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ABSTRACT 

 

Corneal abrasion is a one of serious ocular injuries. Its clinical problem not 

only causes eye irritation but also leads to visual loss. Generally, several therapeutic agents 

have been used as a supportive medication treatment which is unable to enhance healing 

process. Currently, single chain polypeptides (SCP) have been used as a wound healing 

enhancer in ocular injury. SCP could promote cell proliferation in wound healing process 

of injured ocular tissue. However, a restriction for SCP ophthalmic delivery is poor 

bioavailability because of its high molecular weight and anatomical and physiological con- 

straints of the eyes. Recently, liposomes have been introduced to improve bioavailability 

of macromolecule drugs such as protein in ophthalmic delivery. However, the limitation 

factor of liposomal products was physicochemical instability. Thus, this study intended to 

prepare lyophilized SCP-loaded liposomes (LSCP-LPs) for SCP ophthalmic delivery and 

to investigate their physical stability. SCP-loaded liposomes (SCP-LPs) were prepared by 

reverse-phase evaporation technique (REV). SCP was loaded to liposomes by ultrasonic 

force and then made SCP-LPs dry by lyophilization technique.  
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SCP-LPs and LSCP-LPs were evaluated their physicochemical properties, 

physical stability, in vitro drug release, and pharmacological activities. It was found that 

LSCP-LPs had spherical shape with diameter of 81.56±0.13 nm. Their polydispersity index 

(PDI) was 0.23±0.00, zeta potential: -2.90±0.03 mV, and drug entrapment efficiency: 

73.28±0.93%. They had X-ray powder diffraction analysis of LSCP-LPs revealed that the 

molecules of composition of LSCP-LPs were arranged and transformed to amorphous 

organization. Investigation of fourier transform-infrared spectroscopy technique indicated 

that SCP could embed in lipid bilayer of LSCP-LPs. The results of stability test revealed 

that particle size, PDI, zeta potential, and drug entrapment efficiency of LSCP-LPs under 

storage temperature of 4°C were not significantly different from the initial day. The in vitro 

drug release study of LSCP-LPs showed that SCP release profile of LSCP-LPs was best 

fitted with Higuchi’s model. The results of in vitro eye irritation test and in vitro cell 

proliferation-promoting activity test of LSCP-LPs in SIRC cells exhibited that LSCP-LPs 

did not show irritation effects, but they had higher potential for promoting cell proliferation 

of SIRC cells compared to empty liposomes (LPs). Consequently, LSCP-LPs had potential 

for use in further in vivo study for corneal abrasion treatment.   

            

Keywords: Corneal abrasion, Single chain polypeptide, Liposomal technology, Lyophili- 

                    zation, Lyophilized single chain polypeptide-loaded liposomes  
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CHAPTER 1 

INTRODUCTION  

 

 The general case of ocular injuries is corneal abrasion (scratched cornea) 

which is usually found in ocular trauma, contact lenses, corneal dystrophy, epidemic kera- 

toconjunctivitis, and post-operative conditions. It not only causes eye irritation but also 

leads to visual loss. Although, there are numerous therapeutic agents for relieving symp- 

toms of corneal abrasion available in drug markets such as topical analgesics, topical 

antibiotics, and oral analgesics (Wipperman et al., 2013) but their therapeutic agents are 

just supportive treatments without wound healing activity. Recently, SCP is an essential 

therapeutic agent for promoting cell proliferation, cell migration, and re-epithelialization 

for wound healing process in various tissues. It has been introduced for using in ocular 

injuries (Sacchetti et al., 2014). Moreover, SCP has been utilized in several pharmacologi- 

cal conditions such as treatment of various wounds, targeted therapeutic agents for against 

cancers (Lurje et al., 2009), and support collagen production in many tissues (Throm et al., 

2010). However, the important restrictions for ophthalmic delivery   especially macromole- 

cules like SCP are anatomical and physiological conditions of the eyes such as tear 

turnover, nasolacrimal drainage, and ocular tissue barriers leading to poor ocular bioavai- 

lability (Gaudana et al., 2010).        

 In previous studies, the liposomal technology has been used for ophthal- 

mic drug delivery system in various ocular diseases such as glaucoma, ocular infection, 

and ocular inflammation (Hathout et al., 2007; Abdelbary et al., 2011; Fujisawa et al., 

2012). Moreover, many studies demonstrated that liposomes had advantages for ocular 

drugs delivery such as high corneal penetration, high biocompatibility, and non-cytotoxic 

(Ashaben et al., 2013) leading to increment of bioavailability of the delivered drugs. Until 

now, it still lacks data of using liposomes as an ophthalmic drug delivery system for SCP. 

 A major disadvantage of liposomes for drug delivery is physicochemical 

instability via several chemical reactions such as oxidation, hydrolysis, especially at high 

temperature environments (Himanshu et al., 2011; Kataria et al., 2011).  

1 
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 The most common chemical instability of liposomes is induced by hydro- 

lysis reaction because a hydrophilic part of phospholipid consisting of liposomes is a target 

for being attacked by nucleophiles. This reaction causes aggregation and leakage of lipo-  

some vesicles (Ghanbarzadeh et al., 2013).    

 Nowadays, a strategy for increasing physicochemical stability of liposomal 

products and sensitive therapeutic agents is lyophilization which is a technique performed 

under a low-pressure condition to remove water molecules from frozen liposomal products. 

Even though, lyophilization technique is a high potential technique for increasing long-

term stability of liposomal products, it can generate unsuitable conditions during solidifica- 

tion (freezing phase) and drying process leading to degradation of lyophilized liposomal 

products such as vesicle aggregation, drug leakage, and liposomal structure degradation. 

Therefore, this study intended to develop production process of LSCP-LPs for ophthalmic 

use. The purposes of this research were:        

 1. To determine the effect of production process on physicochemical pro- 

  perties of LSCP-LPs.  

 2. To investigate chemical interaction of composition of LSCP-LPs.  

 3. To evaluate physical stability of LSCP-LPs. 

 4. To study in vitro drug release profile of LSCP-LPs.    

 5. To determine potential for being an eye irritant of LSCP-LPs.  

 6. To evaluate cell proliferation-promoting activity of LSCP-LPs. 

  

2 
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CHAPTER 2 

REVIEW OF LITERATURE    

 

2.1 Ophthalmic Drug Delivery System             

 

 The topical ophthalmic medications in drug markets are the most common 

used in numerous ocular diseases such as glaucoma, allergic conjunctivitis, ocular infec- 

tion, ocular lymphoma, corneal abrasion (scratched cornea), and post-operative conditions 

(Hathout et al., 2007; Abdelbary et al., 2011; Fujisawa et al., 2012). However, the major 

challenge of topical ophthalmic medications is poor bioavailability because anatomical and 

physiological conditions of ocular system such as tear turnover, nasolacrimal drainage, and 

ocular tissue barriers. Their conditions can be reduced drug concentration and resist deeply 

drug permeability in ocular tissues (Gaudana et al., 2010). Figure 2.1 is presented the 

various ophthalmic drug delivery systems to increase bioavailability of the delivered drugs 

i.e. nanomicelles, liposomes, dendrimers, nanospheres, and nanocapsules (Ashaben et al., 

2013). Nowadays, liposomes is one of strategies to develop as the ophthalmic drug delivery 

system with many advantages such as high biocompatibility, high transcorneal permeation, 

and non-cytotoxicity. 

       

 

 

 

 
 

 

 

Figure 2.1 Nanocarriers for ophthalmic drug delivery. 

 

2.2 Anatomical and Physiological of Ocular System       

 

 The ocular system is an essential organ of function of vision. The eyes are 

special organ with highly complicated anatomical and physiological conditions.   

Nanomicelle Liposome  Dendrimer Nanosphere Nanocapsule 

Drug 

mole
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 The ocular system can be classified into two major segments are anterior 

segment and posterior segment (Figure 2.2). The anterior segment of an ocular system has 

approximately one of third ocular system which the remaining ocular system has occupied 

by the posterior segment. The anterior segment of an ocular system is included (1) Limbus: 

the tissue layers between the sclera and the cornea. (2) Cornea: the outer transparency part 

of the anterior chamber. Cornea can be adjusted the lights for focus on the retina. Cornea 

layers are included. (2.1) Epithelium: the surface tissue layer of cornea which cover by tear 

film for protect the eyes from environmental. ( 2.2)  Stroma: the supporting tissue layer of 

cornea and including keratocytes and collagen fibers. ( 2.3)  Descemet’s membrane: the 

inner tissue layer of cornea which their tissue is supported the function of endothelial cells. 

(2.4) Endothelium: this is an essential tissue layer of cornea which their tissue is comprising 

from collagen fibers. Their tissue can be protected and supported the cornea. (3) Conjunct- 

tiva: this is a transparency mucous membrane. Their tissue will be covered the eye surface 

and protected the inner of ocular tissues. In addition, the inflammation of conjunctiva can 

be generated pink eyes which called conjunctivitis. ( 4)  Iris: this is the colored area of the 

center of the eyes which appeared the cavity of the eye center called “pupil”. The iris will 

be regulated pupil by iris muscle to modulate a light through in the eyes. (5) Ciliary body: 

this is an outer field area which attach the iris and near the eye wall. Ciliary body can be 

produced the essential fluids (aqueous humor) to maintain the structure of the eyes. More- 

over, ciliary body will be supported structure transformation of the eye lens for focusing 

process of vision. (6) Aqueous humor: this is a chamber or space of the anterior of the eyes 

that consisting essential fluids to protect the eye structure. ( 7)  Lens: this is a transparency 

part which immobilized by using small fibers (zonules) from the eye wall. Lens are located 

at anterior segment which behind iris and pupil of the eyes. Lens can be accommodated  

a light through into the eyes and supported the focusing process of the eyes by arrange their 

structure for vision process.  

 The posterior segment of the ocular system is included (1) Sclera: this is the 

white area of outer surface of the eye wall which cover on the major parts of the eyeballs.  

 

4 
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 The sclera is comprised from collagen fibers with vigorous layer of eyeball 

and consisted six extraocular muscles to maintain their structure. (2)  Retinal pigment epi- 

thelium (RPE): this is an essential filed which located at deep cell layer of retina. This cell 

layer can be supported photoreceptor cells to maintain the function of the retina. (3) Vitre- 

ous humor: vitreous chamber is located at posterior segment which between the lens and 

the retina of the eyes. This chamber will be contained the essential fluid to maintain the 

inner eye structure. (4) Retina: this is a thin transparency layer which cover the inner of the 

eye wall. This layer will be consisted various cells in the inner eyes i.e. rod cells and cone 

cells ( as a photoreceptor cells) . The retina is the first imaging point and then transmitting 

the signal via optic nerve to the brain for eye vision process. (5) Choroid: this is a thin layer 

which locate at between the sclera and the retina. Choroid has numerous invasion of blood 

vessels for nourishment for the retina. (6) Optic nerve: this is an essential part for eye vision 

process by synchronize between of the eyes and the brain.              

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Anatomy of the ocular system and cornea.    
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2.3 Evaluation and Administration of Corneal Abrasion        

 

 The corneal abrasion (scratched cornea) is the one of serious ocular injuries 

and found that in ocular trauma, contact lenses, corneal dystrophy, ocular infection, allergic 

conjunctivitis, glaucoma, and post-operative conditions. The incident rate of corneal abra- 

sion is eight percent of ocular disease in primary care unit. Generally, the most common 

case of corneal abrasion is accident situation and appeared severe ocular problem leading 

to loss quality of patient life. Moreover, the corneal abrasion can be induced irregular eye 

shape leading to loss of vision.   

 The diagnosis of corneal abrasion is evaluated severity level by physical eye 

examination to detect ocular infection, ocular trauma, and vision loss level. However, the 

important problem in injured ocular case is foreign matters. The penlight examination is 

performed to removal of foreign matters in ocular injuries case. In addition, the diagnosis 

of corneal abrasion is commonly used fluorescein eye staining. Briefly, fluorescein dye 

solution will be dropped on the injured cornea of the eyes and then evaluate the corneal 

defects. Figure 2.3 in (a) presented the yellow color on the injured corneal when diagnosis 

under normal lights. On the other hand, the green color will be appeared on corneal defect 

when diagnosis under ophthalmoscope with cobalt blue lights (Figure 2.3 in (b)).  

 

 

 

 

 

 

 

 

 

Figure 2.3 Corneal defects: (a) viewed in normal lights and (b) viewed in cobalt blue lights  

      of ophthalmoscope.     

(a) (b

) 
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 Generally, the treatment goals of corneal abrasion are prevention of ocular 

infection, reduction of ocular inflammation, and rapid healing of injured cornea. Currently, 

various topical ophthalmic formulations available in drug markets for treatment of corneal 

abrasion are topical antibiotics, topical cyclopegics, and topical NSAIDs (Table 2.1). How- 

ever, numerous therapeutic agents are just supportive medications which unable to enhance 

healing injured ocular tissues. Nowadays, single chain polypeptide (SCP) has been recently 

used in injured ocular tissue via mitogenic effects leading to recovery of their tissue. 

   

Table 2.1 Topical ophthalmic medication for treatment of corneal abrasion.    

Medications  Administration 
Evidence  

level 

1. Topical antibiotics 

   - 0.5% Erythromycin ointment 

 

   - Polymyxin B/trimethoprim 

   Solution 

   - 10% Sulfacetamide solution 

 

   - 0.3% Ciprofloxacin ointment 

   and solution  

   - 0.3% Gentamicin ointment 

   and solution  

   - 0.3% Ofloxacin solution  

 

 

   0.5-inch ribbon, four times per day for 

three to five days 

   1 drop, four times per day for three to 

five days 

   1 to 2 drops, four times per day for three 

to five days 

   0.5-inch ribbon or 1 to 2 drops, four 

times per day for three to five days 

   0.5-inch ribbon or 1 to 2 drops, four 

times per day for three to five days 

   1 to 2 drops, four times per day for three 

to five days 

C 

2. Topical cycloplegics 

   - 1% Cyclopentolate solution 

 

   - 5% Homatropine 

   1 drop, may repeat in five minutes if 

needed 

   1 drop, may repeat in five minutes if 

needed   

B 
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Table 2.1 Topical ophthalmic medication for treatment of corneal abrasion (Cont.).    

Medications Administration 
Evidence  

level 

3. Topical NSAIDs  

   - 0.1% Diclofenac solution 

 

   - 0.4% Ketorolac solution      

   1 drop, four times per day for two to 

three days 

   1 drop, four times per day for two to 

three days 

B 

   

2.4 Application of SCP   

 

 Over past of decade, numerous growth factors are utilized to healing injured 

tissues. Growth factors have been used mitogenic effects to promoting cell proliferation, 

cell differentiation, and cell migration (Menke et al., 2007). The first succession of SCP 

isolation (SCP was extracted form submaxillary gland of the mouse)  by Stanley Cohen in 

1962. SCP has been utilized as a wound healing enhancer with high potential therapeutic 

agents in various cells i.e. epidermal cells, endothelial cells, fibroblast cells, glial cells, and 

corneal endothelial cells. Generally, SCP is a small mitogenic polypeptide (Figure 2.4) and 

comprising from 53 amino acids (chemical properties of SCP: molecular weight 6045 kDa, 

pI 4.6, and three intramolecular disulfide bonds).          

 

    

 

 

 

 

 

 

 

Figure 2.4 Chemical structure of SCP.     
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 Basically, action mechanism of SCP (Figure 2.5) explained by Konkimalla 

et al. (2009). Briefly, SCP will be interacted extracellular domain of SCP receptor (signal 

transducer-activator of transcription: STAT) with high affinity interactions. After that, SCP 

can be generated dimerization of ligands of SCP receptors. The cytoplasmic membrane of 

SCP receptor ( intracytoplasmic janus kinase: JAK)  will be induced transphosphorylation 

to tyrosine residues in the cytoplasmic domain of SCP receptor. The phosphorylated 

tyrosine of SCP receptor will be stimulated intracellular proteins called GRB2 and SOS. 

Then, their proteins can be induced increment of glycolysis and protein synthesis of cells 

and then stimulate gene transcription leading to cell proliferation, inhibition of apoptosis, 

re-epithelialization, and cell migration.  

 Nowadays, SCP has been used in many clinical cases with high safety and 

efficiency in treatment of gastric ulcers (Tanigawa et al., 2015; Celebi et al., 2002; Li et 

al., 2003), injured cornea (Klenkler et al., 2007; Wang et al., 2009), diabetic ulcers (Mohan 

et al., 2007; Martínez et al., 2013), and wound healing (Degim et al., 2007; Gil et al., 2013; 

Barrientos et al., 2014).  

    

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Mechanism of action of SCP.     
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2.5 Liposomes 

 

 Liposomes is comprised from organization of phospholipid molecules by 

using Van der Waals interaction. Figure 2.6 demonstrated the phospholipid molecules in 

liposomal structure which included hydrophilic part and hydrophobic part. The hydrophilic 

part of phospholipid molecule included 3 major parts are polar head group (such as ethanol- 

mine, choline, and serine) , phosphate group, and glycerol. In addition, the hydrophobic 

part of phospholipid molecule is comprised from saturated fatty acid chain i.e. arachidic 

acid, steric acid, and palmitic acid and/or unsaturated fatty acid chain i.e. erucic acid, oleic 

acid, linoleic acid, and linolenic acid.              

            

            

            

           

 

 

 

 

 

 

Figure 2.6 Chemical structure of phospholipid molecule in liposomes. 

 

2.5.1 Classification of Liposomes    

 Generally, liposomes can be classified by using particle diameter ( usually 

found in a range of 20 nm to 200 µm) and type of lamellar vesicle. In addition, the form of 

lamellar vesicle of liposomes is consisted one or more phospholipid bilayers. Figure 2.7 

presented the classification of liposomes are small unilamellar vesicle (SUV), large unila- 

mellar vesicle (LUV), giant unilamellar vesicle (GUV), oligolamellar vesicle (OLV), multi 

lamellar vesicle (MLV), and multivesicular vesicle (MVV).    
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Figure 2.7 Classification of liposomes.            

 

2.5.2 Method of Liposomes Preparation 

 Currently, method of liposomes preparation can be classified into 3 major 

techniques as the follows in Table 2.2 (Shashi et al., 2012). 

 

Table 2.2 Method of liposomes preparation.  

Preparation method Type of liposomal vesicle 

1. Mechanical dispersion method 

   - Thin-film hydration method 

   - Sonication method 

   - French pressure cell method 

 

MLV 

SUV 

SUV 

2. Solvent dispersion method 

   - Ethanol injection method 

   - Ether injection method 

   - Reverse-phase evaporation method 

 

MLV, OLV, and LUV 

MLV, OLV, and SUV 

MLV, OLV, and SUV 

3. Detergent removal method MLV, OLV, and LUV 
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2.5.2.1 Mechanical Dispersion Method 

(1) Thin-Film Hydration Method 

 This is a conventional method and most widely used because this 

technique is uncomplicated method for preparation of various liposomal products ( Figure 

2.8). Briefly, phospholipid and cholesterol are dissolved in organic solvent. The lipid mix- 

ture solution will be eliminated organic solvent by rotary evaporator under low pressure 

condition to obtain lipid dried film. After that, nitrogen gas (other inert gases) will be flus- 

hed into their film to removal of organic solvent residues and generate complete swelling 

film form. Then, aqueous part will be introduced into lipid dried film and performed under 

high temperature at above glass transition temperature ( Tg)  of phospholipid to obtain 

liposomal dispersion. This is due to the fact that the high temperature above glass transition 

temperature can be increased flexibility and permeability of lipid bilayer in liposomes 

leading to increment of drug encapsulation efficiency in liposomes.   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Thin-film hydration method of liposomes preparation.           

(a) (b) (c) 

(d) (e) (f) 
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(2) Sonication Method 

 Although, thin-film hydration method is widespread used to prepare 

liposomal products but obtained liposomes is appeared large particle diameter. Therefore, 

sonication technique is one of preparation techniques to improve particle size of liposomes. 

This is due to the fact that energy supplied of ultrasonic waves ( mechanic forces)  can be 

stimulated phospholipid molecules of lipid bilayer of liposomes. Therefore, the particles 

of liposomes are broken down into smaller liposomes (Akbarzadeh et al., 2013). Generally, 

the sonication technique can be classified into 2 groups are bath sonicator and probe soni- 

cator (Figure 2.9). (1) Bath sonicator: liposomes are transferred into cylindrical glass con 

tainer and then applied into bath sonicator which conducted under high temperature above 

Tg of phospholipid to obtain suitable particle diameter of liposomes. ( 2)  Probe sonicator: 

this technique is directly applied energy input of ultrasonic waves into liposomes.  

In addition, this technique is used lower sonication time consumption compared to bath  

sonicator. However, this technique can be generated many unsuitable conditions to liposo- 

mes i.e. contamination of heavy metal ( titanium) , lower drug entrapment efficiency, and 

liposomal degradation.     

    

    

 

 

 

 

 

 

Figure 2.9 Sonication method of liposomes preparation: ( a)  bath sonicator and ( b)  probe 

       sonicator.          

  

(a) (b) 
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(3) French Pressure Cell Method 

 Generally, this technique is widely used in sensitive materials with 

several advantages than sonication method such as non-contamination of heavy metal, suit- 

able in thermolabile materials, large production scale, and appropriate particle diameter. 

Briefly, liposomes will be extruded by using small orifice called “piston” with controllable 

pressure condition to obtain appropriate particle diameter of liposomes (Figure 2.10).     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 French pressure cell method of liposomes preparation: (a) French pressure  

         cell machine and (b) component diagram of French pressure cell.             

  

2.5.2.2 Solvent Dispersion Method 

(1) Solvent Vaporization Method      

 - Ethanol injection method: this technique is most commonly used 

to obtain small particle diameter of liposomes. Briefly, lipid mixture in ethanol solution 

will be rapidly injected into aqueous chamber with high temperature to eliminate ethanol 

residues and obtain small particle diameter of liposomes (Figure 2.11 in (a)).   

(a) (b) 
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 However, this technique can be generated many stresses i.e. conta- 

mination of ethanol residues, non-thermolabile materials, and liposomal degradation.    

 - Ether injection method: this technique is widespread used to 

obtain appropriate particle diameter of liposomes. Briefly, lipid mixture in ether solution 

is injected into aqueous chamber with high temperature to eliminate ether residues and ob- 

tain smaller particle diameter of liposomes ( Figure 2.11 in ( b) ) . However, this technique 

will be generated several unsuitable conditions i.e. unsuitable in sensitive materials, degra- 

dation of liposomes, and contamination of ether residues.      

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Solvent vaporization method of liposomes preparation: (a) ethanol injection     

        method and (b) ether injection method. 

 

(2) Reverse-Phase Evaporation Method (REV)    

 This technique is the most commonly used in various liposomal for- 

mulations. Because of this technique is a simple method to prepare liposomal products with 

highly drug entrapment efficiency. In addition, this technique can be encapsulated various 

therapeutic agents (Himanshu et al., 2011; Kataria et al., 2011).   

(a) (b) 
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 Briefly, phospholipid and cholesterol are dissolved in organic sol- 

vent. The lipid mixture solution will be introduced into aqueous part and then immediately 

sonicated to obtain water-in-oil emulsions (inverted micelles). After that, their mixture will 

be eliminated organic solvent by using rotary evaporator which conducted under low hea- 

ting temperature and reduced pressure condition for conversion of inverted micelles into 

liposomes. The excess of phospholipid molecules in the system will be donated to the form- 

ation of lipid bilayer of liposomes. Finally, liposomes were obtained (Figure 2.12).    

  

                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 Formation mechanism of Liposomes in REV method.    

 

2.5.2.3 Detergent Removal Method 

 This technique is a widespread used in numerous liposomal products 

which uncomplicated method and gentle condition for various sensitive materials. Briefly, 

phospholipid, cholesterol, drugs, and detergent (i.e. cholate, alkyl glycoside, and Triton X-

100) are dissolved in aqueous phase at critical micelle concentration (CMC).   

(a) (b) (c) 

(d) (e) 
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 After that, liposomes will be transferred into dialysis bag to remove 

detergents leading to formation of liposomes (Figure 2.13). In addition, elimination of 

detergent residues can be utilized detergent adsorbent (polystyrene-divinyl-benzene beads) 

and gel permeation chromatography technique (GPC). However, this technique has several 

disadvantages i.e. incompatibility, material degradation (hydrolysis reaction), contamina- 

tion of detergent residues, and high production time consumption.      

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Dialysis technique of detergent removal method of liposomes preparation.       

 

2.5.3 Lyophilization Technique of Liposomal Product   

 Lyophilization technique (freeze-drying technique) is an essential technique 

to eliminate aqueous part from frozen products which performed under extremely low pres- 

sure condition leading to long-term storage of products. Moreover, this technique is utilized 

in various sensitive therapeutic agents including proteins, vaccines, gene, and liposomal 

products. Currently, liposomal products can be destabilized their physicochemical stability 

by aqueous part in their products.  
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 This is due to the fact that nucleophiles of aqueous part in the liposomal 

products can be attacked lipid bilayer of liposomes by hydrolysis reaction. In addition, 

water molecules will be interacted ester group in glycerol part of phospholipid molecule 

leading to liposomal degradation such as vesicle aggregation, drug leakage, and reduction 

of zeta potential. Over the past decade, several studies were reported lyophilized liposomal 

products had higher physicochemical properties (i.e. particle diameter, PDI, and drug 

entrapment efficiency) compared to liquid liposomal formulations.            

 Although, this technique is the high potential technique for increment of 

long term stability in liposomal products. However, this technique can be generated many 

stresses when using unsuitable condition of lyophilization process and cryoprotectant conc- 

entration leading to destabilization of liposomal products.      

 Generally, lyophilization technique can be classified into 3 major processes 

(Kasper et al., 2011) included (1) freezing phase (solidification), (2) primary drying phase 

(ice sublimation), and (3) secondary drying phase (desorption of residue water). 

2.5.3.1 Freezing Phase (Solidification) 

 The freezing phase is one of the essential process in lyophilization. 

This process will be applied super-cooling into liposomal products leading to frozen state 

in ice crystal formation. However, this process can be generated several stresses from den 

dritic ice crystals leading to liposomal degradation. Therefore, appropriate freezing tempe- 

rature is a necessary factor to increase physicochemical stability of lyophilized liposomes. 

 However, cryoprotectants is an essential factor to protect and main- 

tain liposomal structure leading to reduction of physicochemical instability in lyophilized 

liposomal products i.e. sucrose, trehalose, and mannitol (Ola et al., 2010). Figure 2.14 dem- 

onstrated cryoprotectants can be formed hydrogen bond and replaced water molecules of 

hydrophilic head of phospholipids in liposomes. In addition, unsubstituted cryoprotectants 

will be generated glassy matrix (amorphous organization) surround and protect particle of 

liposomes during lyophilization (Chen et al., 2010).    
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Figure 2.14 Mechanism of cryoprotectants and liposomes during lyophilization.         

 

 Nevertheless, glass transition temperature of maximally freeze-con- 

centrated fraction ( Tg´)  of cryoprotectants are the essential factors in lyophilization. This 

factor can be explained by using binary systems of water and sucrose. Sucrose solution in 

solidification will be increased their concentration when reach Tg´ during solidification. 

Sucrose in this temperature had not change their concentration and high potential to cover 

particle of liposomes leading to protection of their structure. Therefore, freezing tempera- 

ture during solidification should be below Tg´ of cryoprotectants to maintain protection 

potential of cryoprotectant leading to increment of physicochemical stability of lyophilized 

products (Table 2.3).       

 

 

 

 

 

 

 

(a) (b) (c) 

(d) (e) (f) 
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Table 2.3 Tg´ of cryoprotectant for lyophilization.   

Cryoprotectants Tg´ (°C) 

1. Sugars 

   - Xylose 

   - Ribose 

   - Glucose 

   - Fructose 

   - Galactose 

   - Mannose 

   - Sucrose 

   - Maltose 

   - Trehalose  

   - Lactose 

  

 

-48.0 

-47.0 

-43.0 

-42.0 

-41.5 

-41.0 

-32.0 

-29.5 

-29.5 

-28.0    

2. Polyalcohols  

   - Ethylene glycol  

   - 1,3-butanediol  

   - Glycerol 

 

 

-85.0 

-63.5 

-65.0 

3. Polymers 

   - Polyethylene glycol (PEG) 

   - Polyvinylpyrrolidone-10 (PVP-10) 

   - Polyvinylpyrrolidone-40 (PVP-40) 

   - Gelatin  

   - Dextran 

   - Hydroxyethyl starch (HES)     

 

-63.5 

-26.0 

-20.5 

-8.0 

-13.5 

-6.5 
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2.5.3.2 Primary Drying Phase (Ice sublimation)      

 Primary drying phase is sublimation of ice crystal formation in mat- 

rix of frozen liposomal products ( porous cake)  which perform after solidification. Temp 

erature of sublimation front (Tfront) is a necessary factor in primary drying phase. In primary 

drying phase, Tfront should be below Tg´ of cryoprotectant. This is due to the fact that high 

Tfront can be reduced surface area of matrix in porous cake and generated incomplete dried 

lyophilized liposomes leading to destabilization of physicochemical stability of their pro 

ducts. Nevertheless, primary drying phase cannot complete eliminated water residues in 

dried lyophilized liposomes and usually found water residues in a range of 7 to 8 % of their 

products. Therefore, secondary drying phase is necessary process to obtain complete dried 

lyophilized liposomes.    

2.5.3.3 Secondary Drying Phase (Isothermal desorption)       

 Secondary drying phase will be operated after primary drying phase 

to eliminate water residues from matrix in dried lyophilized liposomes. In secondary drying 

phase, operation temperature ( shelf temperature)  should be higher than Tg´, non-degrada- 

tio, and minimal value of pressure condition. The optimized secondary drying phase condi 

tion of lyophilization can be removed the water residues in dried lyophilized liposomes to 

lower than one percent. Therefore, secondary drying phase is an important factor of lyophi- 

lization leading to reduction of physicochemical instability of lyophilized liposomes.    

2.5.4 Application of Liposomes    

 Figure 2.15 presented the encapsulation of various therapeutic agents of li- 

posomes including hydrophilic drugs, hydrophobic drugs, polymeric system, DNA, RNA, 

siRNA, surface-conjugated drug, protein, and targeting ligand.   

 Nowadays, many studies revealed that liposomes can be utilized as a drug 

delivery system for treatment in several diseases such as cancer (Seetharamu et al., 2010), 

leishmaniasis (Shyam et al., 2010), fungal infection (Moen et al., 2009), wound recovery, 

(Fei et al., 2014), gene‐associated disorder, and vaccine therapy (Schwendener RA., 2014). 

Table 2.4 also showed the liposomal products currently available in drug markets i.e Doxil®  

(anticancer drug), Myocet® (anticancer drug), and AmBisome® (antifungal drug).  
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Figure 2.15 Encapsulation of therapeutic agents of liposomes. 

 

Table 2.4 Advantages and liposomal formulations in available drug markets.               

Advantage Liposomal formulations 

   - Improvement of physicochemical 

properties 

 

   - Minoxidil, anthracyclines, peptides  

antibiotics, chelators, genes   

 

   - Increment of bioavailability  

 

   - Cortisones, doxorubicin, vasopressin  

   - Targeting drug delivery system 

 

   - Amphotericin B, vaccines, porphyrins 

   - Improvement of drug permeation      - Anesthetics, insulin, corticosteroids   

 

2.5.5 Transportation of Liposomal Drug Delivery System 

 Figure 2.16 demonstrated the proposed transportation mechanism of liposo- 

mal drug delivery system which classified into four major mechanisms are (1) Adsorption: 

this mechanism is an essential pathway to transport the delivered drugs into intracellular 

membrane (passive diffusion drug uptake).    
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 Generally, liposomes will be adsorbed onto cell surface by interact proteins 

of their structure leading to drug leakage of liposomes. After that, the delivered drugs will 

be surrounded on cell surface and then uptake into cytoplasm. (2) Endocytosis: liposomes 

will be interacted with partial compounds of cell surface. After that, liposomes will be tran- 

sported into intracellular membrane by endosomes of cell membrane. Lysosomal enzymes 

in intracellular membrane will be interacted endosomes-liposomes complexes leading to 

drug leakage of liposomes into cytoplasm. ( 3)  Fusion: lipid bilayer of liposomes will be 

interacted and fused with structure of cell membrane and then drug contents will be leaked 

into intracellular membrane. (4) Lipid exchange: phospholipid molecules between of lipo- 

somes and cell membrane will be exchanged their molecules leading to leakage of the deli 

vered drugs into intracellular membrane.      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16 Transportation mechanism of liposomal drug delivery system. 
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 CHAPTER 3  

RESEARCH METHODOLOGY 

 

3.1 Materials 

 

3.1.1 Cholesterol (Lot No. K25236272849, Merck, Germany) 

3.1.2 Dichloromethane (Lot No. 1L463001N, Carlo Erba Reagenti, Italy) 

3.1.3 Di-sodium hydrogen orthophosphate anhydrous (Lot No. 0A708110E, 

Carlo Erba Reagenti, Italy) 

3.1.4 Phosphatidylcholine (Lot No. 30510, Rhone-Poulenc Rorer, Germany) 

3.1.5 Single chain polypeptide (Lot No. 20101004, Siam Bioscience, Thailand)   

3.1.6 Sodium dihydrogen phosphate (Lot No. 0F047080I, Carlo Erba Reagenti, 

Italy)    

3.1.7 Sodium hydroxide (Lot No. 1L216191N, Carlo Erba Reagenti, Italy)  

3.1.8 Sucrose (Lot No. 0586978, ThermoFisher, UK)                 

 

3.2 Equipment      

 

3.2.1 Centrifugation machine (Model 5403, Eppendorf, Germany)   

3.2.2 Differential scanning calorimeter (Model DSC-800, Perkin Elmer, USA)   

3.2.3 Freeze-dryer (Model FTS Systems, LyoStarTM, USA)  

3.2.4 Fourier transform infrared spectrometer (Model Nicolet iS50, Thermo- 

Fisher Scientific, USA)  

3.2.5 High-speed centrifugation machine (Model RC6+, Sorvall®, USA)  

3.2.6 Microscope (Model BH-2, Olympus, Japan)  

3.2.7 pH-meter (Model S230, Mettler Toledo®, USA)    

3.2.8 Precision electronic balance (Model AA-200DC, Denver Instrument, 

USA)  

24 



Ref. code: 25595709033111GDKRef. code: 25595709033111GDK

            

         

3.2.9 Reverse-phase high performance liquid chromatography (Model U3000, 

Dionex®, USA) 

3.2.10 Rotary Evaporator (Model A-3S, Eyela®, Tokyo Rikakikai, Japan)   

3.2.11 Scanning electron microscope (Model JSM-5410LV, Jeol, Japan)  

3.2.12 Thermostatic cabinet (Model ST1+, Aquaterra®, Germany)   

3.2.13 Transmission electron microscope (Model H-7000, Hitachi, Japan)  

3.2.14 Ultra-low temperature freezers (Model S8600, Forma®, ThermoFisher 

Scientific, USA)   

3.2.15 Ultrasonic bath (Model P410, Powersonic®, Hwashin Technology, 

Korea)  

3.2.16 UV-spcetrophotometer (Model S18520-26, Secomam®, Thermolyne, 

USA) 

3.2.17 X-ray diffractometer (Model D8 Advance, Bruker, Germany)  

3.2.18 Zeta sizer (Model Nano-ZS, Malvern®, UK)       

 

3.3 Methods         

   

3.3.1 Preparation of SCP-LPs         

 SCP-LPs were prepared by reverse-phase evaporation technique (REV) at 

a molar ratio of phosphatidylcholine to cholesterol of 7:3. The phosphatidylcholine and 

cholesterol were dissolved in 60 mL of dichloromethane. Then, phosphate buffer saline 

solution (PBS) at pH 7.4 would introduce into lipid mixture solution with rapidly injection 

through a syringe needle. This mixture was immediately sonicated in the ultrasonic bath  

at 45 kHz, 25°C, and 15 minutes to obtain the water-in-oil emulsions (inverted micelles). 

The inverted micelles were evaporated by rotary evaporator for elimination of dichlorome- 

thane. This process was conducted under reduced pressure at 0.08 mPa with 35°C until  

the viscous gels were formed. The evaporation process would further continue for at least 

30 minutes at 35°C to obtain liposomal dispersion. After that, liposomes were immediately 

sonicated at 45 kHz, 25°C, and 40 minutes to obtain uniform of liposome particles.         
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 Then, SCP were loaded into liposomal dispersion and immediately sonic- 

ated at 45 kHz and 25°C with various sonication time intervals (0, 1, 3, and 5 minute( s) 

respectively) to obtain SCP-LPs. Finally, SCP-LPs were adjusted final volume by PBS.   

3.3.2 Lyophilization of LSCP-LPs      

 The lyophilization of LSCP-LPs was performed at various freezing tempe- 

ratures i.e. -20°C, -40°C, and -80°C. Then, the optimized temperature was used for lyophi 

lization with variation of sucrose concentrations (sucrose as a cryoprotectant). They were 

investigated at molar ratio of SCP-LPs to sucrose of 1:0, 1:1, 1:3, and 1:5.   

3.3.3 Characterization of SCP-LPs and LSCP-LPs     

3.3.3.1 Evaluation of Physicochemical Properties of SCP-LPs and  

    LSCP-LPs 

(1) Measurement of Particle Size and PDI of SCP-LPs and LSCP- 

           LPs  

 The photon correlation spectroscopy technique ( PCS)  was used to 

determine particle diameter and polydispersity index ( PDI)  of SCP-LPs and LSCP-LPs. 

Briefly, 1 mL of sample was transfer into cuvette and conducted under fluctuation rate in 

laser light scattered of 90° and 25°C. All samples were measured in 3 replicates and 

reported in a form of mean±standard deviation (SD).                         

(2) Measurement of Zeta Potential of SCP-LPs and LSCP-LPs  

 The laser doppler micro-electrophoresis technique was used for eva- 

luation of zeta potential of SCP-LPs and LSCP-LPs by using Zeta sizer. Briefly, 1 mL of 

sample was injected into folded capillary cell. After that, electrical energy was applied into 

their sample and then calculated their particle velocity for conversion of zeta potential of 

sample. All samples were measured in triplicates and reported in a form of mean±SD.        

(3) Determination of Drug Entrapment Efficiency of SCP-LPs  

            and LSCP-LPs    

 Unbound SCP of SCP-LPs and LSCP-LPs were separated by  

high-speed centrifugation machine at 47,000×g, 4°C, for 60 minutes.   
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 After that, the amount of unbound SCP was determined by reverse 

phase-high performance liquid chromatography technique ( RP-HPLC)  with gradient pro- 

gram using zorbax eclipse columns (C18, 80 Å, LC column 250x4.6 mm). The mobile 

phases consisted of 70% to 30 % of 0.1% trifluoroacetic acid in water and 0.1% trifluo- 

roacetic acid in acetonitrile at flow rate of 1.0 mL/min. SCP was detected by ultraviolet 

detector at a wavelength of 280 nm. All samples were analyzed in 3 replicates and reported 

in a form of mean±SD.           

 The amount of SCP of sample was calculated from different values 

of an amount of SCP added into liposomes (A) and the amount of unbound SCP in the 

supernatant after centrifugation (B). 

 SCP entrapment efficiency was calculated by using equation (1). 

               

                                                  (A-B)×100                (1)  
 

3.3.4 Morphological Observation of LSCP-LPs    

3.3.4.1 Scanning Electron Microscopy (SEM)     

 The morphology of LSCP-LPs at various molar ratios of SCP-LPs 

to sucrose of 1:0, 1:1, 1:3, and 1:5 were investigated by SEM. Briefly, sample was dropped 

on a cover slip and dehydrated with desiccator at ambient temperature to obtain dried 

sample. After that, sample was applied on osmium oxide vapor. Finally, sample was coated 

with thin layer of gold.     

3.3.4.2 Transmission Electron Microscopy (TEM) 

 TEM was used to investigate morphology of LSCP-LPs at varied 

molar ratios of SCP-LPs to sucrose of 1:0, 1:1, 1:3, and 1:5. Briefly, sample was diluted 

with sterile water and then dropped on copper grid with carbon film. After that, sample was 

stained with 0.5% uranyl acetate to generate negatively charge of sample. Finally, sample 

was dehydrated with desiccator at ambient temperature. 

 

  

A 
Percent of drug entrapment efficiency   = 
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3.3.5 X-Ray Powder Diffraction Analysis (XRD) of LSCP-LPs 

 XRD was employed to determine chemical interaction of composition mol- 

ecules in LSCP-LPs. This analysis was performed under radiation sources of CuKα, 2-The 

ta scanning range at 5 to 50°, and scanning rate of 1°/min.    

3.3.6 Thermal Analysis of LSCP-LPs  

 The chemical interaction of ingredient molecules of LSCP-LPs was used 

thermal analysis. This analysis was determined by differential scanning calorimetry tech- 

nique ( DSC) . Briefly, sample was weighed in a range of 5 to 10 mg in aluminum pan and 

conducted under temperature range of -100 to 300°C, flow rate of nitrogen gas of 25 mL/ 

min, and heating rate of 5°C/min.          

3.3.7 Fourier Transform-Infrared Spectroscopy Analysis (FT-IR) of 

LSCP-LPs     

 FT-IR was applied to evaluate chemical interaction and functional group of 

composition molecules of LSCP-LPs. This technique was performed under attenuated total 

reflection mode ( ATR) , wavelength range of 500 to 4000 nm, and signal average of 30 

scans.    

3.3.8 Stability Evaluation of SCP-LPs, LSCP-LPs, and RSCP-LPs  

 Stability evaluation of SCP-LPs, LSCP-LPs, and reconstituted SCP-loaded 

liposomes (RSCP-LPs)  were conducted. The test products were kept in either refrigerator 

(2 to 8°C) and ambient (25±1°C) temperature conditions with light protection for a month. 

All sample was evaluated their physicochemical properties such as particle size, PDI, zeta 

potential, and drug entrapment efficiency at day 0, 7, 14, 21, and 30.        

3.3.9 In Vitro Drug Release Study of LSCP-LPs 

 The in vitro drug release study of LSCP-LPs was investigated by using 

modified Franz diffusion cells. The receptor compartment containing PBS as receiving 

media was separated from donor compartment by cellulose acetate membrane. It was 

maintained at the temperature of 37±1°C and continuously stirred at 50 RPM throughout 

the study. The 3 mL of receiving media was taken for chemical analysis of SCP by using 

RP-HPLC at 0.00, 0.08, 0.25, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 hour(s).  
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3.3.10 In Vitro Eye Irritation Test of LSCP-LPs  

 The in vitro eye irritation test of LSCP-LPs was evaluated by MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenylte-trazolium bromide) assay. Briefly, SIRC cells were 

inoculated into Eagle's minimum essential medium (EMEM) and seeding in 24-well plates. 

After that, SIRC cells were incubated with reconstituted LSCP-LPs at concentration of 

either 0.05% and 5% for 5 mins according to short time exposure test ( STE)  and then 

washed with PBS (pH 7.4). MTT reagent was added to media of sample and incubated for 

2 hrs. After that, MTT formazan was extracted and analyzed by microplate reader at a wave 

length of 570 nm. Finally, their optical density value was calculated a percentage of cell 

viability (%CV) and then scored eye irritation potential for LSCP-LPs.        

3.3.11 In Vitro Cell Proliferation-Promoting Activity Test of LSCP- 

        LPs   

 MTT assay was used to determine in vitro cell proliferation promoting 

activity test of LSCP-LPs. SIRC cells were incubated with 5% reconstituted LSCP-LPs 

and 5% empty liposomes in media for 24 hours and washed with PBS at pH 7.4. Then, 

MTT reagent was loaded into media of sample and incubated for 2 hrs. After that, MTT 

formazan was extracted and analyzed by microplate reader at a wavelength of 570 nm.  

3.3.12 Statistical Analysis           

 The obtained data were statistically analyzed (ANOVA and paired t-test) by 

using SPSS program at a significant level of 0.05.   
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Characterization and Evaluation of Physicochemical Properties of SCP-LPs              

 

4.1.1 The Effect of Sonication Time of SCP-LPs            

4.1.1.1 Measurement of Particle Size and PDI of SCP-LPs            

 The particle size of SCP-LPs was in a range of nanometer ( around 

81 to 88 nm)  with narrow particle size distribution. Their PDI values were 0.22-0.23.  

Table 4.1 revealed that the particle size of SCP-LPs was affected by sonication time.  

The sonication time of 5 minutes were selected. Because this sonication time could reduce 

particle size of SCP-LPs to smallest diameter. In addition, their particle size was sig- 

nificantly decreased with increase of sonication time ( p-value 0.05) . Therefore, this 

sonication time was selected for further study. This is due to the fact that energy supplied 

by ultrasonic waves (mechanic forces) could stimulate phospholipid molecules in the lipid 

bilayer of SCP-LPs leading to disordered lipid bilayer conformation and then smaller 

particle size of SCP-LPs were obtained ( Akbarzadeh et al., 2013). In addition, ultrasonic 

waves could interact microbubbles of air in aqueous phase leading to oscillation of micro- 

bubbles called cavitation. Moreover, ultrasonic waves induced implosion of microbubbles 

by stimulating expansion and contraction of their structure. This phenomenon could induce 

large particles of SCP-LPs to smaller SCP-LPs. Generally, small liposomes could exhibit 

highly potential for increment of bioavailability profile of the delivered drug. A similar 

finding, previous research of Li et al. (2009) revealed that the appropriate particle diameter 

of chitosan-coated with diclofenac-loaded liposomes could increase corneal permeation, 

precorneal retention time, reduction of cytotoxicity, and resulting in higher ophthalmic 

bioavailability. In addition, Wang et al. ( 2010)  reported that the nanoparticles of folate-

PEG coated polymeric liposomes also showed higher efficiency for cellular uptake of 

folate into cancer cells when comparing with multilamellar liposomes.  
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 Moreover, Immordino et al. ( 2006)  demonstrated that the small 

unilamellar liposomes had stealth property. Their property could avoid opsonization from 

white blood cells (macrophage) leading to increment of half-life of their particles in blood 

circulation system.      

4.1.1.2 Measurement of Zeta Potential of SCP-LPs   

 Zeta potential values of SCP-LPs were in a range of -1 to -3 mV. 

Table 4.1 reported that zeta potential of SCP-LPs was affected by sonication time.  

The sonication time of 5 minutes were selected. Because this sonication time exhibited that 

in the highest negative charge value. Moreover, their zeta potential of SCP-LPs was 

significantly decreased with increase of sonication time ( p-value 0.05) . Therefore, this 

sonication time was selected for further study. This is due to the fact that the ultrasonic 

energy could accelerate SCP for embedment of SCP in lipid bilayer of SCP-LPs leading to 

increment of their zeta potential. In addition, ultrasonic waves could reduce rigidity of lipid 

bilayer of SCP-LPs leading to increase of SCP entrapment efficiency of SCP-LPs ( Yin et 

al., 2014). Moreover, the increment of zeta potential of liposomes could induce high 

bioavailability profile of the delivered drug and increase their physical stability. Vural et 

al. ( 2011)  demonstrated that the nano-complexes of furosemide-loaded liposomes with 

higher surface charge could eight-fold increase furosemide permeability into cells when 

comparing with their particles with lower surface charge. In addition, high surface charge 

of nanocomplex of furosemide-loaded liposomes demonstrated that in low cytoto- 

xicity. A similar finding, Han et al. (2012) reported that alendronate-loaded liposomes with 

high zeta potential exhibited that their particle had strong muco-adhesive properties in bio- 

logical cells with 2.6-fold enhancement for cellular uptake of alendronate. Moreover, 

increment of zeta potential of liposomes could improve physical instability by using 

electrostatic interaction in their surface structure. A similar finding, previous reported of 

Hanaor et al. ( 2012)  demonstrated that higher zeta potential of liposomal products could 

increase physical stability in the colloidal system when comparing with their particles with 

lower zeta potential. 
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4.1.1.3 Determination of Drug Entrapment Efficiency of SCP-LPs 

 The drug entrapment efficiency of SCP-LPs prepared in this study 

were in a range of 23 to 97%. Table 4.1 revealed that the drug entrapment efficiency of 

SCP-LPs was affected by sonication time. The more sonication time and drug entrapment 

efficiency, because of sonication time of 5 minutes provided highest drug entrapment 

efficiency of liposomes, it was selected for further study. In addition, their drug entrapment 

efficiency was significantly increased with increase of sonication time compared to non-

sonicated SCP-LPs (p-value 0.05). Therefore, this sonication time was selected for further 

study. As described in Topic 4.1.1.2, ultrasonic waves could rearrange orientation in lipid 

bilayer of liposomes structure and increase embedment of SCP in their lipid bilayer of SCP-

LPs. Moreover, ultrasonic waves could reduce rigidity of lipid bilayer of SCP-LPs leading 

to increase of SCP entrapment efficiency of SCP-LPs. A similar finding, Yin et al. (2014) 

reported that the SCP entrapment efficiency of SCP-LPs with sonication technique could 

induce highly SCP entrapment efficiency more than 90%. Moreover, Alipour et al. (2008) 

revealed that Polymyxin B-loaded liposomes with sonication technique demonstrated that 

their particles had higher Polymyxin B entrapment efficiency when comparing with 

Polymyxin B-loaded liposomes from filter extrusion technique.              

     

Table 4.1 Physicochemical properties of SCP-LPs with various sonication time intervals 

      (n= 3; Mean±SD).          

Sonication  

time (minute(s)) 

Particle  

size (nm) 
PDI 

Zeta  

potential (mV) 

Drug entrapment  

efficiency (%)  

0 88.59±0.12 0.23±0.00 -1.13±0.14 23.54±0.93 

1 87.87±0.03 0.23±0.00 -2.27±0.07 35.45±1.12 

3 84.84±0.07 0.23±0.00 -2.46±0.02 93.69±1.04 

5  81.12±0.09 0.22±0.00 -2.95±0.04 97.56±0.85 
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4.2 Characterization and Evaluation of Physicochemical Properties of LSCP-LPs       

 

4.2.1 The Effect of Solidification (Freezing phase) of LSCP-LPs    

4.2.1.1 Measurement of Particle Size and PDI of LSCP-LPs       

 The particle size of LSCP-LPs was in a range of nanometer (appro- 

ximately 82 to 109 nm) with acceptance particle size distribution. Their PDI values were 

0.3 to 0.4. Table 4.2 reported that the particle size of LSCP-LPs was affected by free- 

zing temperature. The freezing temperature at -40°C was considered as an optimum 

freezing temperature, because the obtained liposomes had the smallest particle size.  

In addition, this freezing temperature did not show statistical significance ( p-value <0.05) 

of particle size and PDI of LSCP-LPs when comparing with SCP-LPs. Therefore, this free- 

zing temperature was selected for further study. As described in Topic 2.6.1, unsuitable 

freezing temperature for solidification of liposomal products caused the unsuitable freezing 

rate and then induced physical instability of lyophilized liposomal products. This is due to 

the fact that unsuitable freezing rate could increase the formation of dendritic ice crystal. 

They could penetrate and attack liposomal structure leading to drug leakage from lipo- 

somes and liposomal vesicle aggregation. In addition, Kasper et al. (2011) reported that the 

appropriate freezing rate was preferred for lyophilization in liposomal products more than 

too slow and too rapid freezing rate. Because appropriate freezing rate would generate  

few amount of dendritic ice crystals leading to reduction of degradation of lyophilized 

liposomal products. A similar finding, Aso et al. ( 2005)  revealed that unsuitable freezing 

temperature of solidification of liposomal products could increase their particle diameter 

and could induce physical instability in their long-term storage condition.    

4.2.1.2 Measurement of Zeta Potential of LSCP-LPs    

 Zeta potential values of LSCP-LPs were in a range of -2 to -3 mV. 

Table 4.2 revealed that zeta potential of LSCP-LPs was affected by freezing temperature. 

However, the freezing temperature of -40°C was selected become for further study, 

because this freezing temperature provided the highest zeta potential value of LSCP-LPs.  
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 In addition, the zeta potential of LSCP-LPs prepared at this freezing 

temperature was not significant difference (p-value <0.05) from that of SCP-LPs. As des- 

cribed in Topic 4.2.1.1, unsuitable freezing temperature of solidification would generate 

unsuitable freezing rate leading to leakage of SCP from LSCP-LPs. This phenomenon 

would reduce zeta potential of LSCP-LPs. Moreover, the unsuitable freezing rate would 

generate many stress conditions of solidification from high matrix mobility and dendritic 

ice crystal formation leading to physical instability of LSCP-LPs (Kasper et al., 2011).      

4.2.1.3 Determination of Drug Entrapment Efficiency of LSCP-LPs  

 The drug entrapment efficiency of LSCP-LPs prepared in this study 

were found in a range of 46 to 73%. Table 4.2 reported that the drug entrapment efficiency 

of LSCP-LPs frozen at a temperature of -20°C and -80°C had lower drug entrapment 

efficiency when comparing with LSCP-LPs frozen at -40°C. Therefore, this freezing 

temperature was selected for further study. As described in Topic 4.2.1.1, unsuitable 

freezing rate could increase dendritic ice crystal formation. Then, dendritic ice crystals 

would penetrate and destroy liposomal structure leading to reduction of SCP entrapment 

efficiency in LSCP-LPs. 

 

Table 4.2 Physicochemical properties of LSCP-LPs with various freezing temperatures 

      (n=3; Mean±SD).                  

Freezing  

temperature (°C) 

Particle  

size (nm) 
PDI 

Zeta  

potential (mV) 

Drug entrapment  

efficiency (%) 

SCP-LPs 81.12±0.09 0.22±0.00 -2.95±0.04 97.56±0.85 

-20 89.54±0.21 0.28±0.00 -2.03±0.02 45.54±0.38 

-40 81.56±0.13 0.23±0.00 -2.90±0.03 73.28±0.93 

-80 108.93±0.15 0.43±0.00 -1.94±0.03 65.46±0.22 
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4.2.2 The Effect of Cryoprotectant Concentration of LSCP-LPs  

4.2.2.1 Measurement of Particle Size and PDI of LSCP-LPs    

 The particle size of LSCP-LPs prepared in this study was in a range 

of nanometer around 81 to 1829 nm. Most of them had PDI values around 0.2 to 0.4 except 

for the formulation without cryoprotectant, the obtained liposomes had PDI value more 

than 1.0. Table 4.3 revealed that the particle size and PDI of LSCP-LPs were affected by 

sucrose concentration. The LSCP-LPs ( 1:5)  were selected, because this molar ratio pro- 

vided the smallest particle diameter with the narrowest size distribution. These values were 

not statistically different from SCP-LPs (p-value <0.05).  

 This finding could be explained that sucrose molecule interacts with 

hydrophilic head of phospholipid molecule of SCP-LPs via hydrogen bonding and then 

replace water molecules in lipid bilayer of SCP-LPs. The unsubstituted sucrose could 

generate glassy matrix ( amorphous organization of sucrose)  surround the liposomes.  

These phenomena could prevent particles aggregation during solidification process leading 

to insignificantly change in their physicochemical properties. A similar finding, Ohshima 

et al. ( 2009)  revealed that cryoprotective agents could protect liposomal structure of 

lyophilized nifedipine loaded-liposomes from vesicle aggregation. Moreover, their recon- 

stituted products could be redispersed more easily than that of the formulation without 

addition of cryoprotectants. Wang et al. ( 2009)  also reported that the appropriate cryo- 

protectant concentration could maintain particle size and drug entrapment efficiency of 

reconstituted polymyxin E sulfate-loaded liposomes.                 

4.2.2.2 Measurement of Zeta Potential of LSCP-LPs   

 Zeta potential values of LSCP-LPs were in a range of -2 to -3 mV. 

Table 4.3 reported that zeta potential of LSCP-LPs was affected by sucrose concen- 

tration. The LSCP-LPs ( 1:5)  were selected, because this molar ratio provided the highest 

zeta potential value of LSCP-LPs. However, LSCP-LPs ( 1:5)  did not cause significant 

difference (p-value <0.05) in their zeta potential compared with SCP-LPs. Therefore,  

this molar ratio was selected for further study.  
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 As described in Topic 4.2.2.1, unsuitable sucrose concentration did 

not generated sufficient amorphous matrix to covered and protected their particles from 

stress during solidification process. This phenomenon could induce reduction of zeta 

potential of LSCP-LPs. A similar finding, previous research of El-Nesr et al. ( 2010) 

reported that lyophilized fluconazole-loaded liposomes without addition of cryoprotective 

agents could influence low zeta potential leading to physical instability. Moreover, their 

liposomal product without addition of cryoprotective agent could not be redispersed 

homogeneously after reconstitution when comparing with the formulation containing cryo- 

protectant.    

4.2.2.3 Determination of Drug Entrapment Efficiency of LSCP-LPs  

 The drug entrapment efficiency of LSCP-LPs prepared in this study 

were in a range of 32 to 73%. Table 4.3 revealed that the drug entrapment efficiency of 

LSCP-LPs was affected by sucrose concentration. The LSCP-LPs ( 1:5)  were selected, 

because this molar ratio provided the highest drug entrapment efficiency of LSCP-LPs. 

Therefore, this molar ratio was selected for further study. This is due to the fact that unsui- 

table sucrose concentration could not be protected liposomal structure from dendritic  

ice crystal formation which described in Topic 4.2.2.2. This phenomenon could induce 

SCP leakage from LSCP-LPs during solidification (Gregoriadis, 2016).     
 

 

 

 

 

Table 4.3 Physicochemical properties of LSCP-LPs with various cryoprotectant concen- 

      trations (n=3; Mean±SD). 

Cryoprotectant 

concentration 

(Molar ratio)* 

Particle  

size (nm) 
PDI 

Zeta  

potential 

(mV) 

Drug entrapment  

efficiency (%) 

SCP-LPs 81.12±0.09 0.22±0.00 -2.95±0.04 97.56±0.85 

LSCP-LPs (1:0) 1829.00±2.00 Not detected -1.95±0.03 31.63±0.47 

LSCP-LPs (1:1) 92.91±0.06 0.39±0.00 -2.26±0.04 32.67±0.42 

LSCP-LPs (1:3) 85.50±0.29 0.27±0.00 -2.38±0.03 56.22±0.36 

LSCP-LPs (1:5)  81.56±0.13 0.23±0.00 -2.90±0.03 73.28±0.93   

*Molar ratio of SCP-LPs to sucrose                     

36 



Ref. code: 25595709033111GDKRef. code: 25595709033111GDK

            

         

4.3 Morphological Observation of LSCP-LPs     

 

4.3.1 Scanning Electron Microscopy (SEM)  

 SEM technique was the necessary technique for investigation of 

morphology and surface topography of nanomaterials. Figure 4.1 in (a), (b), and (c) present 

the morphology of LSCP-LPs ( 1:0) , LSCP-LPs ( 1:1) , and LSCP-LPs ( 1:3)  respectively. 

They revealed that these liposomes had heterogenous particle size with irregular mor- 

phology. In addition, aggregation of liposome vesicles was found as well. This finding  

was consistent with the results of particle size and PDI determination of LSCP-LPs in  

Table 4.3. However, Figure 4.1 in ( d)  present morphology of LSCP-LPs ( 1:5)  revealed 

that the SEM photomicrograph of LSCP-LPs had spherical shape with particle size in 

nanometer range consistent with the results of particle size and PDI determination of 

LSCP-LPs in Table 4.3. Therefore, SEM photomicrographs of LSCP-LPs could confirm 

that appropriate sucrose concentration could stabilize liposomal structure during lyophili- 

zation. As described in Topic 4.2.2.1, suitable sucrose concentration could protect structure 

of liposomes from stress during lyophilization. A similar finding, Chaudhury et al. (2012) 

reported that the SEM photomicrographs of cholesterol-free PEGylated liposomes with 

optimized cryoprotectant concentration had spherical shape and acceptable particle size.  

In addition, Jangle et al. ( 2013)  revealed that the suitable sucrose concentration in curcu- 

min-loaded liposomes had appropriate particle diameter and showed spherical shape.    
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Figure 4.1 SEM photomicrographs of LSCP-LPs (a) LSCP-LPs (1:0), (b) LSCP-LPs (1:1),   

                 (c) LSCP-LPs (1:3), and (d) LSCP-LPs (1:5) respectively.                              

 

4.3.2 Transmission Electron Microscopy (TEM)      

 TEM is one of essential techniques to investigate morphology and classify 

liposome vesicles of LSCP-LPs. Figure 4.2 in ( a) , ( b) , and ( c)  present the morphology 

LSCP-LPs ( 1:0) , LSCP-LPs ( 1:1) , and LSCP-LPs ( 1:3)  respectively. They revealed that 

the liposomes with unsuitable sucrose concentrations would be surrounded with large lipid 

vesicle with various particle size, and aggregated vesicles. In addition, this finding was 

consistent with the results of particle size and PDI determination of LSCP-LPs in Table 

4.3. However, Figure 4.2 in ( d)  present morphology of LSCP-LPs ( 1:5)  represented that 

they had appropriate of particle diameter with spherical shape  

(a) (b) 

(c) (d) 
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Thus, all TEM photomicrographs of LSCP-LPs insisted that appropriate 

sucrose concentration could prevent liposomal structure of LSCP-LPs during lyophili- 

zation. This phenomenon was described in Topic 4.2.2.1.  

    

            

            

 

 

 

 

 

 

            

            

            

   

 

 

 

 

Figure 4.2 TEM photomicrographs of LSCP-LPs (a) LSCP-LPs (1:0), (b) LSCP-LPs (1:1),                    

                  (c) LSCP-LPs (1:3), and (d) LSCP-LPs (1:5) respectively.                      

(a) (b) 

(c) (d) 
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4.4 X-Ray Powder Diffraction Analysis (XRD) of LSCP-LPs 

 

 XRD analysis is commonly used to investigate chemical interactions of co- 

mpositions containing in liposomal formulations.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Diffractograms: (a) physical mixture, (b) SCP, and (c) LSCP-LPs respectively.                     

 

 Figure 4.3 in (a), (b), and (c) showed diffractograms of physical mixture of 

phosphatidylcholine, cholesterol, SCP, and sucrose), SCP, and LSCP-LPs respectively. 

They revealed that most of the compositions in the physical mixture were in crystalline 

form while the compositions in the liposomes were in the amorphous form. This might be 

due to the chemical interaction between compositions of LSCP-LPs leading to new specific 

ordered organization. This phenomenon suggested that some of SCP dispersed in the 

liposomal structure of LSCP-LPs. A similar finding in previous research reported by Cabral 

et al. (2004) revealed that diffractogram of lyophilized allergenic protein-loaded liposomes 

had the broad of peak ( halo pattern)  when comparing with diffractograms of the pure 

compounds.  

(a) 

(b) 

(c) 
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 In addition, the broad of the peak of lyophilized allergenic protein-loaded 

liposomes indicated that their compositions were arranged and converted into new chemi- 

cal interactions with amorphous characteristic. Moreover, Liu et al. ( 2012)  reported that 

the diffractogram of polycaprolactone-loaded liposomes would be broader peak when 

comparing to diffractogram of polycaprolactone bulk drug. These results indicated that 

polycaprolactone would less ordered of crystallinity leading to amorphous organization 

because of dispersion of polycaprolactone in structure liposomes.             

 

4.5 Thermal Analysis of LSCP-LPs            

 

 This study was performed to determine chemical interactions between 

compositions in liposomal formulations and physicochemical property of LSCP-LPs. 

Figure 4.4 in ( a) , ( b) , and ( c)  presented the thermograms of physical mixture, SCP, and 

LSCP-LPs respectively. Figure 4.4 in ( c)  indicated that LSCP-LPs had lower melting 

temperature compared to with thermograms of physical mixture and SCP respectively 

( Figure 4.4 in ( a)  and ( b) ) . Their precise values of melting temperature and melting en- 

thalpy were shown in Table 4.4. It was found that the melting temperature and melting 

enthalpy of LSCP-LPs < SCP < the physical mixture. This could be explained the compo- 

sitions of LSCP-LPs were rearranged into amorphous organization. This phenomenon  

was usually found in various nanocomplexes ( Chime et al., 2013). A similar finding, 

Charnvanich et al. ( 2010)  reported that thermogram of lysozyme-loaded liposomes had 

lower melting temperature and melting enthalpy compared to these of pure materials.  

 These findings suggested that there were interactions between the formu- 

lation composition. Yoshida et al. ( 2010)  showed the thermogram of essential oil-loaded 

liposomes having lower melting temperature compared to pure compounds. Therefore, 

their melting process of essential oil-loaded liposomes implied that the essential oils could 

disperse in liposomal structure of their particles.     
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Figure 4.4 Thermograms: (a) physical mixture, (b) SCP, and (c) LSCP-LPs respectively.     

 

Table 4.4 Thermal analysis of physical mixture, SCP, and LSCP-LPs (n=3; Mean±SD).            

Materials/Formulation Melting temperature (°C) Melting enthalpy (J/g) 

Physical mixture 205.79±0.12 145.62±0.04 

SCP 115.55±0.09 109.85±0.13 

LSCP-LPs 107.29±0.03 78.23±0.07 

 

4.6 Fourier Transform-Infrared Spectroscopy Analysis (FT-IR) of LSCP-LPs          

 

 Although, XRD and thermal analysis were the essential techniques to inves- 

tigate chemical interaction in compositions of LSCP-LPs but their techniques could not be 

identified and less information of functional group of chemical interactions between  

the compositions of LSCP-LPs. Figure 4.5 in (a), (b), and (c) presented the FT-IR spectra 

of SCP, LPs, and LSCP-LPs respectively. Figure 4.5 in ( c)  revealed that the FT-IR spec- 

trum of LSCP-LPs were absence peaks in the wavenumbers of 2800 to 2900 cm-1 (assigned  

(a) 

(b) 

(c) 
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to -CH stretching: hydrocarbon group) and 1720 to 1740 cm-1 (assigned to -C=O stretching: 

saturated aldehyde or carbonyl group)  when comparing with FT-IR spectrum of empty 

liposomes ( Figure 4.5 in ( b) ) . This is due to the fact that the hydrocarbon and aldehyde 

groups in fatty acid chain of phosphatidylcholine of LSCP-LPs were embedded and 

interacted with partial structure of SCP. Moreover, the FT-IR spectrum of LSCP-LPs had 

the specific peak in the wavenumber of SCP at 1647 cm-1 which this wavenumber assigned 

to random coil structure type of secondary structure of SCP (Yang et al., 2004). However, 

FT-IR spectrum band of empty liposomes ( Figure 4.5 in ( b) )  did not appeared this peak. 

In addition, Figure 4.5 in ( c)  revealed that the FT-IR spectrum of LSCP-LPs had higher 

broad of peak in the wavenumbers of 3200 to 3600 cm-1 ( assigned to -OH bending: 

hydroxyl group)  when comparing with FT-IR spectra of SCP and LPs ( Figure 4.5 in ( a) 

and (b)). Because SCP provided hydroxyl group of their structure to LSCP-LPs leading to 

increment of hydroxyl group of LSCP-LPs. Therefore, all phenomena implied that SCP 

could substitute their structure into lipid bilayer of LSCP-LPs. A similar finding, the results 

of diffractogram and thermogram of LSCP-LPs demonstrated that the SCP could be 

incorporated and dispersed in the liposomal structure of LSCP-LPs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 FT-IR spectra: (a) SCP, (b) empty liposomes, and (c) LSCP-LPs respectively.                              

(a) 

(b) 

(c) 
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4.7 Stability Evaluation of SCP-LPs, LSCP-LPs, and RSCP-LPs  

  

 Stability evaluation of SCP-LPs, LSCP-LPs, and RSCP-LPs could classify 

into two groups were 1) refrigerator temperature condition (0 to 4°C) and 2) ambient 

temperature condition (25±1 °C). During the study, they were protected from light for  

a month. All samples were evaluated for their particle size, PDI, zeta potential, and drug 

entrapment efficiency at day 0, day 7, day 14, day 21, and day 30.       

 Figure 4.6 to 4.9 presented the results of stability evaluation of SCP-LPs, 

LSCP-LPs, and RSCP-LPs. It was found that LSCP-LPs kept at at 4°C did not show 

significant difference (p-value <0.05) in their particle size, PDI, zeta potential, and drug 

entrapment efficiency from those of LSCP-LPs at the initial day. Therefore, thie condition 

could be accepted as the optimum storage condition for LSCP-LPs.   

 Moreover, LSCP-LPS at 4°C demonstrated that the lyophilized liposomal 

products had higher physical stability than that of SCP-LPs and RSCP-LPs at 4°C. This 

may be due to the fact that the aqueous part of liposomal products causing destabilization 

of their physicochemical properties by hydrolysis reaction was removed. Because water 

molecules in liposomal products interacted with phospholipid molecules in SCP-LPs and 

RSCP-LPs, it could induce liposomal degradation such as vesicle aggregation, lower zeta 

potential, and drug leakage. This finding was consistent with Ghanbarzadeh et al. ( 2013) 

demonstrated that lyophilized sirolimus-loaded liposomes had higher physicochemical 

properties ( included particle size and drug leakage)  when comparing to non-lyophilized 

liposomes for 6 months.      

 Although, lyophilized liposomal products had higher physical stability than 

liposomal products in dispersed aqueous vehicles. However, the essential factors for 

improvement of shelf-life of liposomal products was a storage temperature. It was found 

that SCP-LPs, LSCP-LPs, and RSCP-LPs kept at 25°C showed obvious physical 

instability. All formulations kept under storage temperature at 25°C had significant 

difference (p-value <0.05)  in their physicochemical properties compared to those of them 

at the initial day.   
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 This finding could be explained that high temperature disturbed the orien- 

tation of phosphatidylcholine in lipid bilayer leading to disordered conformation and then 

flexibility and permeability of liposomal bilayer were increased (Ming et al., 2013).   

 The previous study by Muppidi et al. (2012) revealed that bulk lyophilized 

vancomycin-loaded liposomes and non-lyophilized vancomycin-loaded liposomes were 

stable at 4°C for 3 months. Moreover, they did not show significant change in their physico- 

chemical properties i.e. particle diameter, particle size distribution, and drug entrapment 

efficiency, compared to those of formulations kept at 37°C.   

 

                   

 

            

            

         

 

 

 

 

 

 

Figure 4.6 Particle size of SCP-LPs, LSCP-LPs, and RSCP-LPs at day 0, day 7, day 14,  

       day 21, and day 30 respectively (n= 3; Mean±SD), *insignificantly different  

       from day 0 (p-value <0.05). 
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Figure 4.7 PDI of SCP-LPs, LSCP-LPs, and RSCP-LPs at day 0, day 7, day 14, day 21,  

       and day 30 respectively (n= 3; Mean±SD) *insignificantly different from  

       day 0 (p-value <0.05).         

      

            

            

        

 

 

 

 

 

 

 

 

Figure 4.8 Zeta potential of SCP-LPs, LSCP-LPs, and RSCP-LPs at day 0, day 7, day 14,  

       day 21, and day 30 respectively (n= 3; Mean±SD) *insignificantly different  

       from day 0 (p-value <0.05).     
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Figure 4.9 Percent of drug entrapment efficiency of SCP-LPs, LSCP-LPs, and RSCP-LPs 

       at day 0, day 7, day 14, day 21, and day 30 respectively (n= 3; Mean±SD)  

       *insignificantly different from day 0 (p-value <0.05). 

                

4.8 In Vitro Drug Release Study of LSCP-LPs          

 

 Figure 4.10 in ( a)  and ( b)  demonstrated in vitro drug release profile of 

LSCP-LPs redispersed in sterile water. The profile showed that SCP was released from  

the liposomes around 72% by 8 hours. The obtained drug release profile exhibited biphasic 

release patterns included initial burst release phase and sustained release phase (Figure 4.10 

in ( b) : ( 1)  and ( 2) ). However, an optimum mathematical model for in vitro drug release 

profile after burst release (Figure 4.10 in ( b) : ( 2) ) was best fitted with Higuchi’s model 

( Singhvi et al., 2011; Yin et al., 2014)  with R-squared value equaled 0.9366 (Figure 4.10 

in (a)).           

 This finding could be explained that SCP deposit on LSCP-LPs surface was 

released immediately after being dispersed in vehicle. After that, the aqueous phase dif- 

fused into liposomal structure (matrix of lipid bilayer), SCP embedding in the lipid bilayer 

were released slowly the receiving media leading to sustained release phase.    
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(a) 

(b) 

(1) (2) 

 Generally, many previous studies revealed that the liposomal drug delivery 

system could encapsulate and deliver various therapeutic agents. Moreover, it could 

provide sustained drug release which would increase bioavailability of them. Tabandeh 

(2013) reported that the in vitro drug release pattern of α-tocopherol-loaded liposomes was 

fitted in zero-order kinetics and found Higuchi’s model for minor contribution. These 

phenomena indicated that their liposomes could generate sustained release property of α-

tocopherol. In addition, α-tocopherol-loaded liposomes had higher efficiency to protected 

the skin from ultraviolet light and free-radical agents when comparing with single anti-

oxidative agents. Furthermore, α-tocopherol-loaded liposomes had higher penetration in 

layer of stratum corneum of the skin when comparing with single anti-oxidative agents. 

 

                 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 In vitro drug release patterns of LSCP-LPs: (a) Higuchi’s model and (b) zero-  

        order kinetic model (n=3; Mean±SD).                
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4.9 In Vitro Eye Irritation Test of LSCP-LPs 

    

 The in vitro eye irritation test of LSCP-LPs was performed by using 2 con- 

centration of LSCP-LPs dispersed in media for SIRC cells i.e. 0.05% and 5%. Table 4.5 

revealed that percent of cell viability (%CV) of SIRC cells incubated with either 0.05% 

and 5% of LSCP-LPs were more than 70%. Consequently, the obtained scores for each 

concentration were one. This implied that LSCP-LPs did not cause irritation in SIRC cells. 

This is due to the fact that the compositions used in LSCP-LPs formulation were generally 

recognized as safe.  

 In addition, their compositions were the essential biological substances to 

regulated and maintained the cell functions. Phospholipids of LSCP-LPs could be utilized 

in numerous drug delivery systems with several advantages such as high biocompatible 

material, non-cytotoxicity, and improved bioavailability of the delivered drugs ( Li et al., 

2015) . Cholesterol is an essential composition of cells. It could maintain and balance 

rigidity organization of the cell membrane. Zhao et al. ( 2007)  reported that the increment 

of cholesterol concentration in paclitaxel-loaded liposomes could reduce physical instabi- 

lity when comparing to lower cholesterol content formulations. SCP is an active ingredient 

in LSCP-LPs, it is commonly found in many kinds of cells and is necessary biological 

substance via mitogenic activity. SCP could regulate several functions of the cell through 

signaling pathway i.e. cell proliferation, cell differentiation, cell migration, and re-epithe- 

lialization.  

 Moreover, Esquirol et al. ( 2014)  reported that SCP was an essential thera- 

peutic agent as the wound healing enhancer with high potential and safety to use in several 

clinical problems i.e. surgical injury, gastroesophageal tract ulcer, and corneal abrasion. 
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Table 4.5 %CV of SIRC cells and score criterion of short time exposure test ( STE)  for  

      various concentrations of LSCP-LPs (n= 3; Mean±SD).          

Formulation %CV of SIRC cells STE irritation score Scores obtained 

0.05% LSCP-LPs 96.36±2.58 If CV>70%: scored 1 

If CV≤70%: scored 2 

1 

5% LSCP-LPs 92.16±0.44 If CV>70%: scored 0 

If CV≤70%: scored 1 

0 

Total score: 1 

 

4.10 In Vitro Cell Proliferation-Promoting Activity Test of LSCP-LPs 

    

 The in vitro cell proliferation-promoting activity test was performed by 

using 5% of empty liposomes and 5% LSCP-LPs in media for SIRC cells. Table 4.6 

reported that %CV of SIRC cells incubated with these test samples. It was found that 

LSCP-LPs exhibited higher potential for increase of cell proliferation than that of empty 

liposomes. This is due to the fact that SCP is an essential mitogenic agent usually found 

that in epidermal cells, endothelial cells, fibroblast cells, glial cells, and corneal endothelial 

cells. As described in Topic 2.4, the action of SCP is occurred via signaling pathway from 

high specificity interaction between of the SCP and the extracellular domain of SCP 

receptor (signal transducer-activator of transcription: STAT). SCP could activate ligand-

induced dimerization of SCP receptors. After that, dimerized cytoplasmic membrane of 

SCP receptor (intracytoplasmic janus kinase: JAK) were arranged to tyrosine kinase pro- 

teins and induced transphosphorylation for tyrosine residues in the cytoplasmic domain of 

SCP receptor. The phosphorylated tyrosine of SCP receptor would stimulate intra- 

cellular proteins called GRB2 and SOS. Then, GRB2 and SOS would induce increment of 

glycolysis and protein synthesis. In addition, GRB2 and SOS could stimulate gene transcri- 

ption leading to cell proliferation, inhibition of apoptosis, angiogenesis, and cell migration 

(Hardwicke et al., 2008).  
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 Table 4.6 showed that LSCP-LPs could promote SIRC cells proliferation 

more than empty liposomes around 8%. This suggested that LSCP-LPs could be used for 

further in vivo study to investigate their activity for treatment of corneal abrasion. However, 

the optimization concentration of SCP should be determined as well to increase their 

activity.  

 

Table 4.6 %CV of SIRC cells for 5% empty liposomes and 5% LSCP-LPs (n= 3; Mean±  

                SD).             

Formulation %CV of SIRC cells %Cell proliferation of LSCP-LPs   

5% empty liposomes 114.62±4.64 

8.69 

5% LSCP-LPs 124.11±3.78 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS  

 

 The results showed that increment of sonication time of SCP-LPs could 

induce their particle diameter in a range of nanometer with narrow particle size distribution. 

In addition, increase of sonication time of SCP-LPs could influence higher zeta potential 

and drug entrapment efficiency when comparing with lower exposure time of the ultrasonic 

waves.   

 The effects of solidification and cryoprotectant concentration of LSCP-LPS 

exhibited that suitable freezing temperature and sucrose concentration of LSCP-LPs could 

maintain their particle diameter with acceptance particle size distribution. In addition, 

optimized LSCP-LPs had higher zeta potential and drug entrapment efficiency when 

comparing with other freezing temperatures and sucrose concentrations. Moreover,  

the SEM- and TEM photomicrographs of optimized LSCP-LPs exhibited that LSCP-LPs 

had spherical shape with unilamellar vesicles and disappeared liposomal degradation.  

 The results of XRD analysis and thermal analysis of LSCP-LPs implied that 

the chemical interaction of compositions of LSCP-LPs were arranged and transformed into 

new specific ordered organization with amorphous characteristic. Their results indicated 

that SCP could incorporate and disperse in lipid bilayer of LSCP-LPs. Moreover, FT-IR 

spectrum of LSCP-LPs indicated that SCP could substitute their structure into liposomal 

structure of LSCP-LPs.    

 In addition, the results of stability evaluation of SCP-LPs, LSCP-LPs and 

RSCP-LPs revealed that LSCP-LPs under storage temperature at 4°C had higher physico- 

chemical stability and did not show significantly difference when comparing with their 

initial day.     

 The results of in vitro drug release study of LSCP-LPs demonstrated that 

LSCP-LPs had biphasic release patterns included initial burst release phase and sustained 

release phase. However, an optimal mathematical model for in vitro drug release profile of 

LSCP-LPs was best fitted in Higuchi’s model.  
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 The results of in vitro eye irritation test of LSCP-LPs exhibited that LSCP-

LPs did not show irritation effects in SIRC cells. Moreover, the results of in vitro cell 

proliferation-promoting activity test of LSCP-LPs revealed that LSCP-LPs had higher 

potential to stimulate cell proliferation activity of SIRC cells when comparing with empty 

liposomes. Therefore, the results of pharmacological activities of LSCP-LPs demonstrated 

that LSCP-LPs had high safety and efficiency to utilize in ophthalmic application.    

 However, the optimized LSCP-LPs was statistically significance of their 

drug entrapment efficiency when comparing with SCP-LPs. Therefore, further studies for 

optimization of production process and formulation composition of LSCP-LPs are neces- 

sary for improvement of their physicochemical properties and pharmacological activities.  
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APPENDIX A  

CALIBRATION CURVE DETAILS OF THE SCP DETERMINATION  

 

 

 

 

 

    

  

 

 

 

 

Figure A1 Calibration curve of the SCP determination.                          

 

Table A1 Details of the calibration curve of SCP determination.     

Standard of SCP Peak area (mAU) Concentration (µg/100 µL) 

0.3% SCP 0.0259 0.0452 

25% SCP 4.5628 3.7516 

50% SCP 8.7113 7.5429 

75% SCP 13.1859 11.2531 

100% SCP 16.9593 15.0714  
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APPENDIX B 

RESULTS AND STATISTICAL ANALYSIS DATA OF SCP-LPs    

  

Table B1 Particle size of SCP-LPs with various sonication time intervals (n= 3; Mean±SD).          

Sonication time (minute) Particle size (nm) 

0 88.59±0.12 

1 87.87±0.03 

3 84.84±0.07 

5 81.12±0.09 

 

 Table B2 Statistical analysis data of particle size of SCP-LPs with various sonication time 

      intervals. 

Sonication time (minute) p-value Mean Square  F-value 

0 1 <0.05 34.77 4.68E+003 

 3 <0.05   

 5 <0.05   

1 0 <0.05   

 3 <0.05   

 5 <0.05   

3 0 <0.05   

 1 <0.05   

 5 <0.05   

5 0 <0.05   

 1 <0.05   

 3 <0.05   

 

  

63 



Ref. code: 25595709033111GDKRef. code: 25595709033111GDK

            

         

Table B3 PDI of SCP-LPs with various sonication time intervals (n= 3; Mean±SD).              

Sonication time (minute) PDI 

0 0.23±0.00 

1 0.23±0.00 

3 0.23±0.00 

5 0.22±0.00  

 

 Table B4 Statistical analysis data of PDI of SCP-LPs with various sonication time 

        intervals.  

Sonication time (minute) p-value Mean Square F-value 

0 1 0.99 0.00 0.27 

 3 0.98   

 5 0.93   

1 0 0.99   

 3 0.93   

 5 0.85   

3 0 0.98   

 1 0.93   

 5 0.99   

5 0 0.92   

 1 0.85   

 3 0.99   
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Table B5 Zeta potential of SCP-LPs with various sonication time intervals (n= 3; Mean± 

     SD).              

Sonication time (minute) Zeta potential (mV) 

0 -1.13±0.14 

1 -2.27±0.07 

3 -2.46±0.02 

5 -2.95±0.04  

 

 Table B6 Statistical analysis data of zeta potential of SCP-LPs with various sonication  

       time intervals.      

Sonication time (minute) p-value Mean Square F-value 

0 1 <0.05 1.77 2.99E+003 

 3 <0.05   

 5 <0.05   

1 0 <0.05   

 3 <0.05   

 5 <0.05   

3 0 <0.05   

 1 <0.05   

 5 <0.05   

5 0 <0.05   

 1 <0.05   

 3 <0.05      
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Table B7 Drug entrapment efficiency of SCP-LPs with various sonication time intervals  

      (n= 3; Mean±SD).                   

Sonication time (minute) Drug entrapment efficiency (%)  

0 23.54±0.93 

1 35.45±1.12 

3 93.69±1.04 

5 97.56±0.85  

 

 Table B8 Statistical analysis data of drug entrapment efficiency of SCP-LPs with various 

      sonication time intervals.       

Sonication time (minute) p-value Mean Square F-value 

0 1 <0.05 4.44E+003  9.40E+004  

 3 <0.05   

 5 <0.05   

1 0 <0.05   

 3 <0.05   

 5 <0.05   

3 0 <0.05   

 1 <0.05   

 5 <0.05   

5 0 <0.05   

 1 <0.05   

 3 <0.05           
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APPENDIX C 

RESULTS AND STATISTICAL ANALYSIS DATA OF LSCP-LPs     

  

Table C1 Particle size of LSCP-LPs with various freezing temperatures (n= 3; Mean±SD).                   

Freezing temperature (°C)  Particle size (nm) 

SCP-LPs 81.12±0.09     

-20 89.54±0.21 

-40 81.56±0.13 

-80  108.93±0.15  

 

 Table C2 Statistical analysis data of particle size of LSCP-LPs with various freezing  

        temperatures 

Freezing temperature (°C)  p-value Mean Square  F-value 

SCP-LPs -20 <0.05 508.50 1.64E+004  

 -40 0.06   

 -80 <0.05     

-20 SCP-LPs <0.05   

 -40 <0.05   

 -80 <0.05   

-40 SCP-LPs 0.06   

 -20 <0.05   

 -80 <0.05   

-80 SCP-LPs <0.05   

 -20 <0.05   

 -40 <0.05    
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Table C3 PDI of LSCP-LPs with various freezing temperatures (n= 3; Mean±SD).                   

Freezing temperature (°C) PDI 

SCP-LPs 0.22±0.00 

-20 0.28±0.00 

-40 0.23±0.00 

-80 0.43±0.00   

 

 Table C4 Statistical analysis data of PDI of LSCP-LPs with various freezing temperatures. 

Freezing temperature (°C)  p-value Mean Square  F-value 

SCP-LPs -20 <0.05 0.03 1.46E+004     

 -40 0.07   

 -80 <0.05     

-20 SCP-LPs <0.05   

 -40 <0.05   

 -80 <0.05   

-40 SCP-LPs 0.07   

 -20 <0.05   

 -80 <0.05   

-80 SCP-LPs <0.05   

 -20 <0.05   

 -40 <0.05       
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Table C5 Zeta potential of LSCP-LPs with various freezing temperatures (n= 3; Mean±  

      SD).                     

Freezing temperature (°C) Zeta potential (mV)  

SCP-LPs -2.95±0.04 

-20 -2.03±0.02 

-40 -2.90±0.03 

-80 -1.94±0.03    

 

 Table C6 Statistical analysis data of zeta potential of LSCP-LPs with various freezing  

       temperatures. 

Freezing temperature (°C)  p-value Mean Square  F-value 

SCP-LPs -20 <0.05 0.88 1.11E+003    

 -40 0.21   

 -80 <0.05     

-20 SCP-LPs <0.05   

 -40 <0.05   

 -80 0.02   

-40 SCP-LPs 0.21     

 -20 <0.05   

 -80 <0.05   

-80 SCP-LPs <0.05   

 -20 0.02    

 -40 <0.05       
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Table C7 Drug entrapment efficiency of LSCP-LPs with various freezing temperatures 

      (n= 3; Mean±SD).                       

Freezing temperature (°C) Drug entrapment efficiency (%)  

SCP-LPs 97.56±0.85  

-20 45.54±0.38 

-40 73.28±0.93 

-80 65.46±0.22    

 

 Table C8 Statistical analysis data of drug entrapment efficiency of LSCP-LPs with  

        various freezing temperatures.      

Freezing temperature (°C)  p-value Mean Square  F-value 

SCP-LPs -20 <0.05 1.38E+003   1.11E+003    

 -40 <0.05   

 -80 <0.05   

-20 SCP-LPs <0.05   

 -40 <0.05   

 -80 <0.05   

-40 SCP-LPs <0.05   

 -20 <0.05   

 -80 <0.05   

-80 SCP-LPs <0.05   

 -20 <0.05   

 -40 <0.05        
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Table C9 Particle size of LSCP-LPs with various cryoprotectant concentrations (n= 3;  

      Mean±SD).                         

Cryoprotectant concentration 

(Molar ratio) 
Particle size (nm)  

SCP-LPs 81.12±0.09     

1:0 1829.00±2.00 

1:1 92.91±0.06 

1:3  85.50±0.29 

1:5    81.56±0.13      

 

 Table C10 Statistical analysis data of particle size of LSCP-LPs with cryoprotectant  

          concentrations.         

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

SCP-LPs 1:0 <0.05 1.82E+006   2.20E+006      

 1:1 <0.05   

 1:3  <0.05   

 1:5    0.97   

1:0 SCP-LPs <0.05   

 1:1 <0.05   

 1:3  <0.05   

 1:5     <0.05   

1:1 SCP-LPs <0.05   

 1:0 <0.05   

 1:3 <0.05   

 1:5  <0.05        
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Table C10 Statistical analysis data of particle size of LSCP-LPs with cryoprotectant  

          concentrations. (Cont.)           

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

1:3 SCP-LPs <0.05   

 1:0 <0.05   

 1:1  <0.05   

 1:5    <0.05   

1:5 SCP-LPs 0.97    

 1:0 <0.05   

 1:1  <0.05   

 1:3        <0.05   
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Table C11 PDI of LSCP-LPs with various cryoprotectant concentrations (n= 3; Mean±SD).                         

Cryoprotectant concentration 

(Molar ratio) 
PDI  

SCP-LPs 0.22±0.00 

1:0 Not detected (1.00±0.00)   

1:1 0.39±0.00 

1:3  0.27±0.00 

1:5    0.23±0.00      

 

 Table C12 Statistical analysis data of PDI of LSCP-LPs with cryoprotectant concentra- 

         tions.            

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

SCP-LPs 1:0 <0.05 0.32 1.48E+005  

 1:1 <0.05   

 1:3  <0.05   

 1:5    0.11   

1:0 SCP-LPs <0.05   

 1:1 <0.05   

 1:3  <0.05   

 1:5     <0.05   

1:1 SCP-LPs <0.05   

 1:0 <0.05   

 1:3 <0.05   

 1:5  <0.05        
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Table C12 Statistical analysis data of PDI of LSCP-LPs with cryoprotectant concentra- 

        tions. (Cont.)                

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

1:3 SCP-LPs <0.05   

 1:0 <0.05   

 1:1  <0.05   

 1:5    <0.05   

1:5 SCP-LPs 0.11    

 1:0 <0.05   

 1:1  <0.05   

 1:3        <0.05   
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Table C13 Zeta potential of LSCP-LPs with various cryoprotectant concentrations (n= 3;  

       Mean±SD).                             

Cryoprotectant concentration 

(Molar ratio) 
Zeta potential (mV) 

SCP-LPs -2.95±0.04 

1:0 -1.95±0.03 

1:1 -2.26±0.04 

1:3  -2.38±0.03 

1:5    -2.90±0.03   

 

 Table C14 Statistical analysis data of zeta potential of LSCP-LPs with cryoprotectant  

         concentrations.                

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

SCP-LPs 1:0 <0.05 0.55 466.31  

 1:1 <0.05   

 1:3  <0.05   

 1:5    0.43   

1:0 SCP-LPs <0.05   

 1:1 <0.05   

 1:3  <0.05   

 1:5     <0.05   

1:1 SCP-LPs <0.05   

 1:0 <0.05   

 1:3 0.01    

 1:5  <0.05        
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Table C14 Statistical analysis data of zeta potential of LSCP-LPs with cryoprotectant  

         concentrations. (Cont.)                

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

1:3 SCP-LPs <0.05   

 1:0 <0.05   

 1:1  0.01   

 1:5    <0.05   

1:5 SCP-LPs 0.43    

 1:0 <0.05   

 1:1  <0.05   

 1:3        <0.05   
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Table C15 Drug entrapment efficiency of LSCP-LPs with various cryoprotectant concen- 

        trations (n= 3; Mean±SD).                             

Cryoprotectant concentration 

(Molar ratio) 
Drug entrapment efficiency (%)  

SCP-LPs 97.56±0.85 

1:0 31.63±0.47 

1:1 32.67±0.42 

1:3  56.22±0.36     

1:5    73.28±0.93         

 

 Table C16 Statistical analysis data of drug entrapment efficiency of LSCP-LPs with cryo-

        protectant concentrations.                 

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

SCP-LPs 1:0 <0.05       2.34E+003 1.91E+004  

 1:1 <0.05   

 1:3  <0.05   

 1:5    <0.05   

1:0 SCP-LPs <0.05   

 1:1 0.03   

 1:3  <0.05   

 1:5     <0.05   

1:1 SCP-LPs <0.05   

 1:0 0.03    

 1:3 <0.05   

 1:5  <0.05            
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Table C16 Statistical analysis data of drug entrapment efficiency of LSCP-LPs with cryo-         

       protectant concentrations. (Cont.)                    

Cryoprotectant concentration 

(Molar ratio)     
p-value Mean Square  F-value 

1:3 SCP-LPs <0.05   

 1:0 <0.05   

 1:1  <0.05   

 1:5    <0.05   

1:5 SCP-LPs <0.05   

 1:0 <0.05   

 1:1  <0.05   

 1:3        <0.05    
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APPENDIX D 

X-RAY POWDER DIFFRACTION ANALYSIS DETAILS OF  

 BULK MATERIALS AND LSCP-LPs 

 

 

 

 

 

 

    

  

 

 

 

 

Figure D1 X-ray powder diffraction pattern of physical mixture.                     

 

Table D1 Details of X-ray powder diffraction analysis of physical mixture.   

List Degrees 2-Theta (°) Intensity (Counts/sec) 

1 11.70 14.62 

2 13.00 16.20 

3 16.58 14.63 

4 18.69 31.03 

5 20.64 43.62 

6 21.97 13.06 

7 25.06 47.17 

8 38.27 21.57  
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Figure D2 X-ray powder diffraction pattern of phosphatidylcholine.                  

 

Table D2 Details of X-ray powder diffraction analysis of phosphatidylcholine.    

List Degrees 2-Theta (°) Intensity (Counts/sec)  

1 8.19 5.77  

2 19.90 27.39 

3  30.01 8.94  
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Figure D3 X-ray powder diffraction pattern of cholesterol.                       

 

Table D3 Details of X-ray powder diffraction analysis of cholesterol.      

List Degrees 2-Theta (°) Intensity (Counts/sec)  

1 5.16 31.93 

2 10.52 12.24 

3 13.04 27.92 

4 14.08 61.24 

5 15.30 131.02 

6 16.83 158.07 

7 17.23 109.19 

8 18.04 92.91 

9 18.72 33.04 

10 19.35 36.65 

11 21.10 29.06 

12 23.47 20.46 

13 26.20 20.85  

81 



Ref. code: 25595709033111GDKRef. code: 25595709033111GDK

            

         

 

 

 

 

 

 

 

 

 

 

 

 

Figure D4 X-ray powder diffraction pattern of SCP.                       

 

Table D4 Details of X-ray powder diffraction analysis of SCP.       

List Degrees 2-Theta (°) Intensity (Counts/sec)  

1 27.11 3.82 

2 31.47 13.07 

3 45.26 3.69 

4 56.25 2.08  
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Figure D5 X-ray powder diffraction pattern of sucrose.                       

 

Table D5 Details of X-ray powder diffraction analysis of sucrose.        

List Degrees 2-Theta (°) Intensity (Counts/sec)  

1 11.74 127.69 

2 12.82 131.43 

3 13.20 219.27 

4 15.54 107.21 

5 16.74 75.02 

6 18.89 336.43 

7 19.64 299.46 

8 20.89 81.78 

9 24.79 327.59 

10 25.27 202.69 

11 31.06 75.34 

12 38.38 76.37 

13 54.12 44.19   
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Figure D6 X-ray powder diffraction pattern of LSCP-LPs.                            

 

Table D6 Details of X-ray powder diffraction analysis of LSCP-LPs.            

List Degrees 2-Theta (°) Intensity (Counts/sec)  

1 7.60 2.83 

2 13.01 3.90 

3 4.60 4.12 

4 20.72 4.37 

5 25.07 3.68 

6 27.19 3.80 

7 37.82 2.81 

8 45.73 2.80 

9 56.45 2.84 

10 57.73 2.22     
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APPENDIX E 

IN VITRO DRUG RELAESE PROFILES OF LSCP-LPs     

 

 

 

 

 

    

  

 

 

 

 

Figure E1 Zero-order kinetic model of LSCP-LPs.                            

 

Table E1 Details of zero-order kinetic model of LSCP-LPs.      

List %Cumulative drug released Time (Hour) 

1 1.41±0.11 0.00 

2 6.40±0.17 0.08 

3 11.74±0.20 0.25 

4 27.31±0.32 0.50 

5 43.49±0.39 1.00 

6 55.56±0.11 2.00 

7 62.21±0.23 3.00 

8 66.46±0.43 4.00 

9 68.62±0.38 5.00 

10 70.39±0.51 6.00  
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Figure E2 First-order kinetic model of LSCP-LPs.                            

 

Table E2 Details of first-order kinetic model of LSCP-LPs.         

List 
Log cumulative of  

% drug remaining   
Time (Hour) 

1 1.65±0.03 2.00 

2 1.58±0.12 3.00 

3 1.52±0.29 4.00 

4 1.49±0.08  5.00 

5 1.47±0.07 6.00  

6 1.45±0.11 7.00 

7 1.44±0.16  8.00   
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Figure E3 Higuchi’s model of LSCP-LPs.                                

 

Table E3 Details of Higuchi’s model of LSCP-LPs.           

List %Cumulative drug released  
Square root of time  

(Hour)  

1 55.56±0.11 1.41 

2 62.21±0.23 1.73 

3 66.46±0.43 2.00 

4 68.62±0.38 2.24 

5 70.39±0.51 2.45 

6 71.61±0.36 2.65 

7 72.56±0.44  2.83                 
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Figure E4 Hixson-Crowell model of LSCP-LPs.                                     

 

Table E4 Details of Hixson-Crowell model of LSCP-LPs.             

List Wo-Wt    Time (Hour)  

1 1.10±0.07 2.00 

2 1.29±0.11 3.00 

3 1.42±0.03 4.00 

4 1.49±0.20 5.00 

5 1.55±0.14 6.00  

6 1.59±0.09 7.00 

7 1.63±0.18  8.00    
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