with–in day 

precision) results shown in table 7 is for HPLC–UV method and table 8 is for UPLC–FL 

respectively, Intra–day precision was evaluated by injecting standard solutions of known 

concentrations at multiple (four different times) times of the same day, and under the same 

chromatographic conditions. The percentage relative standard deviation (% RSD) was 

determined and compared. 

Table 7: Intra–day precision in quantification of α- TP for HPLC–UV method 

Concentration 

(µg/mL) 

Intra–day precision 

Mean peak area (x 104) % RSD 

1.95 0.22 ± 0.01 2.96 

3.91 0.49 ± 0.01 2.41 

7.81 1.05 ± 0.02 2.25 

15.63 2.03 ± 0.04 1.83 

31.25 4.25 ± 0.07 1.58 

62.50 8.59 ± 0.08 0.88 

125.00 17.09 ± 0.13 0.78 

250.00 34.00 ± 0.10 0.28 

500.00 68.86 ± 0.13 0.18 

 



 

33 

 

Table 8: Intra–day precision in quantification of α- TP for UPLC–FL method 

Concentration  

(ng/mL) 

Intra–day precision 

Mean peak area (x 104) % RSD 

15.62 2.86 ± 0.13 4.70 

31.25 5.00 ± 0.55 8.48 

62.5 10.28 ± 0.43 4.27 

125 22.56 ± 0.61 2.70 

250 44.66 ± 0.57 1.29 

500 89.66 ± 2.54 2.83 

1000 178.83 ± 0.85 0.47 

Inter–day precision (day–to–day precision) expresses the coefficient of variation 

of the test results when homogenous samples are injected on different days using the 

same chromatographic conditions. The inter–day precision results are shown in table 9 

for HPLC–UV method and table 10 for UPLC–FL method. Inter–day precision was 

determined by analysis of the same standard solution on different days over a period of 

60 days. During the period, the stock solutions were stored at 4˚C. The solutions for the 

standard curves were prepared freshly daily from the stock solution. Variability of the 

peak area or peak height at each concentration was used to determine the precision of the 

assay. Inter–day precision was determined by obtaining the % RSD. 
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Table 9: Inter–day precision for quantification of α- TP for HPLC–UV method 

Concentration 

(µg/mL) 

Inter–day precision 

Mean peak area (104) % RSD 

1.95 0.24 ± 0.02 14.26 

3.90 0.50 ± 0.03 4.71 

7.81 1.06 ± 0.04 3.83 

15.62 2.12 ± 0.11 5.26 

31.25 4.42 ± 0.20 4.57 

62.5 8.89 ± 0.33 3.77 

125 17.49 ± 0.47 2.70 

250 34.86 ± 1.00 2.88 

500 67.59 ± 1.42 2.11 

Table 10: Inter–day precision for quantification of α- TP for UPLC–FL method 

 

Concentration 

(ng/mL) 

Inter–day precision 

Mean Peak Area (x 104) % RSD 

15.62 2.80 ± 0.16 1.42 

31.25 5.13 ± 0.48 2.32 

62.5 10.84 ± 0.85 2.27 

125 22.272 ± 0.74 3.35 

250 45.30 ± 1.03 7.89 

500 90.40 ± 2.10 9.52 

1000 180.24 ± 2.57 5.87 
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The analytical method that was developed for the quantification of α- TP was 

validated for intra–day and inter–day precision through a period of two months. The 

coefficient of variation limits was below 10% and within the specifications of the ICH 

guidelines.  

2.5.4. Accuracy  

ICH guidelines have defined accuracy as the ability of the analytical method to 

accurately measure the quantity of a substance in a sample to its true or theoretical value.74 

Accuracy is measured by injecting a known quantity (also known as quality control or QC 

samples) of a drug at the same chromatographic conditions as shown in table 11 for HPLC–

UV method and table 12 for UPLC–FL method. Using the regression equation obtained in 

the standard curve, the quantity is calculated. Accuracy is given as a percentage of the ratio 

of the measured value of the drug substance to the theoretical value as shown in the formula 

below. As per the guidelines provided by the ICH, an analytical method must be > 95% 

and < 105% accurate.73,74 

% Accuracy = 
Measured  concentration

Theoretical concentration
 x 100 
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Table 11: Accuracy of HPLC–UV method for quantification of α- TP 

Theoretical Concentration 

(µg/mL) 

Measured Concentration 

(µg/mL) 
% Accuracy 

5 4.95 ± 0.05 99.95 ± 1.01 

50 51.63 ± 0.732 103.26 ± 1.46 

200 197.23 ± 1.10 98.66 ± 0.55 

 

Table 12: Accuracy of UPLC–FL method for quantification of α- TP 

 

The analytical method developed was validated for its accuracy when three known 

quantities of drug were injected through a period of two months, and their accuracy limits 

were found to be within 95% to 105%. 

2.5.5. Limit of detection 

 Limit of detection (LOD) is defined as the lowest quantity of an analyte that can be 

detected by an analytical method.74 This factor does not necessarily account for the amount 

that can be quantified. The method in which the LOD is determined is based on the standard 

Theoretical Concentration 

(ng/mL) 

Measured Concentration 

(ng/mL) 

% Accuracy 

15.62 16.12 ± 1.00 103.19 ± 6.44 

125 122.14 ± 4.79 97.71 ± 3.83 

1000 995.77 ± 5.37 99.57 ± 0.53 
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deviations of all the test samples and the slope derived from the calibration curve. The 

formula used for its calculation is: 

LOD = 3.3 × 
σ

S
 

𝜎 = standard deviations of the responses of all samples  

S = slope obtained in the calibration curve 

The LOD for the developed analytical method was 4.13 µg/mL for HPLC–UV method and 

10.47 ng/mL for UPLC–FL method. Thus, the analytical method that was developed was 

validated for its LOD.  

2.5.6. Limit of quantification 

 Limit of quantification (LOQ) is defined by the ICH guidelines as the lowest 

amount of analyte that can be quantified by the analytical method.74 The LOQ is 

determined based on the ratio of the standard deviations of the test samples and the slope 

obtained from the calibration curve. The LOQ is determined by the following formula: 

LOD = 10 × 
σ

S
 

𝜎 = standard deviations of the responses of all samples  

S = slope obtained in the calibration curve 

The LOQ for the developed analytical method was 12.52 µg/mL for HPLC–UV method 

and 31.74 ng/mL for UPLC–FL method. Thus, the analytical method that was developed 

was validated for its LOQ. 
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2.6. Summary 

A rapid HPLC and UPLC method was successfully developed and validated as per the ICH 

guidelines for the quantification of α- TP. Fluorescence detector for the detection of α- TP 

is a more sensitive technique as compared to the UV or PDA detector. The developed 

methods were validated as per the ICH guidelines and USP specifications for specificity, 

linearity, intra–day precision, inter–day precision, accuracy, limit of detection and limit of 

quantification. Both methods were found to be sensitive, accurate and precise according to 

the ICH and USP specifications. The validated method was used for the quantification of 

α- TP in all of the studies conducted in the succeeding chapters.  
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CHAPTER 3 

Preparation, characterizations, and in vitro evaluation of 

calcium alginate NP encapsulating α–TP  
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3.1. Introduction 

α–TP is a naturally occurring lipid antioxidant which is present endogenously along 

with other antioxidants like vitamin C and ubiquinols.75,76 Occurrence of an injury to the 

spinal cord causes a dramatic decrease in the endogenous levels of α–TP. This reduction 

causes a trigger in generation of reactive oxygen species (ROS), and activation of reactive 

astrocytes or astrogliosis, which with time, ultimately leads to apoptosis of all the cells.75,77 

Many studies have shown that prophylactic supplementation of α–TP can enhance the 

post–injury reparative effects. However, a relatively high dose is required for α–TP to reach 

a significant therapeutic level.77 

Occurrence of a spinal cord injury also causes a disruption of the blood spinal cord 

barrier (BSCB).78 As a result, there is a significant increase in the permeability through the 

BSCB.14 Ever since, many pharmaceutical therapeutic interventions are made for the 

treatment of SCI. Schmidt et al have shown that liposomes when loaded with 

glucocorticoids for the treatment of spinal cord injury aids in reduction of dose, increase 

circulation time and reach the site of injury due to the disrupted blood spinal cord barrier.79 

Their study involved the development of liposomes having a PS 200 nm.  

The objective of the study was to develop polymeric NP having a size less than 50 

nm, with maximum loading of α–TP, and to evaluate its effect on astrocytes. To achieve 

the objective, the calcium NP were developed and optimized to have a size of 20 nm. They 

were characterized by PS, ZP, as well as thermal analyses like differential scanning 

calorimetric and thermogravimetric analysis. Powder x–ray diffraction was used to find the 

physical state of the drug in the nanoparticle matrix. Scanning electron microscopy was 
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used to determine the morphology of these NP. The NP were evaluated for their effect and 

toxicity on human astrocyte spinal cord (HA–sp) cell lines. 

3.2. Materials 

Commercial grade (+) α–TP, alginic acid sodium salt of medium viscosity obtained 

from Macrocystis pyrifera were purchased from Sigma Aldrich (St. Louis, MO). Calcium 

chloride dihydrate and Tween® 80 were purchased from Fisher Scientific (Fair Lawn, NJ). 

Acetone and dichloromethane (DCM) optima grade were purchased from Fisher 

Chemicals. Maltrin M100 (maltodextrin) was purchased from Grain Processing 

Corporation (Muscatine, IA). All aqueous solutions were prepared with 0.2 µM deionized 

(DI) water.  

Human Astrocyte–spinal cord (HA–sp) cell lines were provided by University of 

Nebraska Medical Center (Omaha, NE) through Dr. Sandeep Agrawal. Astrocyte growth 

medium was purchased from Cell Applications, INC (San Diego, CA), MTT reagent, 

0.25% trypsin–EDTA and 2–propanol were purchased from Thermo Fisher Scientific 

(Waltham, MA). Poly–L-lysin solution, DMSO, and 37% hydrochloric acid were 

purchased from Sigma Aldrich (St. Louis, MO). Cells were cultured on 48 well plates 

bought from Life Sciences (Corning, NY).  

Antibodies used in the western blotting were GFAP and β-actin which were 

purchased from Santa Cruz Biotechnology (Dallas, TX). Caspase 3 and caspase 9 were 

purchased from Bioss Antibodies (Woburn, MA). Pierce®  RIPA buffer was purchased 

from Thermo Scientific (Waltham, MA), PVDF membrane was purchased from Millipore 

Crop (Billerica, MA).  
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3.3. Methods 

3.3.1.  Preparation of calcium alginate NP (CA–NP)  

CA–NP were prepared by ionotropic gelation method. A single emulsion (o/w) was 

prepared by solvent evaporation technique. CA–NP were formulated with sodium alginate 

as the polymer which was cross linked with a cross linking agent, calcium chloride. The 

method developed by Saralkar et al. was followed with certain minor modifications to form 

CA–NP which is schematically represented in figure 15.80 

An aqueous phase containing the polymer (0.06 % w/v sodium alginate) was prepared by 

weighing the required amount accurately and stirring in 0.2 µM filtered deionized water 

overnight. Known concentration (1% w/v) of surfactant (tween 80) was added to the 

aqueous phase. The organic phase (acetone) aided in the dissolution of the drug α–TP. An 

(o/w) emulsion was prepared by using an ultrasonicator (Misonix Sonicator 300, Melville, 

NY) at 42 W with a pulse mode (4 seconds on and 2 seconds off) for 10 minutes. As the 

emulsion was formed, 2.5 mL of 18 mM solution of calcium chloride was added dropwise 

at the rate of 0.2 mL/min over 15 minutes using a syringe pump (Harvard Apparatus 22, 

Holliston, MA) while the emulsion was under ultrasonication with similar conditions as 

Organic 

phase: 

Acetone + 

α–TP 
Aqueous Phase: 

(Sodium alginate 

+ Tween 80) 

Probe 

sonicate 

for 10 

minutes 

(o/w) 

emulsion 

Probe 

sonicate for 

15 minutes 

Crosslinking 

agent 

Solvent 

evaporation 

Ultracentrifuge 

for 15 minutes 

Freeze 

Drying 

Figure 15: Schematic representation of CA - NP preparation 



 

43 

 

described earlier. After crosslinking, the solvent was evaporated by magnetically stirring 

overnight. The NP were collected by using an ultracentrifuge (Sorvall Discovery 90SE, 

Woburn, MA) at a relative centrifugal force (RCF) max 6000 for 15 minutes and freeze 

dried with maltrin m100 maltodextrin as the cryoprotectant in a freeze dryer (Millrock 

Technology LD85, Kingston, NY). Blank NP were formulated using the same procedure, 

except, it was devoid of the drug.  

3.3.2. Optimization of NP based on PS 

The NP formed by procedure mentioned in 3.3.1 were optimized for their sizes based 

on the effect of surfactant concentration and the solvent system used in the preparation of 

the NP. 

3.3.2.1.  Effect of surfactant concentration  

CA–NP were optimized for their size by understanding the influence of the 

concentration of surfactants to form the NP. The concentrations of tween 80 chosen for the 

study were 0.1%, 0.25%, 0.5% and 1% (w/v). The surfactant was added to the aqueous 

phase and the method mentioned in section 3.3.1 was followed for the formation of CA–

NP. All samples were prepared in triplicates and measured for their PS and ZP. The goal 

of the study was to optimize the concentration of surfactant which helped achieve a desired 

size of 20 nm of the nanoparticle.  

3.3.2.2.  Effect of solvent system 

The solvent system used with the drug incorporated in them, forms the organic system. 

The two solvents used in the study included acetone and dichloromethane (DCM). The 
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blank NP were formulated using solvent system only for formation of the (o/w) emulsion. 

The method in section 3.3.1 was followed for formulation of the NP. 

3.4. Characterizations of CA–NP  

3.4.1. Analysis of PS and ZP  

The PS (PS) and ZP (ZP) of the CA–NP NP were analyzed using zetameter (Zeta 

Plus, Brookhaven Instruments Corporation, NY). The nanoparticulate suspension was bath 

sonicated for two minutes before taking 30 microliters of sample and diluting to three mL 

with DI water. The bath sonication allowed the formation of a uniform suspension. 

Analysis for blank and α–TP CA-NP were measured five times, with results reported as 

mean ± standard deviation (SD). Each sample was measured in triplicates. 

3.4.2.  Differential scanning calorimetry (DSC) 

DSC is a thermal analytical technique which determines the amount of heat either 

absorbed or given out by the sample when any physical change in the sample happens 

subjected to controlled heating. Samples show typical endothermic (heat absorbed) or 

exothermic (heat given out) and help understand characteristic physical properties like 

melting point, crystallizations temperature, polymorphism, glass transition temperatures, 

etc.81 

DSC studies are conducted on a differential scanning calorimeter (Shimadzu DSC–

60, Kyoto, Japan). Samples contained sodium alginate, calcium chloride, a physical 

mixture of sodium alginate and calcium chloride, blank CA-NP and α–TP CA-NP. About 

3–5 mg of the sample were weighed and added to a non–hermetical sealed aluminum pan 

which was crimped with an aluminum lid. These samples were heated at 10˚C per minutes 
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from 25˚C to 300˚C. These pans were heated against a reference pan without any sample. 

The samples were under a constant purge of nitrogen, having a flow rate of 20 mL/min. 

The samples were analyzed with a thermal analysis operating system (Shimadzu TA–60 

WS, Kyoto, Japan). 

3.4.3.  Thermogravimetric analysis (TGA) 

TGA is a thermal analytical method which determines the change in the weight of 

a sample when it is subjected to a change in temperature at a constant rate. TGA study 

determines the thermal stability of the compound with respect to the changing 

temperatures.81 

TGA studies were conducted on thermogravimetric analyzer Shimadzu TGA–50 

(Kyoto, Japan). Known amount of sample (5–10 mg) were weighed and added to an 

aluminum pan and placed in the instrument. The samples were heated at a constant rate of 

10˚C per minute from 25˚C to 300˚C. The weight change was determined under nitrogen 

purge flowing at 20 mL/min and analyzed by thermal analysis operating system (Shimadzu 

TA-60WS, Kyoto, Japan). 

3.4.4.  Fourier transform infrared (FTIR) spectroscopy  

FTIR spectroscopy is an analytical technique which causes harmonic oscillations 

when infrared radiation is absorbed by a sample. These oscillations resemble the stretching 

or bending of a bond associated at a wavenumber within a wide spectral range. FTIR 

provides a confirmation for the presence or absence of functional groups, chemical bond 

or bond strength, thus, allowing the identification of components within a sample. 81 
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FTIR studies were conducted to determine the interaction between the pure drug 

and polymer as well as the confirmation for formation of CA–NP with an FTIR 

spectrophotometer (Shimadzu IR prestige 21, Kyoto, Japan), 

3.4.5.  X–ray diffraction (XRD) 

XRD is a study conducted to identify whether a material exists in a crystalline or 

non–crystalline state based on diffraction pattern of the material.82,83 Crystalline materials 

exhibit unique and sharp peaks matching their fingerprints whereas non–crystalline 

materials, show a broaden peak or ‘halo’ like patterns, since these materials lack the 

presence of a long range periodicity in the lattice structure.83 

Powdered XRD studies were conducted by University of Nebraska, Lincoln. The 

studies were conducted using a diffractometer (PANalytical Empyrean, Malvern, United 

Kingdom) having Cu K α–radiation at a voltage of 40 kV and current of 45 mA. The 

parameters for conducting the study included an incident beam path having a mask of 20 

mm and divergence slit of 0.25°. A silica plate was used to hold a thin layer of the powdered 

sample which was continuously spun at 90° per sec. As the measurements were being 

taken, a solid–state PIXcel 3D detector collected the data at the rate of 0.135° per sec from 

a range of 5–60° 2 θ. To enhance the signal–to–noise ratio, a focusing geometry (Bragg 

Brentano) and diffracted beam monochromator were used. 

3.4.6.  Scanning Electron Microscopy (SEM) 

SEM is an imaging technique which utilizes electron beam as an illumination 

source. The studies were conducted by the College of Pharmacy at Xavier’s University of 

Louisiana. The undispersed samples were sputter coated with gold for 1 minute and 
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visualized under electron microscope (Hitachi, S–4800, Tokyo Japan). The conditions for 

taking the morphological images included accelerating voltage of 5 kV, magnification of 

x 25000 at a working distance of 6.3 mm. 

3.4.7.  Drug loading (DL) and entrapment efficiency (EE) 

DL is described as the percentage of drug loaded per unit weight of NP. The 

formula used to determine the DL is given by: 

DL (%) =  
Amount of drug in NP (mg)

Amount of NP (mg)
 x 100 

EE is defined as the percentage of the drug that is entrapped within the NP. It is 

obtained by using the formula: 

EE (%) =  
Amount of drug in NP (mg)

Theoretical amount of drug 

used in formulation (mg)

 x 100 

DL was obtained by dispersing 10 mg of NP in 10 mL HPLC mobile phase (95:5 

v/v methanol: water). This suspension is vortexed for 2 minutes, followed by probe 

sonication for another 2 minutes which allow the NP to break, and release the drug. The 

suspension is transferred into a 15 mL falcon tube and centrifuged at 4,000 rpm for 30 

minutes. The solution is then filtered using a 0.2 µM syringe filter and quantified for drug 

present using the UPLC technique developed and described in chapter 2. 
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3.5. In vitro studies on Human Astrocyte –spinal cord (HA-sp) cells 

3.5.1. In vitro cell culture  

Human astrocyte–spinal cord (HA–sp) cells were cultured on poly–l–lysin (PLL) coated 

plates with astrocyte medium. The cells were incubated in a humidified incubator at 37ºC 

and 5% CO2. After they reached a confluency of 80–90%, they were washed with sterile 

PBS, pH 7.4 to remove any debris, trypsinized with trypsin–EDTA, and sub cultured at a 

ratio of 1:3. 

3.5.2. Preparation of samples  

Each sample was freshly prepared before the experiments. A stock solution of 100 

µg/mL was prepared by weighing accurate amounts of NP and suspending them in sterile 

PBS, pH 7.4. The concentrations required for the experiments were then diluted with 

astrocyte growth medium. The concentrations 2 µg/mL, 4 µg/mL, 10 µg/mL, 20 µg/mL, 

30 µg/mL, and 40 µg/mL of NP were prepared with astrocyte medium.  

3.5.3. Cell viability evaluation by MTT assay 

The cell viability studies were conducted using MTT assay. An MTT stock solution 

of 5mg/mL was prepared by dissolving 25 mg MTT reagent in 5 mL PBS, pH 7.4. Human–

astrocyte spinal cord (HA–sp) cells with a seeding density of 10 x 104 cells per well were 

seeded in PLL coated 48 well and incubated for 24 hours in a humidified chamber at 37°C 

and 5% CO2. As per the study requirements, the plates were incubated with the blank NP 

having concentrations of 2, 4, 10, 20, 30,40 µg/mL for 24 and 48 hours. 200 µL of MTT 

stock solution per 1mL media was added to each of the wells and further incubated for 3-

4 hours at 37°C with 5% CO2. Post incubation with MTT reagent, equal volumes of lysis 
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solution (0.1 N HCl in Isopropanol solution) was added to every sample and incubated on 

an orbital shaker (Alkali Scientific Inc, Fort Lauderdale, FL) at room temperature for 1-3 

hours till all the formazan crystals were dissolved. The absorbance was measured by 

spectroscopic analysis at 570 nm.  The cell viability was determined by the following 

formula: 

% Cell viability= 
Sample (abs) - blank (abs)

Control (abs) - blank (abs)
 x 100 

Where,  

sample (abs) = absorbance of sample measured at 570 mm (cells + medium + treatment 

condition) 

Control (abs) = absorbance of negative control (absence of treatment, contains only cells 

and medium) 

Blank (abs) = absorbance of the wells which have no cells (only medium) 

3.5.4. Western Blotting studies 

Western blotting studies is an important technique used for isolation and 

identification of proteins.84 This technique helps in the separation of proteins based on their 

molecular weight by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–

PAGE) method. The targeted proteins are probed with primary antibodies like glial 

fibrillary acidic protein (GFAP), caspase 3 and caspase 9. GFAP is a well-known 

biomarker for the identification of astrogliosis in the CNS having a molecular weight of 50 

kDa.85 Caspase 3 and caspase 9 are critical mediators in the apoptotic pathway having a 

molecular weight of 35 kDA.86 Use of these biomarkers would help to understand the effect 
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of CA–NP on astrogliosis and apoptotic pathway on astrocytes. The protein expressions 

are then confirmed by using an imaging system. The expression of the individual proteins 

is compared to the expression of β–actin (molecular weight 42 kDA), an antibody 

commonly used in western blotting to normalize the protein loading in each well across the 

gel. An increase in the expression of any antibody compared to the control, would be an 

indicator for astrogliosis and/or apoptosis.  

The HA–sp cells were cultured on a PLL coated 6 well plate with a seeding density 

of 1 x 105 cells/well and allowed to grow for 24 hours. The cells were then incubated with 

the different concentrations of CA–NP for 24 hours. Proteins from the cells or tissue were 

extracted by a lysis buffer (RIPA buffer) and passed through a 12% SDS–PAGE using 

electrophoresis at a current of 20 mA for followed by 30 mA. The separated proteins were 

electroblotted onto a PVDF membrane and incubated with a blocking solution containing 

5 % skimmed milk made in PBS–tween 20 (PBS –T) solution. The targeted proteins were 

probed with primary antibodies (GFAP, Caspase 3, caspase 9 and β–actin) overnight at 

4°C. The antibodies were washed with PBS–T and incubated with secondary antibodies 

for 1 hour. The role of the primary antibody is to bind to the particular protein of interest 

while that of the secondary antibodies is to assist in its detection as they are conjugated 

with enzymes or dyes. The unbound antibodies were washed off using PBS–T while the 

specifically bound proteins were detected using Pierce™ ECL Western Blotting Substrate 

(Thermo Scientific). Bio-Rad/Chemi Doc Imaging System and Quantity One software was 

used to analyze the blots. 
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3.5.5. Phase contrast microscopy 

 Phase contrast microscopy is a technique with which an image of the live cells and 

cell cultures can be obtained. The cell culture used in MTT assay were utilized to obtain 

the images. The images were taken after the completion of the treatment (incubation with 

blank and α–TP CA–NP) and immediately after the addition of the MTT reagent. The cells 

were kept for incubation as per the MTT protocol, thereafter.   

3.6. Statistical analysis 

All in vitro studies results were statistically analyzed and compared using one–way 

ANOVA by the GraphPad Prism© software. The statistically significant difference was 

defined as a p value less than 0.05.  

3.7. Results and discussions 

3.7.1. Characterization results 

3.7.1.1. Evaluation of PS and ZP 

The CA–NP were optimized by varying the concentration of surfactant tween 80 in 

the formulation. Concentration of tween was increased from 0.1% to 1%. It was observed 

that as the concentration of tween 80 was increased, the PS gradually decreased which may 

be due to its behavior as a stabilizing agent, causing a reduction in the surface energy. As 

a result, there is inhibition of crystal growth.87 Studies have shown that it is only within a 

certain range that the surfactant exhibits this property. Asasutjarit et al showed that 

surfactant in the range on 0–0.03% (v/v) causes an increase in the PS.88 

Figure 16 also depicts the influence of the solvent system on the size of the NP. 

The two solvents used were acetone and DCM. It was observed that the NP formulated 
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with acetone showed a relatively smaller PS as compared to those prepared using DCM. 

The possible reason for this could be due to the difference in the polarity of the two 

solvents.87 Acetone has a polarity index of 5.1 while DCM has a polarity index of 3.1. 

Thus, acetone is more polar compared to DCM. As the polarity of a solvent increases, the 

water miscibility increases which aids in the efficient diffusion of solvent and dispersion 

of polymer into the water. As a result, solvents with greater water miscibility tend to 

produce smaller sized NP.89 

Table 13 shows the PS distribution with change in the concentration of the 

surfactant while keeping the solvent system constant (acetone). As the concentration of the 

surfactant was increased, the PS decreased. Along with the decrease in the PS, it was 

observed that there was a decrease in the polydispersity index (PDI).   This meant with 

higher concentrations of surfactant, more uniform particles were being formed. Table 14 

shows the effect of DCM as the solvent when different concentrations of surfactant was 
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used. The same trend was noticed in the case of DCM as compared to acetone. However, 

when the two solvents were compared, acetone showed a comparatively lower PS and PDI. 

The ZP for the blank NP was found to be -2.25 ± 2.42 mV and for α–TP CA–NP was -6.68 

± 0.43 mV. 

Table 13: PS and PDI with different concentrations of tween 80 and acetone as 

solvent 

Acetone as solvent 

Tween 80 (%) PS (mean ± SD) PDI (mean ± SD) 

0.1 202.16 ± 20.32 0.36 ± 0.01 

0.25 78.4 ± 17.09 0.36 ± 0.04 

0.5 21.26 ± 9.20 0.28 ± 0.06 

1 21.9 ± 11.19 0.21 ± 0.04 

 

Table 14: PS and PDI with different concentrations of tween 80 and DCM as solvent 

 DCM as solvent  

Tween 80 (%) PS (mean ± SD) PDI (mean ± SD) 

0.1 154 ± 26.30 0.29 ± 0.1 

0.25 134.6 ± 11.8 0.38 ± 0.02 

0.5 44 ± 11.73 0.31 ± 0.05 

1 28.2 ± 15.36 0.33 ± 0.05 
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3.7.1.2. Differential scanning calorimetry  

The objective of differential scanning calorimetry (DSC) study was to understand 

the thermal behavior of individual formulation components and their interaction if any with 

each other during the formation of NP. The study also gave an understanding for the 

formation of the CA–NP. Figure 17 shows the thermogram for a) sodium alginate, b) 

physical mixture of sodium alginate and calcium chloride and c) CA–NP NP. The DSC 

thermogram for a) sodium alginate showed a broad endothermic peak at 90°C depicting 

the possible loss of solvents or moisture from the sample. It also shows a sharp endothermic 

peak at 245°C indicating the possible break down/degradation of the polymer at this 

temperature. The steep decline in the peak after 250°C would probably the thermal 

degradation of this polymer.90 

  

a) Sodium alginate 

b) Physical mixture of calcium 

chloride and sodium alginate 

c) CA-NP 

Figure 17: DSC thermogram of a) sodium alginate, b) physical 

mixture of sodium alginate and calcium chloride and c) CA-NP 
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The thermogram for b) physical mixture of sodium alginate and calcium chloride 

was obtained when mixed in the same molar concentration as used in the preparation of 

CA–NP.  The thermogram showed the presence of two endothermic peak at 87°C and 

150°C. These endothermic peaks could possibly be due to the loss of the moisture or 

solvents from the sodium alginate polymer and the calcium chloride dihydrate respectively. 

The thermogram also showed the presence of an exothermic peak at 245°C, indicating the 

breakdown of the sodium alginate polymer.90,91 However, the exothermic peak was at 

245°C diminished in its size. This could possibly be due to an interaction between the 

polymer and the cross-linking agent. The thermogram for c) blank CA–NP indicated that 

the NP still showed an endothermic peak around 80°C, however, the peak at 150°C and 

245°C had completely disappeared. This gave an understanding that, the polymer and the 

cross-linking agent have completely interacted, causing a loss in the endothermic peak at 

150°C and the exothermic peak at 245°C. However, the CA–NP still showed an 

endothermic peak at around 80°C, indicating the possible loss of moisture or solvents from 

the system. 
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3.7.1.3. Thermogravimetric analysis 

 Thermogravimetric analysis for blank CA–NP and α–TP CA–NP was conducted to 

determine the effect temperature on the weight loss of the NP. Figure 18 shows the 

thermograms of the a) blank CA–NP and b) α–TP loaded CA–NP. It was observed that for 

both the NP showed a weight loss of 8 % from 25ºC to 100ºC. This loss in the weight could 

possibly be due to the loss in the moisture from the sample. This can be correlated with the 

DSC thermogram, which shows an endothermic peak around 100ºC. The total weight loss 

of the NP was nearly 48% and 43% for blank CA–NP and α–TP CA–NP, when the sample 

was heated to 300ºC. It is observed from the DSC data that the polymer shows degradation 

at 245ºC. This could probably be the cause for the dramatic loss of the weight in the NP. 
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Figure 18: Thermogravimetric analysis of a) blank CA – NP and 

b) α-TP CA - NP 
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3.7.1.4. Fourier transform infrared spectroscopy 

The FTIR studies were conducted to complement the DSC studies for the formation 

of the CA–NP. This could be interpreted based on the shift of the wavenumber of the 

peculiar peaks of sodium alginate. Since these NP were formed by ionotropic gelation 

technique, FTIR studies could serve as a confirmatory for CA–NP. Figure 19 a) shows the 

spectra for sodium alginate.  Sodium alginate shows the presence of certain characteristic 

peaks like O–H stretching in the range of 3000–3500cm-1, stretching vibrations of 

carboxylate ions at 1650cm-1 and 1450cm-1 and band at 1100cm-1 showing the C–O 

vibration of pyranosyl ring.92 Figure 19 b) shows the spectra for CA–NP. It was observed 

that, there was a narrowing of the O–H stretch at 3500cm –1 as compared to sodium 

alginate. Literature suggests that this is possibly due to the chelating structure that is formed 

500 1000 1500 2000 3000 4000 5000 

Wavenumber (cm -1) 

%T 

a) Sodium alginate 

b) Blank CA-NP 

a) 

b) 

FTIR Spectra 

Formation of calcium alginate 

Figure 19: FTIR spectra of a) sodium alginate and b) CA - NP 

Creighton/Characterization/FTIR/FTIR.ppt
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between the calcium ion and the hydroxyl groups and the carboxylate groups present on 

sodium alginate. This results in the decrease of hydrogen bonds between the hydroxyl 

groups.92 It was also observed that there was a shift in the carboxylate ion stretching at 

1450cm –1 to a lower wavenumber. This possibly be due to the replacement of sodium 

cation by calcium cation.92 Thus, this study complemented the DSC studies for the 

formation of the CA–NP. 

3.7.1.5. X–ray diffraction 

The powder XRD studies were conducted to investigate the crystalline nature of 

the NP. Figure 20 shows a comparative study of blank CA–NP and α–TP CA–NP. α–TP 

has the tendency to exist in an amorphous state. The goal of the study was to determine the 

physical state of α–TP in the NP.  

Figure 20: XRD of a) blank nanoparticles and b) α–TP CA–NP 

a) Blank CA-NP 

b) α–TP CA-NP 
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It was observed that both blank CA–NP and α–TP loaded CA–NP showed an 

amorphous halo structure, indicating that the drug existed a non–crystalline or amorphous 

state in the NP. Incorporation of the drug into the NP did change the physical state of the 

drug. The drug had molecularly and uniformly dispersed into the polymer. 

3.7.1.6. Scanning electron microscopy 

SEM was used to inspect the morphology of the NP. Figure 21 shows SEM images 

of freeze–dried samples of α–TP loaded CA–NP magnified 25000-fold. The SEM 

confirmed the formation of spherical NP. The particles showed to have a smooth surface 

and conferred to the PS as that shown by the zetameter. 

Figure 21: SEM of α–TP NP with x 25k magnification 
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3.7.1.7. Drug loading (DL) and drug entrapment efficiency (EE) 

CA–NP were prepared by loading 2.5 mg of α–TP in the NP. The DL and EE were 

determined using the UPLC–FL method developed in chapter 2. The DL was found to be 

0.4 ± 0.05% and EE was found to be 4.00 ± 1.63%. The loading and the entrapment are 

possibly poor due to the small sized NP that were formulated as well as the entrapment of 

a hydrophobic drug into a hydrophilic polymer. 

3.7.2. In vitro studies on HA–sp cell line 

3.7.2.1. Evaluation of cell viability using MTT assay 

The cytotoxicity profiles of the blank CA–NP were conducted by the MTT assay. 

Figure 22 shows the cell viability of HA–sp cells when treated with 2, 10, 20, 30, 40 µg/mL 

of blank CA–NP. The assay was essential to determine if the blank NP influenced the 

viability of the cells. It was observed that as the concentration of the NP were increased, 

there was a decrease in the cell viability of the HA–sp cells. The CA–NP showed a 

significant decrease in the number of viable cells at 48 hours with a low concentration of 

3 µg/mL (p < 0.05).  

This indicated that the blank CA–NP themselves had a deleterious effect on the 

HA–sp cells. The possible reason for this could be the effect of calcium on astrocytes. 

Increase in the concentration of calcium could have attribute to increase in the toxicity in 

the astrocyte cells. It is well established that increase in the intracellular Ca2+ in spinal cord 

injury causes a trigger to many signaling pathways.93 This finding however, is limited to 
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spinal cord injury. As CA–NP when used for the treatment of prostate cancer did not show 

this effect.80  

 

 

 

 

 

 

Due to the low entrapment efficiency of α-TP, a relatively higher concentration of 

CA-NP would be needed for having a therapeutic effect against ROS in SCI. However, as 

the MTT assay suggests, a higher concentration of CA-NP would themselves cause 

cytotoxicity to the HA-sp cell lines. Therefore, the observation that the blank CA–NP 

themselves caused a decrease in the viable cells, further led to investigation with western 

blotting techniques.  

 

 
 

Figure 22: Cell viability of blank CA–NP at a) 24 hours and 

b) 48 hours (* p < 0.05) 
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3.7.2.2. Western blotting studies 

3.7.2.2.1. Evaluation of GFAP expression  

 MTT assay for blank CA–NP showed that high concentration of blank CA–NP 

decreased the cell viability; hence, we were interested in determining its effect on the 

GFAP expression. Figure 23 shows the effect of blank CA–NP on the expression of GFAP. 

The bands of the western blots are depicted for GFAP (upper band) and β-actin (lower 

band). The relative expression for GFAP is determined by taking a ratio of the band 

intensity of GFAP and β-actin. β-actin determines the uniformity in the loading of the 

proteins.  
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Figure 23: Effect of blank CA-NP on expression of GFAP  
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The expression of GFAP was found to upregulate with lower concentrations of 

blank NP. As the concentration of the blank CA–NP were increased, there was a gradual 

decrease in the expression of GFAP as compared to the control. This study indicated that 

low concentrations of CA–NP showed astrogliosis. We hypothesize that an increase in the 

expression at lower concentration could possibly be due to the presence of Ca2+ in the NP. 

Influx of Ca2+ in the cells causes excitotoxity, leading to oxidative stress, and leads to cell 

death by calcium mediated mechanisms.94,95 Studies have suggested that an initial increase 

in GFAP expression may be due to the early protection mechanisms shown by astrocytes 

against oxidative stress.96 The expression is then tending to decrease with the increased 

exposure to CA–NP.  The reduction of the GFAP expression occur because of two possible 

conditions: a) no astrogliosis or b) apoptosis.96 
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The expressions for GFAP protein when HA–sp cells were treated with different 

concentrations of α–TP loaded CA–NP are shown in figure 24. It was observed that all the 

expressions were below the expression of the control. This indicated that α–TP loaded CA–

NP, did not induce astrogliosis. This could possibly be due to the antioxidative properties 

of α–TP. α–TP may have inhibited the oxidative stress caused due to the influx of the Ca 

2+, it scavenges the reactive oxygen species, thus, not allowing the cells to proceed towards 

astrogliosis.97 

3.7.2.2.2. Evaluation of Caspase 3 expression   

The effect of blank CA–NP was investigated on the expression of caspase 3, a 

marker for apoptosis. The upper blot depicts the bands for caspase 3 when the cells are 

treated with blank CA–NP (Fig. 25) or α–TP loaded CA–NP (Fig. 26). The lower band in 
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the blot represents β-actin, a marker for determining the equal loading of the proteins. The 

expressions are obtained by taking a ratio of the band intensities of caspase 3 and β-actin.  

The effect of blank CA–NP on the expression of caspase 3 is shown in figure 25. It 

was observed that, as the concentration of the blank CA–NP was increased, there was a 

gradual increase in the expression of the caspase 3. This is possibly because, the blank CA–

NP possible triggered the calcium dependent cell death mechanism, thus leading towards 

the apoptosis of the cells. Caspase 3 is known to have a distinct role in apoptosis as 

compared to the caspase 9. Caspase 3 acts on multiple substrates during apoptosis. 
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Figure 26 shows the effect of α–TP CA–NP on expression of caspase 3. It was 

understood that, as the concentration of the CA –NP was increased, there was a gradual 

increase in the expression of caspase 3. However, the level of expression was less than that 

observed for control. Thus, it could be understood that α–TP CA–NP does not induce 

apoptosis up to the concentration of 8 µg/mL. Observing the trend, that the expression of 

caspase 3 was increasing with the increase in the concentration of CA–NP, we hypothesize 

that, further increase in the concentrations of the CA–NP could possibly not have any 

protective effects on the cells and thus, lead to apoptosis.  

3.7.2.2.3. Evaluation of Caspase 9 expression   

Caspase 9 is a marker of intrinsic apoptosis but has a distinct role compared to 

caspase 3. The effect of the blank CA–NP was investigated in figure 27. The upper panel 
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of the blot depicts the effect of blank CA–NP (Fig. 27) and α–TP loaded CA–NP (Fig 28) 

on the expression of caspase 9. The lower panel shows the bands for β-actin, indicating the 

protein loading in each well. The expression was noted as the relative expression intensity 

of caspase 9 to that of β-actin. It was observed that as the concentration of the blank NP 

increased, there was a gradual increase in the expression of caspase 9 as compared to the 

control. This indicated that, the high concentrations could lead towards apoptosis of the 

cells.  

A similar trend was observed with the effect of α–TP loaded CA–NP on caspase 9 

expression. This could possibly occur due to the low quantity of α–TP that is entrapped 

within the NP. As a result, the antioxidative strength to combat the oxidative stress possibly 

due to the CA–NP itself maybe insufficient.  
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3.7.2.3. Phase contrast microscopy 

 A preliminary study was conducted to visually determine the effect of the blank 

CA-NP on HA-sp cells using phase contrast microscopic technique. Figure 29 shows the 

the microscopic images of the HA-sp cells when a) untreated (control) and b) treated with 

8 µg/mL blank CA-NP. The viable HA-sp cell lines showed connections between one 

another. When the cells are subjected to trauma, the connections loosen, and the cells form 

a spherical shape and can be considered as dead cells (as shown by red arrows in figure 

29b). A comparison between the control and treated cells can be visually be seen with the 

decrease in the connections between the cells or by increase in the dead cells. The MTT 

assay data showed that as the concentration of the blank CA-NP was increased, there was 

an increase in the dead cells which was visually confirmed by phase contrast microscopy.  

 

 
 

A B 

Figure 29: Phase contrast microscopy of a) control and b) 8 µg/mL blank CA-NP 

(dead cells shown by red arrow) 
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3.8. Summary 

CA–NP were successfully prepared by ionotropic gelation technique. The size of the 

NP was optimized by evaluating the effect of surfactant and solvent used in the preparation. 

The optimized NP had a size of 21 nm when 1% (w/v) tween 80 was used as surfactant and 

acetone as the solvent. The CA–NP were characterized using analytical techniques like PS, 

ZP, DSC, TGA, FTIR, XRD, SEM, DL and EE, for surfact charge, physical state 

evaluation, formulation components interaction, and its topography. The CA–NP had a 

drug loading of 0.4% and entrapment efficiency of 4%. The cytotoxicity profile for blank 

CA–NP on HA–sp cell lines showed a decrease in the cell viability with increase in the 

concentration of NP. The cytotoxicity profiles complemented with the western blotting 

studies, where the GFAP expression decreased with increased in the nanoparticle 

concentration. The caspase 3 and 9 expression increased with increase in the concentration 

of the blank NP. The blank NP themselves, showed a toxicity towards the HA–sp cell line. 

Indicating that they are not safe NP for the treatment of SCI.  

 

 

 

 

 

 

 

 



 

70 

 

 
 

 
 

 
 

 
 

 

 

 

CHAPTER 4 

Preparation, characterizations, and in vitro evaluations of 

PLGA encapsulating α–TP  
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4.1. Introduction 

 The spinal cord is protected by the blood spinal cord barrier (BSCB) which impedes 

the entry of toxic materials into the spinal cord. Injury to the spinal cord, disrupts the blood 

spinal cord barrier. Many pharmaceutical interventions were developed to take advantage 

of disruption to treat spinal cord injury.98 Particularly, NP being extremely small in size, 

facilitate the passage through the BSCB and easily reach the site of injury.99 

 Our study too takes advantage of the disrupted BSCB. Calcium alginate NP loaded 

with α–TP to treat spinal cord injury were developed and described in the chapter 3. These 

NP have widely been used in therapeutic conditions like cancer.80 The advantage of these 

NP to form particles less than a 100 nm, an attempt to extrapolate its applications to treat 

spinal cord injury has been tested in Chapter 3. The summary findings from this study 

include:  

• Calcium alginate NP showed very poor loading and entrapment of hydrophobic 

drug (α–TP), which has a partition coefficient of 10.3. 

• As the concentration of the blank NP were increased, there was a significant 

increase in the cytotoxicity on HA–sp cell lines. 

• To use calcium alginate NP as a mode of delivering therapeutic amount of α–TP 

for the treatment of spinal cord injury, a significantly high concentration of NP 

would be required. This high concentration, itself, would have toxic effects and 

deteriorate the condition even more. CA–NP is not suitable option for delivery of 

drugs in spinal cord injury treatment. 
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Due to the above findings, it was essential to explore other polymers which would not 

potentially be toxic towards the injury state. One of the polymers that was explored the 

most in drug delivery is poly lactic–co–glycolic acid (PLGA).  

PLGA is a biodegradable, biocompatible, non-toxic polymer which has widely 

found its application in drug delivery as well as tissue engineering. It is one of the FDA 

approved polymers amongst all the other family of polymers. PLGA has shown entrapment 

of various kinds of molecules ranging from macromolecules to like proteins to highly 

hydrophobic drugs. 100,61 . 

α–TP is a highly hydrophobic antioxidant, found its application in spinal cord 

injury.  One study revealed that when α–TP was administered at 30 mg/kg IV bolus, 

impeded the worsening of the injury condition.41 Another study showed reparative effects 

of α–TP when delivered intraperitoneally at 1000 mg/kg dose. 101 

The objective of this study includes the development of therapeutically effective 

PLGA NP when entrapped with relatively low doses of α–TP. The PLGA NP were 

development using the single emulsion (o/w) solvent evaporation method by loading 10 

mg of drug in the formulation. The goal of this study was to optimize the NP to a size less 

and 200 nm. Upon achieving this goal, the NP would be tested in vitro on HA–sp cell lines 

and assessed for their antioxidative properties against oxidative stress. The study also 

focuses towards a comparison between the effect of the NP compared to pure drug solution.  
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4.2. Materials 

Analytical grade (+) α–TP, 50/50 PLGA (Poly [D, L–lactide–co–glycolide]) 0.17 

dL/g, PVA (poly vinyl alcohol), rhodamine 6g and chloroform were purchased from 

Sigma–Aldrich (St. Louis, MO). The cryoprotectant used was trehalose dihydrate which 

was purchased from Acros Organics (New Jersey). All aqueous solutions were prepared 

using 0.2 µM filtered de-ionized (DI) water.  

Human Astrocyte–spinal cord (HA–sp) cell lines were kindly provided by 

University of Nebraska Medical Center (Omaha, NE) through Dr. Sandeep Agrawal, 

purchased from ScienCell Research laboratories (Carlsbad, CA). Astrocyte growth 

medium was purchased from Cell Applications, INC (San Diego, CA), MTT reagent, 

0.25% trypsin–EDTA and 2–propanol were purchased from Thermo Fisher Scientific 

(Waltham, MA). Poly–L–lysin solution, hydrogen peroxide, DMSO, and 37% 

hydrochloric acid were purchased from Sigma Aldrich (St. Louis, MO). Cells were cultured 

on 48 well plates bought from Life Sciences (Corning, NY).  

4.3. Methods 

4.3.1. Preparation of α–TP PLGA NP (NP) 

PLGA NP were prepared using single emulsion (o/w) solvent evaporation method. 

PLGA solution comprised of the organic phase, while PVA solution comprised of the water 

phase. The schematic representation of the method for the development of the formulation 

is shown in figure 30. Known amounts of PLGA was weighed and dissolved using a solvent 

chloroform. For drug PLGA NP, 10 mg of α–TP was accurately weighed and added to the 

same chloroform solution. The solution was bath sonicated (Fisher Scientific, NJ) for 15 
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minutes till all the polymer and drug completely dissolved into the solvent. The PVA 

solution was placed on a magnetic stirrer while PLGA solution was dropwise added over 

a period of 5 minutes into the PVA solution using a BD 27 G 5 8⁄  syringe (Becton Dickinson, 

Franklin Lakes, NJ). For the formation of the (o/w) emulsion, the scintillation vial was 

probe sonicated (Q Sonica, Newtown, CT) for 6 minutes at 42 amplitude.  

Once the emulsion was formed, the solvent was evaporated by magnetically stirring 

overnight. Thereafter, the nanoparticle suspension was then centrifuged at 1000 rpm for 5 

minutes using a centrifuge (Sorvall Legend RT, Marshall technologies) to collect the debris 

resulted from probe sonication. The NP were collected after subjection to 

ultracentrifugation (Sorvall Discovery 90SE) at G force 70000 for 20 minutes. The NP 

were washed twice with 0.2 µM filtered water by centrifuging at RCF max of 50,000 to 

remove any residual emulsifier or free drug. The collected NP were then freeze dried in a 

freeze dryer (Millrock Technology LD85, Kingston, NY). with trehalose dihydrate as the 

cryoprotectant.  
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Figure 30: Schematic representation of preparation of PLGA NP 
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4.3.2. Optimization of NP based on PS 

The NP formed by procedure mentioned in 3.3.1 were optimized based on their sizes 

by varying concentrations of polymer solution and emulsifier solutions in the NP.  

4.3.2.1. Effect of polymer concentration 

PLGA NP were optimized based on their size by using three different amounts (1, 5, 10 

%) of PLGA. The weighed amount of PLGA was dissolved in chloroform and individually, 

the NP were formed by the method mentioned in section 4.3.1.  

4.3.2.2. Effect of emulsifier concentration 

The relationship between the concentration of the emulsifier to the PS of the NP was 

evaluated by adding determined amount of polymer (from section 4.3.2.1.) to an aqueous 

solution containing 2% and 0.25% PVA. The NP were then formed on the method 

mentioned in section 4.3.1. 

4.4. Characterizations of PLGA NP  

4.4.1. Analysis of PS and ZP of PLGA NP 

 The PS and ZP of the PLGA NP were analyzed using zetameter (Zeta Plus, 

Brookhaven Instruments Corporation, NY). The nanoparticulate suspension was bath 

sonicated for two minutes before taking 30 microliters of sample and diluting to three mL 

with DI water. The bath sonication allowed the formation of a uniform suspension. 

Analysis for blank and α–TP PLGA NP were measured five times, with results reported as 

mean ± standard deviation (SD). Each sample was measured in triplicate.  
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4.4.2. Differential scanning calorimetry  

 DSC studies are conducted on a differential scanning calorimeter (Shimadzu DSC–

60, Kyoto, Japan). Samples contained PLGA, PVA, a physical mixture of PLGA and PVA, 

blank NP and α–TP PLGA NP. About 3–5 mg of the samples was weighed and added to a 

non–hermetical sealed aluminum pan which was crimped with an aluminum lid. These 

samples were heated at 10˚C per minutes from 25˚C to 300˚C. These pans were heated 

against a reference pan without any sample. The samples were under a constant purge of 

nitrogen, having a flow rate of 20 mL/min. A study containing pure drug (α–TP) was 

conducted with same parameters, however, the sample was added to an aluminum pan 

which was hermetically sealed. The samples were analyzed with a thermal analysis 

operating system (Shimadzu TA–60 WS, Kyoto, Japan). 

4.4.3. Thermogravimetric analysis  

 TGA studies were conducted on thermogravimetric analyzer Shimadzu TGA–50 

(Kyoto, Japan). Known amount of sample (5–10 mg) were weighed and added to an 

aluminum pan and placed in the instrument. The samples were heated at a constant rate of 

10˚C per minute from 25˚C to 300˚C. The weight change was determined under nitrogen 

purge flowing at 20 mL/min and analyzed by thermal analysis operating system (Shimadzu 

TA-60WS, Kyoto, Japan).  

4.4.4. Fourier transform infrared (FTIR) spectroscopy 

 FTIR studies were conducted to determine the interaction between the pure drug 

and polymer with an FTIR spectrophotometer (Shimadzu IR prestige 21, Kyoto, Japan). 
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4.4.5. X–ray diffraction  

Powdered XRD studies were conducted at University of Nebraska, Lincoln. The 

studies were conducted using a diffractometer (PANalytical Empyrean, Malvern, United 

Kingdom) having Cu K α–radiation at a voltage of 40 kV and current of 45 mA. The 

parameters for conducting the study included an incident beam path having a mask of 20 

mm and divergence slit of 0.25°. A silica plate was used to hold a thin layer of the powdered 

sample which was continuously spun at 90° per sec. As the measurements were being 

taken, a solid–state PIXcel 3D detector collected the data at the rate of 0.135° per sec from 

a range of 5–60° 2 θ. To enhance the signal–to–noise ratio, a focusing geometry (Bragg 

Brentano) and diffracted beam monochromator were used.  

4.4.6. Scanning electron microscopy 

SEM studies were conducted at the College of Pharmacy, Xavier’s University of 

Louisiana. The undispersed samples were sputter coated with gold for 1 minute and 

visualized under electron microscope (Hitachi, S–4800, Tokyo Japan). The conditions for 

taking the morphological images included accelerating voltage of 5 kV, magnification of 

x 15.0k and x25.0k at a working distance of 7.4 mm. 

4.4.7 Drug loading and entrapment efficiency 

DL is obtained by dispersing 10 mg of NP and 10 mL HPLC mobile phase 

(95:5v/v methanol: water). This suspension is vortexed for 2 minutes, followed by probe 

sonication for another 2 minutes which allow the NP to break, and release the drug. The 

suspension is transferred into a 15 mL falcon tube and centrifuged at 4000 rpm for 30 
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minutes. The solution is then filtered using a 0.2 µM syringe filter and quantified for drug 

present using the UPLC method developed and described in chapter 2. 

4.5. In vitro studies on HA–sp cell line 

4.5.1 In vitro cell culture  

Human astrocyte–spinal cord (HA–sp) cell lines were cultured on PLL coated 

plates with astrocyte medium. The cells were incubated in a humidified incubator at 37ºC 

and 5% CO2. After they reached a confluency of 80–90%, they were washed with sterile 

PBS, pH 7.4 to remove any debris, trypsinized with trypsin–EDTA, and sub cultured at a 

ratio of 1:3. 

4.5.2. Preparation of samples  

Each sample was freshly prepared before the experiments. The stock solution of α–

TP was prepared by dissolving it in DMSO. The concentrations required for the 

experiments were then diluted with astrocyte growth medium, having the final DMSO 

concentration less than 0.5% (v/v). Along with the drug solution, a suspension of the NP 

stock was prepared by suspending the NP in freshly prepared PBS, pH 7.4. The 

concentration ranging from 0.01 µM to 100 µM of total drug present in the NP were 

prepared with astrocyte medium.  

4.5.3. Cell viability evaluation by MTT assay 

The cell viability studies were conducted using MTT assay. An MTT stock solution 

of 5mg/mL was prepared by dissolving 25 mg MTT reagent in 5 mL PBS, pH 7.4. Human–

astrocyte spinal cord (HA–sp) cells with a seeding density of 10 x 104 cells per well were 
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seeded in PLL coated 48 well and incubated for 24 hours in a humidified chamber at 37°C 

and 5% CO2. As per the study requirements, the plates were incubated with the different 

treatment conditions mentioned in section 4.5.3.1. for 24 hours and 48 hours. 200 µL of 

MTT stock solution per 1mL media was added to each of the wells and further incubated 

for 3-4 hours at 37°C with 5% CO2. Post incubation with MTT reagent, equal volumes of 

lysis solution (0.1 N HCl in isopropanol solution) was added to every sample and incubated 

on an orbital shaker (Alkali Scientific Inc, Fort Lauderdale, FL) at room temperature for 1-

3 hours till all the formazan crystals were dissolved. The absorbance was measured by 

spectroscopic analysis at 570 nm.  The cell viability was determined by the following 

formula: 

% Cell viability= 
Sample(abs) - blank (abs)

Control (abs) - blank (abs)
 x 100 

Where,  

sample (abs) = absorbance of sample measured at 570 mm (cells + medium + treatment 

condition) 

Control (abs) = absorbance of negative control (absence of treatment, contains only cells 

and medium) 

Blank (abs) = absorbance of the wells which have no cells (only medium) 
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4.5.3.1. Treatment conditions 

Cell viability studies were conducted using the following treatment parameters: 

4.5.3.1.1. Treatment with blank PLGA NP, α–TP PLGA NP and pure drug solution 

for 24 hours 

An MTT assay to evaluate the effect of NP and drug solutions on the HA–sp cell 

lines was conducted. A comparison study to assess the effect of  

i) Blank PLGA NP 

ii) α–TP PLGA NP 

iii) Pure drug solutions 

Stock solutions of each of them were prepared and diluted with astrocyte medium 

to have a final concentration of 0.01, 0.1, 1, 10, 100 µM. The MTT assay procedure 

mentioned in section 4.5.3. was followed to evaluate the cytotoxicity. The test is essential 

to understand the safety profiles of each of the therapeutics.  

4.5.3.1.2. Oxidative stress with hydrogen peroxide (H2O2) for 24 and 48 hours 

 In this study, an oxidative stress was externally induced to the HA–sp cells by using 

hydrogen peroxide (H2O2). The objective of this study was to determine the quantity of 

H2O2 required to cause a significant level of toxicity to the cells. The MTT assay procedure 

mentioned in section 4.5.3. was used to determine the cytotoxicity. All solutions used in 

the experiment were freshly prepared and protected from light. After the cells were 

incubated with a seeding density of 10 x 104 cells per well, they were treated with difference 

concentrations of H2O2. A 5 mM stock solution was prepared with sterile water which was 
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further diluted by astrocyte medium to concentrations of 50, 100, 200, 300 and 400 µM. 

This study was conducted for 24 and 48 hours. 

4.5.3.1.3. Pretreatment of HA–sp cells with pure drug solution and α–TP PLGA NP 

The objective of this study was to evaluate the level of protection against oxidative 

stress offered by α–TP when it is present in a pure drug solution state and as NP. Literature 

suggests that α–TP when pre–treated against oxidative stress improves the disease 

condition.103 As a result, the cells were first treated with α–TP in either its solution state or 

as NP for 30 minutes. Oxidative stress with hydrogen peroxide was then induced. The 

protection level was determined by cell viability studies. 

Once the cells were incubated with a seeding density of 10 x 104 cells per well, they 

were treated with difference concentrations of drug solutions and NP. In this experiment, 

the HA–sp cells were first pretreated with a) pure drug solution with concentrations of 0.01, 

0.1, 1, 10, 100 µM, and b) α–TP PLGA NP 0.01, 0.1, 1, 10, 100 µM equivalents to total 

drug concentration and for 30 minutes. After this treatment, a known concentration of H2O2 

(as found from section 4.5.3.1.2.) was added to every well and incubated for 24 hours and 

48 hours. The procedure mentioned in section 4.5.3 was followed for evaluation of the cell 

viability by MTT assay.  

4.5.4. Cellular uptake studies 

 Cellular uptake studies were conducted using rhodamine-labelled NP (RLN). 

Fluorescence of rhodamine was used to visually determine the uptake of RLN by HA-sp 

cells. RLN were prepared using the same single emulsion method used in the preparation 

of PLGA NP mentioned in section 4.3.1.  
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1 x 105 cells were seeded on a 35mm glass bottom culture dishes (MatTek) and 

incubated in 5% CO2 and 37ºC for 24 hours. After the cells reached confluency, they were 

incubated with 50mg/ml RLN for 4 hours and Hoechst solution for 1 hour. Subsequently, 

cells were washed twice with PBS and returned to culture media. Live cells were imaged 

with a Zeiss 710 Meta Confocal Laser Scanning Microscope.  

4.6. Statistical analysis 

 All studies involving in vitro evaluation of HA–sp cells were analyzed for statistical 

significance by one–way ANOVA performed by using GraphPad Prism. A statistically 

significant difference was defined as a p-value less than 0.05.  

4.7. Results and discussions 

4.7.1. Characterizations evaluations 

4.7.1.1. Evaluation of PS and ZP 

The PLGA NP were optimized for their PS by evaluating the effect of varying the amount 

of PLGA and PVA. The effect of varying the amount of PLGA and PVA. The effect of 

amount of both excipients on PS and ZP are shown in figure 31.  

The study conducted was to evaluate the influence of polymer concentration on the 

size of the NP while the amount of surfactant was kept constant. The PS of the PLGA NP 

showed that there was an increase in their size as the amount of PLGA increased. It is 

hypothesized that, as the concentration of the polymer increases in the organic solvent, the 
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viscosity of the solvent increases. Due to the increased viscosity, the polymer forms 

relatively large droplets, thus leading to an increase in the PS.  

On determining the polymer concentration of 1 % w/v to use for the formulation, it 

was important to assess the influence of the concentration of PVA on the size of the NP. A 

low concentration of 0.25% and high concentration of 2% of PVA was used understand 

the surfactant concentration on the nanoPS. As the concentration increased while keeping 

the concentration of the polymer constant, it was observed that there was an increase in the 

PS. The possible reason for this could be that surfactants at a higher concentration tend to 

reduce the surface tension between the interface of the organic and aqueous phase.104 High 

concentrations of surfactants also aid in reducing the NP from coalescence105. This study 

also revealed that the PDI was much higher when the surfactant concentration is lower. 

PDI of the blank PLGA and α–TP PLGA NP were nearly the same, indicating that the 

addition of the α–TP to the NP maintained similar uniformity in the PS as seen in table 15. 
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Table 15: PS and ZP of blank and α–TP PLGA NP 

As per literature data a ratio of 1: 20 (organic: aqueous) produces NP of lesser than 

200 nm. The reason for this again highlights the concentration of the surfactant PVA in the 

aqueous phase. Higher concentrations of surfactants show a decrease in PS due to the 

increase in interfacial tension between the two phases. Based on the above discussions, 1% 

PLGA dissolved in 1 mL chloroform was dropwise added to a 2% solution of PVA where 

the ratio of organic/water was 1:20.  

4.7.1.2. Differential scanning calorimetry 

 The physical state of PLGA NP were determined by running a DSC for the 

individual components used in its formulation (Fig. 32). PLGA polymer (a) showed the 

presence of a sharp endothermic peak at 44ºC. This temperature is exhibited as the glass 

transition temperature of PLGA as suggested by the literature.106 PVA (b) showed the 

presence of a broad endothermic peak at 76ºC depicting its glass transition temperature and 

another endothermic peak at 189 ºC showing its melting point temperature.107 Free α–TP 

(c) did not show the presence of any peak, indicating it as a non–crystalline drug. Once the 

basic properties of the individual components were understood, they were physically mixed 

in a mortar & pestle and ran through the DSC. Figure 32d shows the thermogram for the 

physical mixture of PLGA and PVA prepared with the same mass molar ratio as that for 

PLGA NP. The physical mixture showed the properties of both the components, viz., the 

glass transition temperature of PLGA and PVA at 44ºC and 79ºC respectively, and melting 

Type of particle PS (nm) ZP (mV) PDI 

Blank PLGA NP 123.0 ± 2.47 -4.5 ± 2.42 0.148 ± 0.01 

α–TP PLGA NP 152.4 ± 10.6 -10.68 ± 0.43 0.145 ± 0.02 
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point of PVA at 191ºC. However, each of these peaks had a reduced intensity compared to 

their individual thermogram. Fig. 28e shows the thermogram of blank PLGA NP which 

are void of the drug and fig. 28f shows the thermogram of α–TP NP which retained the 

physical properties of PLGA, PVA and α–TP. There were no differences in their 

thermogram. The NP showed the presence of a broad endothermic peak up to 100 ºC. This 

data complemented with the TGA studies which showed a weight loss of 2.5% up to 100ºC. 

This endothermic peak could possibly be the loss of the moisture or solvent from the 

system. The DSC thermograms for blank and drug loaded system showed a slight shift in 

the glass transition temperature of PLGA. This could possibly be due to the increase in the 

interaction. However, the peaks were relatively diminished compared to thermograms (a), 

Figure 32: DSC thermograms of a) PLGA, b) PVA, c) Pure α–TP, d) 

Physical mixture of A and B, e) Blank PLGA NP, f) PLGA NP 

A) PLGA 

B) PVA 

C) α – TP  

D) Physical mixture of PVA and PLGA 

E) Blank PLGA NP 

F) α – TP PLGA NP 
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and (b). The DSC thermograms were shown up to 240ºC, as each of the materials depicted 

degradation after that temperature.  

4.7.1.3. Thermogravimetric analysis 

The TGA results for blank PLGA NP were compared with the α–TP PLGA NP as 

shown in figure 33. The study was conducted to assess the changes in the thermal properties 

of the NP up on incorporation of the drug α–TP. It was observed that, there was only about 

2.5–2.8% weight change in the NP up to 100ºC. This small weight change may be due to 

dehydration or desolvation that maybe present in the formulations.108 This data 

complemented the DSC data which showed an endothermic peak at 80ºC. As observed in 

the figure 33, there shows a steep loss in the weight of both the NP after 240ºC. The reason 

for this could due to the thermal degradation of the polymer.  

A) Blank PLGA NP 

B) α–TP PLGA NP 

 

Figure 33: TGA result for a) Blank nanoparticles and b) α–TP NP 
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4.7.1.4. Fourier–transform infrared spectroscopy 

The FTIR studies are used for the conducting the qualitative analysis of materials, 

or to determine the potential interactions between materials due to the presence of the 

functional groups present of them. This study was conducted to assess the interaction 

between the NP and the drug. The FTIR spectra is shown in figure 34 which shows a) blank 

NP and b) α–TP loaded PLGA NP. The spectra for the blank and α–TP NP are nearly the 

same, indicating that the drug had completely molecularly dispersed into the polymer and 

do not have an interaction. The FTIR of blank NP show a distinct peak at 3400 cm-1 which 

depicts the O-H stretch, a strong characteristic peak for the O–H group present in PVA. 

The C=O stretch of PLGA shows a characteristic peak at 1760 cm-1 of C = O. 109,110 
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4.7.1.5. X–ray diffraction 

 The XRD studies conducted for a) blank PLGA NP and b) α–TP PLGA NP (Fig 

35). Literature data revealed that PLGA, PVA and α–TP exists in a non–crystalline 

state.111,112 The XRD study is a compared the physical state of blank and α–TP PLGA NP. 

Both NP showed a halo like structure for both, depicting that there is no crystallization of 

the active ingredient, α–TP. The drug continued to remain in its non–crystalline state and 

could possibly exist an amorphous or molecularly dispersed phase.  

Figure 35: XRD plot of a) Blank PLGA NP and b) α–TP PLGA NP 

4.7.1.6. Scanning electron microscopy 

Figure 36 represents SEM of the freeze–dried formulations of α–TP PLGA NP. Fig. 

32a shows the NP with a magnification of 15,000. A section from this image as highlighted 

with the red box is magnified to 25,000 in fig. 32b. It was observed that the freeze–dried 

NP tended to form aggregates due to the stress induced while undergoing the of freeze-

A) Blank PLGA NP 

B) α–TP PLGA NP 
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drying process. The NP were found to be highly porous (shown by red arrow in figure 36 

b) highlighting the loss of the water from a lattice.  

4.7.1.7. Drug loading and entrapment efficiency evaluation 

The drug loading and entrapment efficiencies of α–TP into PLGA NP were 

determined with UPLC method mentioned in chapter 2. The NP were loaded with 10 mg 

of α–TP. It was found that 7.47 ± 0.56% (DL%) of the total drug was loaded into the NP. 

About 76.61 ± 11.45% (EE %) of the loaded amount of drug was found to be entrapped 

within the NP.  

 

 

 

 

 

 

Figure 36: SEM images of α–TP PLGA NP with a) 15000 

magnification and b) 25000 magnification 
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4.8. In vitro evaluation on HA–sp cell line 

4.8.1. Cell viability evaluations by MTT assay 

4.8.1.1. Treatment with blank PLGA NP, α–TP PLGA NP, and pure drug solution for 

24 hours 

 Figure 37 represents the cell viability profiles for a) blank NP b) α–TP PLGA NP 

and c) pure drug solution. It was observed that the formulations; blank NP and α–TP PLGA 

NP showed similar cytotoxicity profiles at 24 hours. No significant (p > 0.05) cell death 

was observed for the formulations. However, there is a significant difference between the 

pure drug solutions and the formulations (*p < 0.05) at all the concentrations. This 

suggested that the NP masked the toxicity of the pure drug. The NP were thus, 

comparatively safer at doses upto 100 µM as compared to pure drug solutions.  
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Figure 37: Cell viability of a) blank NP b) α–TP PLGA NP and 
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4.8.1.2. Oxidative stress with hydrogen peroxide (H2O2) for 24 and 48 hours 

 This study was conducted to determine the amount of H2O2 required to causing a 

significant toxicity which is shown in figure 38. The toxicity profile for 24 hours and 48 

hours was nearly the same. It was observed that there was a significant (p < 0.0001) amount 

of toxicity seen at 24 hours when 300 and 400 µM of H2O2 was used. However, at 48 hours, 

there was no significant toxicity observed with 300 µM of H2O2. When the cells were 

exposed to 400 µM H202 for 24 and 48 hours, a significant (p < 0.0001) toxicity of nearly 

40% were observed. Therefore, concentration of 400 µM was selected in the further studies 

to induce an oxidative stress.   

Figure 38: Oxidative stress with hydrogen peroxide (H2O2) for 24 and 48 hours, 

**** p < 0.001 for 24 hours and #### p < 0.01 for 48 hours  
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4.8.1.3. Pretreatment of HA–sp cells with pure drug solution and α–TP PLGA NP  

The objective of this study was to determine the protective nature of α–TP when it 

was subjected to an oxidative stress. α–TP PLGA NP were compared to pure drug solution 

state. A 400 µM of H2O2 was used to reduce the cell viability by 40%.  It was hypothesized 

that pretreating the cells before the induction of the oxidative stress could provide cells 

protection. Figure 39 and 40 depict the results of the study at 24 and 48 hours.  

Figure 39: Oxidative stress (24 hours) with pretreatment with a) α–TP PLGA 

NP and b) pure drug solution (* p < 0.05) 

It was found that, as the concentration of the total drug amount is increased in the pure 

drug solution, there is a gradual protection towards the oxidative stress with the high 

protection at 100 µM. Likewise, for α–TP PLGA NP, a small amount of protection was 

found up to 10 µM total drug concentration, with a steep increase in the protection when 

the total drug concentration in the NP was 100 µM. Protection was measured as the increase 

in the number of viable cells. The α–TP PLGA NP showed significantly (p<0.05) higher 
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protection at 100 µM as compared to the pure drug solution.  Pretreating the cells with the 

NP showed about 38% protection while pure drug solution showed about 15% protection.  

Figure 40: Oxidative stress (48 hours) with pretreatment with a) α–TP 

PLGA NP and b) pure drug solution (* p < 0.05) 

4.8.2. Cellular uptake studies 

 To visualize the uptake of the RLN by the HA-sp cells, confocal microscopy was 

conducted as shown in figure 41. Figure 41d shows the Differential interference contrast 

(DIC) microscopy of the unstained HA-sp cells. Figure 41a shows RLN taken up by the 

HA-sp cells. The nucleus of the cell was differentiated by staining it with Hoechst; a 

fluorescent dye most commonly used in the staining of DNA and nuclei and is shown in 

figure 41 b. Figure 41 c shows the superimposed image of nucleus (blue) and RLN (red). 

It is observed that the RLN were present in the cell membrane as well as the cytoplasm of 

the HA-sp cells. It can be confirmed that the NP easily enter into the cells and exert its 

action. Similar data can be expected with the α–TP PLGA NP, supporting the data in the 
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study conducted in section 4.8.1.3. Thus, it can be concluded that the α–TP PLGA NP enter 

the HA-sp cells and exerts its action against the oxidative stress caused by ROS. However, 

the release profile of α–TP from the PLGA NP can be an additional supportive data to 

quantify and determine the time taken by the α–TP to show protection against oxidative 

stress.  
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Figure 41: Confocal microscopy of RLN uptaken by HA-sp cells 



 

95 

 

4.9. Summary 

PLGA NP were successfully prepared by single emulsion (o/w) solvent evaporation 

technique.  NP were optimized for their size by using 1% w/v of PLGA and 2% PVA to 

have a size less than 200 nm and negative ZP. The uniform dispersion of α–TP into PLGA 

NP was confirmed with the DSC, FTIR and XRD studies, where no changes in the physical 

state of the drug, surfactant or polymer was observed. The NP showed good loading of 

drug of about 17% and an entrapment efficiency of 72%. The MTT assay suggested that 

the NP had a significantly safe cytotoxicity profiles as compared to pure drug solution. 

This further lead to the oxidative stress studies, where 400 µM of H2O2 was required to 

reduce the viability of the cells by 40%. It was observed that100 µM pure drug solution 

and α–TP PLGA NP showed a protection against oxidative stress. However, the α–TP 

PLGA NP showed significantly higher protection as compared to the pure drug solution. 

The reason for this is because of the size offered by the NP, which aided in the easy uptake 

by the HA-sp cells. The α–TP PLGA showed protection by two-fold as compared to the 

pure drug solutions. 

 α–TP in the form of PLGA NP thus, offer a more efficient delivery option as 

compared to a solution form or as CA–NP for protection against oxidative stress in HA–sp 

cells.  

 

 



 

96 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Summary, future directions and global impact
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5.1 Summary 

 Spinal cord injury (SCI) occurs when there is a mechanical injury on the spinal 

cord. As a result, a cascade of events is initiated beginning from the site of injury. 

Disruption of the blood spinal cord barrier (BSCB) and generation of reaction oxygen 

species (ROS) are the two aspects which are focused in this study. Due to the disruption of 

the BSCB, there is increased vascular permeability, which is used as an advantage to 

deliver NP for reducing the ROS. Two NP that were developed in the study were calcium 

alginate NP (CA –NP) and PLGA NP (PLGA–NP) loaded with naturally occurring α–TP. 

Two liquid chromatographic methods were developed and validated as per the ICH 

guidelines for the detection and quantification of α–TP. The methods varied based on their 

detection method. The first was an HPLC technique having a UV detector (HPLC–UV) 

and the second was a UPLC technique with a fluorescence (FL) detector (UPLC–FL). The 

chromatographic conditions for both the conditions included a mobile phase of 95% 

methanol and 5% water, 10 µL of sample injection volume, column temperature 35˚C, and 

an as isocratic flow rate of 1.5 mL/min. For the HPLC–UV method, the stationery phase 

used was a Phenomenex C 18 column, total run time was 6 minutes, and detection 

wavelength at 292 nm on PDA detector. For the UPLC–FL technique, a Sun Fire C 18 

column with a guard column was used, total run time of 4.4 minutes, and detector with 

excitation wavelength at 296 nm and emission wavelength at 324 nm. Both the methods 

were validated for specificity, linearity, precision, accuracy, limit of detection, and limit of 

quantification. It was observed that the UPLC–FL method was more sensitive compared to 

the HPLC–UV method. The UPLC–FL method was used in to quantify the drug loading 

and entrapment efficiency, and in vitro release of α–TP from CA–NP and PLGA NP.  
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CA–NP NP were successfully developed using ionotropic gelation technique by single 

emulsion (o/w) solvent evaporation technique. The CA–NP were optimized for a size of 

approximately 20 nm by using 1% tween 80 as the surfactant and acetone as the solvent 

and had a negative surface charge. The NP were further characterized for the physical state 

of the drug within the NP with analytical techniques like TGA, DSC, FTIR and XRD as 

well as surface morphological studies by SEM. The hydrophilic CA–NP entrapped about 

4.00 ± 1.63% of the extremely hydrophobic α–TP. The in vitro studies were conducted on 

HA–sp cell lines, and it was observed that the blank NP showed a signification (p < 0.05) 

decrease in the cell viability as their concentration was increased. The study was 

complemented with western blotting studies where GFAP and caspases were used as a 

biomarker for astrogliosis and apoptosis, respectively. As a result, it was essential to 

develop other polymeric NP that wouldn’t potentially deteriorate the injury condition 

further.  

PLGA NP was successfully prepared using single emulsion (o/w) solvent 

evaporation method. The NP were optimized for its size for varying the concentration of 

PLGA and PVA. It was observed that lower concentrations of PLGA and higher 

concentrations of PVA produced NP of a small size. The PS was nearly 150 nm with a 

negative surface charge. The PLGA–NP were characterized using analytical techniques 

like TGA, DSC, FTIR, and XRD. SEM studies showed that the freeze-dried particle had a 

porous surface due to the loss of the entrapped moisture in the samples. The PLGA–NP 

entrapped nearly 72% of the drug. The in vitro assessment of the NP of HA–sp cells showed 

that they were less toxic as compared to the pure drug solutions. Further, the antioxidative 

protection against oxidative stress offered by α–TP was assessed when it existed in its 
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solution state and in NP. The HA-sp cells were pre-treated with pure α–TP solution and α–

TP loaded PLGA–NP before inducing oxidative stress by H2O2. It was observed that both, 

pure α–TP solution and PLGA–NP exerted a protective effect against oxidative stress. 

However, α–TP loaded PLGA-NP, showed a higher protection as compared its solution 

form. 

5.2 Future directions 

The current study has developed α–TP PLGA NP for the treatment of SCI. It is 

essential to develop a release profile of α–TP from the PLGA NP. Due to the extreme high 

hydrophobicity, there were a number of challenges faced in optimizing a drug release 

model. Further, the PLGA NP is hypothesized to be delivered through an intravenous 

delivery route. Therefore, it is essential to conduct hemolytic studies to understand the 

effect of the NP on blood components. Subsequently, the cellular uptake studies conducted 

included only the visual microscopic images using RLN. The study can be further carried 

forward by quantitatively determining the uptake of the RLN at different time intervals 

using UPLC-FL method.  

The in vitro data suggesting that pre–treatment with α–TP PLGA NP provide 

reduction in oxidative stress. Studies can be conducted to determine the level of protection 

offered by the NP when delivered after the injury is caused (post–treatment studies). The 

protection offered by the NP in vitro can be tested in vivo on animal models.  

Further scope of the study includes in designing NP having a lower size range of 

less than 150 nm. NP with surface modification can be developed, which can aid in 
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targeting the site of the injury. This can be achieved by attaching PEG or TAT to the surface 

of the NP.  

The increased permeability of the blood vessels could aid in the accumulation of 

the NP at the site of the injury. Intravenous delivering of surface modified NP could aid 

them to reach the site of the injury which can be imaged with techniques like MRI.  

5.3 Global impact  

 All around the world, nearly 250,000–500,000 people suffer from SCI annually. 

The injury is characterized by increase in the premature deaths by nearly 2–5 times. The 

average expenses for patient care within the first year itself range from $550,000–

$900,000. The treatment for spinal cord injury has a vast socio–economic barrier. 

Alongside, there has still not been a promising cure for the treatment of SCI. The current 

treatment focuses on the delivery of high doses of methylprednisolone, but in recent years, 

it has been revoked due to increase in adverse effects. 

α–TP is a lipid antioxidant which has shown to enhance the recovery of the injury 

when given as a prophylactic treatment before the injury condition. Studies have indicated 

that a very high dose of the antioxidant could alleviate the injury state. This study thus, 

overcomes the limit of high doses for the treatment of SCI. The NP loaded with α–TP 

designed in this study has shown a higher protection towards oxidative stress compared to 

the pure drug solutions within 24 hours of the injury. In vivo studies for comparing the in 

vitro data are essential to understand the effect of the NP within the body, and in increase 

in the patient survival rate. Thus, the outcomes of this study will have a positive global 

impact in the treatment of SCI.
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