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Eudragit® nanoparticles appear to be a suitable inert carrier for ophthalmic drug delivery 

due to their capability to form nanodispersion with smaller particle size, positive surface 

charge, good stability, biocompatibility and absence of any irritant effect on the cornea, 

iris, and conjunctiva. Sulfacetamide loaded polymeric nanosuspension was prepared from 

an inert polymer resin (Eudragit® RL 100) with the aim of improving the availability of 

sulfacetamide at the intraocular level and thereby reducing the frequency of dosing for 

bacterial infections in the eye. Nanosuspensions were prepared by the solvent 

displacement method using acetone and 1% (w/v) Pluronic® F108 solution. Drug to 

polymer ratio was chosen at four levels: 10/100 (B1), 20/100 (B2), 30/100 (B3), 40/100 

(B4) (by weight). Characterization of nanosupension was performed by measuring 

particle size, zeta potential, Fourier Transform infrared spectra (FTIR), Differential 

Scanning Calorimetry (DSC), Powder X-Ray Diffraction (PXRD), drug entrapment 

efficiency and in vitro release. In addition, freeze drying, redispersibility and short term 

stability study at room temperature and at 40C were performed. Spherical, uniform 
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particles (size below 500 nm) with polydispersity index range of 0.414 to 0.67 and 

positive zeta potential were obtained. Positive surface charge can allow a longer 

residence time of nanoparticles on the cornea surface, with a consequence slower drug 

release and higher drug concentrations in the aqueous humor, compared to classical eye 

drop. No significant drug polymer interaction was observed in the solid state 

characterization of freeze dried nanosuspension using DSC, PXRD, FTIR. Drug 

entrapment efficiency was found to be in the range of about 28% to about 35%. In order 

to increase drug entrapment efficiency, selected batch was chosen to study the effect of 

changing polymer content, pH of external media and incorporation of polymethyl 

methacrylate (PMMA) on drug entrapment efficiency. Changing the external phase pH 

and incorporation of PMMA significantly increased drug entrapment efficiency of 

nanoparticles. No significant change in average particle size was observed after storage at 

room temperature and at 40C. Freeze dried nanosuspesnions were easily redispersed after 

manual hand shaking. Both batch of B3 containing 5% sucrose and 5% mannitol as 

cryoprotectant exhibited good redispersibility in water. The results indicate that 

formulation of Sulfacetamide in Eudragit® RL 100 nanosuspension could be utilized as 

potential delivery system for treating ocular bacterial infections. 
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Chapter One 
 
 
 
 
Introduction 
 
 
 
 
An ideal drug therapy achieves effective concentration of drug at the target for a specified 

period of time in order to minimize general and local side effects. An exciting challenge 

for developing suitable drug delivery systems targeted for ocular diseases is one of 

today’s major focuses of pharmaceutical scientists. Conventionally, most ocular diseases 

or disorders are treated with water-soluble drugs in aqueous solution while water-

insoluble drugs in ointments or aqueous suspension (1). However, there are several 

disadvantages such as: frequent installation of highly concentrated solutions due to rapid 

tear turnover and precorneal loss (2); large volume of the instilled dose (20-50 μl vs 7-8 

μl of the tear film (3); irritation caused by drug penetration; drug solubility and stability 

in the eye fluids, difficulty in passing the blood-corneal barrier (4). The precorneal half-

life is considered to be 2-3 minutes after installation of an excess volume of fluid (5). 

Typically less than 5% of the topically applied drug penetrates the cornea and reaches the 

posterior segment of the eye (6). A major fraction of the instilled dose is absorbed 

systematically via the nasolachrymal duct. This may cause systemic adverse effects such 

as trachycardia, hypertension, bronchial asthama e.g. Timolol ophthalmic solution (7). 
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There are several new ophthalmic drug delivery systems under investigation such as: 

hydrogels (8); microparticles (9); nanoparticles (10); liposomes (11); collagen shields 

(12); ocular inserts/discs (13); dendrimers (14); and transcorneal iontophoresis (15).  

Nanoparticles have been found to be the most promising of all the formulations 

developed over the past 25 years of intense research in ocular therapeutics due to their 

sustained release and prolonged therapeutic benefit.  Polymeric nanoparticles are also 

able to target diseases in the posterior segment of the eye such as age-related macular 

degeneration, cytomegalovirus retinitis, diabetic retinopathy, posterior uveitis and 

retinitis pigmentosa (16). Nanoparticles are solid, submicron, colloidal particles ranging 

in size from 10 to 1000 nm, in which drug can be dissolved, entrapped, adsorbed or 

covalently attached (17). These colloidal particles can be applied in the liquid form just 

like eye drops and reduce discomfort caused by application of semisolid ointments. They 

are patient friendly due to less frequent application, extended duration of retention in the 

extraocular portion without blurring vision. 

Sulfacetamide is a sulfonamide antibiotic used to treat pink eye (conjunctivitis) (18), 

blepheritis (infection in the eye lid) (19), trachoma (leading cause of infectious blindness 

globally) (20), corneal ulcer (21) and other ocular diseased conditions (22). They are 

bacteriostatic in nature and inhibit bacterial synthesis of dihydrofolic acid by preventing 

condensation of pteridine with aminobenzoic acid through competitive inhibition of the 

enzyme dihydropteroate sunthetase (23). The drug is marketed as Ophthalmic solution of 

its sodium salt, in a USP concentration of 10% (w/v) under the brand name Bleph®-10. 
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The usual adult dose for conjunctivitis is 1 to 2 drops into the conjunctival sac every 2 to 

3 hours for 7 to 10 days (24). The drug has an ionization constant of 5.4 and an 

elimination half-life of 7 to 13 hours (24).  

Polymeric nanosuspensions, prepared from Eudragit® RL 100 and RS 100,  have been 

investigated extensively for the ocular delivery of ibuprofen(25, 26), flurbiprofen (27, 

28), cloriocromene (29), piroxicam(30), methyl prednisolone (31), and amphotericin B 

(32). They are cationic copolymers of methacrylate with 4-12% quaternary ammonium 

groups. They are inert polymer resins, insoluble at physiologic pH but have swelling 

properties. They are approved by USFDA as a excipient for controlled drug delivery.  

Due to their capability to form nanodispersions with smaller particle size, positive surface 

charge, good stability, absence of any irritant effect on the cornea, iris, and conjunctiva, 

Eudragit® nanoparticles appear to be a suitable inert carrier for ophthalmic drug delivery. 

The most simple method to prepare drug loaded nanoparticles is the nanoprecipitation or 

solvent displacement method, developed by Fessi et al (33). The method is based on the 

interfacial deposition of a polymer following displacement of a semi-polar solvent 

miscible with water. The technique is easy, less complex, less energy consuming as well 

as widely applicable without any additives for the manufacturing of defined nanospheres 

(34). However, entrapment of hydrophilic drug substances is very difficult in this method 

due to the low affinity of the drug and polymer.  Ideally, nanoparticles with high drug 

entrapment efficiency will reduce the quantity of carrier required for the administration of 

a sufficient amount of drug at the target site, as well as drug wastage during 
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manufacturing.  There are several methods already reported in the literature to modify 

drug entrapment efficiency utilizing the nanoprecipitaion method. These include: 

changing the pH of the inner/external phase; addition of excipients (fatty acids, 

oligomers); replacing the salt form of the drug with the base form; and the addition of salt 

to the aqueous phase (35, 36). 

Currently, no attempt has been made to encapsulate sulfacetamide inside a polymeric 

nanoparticulate carrier which could facilitate the drug delivery to the ocular surface. 

Sensoy et al (37) has recently reported effectiveness of the treatment of ocular keratis in 

rabbit eye using bioadhesive sulfacetamide sodium microspheres consisting of pectin, 

polycarbophil and hydroxypropylmethyl cellulose. The observed in vivo corneal uptake 

of drug loaded polymeric nanoparticles was reported to be higher compared to 

microparticles after topical application to the albino rabbit eye (38). 

Therefore, an attempt was made to prepare and characterize Sulfacetamide loaded 

Eudragit® RL 100 nanosuspensions intended for the treatment of ocular infections. 

Nanosuspensions were prepared by the solvent displacement method using acetone and 1 

% (w/v) Pluronic® F108 solution. Physicochemical characterization of the 

nanosuspension was performed by measuring particle size, zeta potential, drug 

entrapment efficiency and in vitro drug release. Solid state characterization of the freeze 

dried nanosuspension was performed by Fourier Transform InfraRed (FTIR), Differential 

Scanning Calorimetry (DSC) and Powder X-Ray Diffraction (PXRD). These techniques 

allow us to understand the thermal behavior, drug crystallinity and possible occurance of 
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drug polymer interaction for nanosuspension. The effect of changing polymer content, 

pH of the external media, addition of polymethyl methacrylate (PMMA) on drug 

entrapment efficiency was studied for the selected batch. Freeze drying and 

redispersibility of the lyophilized samples were performed. Short term stability for 1 

month for the selected batch was performed. The delivery system was intended to 

enhance ocular availability without blurring vision and reducing the frequency of dosing 

in conjunctivitis leading to patience compliance. Positive surface charge of nanoparticles 

can allow longer residence time for the drug on the eye surface by increasing the 

interaction of nanoparticles with the glycoprotein of the cornea and conjunctiva. It can 

form a precorneal depot resulting in the prolonged release of the bound drug from 

nanoparticles. 
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Chapter Two 
 
 
 
 
Nanoparticulate Drug Delivery System 
 
 
 
 
2.1. Introduction 

Nanoparticles have become one of the most active areas of research in the field of drug 

delivery due to their ability to deliver drugs to the right place, at appropriate times, and in 

the right dosage (1). They have received considerable attention over the past 20 years due 

to their advantages compared to other drug delivery systems. These advantages include: 

targeted delivery of drugs to the specific site to minimize toxicity; improved 

bioavailability by reducing fluctuations in therapeutic ranges; improved stability of drugs 

against enzymatic degradation; sustained and controlled release effect that reduces dosing 

frequency with improved patience compliance; and the ease of administering through 

various routes including oral, nasal, pulmonary, intraocular, parenteral and transdermal 

(2). 

Nanotechnology focuses on synthesizing biocompatible nanocomposites such as 

nanoparticles, nanocapsules, micellar systems (3) and nanoconjugates (4) for delivering 

small molecular weight drug as well as macromolecular therapeutic agents. Nanoparticles 
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can be defined as solid, sub-micron, colloidal particles ranging in size from 10 nm to 

1000 nm in diameter, generally but not necessarily made of natural or synthetic polymers, 

in which drugs can be adsorbed, entrapped, encapsulated or covalently attached and are 

produced by mechanical or chemical means (5). The term “Nanoparticles” includes – 

Nanocapsule (Reservoir device) in which the drug is confined to an aqueous or oily core 

surrounded by a shell-like wall and Nanosphere (Monolithic/matrix device) in which the 

drug is adsorbed, dissolved, or dispersed throughout the matrix (6) as seen in Figure 2.1. 

Depending on the type of material or carrier used, four broad classes of nanoparticles are 

recognized: Polymeric nanoparticles (2), Lipid based nanoparticles (7), Metal based 

nanoparticles (8) and Biological nanoparticles (9). 

 

 

Figure 2.1: Structure of the polymeric nanospheres and nanocapsules (10) 

 

2.1.1 Advantages over Microparticles 

• They have higher intracellular uptake compared to micro particles. (1,11) 
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• They are better suited for I.V. delivery since the smallest blood capillaries in the 

body is about 5-6 μm.  

2.1.2 Advantages over Liposomes (12): 

• They have better stability in biological fluids and during storage 

• Their preparation is more amenable to scale up 

• They have the unique ability to create a controlled release product 

 

2.1.3 Materials used for preparation of nanoparticles 

Nanoparticles can be prepared from a variety of materials such as metals (silver, gold, 

platinum, silicon) (8), as well as polymers (10) and lipids (7). Researchers have 

developed virus based nanoparticles for tissue-specific targeting and imaging agents in 

vivo (9). Potential improvements in the field of polymer chemistry have made polymers 

the most suitable carrier for delivering small and macromolecules. Polymeric materials 

can be classified broadly as natural polymers and synthetic polymers (Table 2.1).  

The selection of materials for preparing nanoparticles depends upon consideration of the 

following factors (2): 

• Size and surface characteristics of the particle desired. 

• Aqueous solubility and stability of drugs or active ingredients. 

• Degree of biodegradability, biocompatibility and toxicity. 

•  Drug release profile desired. 

• Antigenicity of the polymers. 
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Table 2.1: Most widely used polymers for preparing nanoparticles in drug delivery (10) 

Material Full name Abbreviation or  

commercial names* 

 

Synthetic 
homopolymers 

Poly (lactide) 

Poly (lactide-co-glycolide) 

Poly (epsilon-caprolactone) 

Poly (isobutylcyanoacrylate) 

Poly (isohexylcyanoacrylate) 

Poly (n-butylcyanoacrylate) 

Poly (acrylate) and Poly(mathacrylate) 

PLA 

PLGA 

PCL 

PICBA 

PIHCA 

PBCA 

Eudragit* 

 

 

Natural polymers 

Chitosan 

Alginate 

Gelatin 

albumin 

 

 

 

Copolymers 

Poly ( lactide)- poly ( ethylene glycol) 

Poly (lactide-co-glycolide)- poly (ethylene 
glycol) 

Poly (epsilon-caprolactone)- poly (ethylene 
glycol) 

Poly (hexadecylcyanoacrylate-co-poly 
(ethylene glycol) cyanoacrylate) 

PLA- PEG 

PLGA-PEG 

 

PCL-PEG 

 

Poly (HDCA-PEGCA) 

 

Colloid stabilisers 

Dextran 

Pluronic  F68 

Poly (vinyl alcohol) 

Co polymers  (see above) 

Tween®20 and Tween® 80 

 

F68 

PVA 

 

 



 

 

10 

 

2.2. Methods for the preparation of nanoparticles 

2.2.1 Dispersion of preformed polymers 

2.2.1.1. Emulsification-solvent evaporation 

The emulsification-solvent evaporation method was the first method used to prepare 

biodegradable and injectable lattices by Gurny et al (13). Briefly, both the drug and  

polymer are dissolved in a volatile, water immiscible organic solvent such as dicholoro- 

  

Figure 2.2: Schematic representation of the emulsification-solvent evaporation method 
                      (25) 

 

-methane, chloroform or ethyl acetate. The organic phase is then emulsified as 

nanodroplets in an aqueous surfactant (such as Polyvinyl alcohol, Pluronic etc.) solution 

using high energy homogenizer or sonicator (14). The polymer precipitates as 

nanospheres and subsequently the organic phase is evaporated using a rotary evaporator 

or by continuous stirring (15) as represented in Figure 2.2. The parameters which affect 
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particle size are the stirring rate, type and amount of dispersing agent, viscosity of the 

organic and aqueous phases, and temperature (14). The method can also be applied to 

prepare amphiphilic copolymers including PEG-PLA, PEG-PLGA, PEG-PCL, PEG-

PACA and polysaccharide-PCL without the need of any surfactant (16 - 18). Various 

lipophilic and hydrophilic drugs such as indomethacin (19), cyclosporine A (20), 

loperamide (21), praziquantel (22), tetanuous toxoid (23) and testosterone (24) have been 

encapsulated in polymeric nanoparticles using this method. 

2.2.1.2 Solvent displacement and interfacial deposition method 

One of the easiest and reproducible techniques for preparing nanospheres was the solvent 

displacement (also called nanoprecipitation) method developed by Fessi et al (26) and has 

been widely used to prepare nanoparticles (27 - 29). The method is based on the 

precipitation of preformed polymer following displacement of a semipolar solvent 

miscible with water in the presence or absence of surfactant (26). The basic principle of 

this technique is similar to spontaneous emulsification of the organic phase containing 

drug and polymer into the external aqueous phase. Three basic ingredients are needed for 

this method: polymer, polymer solvent and non-solvent for the polymer. In brief, both the 

polymer and drug are dissolved in a water miscible organic solvent (polymer solvent 

phase) of intermediate polarity (e.g. acetone and ethanol). The resulting organic phase is 

injected into a stirred aqueous phase (non-solvent phase) containing a surfactant as 

stabilizer. The nanoparticles are formed instantaneously during the rapid diffusion of the 
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organic phase into the aqueous phase as shown in Figure 2.3. Two important parameters 

affecting the physicochemical properties of the prepared nanoparticles include (30): 

• Miscibility of the organic solvent with the nonsolvent; 

• Nature of the polymer solvent interactions; and 

• Concentration of the polymer in the organic phase.  

 

Interfacial deposition is an emulsification/solidification technique which allows 

production of nanocapsules when nontoxic oil (such as benzyl benzoate) is incorporated 

into the organic phase (31). The polymer deposition occurs at the interface between the 

water and finely dispersed oil phase forming nanocapsules with a shell-like wall (32 - 

33). The method has been adapted to various polymeric materials such as PLA (34), 

PLGA (35), PCL (36), peptides (37), cyclodextrins (38) and various drugs (39 - 40). 

 

Figure 2.3: Schematic representation of the solvent displacement technique (25) 
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2.2.1.3 Emulsification–solvent diffusion  

The emulsification solvent diffusion or emulsification-solvent displacement method is the 

widely used method for preparing nanoparticles due to several advantages. These include 

high drug entrapment efficiency for poorly water soluble drugs, narrow particle size 

distribution, high batch-to-batch reproducibility, no homogenization required, simplicity, 

ease of scale up and rapid organic solvent extraction (41). The drug and polymer usually 

PLA, PLGA, PCL or Eudragit are dissolved in a partially water soluble solvent. 

Commonly used solvents are propylene carbonate, benzyl alcohol, ethyl acetate, 

isopropyl acetate, methyl acetate, methyl ethyl ketone, butyl lactate or isovaleric acid  

(42). The organic phase is saturated with water to ensure the initial thermodynamic 

equilibrium. It is then diluted with an extensive amount of pure water to facilitate 

diffusion of the organic solvent from the organic phase droplets leading to the 

precipitation of the polymer as presented in Figure 2.4. The aqueous phase may contain 

surfactants such as Pluronic, PVA and sodium taurocholate while the organic phase 

sometimes contains soy lecithin as the emulsifier (42). Finally, the solvent is eliminated 

by evaporation or filtration, depending upon the boiling point. Several parameters can 

affect the size of the nanoparticles such as miscibility of the water with the organic 

solvent (43), stirring rate, concentration of the surfactant(s) and concentration of the 

polymer is the organic phase (44, 45). Nanocapsules are successfully prepared by this 

method when a small amount of oil is incorporated into the organic phase (46). The 

disadvantages of this method include: long time required to remove the high volume of 

water and leakage of water soluble drugs during processing.   
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Figure 2.4: Schematic representation of the emulsification-solvent diffusion method (25) 

 

2.2.1.4 Salting out method 

The salting-out procedure can be considered as a modification of the 

emulsification/solvent diffusion method. The separation of a water miscible solvent from 

aqueous solution is achieved via a salting-out effect (Figure 2.5). Briefly, a water 

miscible organic solvent, usually acetone, containing polymer and drug is added drop 

wise to an aqueous phase saturated with an electrolyte or non-electrolyte (such as 

magnesium chloride, calcium chloride or sucrose) with a colloidal stabilizer (such as 

polyvinyl pyrrolidone) under agitation to form an o/w emulsion (47). A sufficient volume 

of water is added to enhance the diffusion of acetone to the water phase and nanospheres 

are thus obtained (48). The technique offers advantages such as the avoidance of 

chlorinated solvents and surfactants, minimization of stress for protein encapsulants (49), 

useful for heat-sensitive substances (50), high encapsulation efficiency and easy scaling 

up. The method is not popular because of the extensive washing steps required to achieve 
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purity of the nanoparticles (51) and the possibility of incompatibility between drugs and 

salts.  

 

Figure 2.5: Schematic presentation of salting out method of preparing nanospheres (25) 

 

2.2.2 Polymerization method 

In the polymerization method, monomers are polymerized to form nanoparticles in 

aqueous solution. The polymerization method can be classified into emulsion and 

interfacial polymerization.  The emulsion polymerization method is the fastest and 

scalable method of producing nanoparticles (52). It can be classified into two categories; 

continuous organic phase or continuous aqueous phase methodology depending on the 

use of the continuous phase. In general, the monomer is dissolved into an organic or 

aqueous continuous phase. Additional monomer molecules are then emulsified into the 

emulsion droplets that are stabilized by surfactant. The polymerization is started by 

chemical initiation, pH shift or by irradiation of gamma, ultraviolet or visible rays. In the 

continuous phase, chain growth starts when the initiated monomer ion or monomer 

radical collide with each other and forms aggregates which are stabilized by polymeric 

emulsifier particles. This mechanism is known as anionic polymerization (53). Several 
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materials are used to produce nanoparticles such as polyacrylamide (54), 

poly(methylmethacrylate) (55), polybutylcyanoacrylate  (56), poly(hexylcyanoacrylate) 

(57) and poly(dialkylmethylidene malonate) (58).    

The interfactial polymerization method is generally used to prepare nanocapsules using 

oily components such as benzyl benzoate or migliol (59) along with an organic solvent. 

In this case, polymerization occurs at the interface between the oily and aqueous phase to 

produce nanocapsules spontaneously. The nanocpsules are stabilized with the help of 

surfactant added in the aqueous phase. The technique is advantageous from the 

standpoint of producing nanocapsules with high drug entrapment efficiency with 

hydrophilic insulin (60). This process was used to produce nanoparticles of 

polyethylcyanoacrylate (61), poly (isobutylcyanoacrylate) (62) and poly 

(isohexylcyanoacrylate) (63). 

Interfacial polycondensation is another method by which lipophilic monomer, such as 

phtaloyldichloride, and hydrophilic monomer, such as diethylenetriamine, is condensed 

to prepare nanocapsules in the presence or absence of surfactant (64). It is a spontaneous 

emulsification technique in which the organic phase contains a water miscile solvent, 

lipophilic polymer and the oil, whereas the aqueous phase contains hydrophilic monomer 

and surfactant. The polycondensation reaction occurs at the interface of the oil droplets to 

form an oil-in water emulsion and subsequently nanocapsules (65). By using the 

modified interfacial polycondensation method, encapsulation and stability of an oily 
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drug, alpha-tocopherol, was improved by the use of polyurethane and poly 

(etherurethane) (66). 

2.2.3 Coacervation and ionic gelation method 

Much research has been focused on preparing nanoparticles from natural hydrophilic 

polymers such as chitosan (67 - 69), albumin (70), gelatin (71), sodium alginate (72), 

agarose (73) and gliadin (74). Coacervation is a process during which is a homogenous 

solution of charged macromolecules undergo liquid-liquid phase separation producing a 

separated phase of polymer rich particles (75). In the ionic gelation method, the positive 

or negative charge of the hydrophilic polymer is complexed with a multivalent cationic 

(calcium chloride) or polyanionic (sodium tripolyphosphate) to form highly viscous gel 

particles with a size in the range of a nanometer. Calvo et al developed a method for 

preparing chitosan nanoparticles by this method (76).    

2.2.4 Production of nanoparticles using supercritical fluid technology 

Recently, supercritical or compressed fluids have been utilized as an alternative way to 

prepare biodegradable nanoparticles (77). This new technique obviates the use of toxic 

organic solvents associated with conventional methods. Two techniques are most 

commonly used for preparing nanoparticles – Supercritical anti-solvent (SAS) and Rapid 

Expansion of Critical Solution (RESS). In the SAS method, solutes are dissolved in 

methanol which is completely miscible with supercritical fluids. The extraction of 

methanol by the supercritical fluids leads to an instantaneous precipitation of the 

nanoparticles (78). Dexamethasone phosphate nanoparticles were prepared by this 
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method. In the RESS method, solutes are dissolved in the supercritical fluid and the 

solution is expanded through a small nozzle into a region of lower pressure (79). The 

solutes eventually precipitate as nanoparticles. Insulin loaded PEG/PLA nanoparticles 

were prepared by this method (80). The technique is very expensive and requires 

elaborate recycling measures. 

2.3. Separation and purification techniques of nanoparticles 

Depending on the method of preparation, potentially toxic impurities can be present in 

the nanoparticulate suspensions. These impurities are organic solvents, surfactants, 

residual monomers, polymerization initiators and large polymer aggregates (81). 

Separation of the drug entrapped nanoparticles from free polymer and unentrapped drugs 

is a very critical step in producing pure nanoparticles.  The separation can be achieved by 

using Ultracentrifugation (82), crossflow microfiltration (83), Gel filtration (84), Dialysis 

(85) and Diafiltration (86). 

2.4. Stability of nanoparticles 

There are several physical and chemical factors that play a major role in the instability of 

prepared nanoparticles. The overall stability can be classified into two types: Physical 

and chemical stability. 

2.4.1. Physical Stability 

The colloidal submicron particles in homogenous suspension do not sediment due to the 

continuous thermal motion of the particles known as Brownian motion. Gravitational 

forces which cause the particles to sediment are opposed by Brownian motion.  At 
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colloidal size range, the particles tend to remain suspended since Brownian motion 

dominates over gravitational forces (87). Random collision of suspended particles of 

various surface charge content and shape often lead to agglomeration and subsequent 

settling of the particles. In order to avoid this phenomenon, a suitable stabilizer such as 

PVA, DMAB, Pluronic or phospholipids is used. Magneheim et al investigated the PLA 

particle aggregation due to the absorption of nifedipine molecules which displaces a part 

of the steric stabilized surface layer (88). Charged stabilized particles are often reported 

to coagulate when counter ions are absorbed within the electrical double layer (89). 

2.4.2. Chemical Stability 

There are several factors which contribute to chemical instability of nanoparticles such as 

storage conditions including temperature and pH, chemical stability of entrapped drugs as 

well as the type and molecular weight of the polymer used. Biodegradable polymeric 

nanoparticles are generally stored at 4-50C for improving stability (90). Polymer 

degradation by hydrolysis was observed at extreme conditions of pH and temperature 

which the best stability was observed when the aqueous medium pH was adjusted to 

physiological pH (91). The overall stability of a nanoparticle formulation also depends on 

the chemical stability of the entrapped drugs. Most of the drugs have a pH dependent 

degradation profile and sometimes show photo degradation.  Therefore, to reduce drug 

degradation and improve the stability of the nanoparticle formulation, freeze drying is 

most commonly used. 
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2.5. Freeze drying of nanoparticles 

In order to remove the water from the nanoparticle system, freeze drying, also known as 

lyophilization is most commonly used. The basic principle of freeze drying is to remove 

water from a frozen sample by sublimation and desorption under vacuum (92 - 93). 

However, the process could generate various stresses which could cause instability of 

particles. In order to protect the particles from freezing and dessication stresses, 

cryoprotectants and lyoprotectants are incorporated into the formulation before freeze 

drying. Besides using these agents, other several excipients are commonly incorporated 

into the formulation for various purposes, as shown in Table 2.2.  

Most commonly used cryoprotectants include sugars such as trehalose, sucrose, glucose, 

amnnitol, fructose, lactose and maltose (95 - 98). These saccharides act as a spacing 

matrix to prevent particle agglomeration. Freeze drying is generally carried out below the 

Tg´ temperature or Teu temperature (eutectic crystallization temperature) so that 

nanoparticles can be immobilized within the glassy matrix of the cryoprotectants (99).  

2.6. Physicochemical properties of nanoparticles 

2.6.1. Particle size 

Nanoparticles have relatively higher intracellular uptake as compared to microparticles 

(100).  They were able to penetrate throughout the submucosal layers while the larger 

size microparticles localized in the epithelial lining (101). Nanoparticles are also reported 

to cross the blood brain barrier following the opening of the tight junctions by 

hyperosmotic barrier (103). Drug release and polymer degradation are alos affected by 
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Table 2.2: Excipients used in freeze drying of nanoparticle suspension (94) 

 

Type 

 

Function 

 

 

 

             Substance 

 

Bulking 
agents 

 

Provide bulk to the formulation 
specially when the concentration 

of the product to freeze dry is 
very low 

 

Hydroxymethyl stach, trehalose, 
mannitol, lactose and glycine 

 

 

Buffers 

 

Adjust pH changes during 
freezing 

 

Phosphate, Tris HCl, citrate and 
histidine 

Stabalizers 

 

Protect the product during freeze 
drying against the freezing and 

the drying stresses 

Sucrose, lactose, glucose, 
trehalose, glycerol, mannitol, 

sorbitol, glycine, alanine, lysine, 
poly ethylene glycol, dextran and 

PVP. 

Tonicity 
adjusters 

Yield an isotonic solution and 
control osmotic pressure. 

Mannitol, sucrose, glycine, 
glycerol and sodium chloride. 

Collapse 
temperature 

modifiers 

Increase collapse temparature of 
the product to get higher drying 

temperature 

Dextran, hydroxypropyl-β-
cyclodextrin, PEG, poly (vinyl 

pyrrolidone). 
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the size distribution of nanoparticles. Larger particles allow more drug to encapsulate 

inside the hyperosmotic mannitol for sustained delivery of drugs to brain tumors (102). 

Polysorbate 80 coated nanoparticles were also reported to enhance drug delivery across 

blood-brain core and slowly diffuse the drug molecules (104). The rate of polymer 

degradation of PLGA nanoparticles was increased with increasing the particles size 

(105). 

2.6.2. Surface charge 

An important characteristic of nanoparticles is the surface charge which determines the 

physical stability in the formulation, in vivo distribution and targeting ability of 

nanoparticles. The zeta potential is the measure of the amount of charge on the particle 

and represents an index of particle stability. A physically stable nanosuspension 

stabilized by electrostatic repulsion should have a minimum zeta potential value of ± 30 

mV (106). The stability is increased when negative zeta potential is lowered by the 

addition of PEG (107). The zeta potential also indicates whether the charged active 

material is encapsulated within the center or adsorbed onto the surface of the 

nanoparticles. Thus consideration of the zeta potential is important in preventing 

aggregation of the particles.  

2.6.3. Surface hydrophobicity 

Following intravenous administration, hydrophobic nanoparticles are easily recognized 

by the mononuclear phagocytic system. Thus, they are rapidly opsonized and massively 

cleared by macrophages of the liver, spleen, lungs and bone marrow (108). Thus in order 
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to minimize opsonization and prolong blood circulation of nanoparticles in vivo, the 

surface of the hydrophilic nanoparticles must be modified. There are two general 

approaches employed for this purpose. One is the surface coating of nanoparticles with 

hydrophilic polymers such as  polyethylene glycol (PEG), chitosan (109) or surfactants 

such as poloxamers or poloxamines (110). The second approach is the use of 

biodegradable copolymers having hydrophilic segments such as PLA-PEG (111). PEG 

functionalized nanoparticles are not taken up by the body and often called as “stealth 

nanoparticles” (112). 

2.6.4. Drug loading 

Loading of the drug inside nanoparticles can be achieved by two methods: the 

incorporation method and the adsorption/absorption method. There are several factors 

which can affect drug loading and entrapment efficiency of nanoparticles such as drug 

solubility in the polymer matrix, molecular weight, drug polymer interaction and 

presence of end carboxylic groups (113 - 115).  Ideally a nanoparticulate system should 

have high drug loading capacity in order to reduce the quantity of polymer required. 

2.6.5. Drug release 

One of the most important applications of polymeric nanoparticles is the sustained and 

controlled delivery of drugs. Various factors such as solubility of drug, desorption, drug 

diffusion, particle matrix degradation or erosion can affect drug release. Smaller particles 

have higher initial burst release caused by poorly entrapped drug or drug adsorbed onto 

the surface of the nanoparticles (116). Larger particles have longer sustained release with 
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smaller initial burst release. It is also possible to alter the release rate from PLA-PEG-

PLA copolymer by changing the amount of PEG or the molecular weight of the polymer 

(117). Various methods can be used to study the in vitro release of drug from 

nanoparticles such as diffusion cell, dialysis bag diffusion, agitation followed by 

ultracentrifugation or ultra filtration.  

 2.7. Application of Nanoparticles in Drug Delivery Systems 

Association of anticancer drugs or cytotoxic agents with nanoparticles has resulted in 

efficient drug penetration, cell internalization, controlled release, and reversion of 

multidrug resistance and protection from premature inactivation during transport, 

reduction of toxicity to healthy cells or tissues (118). Nanoparticles fight against cancer 

by the indirect mechanism by the uptake in neighbouring cancer cells via the enhanced 

permeation and retention effect or active targeting with ligand decorated nanoparticles 

(119).   

Stealth nanoparticles which are invisible to macrophages have prolonged blood 

circulation time. They can easily gain access to most tumors located outside the MPS 

system. Thus coating of nanoparticles with hydrophilic polymers such as poloxamers or 

polysorbates provides a dynamic cloud of polymer chains at the particle surface (120). 

These coated particles evade the MPS system by resisting the binding of plasma proteins 

required in opsonization. Coadministrations of P-glycoprotein inhibitors such as 

verapamil and antitumor drugs in nanoparticles have proven to be effective in the 

treatment of multidrug resistant tumors (121). 
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Nanoparticles are utilized as drug delivery vehicles to deliver drugs and therapeutic 

peptides across the blood brain barrier to treat brain tumors, Alzheimers disease, prion 

disease and other neurological disorders. Receptor mediated transcytosis is the most 

probable mechanism for the brain uptake of naoparticles (122). Polysorbate 80-coated 

nanoparticles have been shown to increase permeation of several agents across the blood 

brain barrier including the polar hexapeptide dalargin (123), tubocurarine (124), 

loperamide (125) and doxorubicin (126). 

Pulmonary delivery of drugs and biotherapeutics including Insulin contained within 

nanoparticles are attractive for noninvasive and sustained targeted delivery for both local 

and systemic application. Most commonly chitosan, alginate and PLGA are the 

nanocarrier materials used for pulmonary delivery of Insulin (127), antitubercular drugs 

(128) and antifungal drugs (129).  

In order to overcome the various problems associated with ocular administration of drugs 

such as rapid precorneal loss, poor drug absorption into the posterior segment of the eye, 

rapid tear turnover etc, nanoparticulate drug delivery systems have been investigated as a 

novel approach to enhance ocular availability of drugs and therapeutic agents (130 - 132). 

Several drugs including amikacin, betaxolol, indomethacin, ibuprofen, flurbirpofen, 

pilocarpine, hydrocortisone and timolol were encapculated inside polymeric nanocarriers 

for ocular administration.  

Nanoparticles containing absorbed antigens have been investigated as strategy for oral 

immunization for systemic and mucosal immunity. Biodegradable nanoparticles 
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containing staphylococcal enterotoxin B toxoid and tetaneous toxoid have shown to have 

long lasting immune response in animals (133 - 134). 

Sustained release of DNA from nanoparticles intracellularly would be effective in 

achieving gene expression to the target tissue in conditions such as cardiac and limb 

ischeamia, angiogenesis and bone regeneration (135). Plasmid DNA loaded nanoparticles 

has been shown to protect enzymatic degradation of nucleotides from nucleases due to 

rapid endolysosomal escape into the cytosolic compartment (136). 
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Chapter Three 
 
 
 
 
Laser Light Scattering 
 
 
 
 
3.1 Introduction 

Laser Light scattering is the alteration of the direction and intensity of a laser light beam 

that strikes an object (1). This is caused by the combined effects of reflection, refraction 

and diffraction. The samples may be solid particles suspended in a liquid, solid particles 

or liquid particles suspended in a gaseous media (aerosols). Two different laser light 

scattering techniques are used to determine the particle size distribution of solid liquid 

dispersions: Static laser light scattering and Dynamic light scattering. 

3.2 Static Laser Light scattering 

3.2.1 Introduction 

This technique is also known as “Laser diffraction”, “Rayleigh” scattering, low-angle 

laser light scattering (LALLS), Fraunhofer diffraction. Measurement of particle size and 

distribution using laser diffraction has become preferred choice for wide range of samples 

(2,3).  
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3.2.2 Basic Principle 

The interaction of laser light with particles produces a scattering pattern due to reflection, 

refraction and/or diffraction phenomena (Figure 3.1). The basic assumption of laser 

diffraction, when determining particle size, is based on the fact that a particle passing 

through a laser beam will scatter light at an angle based on their size and the refractive 

index of the material under study. The intensity of the scattered light can be affected by 

particle size, refractive index, number of particles, angle of observation as well as the 

wavelength of light. The higher the refractive index of the particles relative to the 

medium, the more light that will be scattered. Scattering intensity will be high for larger 

particles at narrow angles, whereas intensity will be low and isotropic for smaller 

particles at wider angles. The instrument reports the volume fraction of a given size range 

rather than the number of particles since the scattering intensity is proportional to the 

cross section (D2) of the particles. 

 

Figure 3.1: Interaction of light with particles (1) 
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Two different optical models are used to calculate the particle size distribution for laser 

light scattering experiments: the Fraunhofer Approximation (4,5) and Mie Theory (6). 

The Fraunhofer approximation assumes the particles are opaque, two dimentional, large 

circular discs and describes light scattering from the edges of an object. The Mie theory is 

a powerful tool to calculate size distribution based on refractive index differences 

between the particles and dispersion medium. The Mie theory holds true for spherical, 

isotropic particles illuminated by monochromatic light. 

3.2.3 Instrumentation 

The major components of a typical Laser Diffraction instrument are shown in Figure 3.2. 

A laser source along with beam expander is used to produce an extended, parallel, 

monochromatic beam of light. The light is then passed through the particle field (sample). 

The scattered light is collected by a Fourier lens and focused onto a series of detector 

elements at an angle. The scattering light intensity is converted into electrical signal and 

processed into a computer to calculate particle size distribution (1).   

3.2.4 Sample preparation 

Particulate materials dispersed in a gas or liquid, including aerosols, sprays and gas 

bubbles in a liquid can be measured using the Laser diffraction technique. Typically, the 

range of concentration for solid particles in a liquid should be about 0.001 to 1% w/v (1). 

No sample preparation is needed except dilution. The dispersion medium should be 

transparent with a refractive index difference from the particulate materials. 
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3.2.5 Application 

The advantages for the Laser Diffraction technique are; its large flexibility to different  

 

 

Figure 3.2: Schematic of the components of a laser diffraction instrument (1) 

sample types; wide size range; rapidity; and high precision. There are few limitations 

with these instruments. At a given particle concentration, multiple scattering can affect 

the results when using a single scattering model. Nonspherical particles show widening 

of particle size distribution due to their differences in cross sections of a single particle 

(1). 

3.3 Dynamic Light Scattering (DLS) 

3.3.1 Introduction 

DLS is also known as Photon Correlation Spectroscopy, Quasi-elastic Light Scattering, 
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and Diffusing Wave Spectroscopy (7). It is used to determine the particle size, and size 

distribution. It can also measure the polydispersity index of various types of samples 

including nanoparticles, colloids, gels, emulsions, pigments, liquid crystals, DNA, 

polymers and proteins (8). It can measure submicron particles in the range of 0.6 nm to 6 

µm (9). 

3.3.2 Basic Principle 

In PCS, the temporal fluctuation in intensity of scattered laser light (in microseconds or 

milliseconds) by the particles (scatterers) in solution or suspension (medium), is 

processed with the auto-correlation function. This provides information about the particle 

size distribution, particle motion in the medium, and the dynamics of the dispersed 

particles. This autocorrelation function corresponds to decay constants and diffusion 

coefficients of the particles. Assuming particles are spherical without interparticulate 

interactions, the Stokes-Einstein equation is used to convert the diffusion coefficients into 

particle size. The DLS technique gives particle size as a hydrodynamic diameter while 

particle size distribution is based on scattering intensities. The scattered light undergoes 

either construction or destructive interference by the surrounding particles. This 

fluctuation in intensity of scattered light at a given scattering angle (usually 900C) is due 

to particle movement rising from the Brownian motion (10). The lower size limit of 

detection with this instrument depends on differences in refractive index between the 

particles and the medium, experimental noise (arising from electronic noise as well as 
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temperature fluctuations, and environmental disturbances). Medium viscosity and density 

of the materials determines upper size limit of detection.  

The semi-classical light scattering theory is based on two assumptions: One is that 

particles are in random Brownian motion and the second is that all the particles are 

spherical in diameter. The probability density function for the Brownian motion of a 

given particle with a radius (d) and diffusion coefficient of (D) can be expressed as (11): 

P(d,t|0,0)=(4π Dt)-3/2 exp (- d2 4Dt )    (Equation 3.1) 

Assuming the spherical shape of the particle with no interparticulate interaction, the 

hydrodynamic radio of a particle is calculated using the Stokes-Einstein equation based 

onto translational diffusion coefficient. The equation is given as follows: 

d (H)= k T/3πη D      (Equation 3.2) 

Where (D) is the diffusion coefficient, (d(H))  is the hydrodynamic radius of particles, (k)  

is the Boltzmann constant, (T) is the temperature in Kelvin degrees and (η) is the 

viscosity of the medium. 
DLS provides three types of diameters of samples such as Z-average diameter, number 

mean diameter, volume mean diameter etc. Z-average diameter is the mean diameter 

based of laser scattering intensity. It is obtained from an exponential fit.  

The polydispersity index (PDI) can also be measured from Dynamic light scattering 

instruments. PDI is an index of width or spread or variation within the particle size 

distribution. Monodisperse samples have a lower PDI value, whereas higher value of PDI 
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indicates a wider particle size distribution and the polydisperse nature of the sample.  PDI 

can be calculated by the following equation as follows (12): 

PDI = ∆d/davg        (Equation 3.3) 

Where (∆d) is the standard deviation of particle size and (davg) is the average particle size. 

The usual range of PDI values is; 0-0.05 (monodisperse standard), 0.05-0.08 (nearly 

monodisperse), 0.08-0.7 (mid range polydispersity), > 0.7 (very polydisperse). 

3.3.3 Instrumentation 

A schematic diagram of a conventional DLS instruments is depicted in Fig 3.3. A beam 

of monochromatic, vertically polarized, coherent laser light from the He-Ne laser of 2-5 

mW and 633 nm is generally used as the light source. A focusing lens is used to direct the  

 

Figure 3.2: Schematic of a Dynamic Light Scattering instrument (9) 
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beam into a measurement zone of the sample cuvette. To obtain spatial resolution, small 

size of the measurement zone is used. The scattering angle can be changed to fit the range 

of 300 to 1500 using a goniometer or by optical fiber. The intensity of the scattered light is 

converted into an electrical signal using an avalanche photodiode detector or 

photomultiplier tube. A computer is used to analyze the signal into a digital 

autocorrelation function. The decay of this correlation function is then converted into a 

diffusion coefficient and then particle size (7). 

3.3.4 Sample Preparation 

For data evaluation, several parameters for the sample can affect the analysis of DLS, 

such as solvent viscosity, solvent refractive index and sample temperature (12). Samples 

are liquid dispersions such as an emulsion or suspension. Samples should be diluted to 

suppress interparticulate interactions. The scattering intensity depends on mass or size of 

the particles, solute particle concentration and refractive index differences between the 

solute and solvent. The solute-solvent interaction forming the aggregates or micelles 

should be avoided. In order to avoid a Coulombic interaction between charged systems 

(Polyelectrolytes), a low concentration of salt such as NaCl, KBr or NaBr are 

recommended for aqueous systems. For organic solvents, Tetrahydrofuran (THF), 

dimethyl formamide (DMF) and chloroform are used. In addition to these factors, sample 

purification is another critical step in order to obtain reliable data. Air bubbles are 

removed by ultrasonication while dust particles are removed by filtration or by 

centrifugation. The sample cell should be cleaned with acetone and dried under a dust 

free special hood.   
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3.3.5 Application 

There are several advantages for using the DLS method such as non-destructive, non-

invasive technique, no need for calibration, small volume of sample (9). It also doesn’t 

require extensive sample preparation, has a short analysis time, and modest development 

costs. Particle size, size distribution (including the polydisperisity index) can be 

measured for various systems such as proteins, polymers, micelles, carbohydrates, 

nanoparticles, colloidal dispersions, emulsions and microemulsions (13). 
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Chapter Four 
 
 
 
 
Laser Doppler Electrophoresis  
 
 
 
 
4.1 Introduction  

Laser Doppler Electrophoresis (LDE) combines the principles of Laser Doppler 

Anemometry (LDA) and electrophoresis (1). Laser Doppler Anemometry is the technique 

used to measure the speed of moving particles taking into account the Doppler shift of 

scattered light by particles in motion. It is the most widely used technique to determine 

electrophoretic mobility, particle surface charge or zeta potential for colloidal dispersions 

including nanoparticles (2), biological cells, bacteria (3-6).  

4.1.1 Electrophoresis 

The motion of the charged colloidal particles, relative to the liquid, under the influence of 

an electric field is known as electrophoresis (7,8). The positively charged particles 

migrate to the cathode while negatively charged particles move towards the anode. In 

1807, Reuss first observed this electrokinetic phenomenon when clay particles in water 

migrated upon the application of a constant electric field (9).  
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4.1.2 Zeta potential 

There are three ways by which a solid particle (colloid) dispersed in a liquid media can 

acquire a surface charge (10). First, by the adsorption of ions present in the solution. 

Second, by the ionization of functional groups on the particle’s surface. Third, due to the 

difference in dielectric constant between the particle and the medium.  Attention should 

be paid to the formation of electric double layer at the solid-liquid interface. The zeta  

 

 

Figure 4.1: Schematic of the formation of electric double layer (11) 

 

Potential is defined as the difference in potential between the surface of the tightly bound 

layer (shear plane) and the electro-neutral region of the solution (10). The potential 
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gradually decreases as the distance from the surface increases. As the concentration of 

electrolyte increases in the medium, the zeta potential falls off rapidly due to the 

screening effect of the counterions (Figure 4.1).  

The zeta potential cannot be measured directly; however, it can be calculated using 

theoretical models and from experimentally determined electrophoretic mobility data. 

The most widely-used theory for calculating zeta potential was developed by 

Smoluchowski in 1903 (12). The theory is based on electrophoresis and can be expressed 

as: 

    µ = ζε/η                                       (Equation 4.1) 

where (µ) is the electrophoretic mobility, (ε) is the electric permittivity of the liquid, (η) 

is the viscosity and (ζ) us the zeta potential.  

Table 4.1: Zeta potential for colloids in water and their stability (14) 

Zeta Potential [mV] Stability behavior of the colloid 

0 to ±5 Rapid coagulation or flocculation 

from ±10 to ±30 Incipient instability 

from ±30 to ±40 Moderate stability 

from ±40 to ±60 Good stability 

more than ±61                    Excellent stability 
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There are few limitations when applying of the above equation. The equation is only 

valid when the thin double layer (Debye length) is much smaller than the particle radius. 

For nano-colloids, the equation is not valid when the ionic strength approaches to that of 

pure water. The theory doesn’t take into account the surface conductivity of the colloidal 

particles (13).  ASTM provides a table (Table 4.1) from which the stability of the 

colloidal dispersions cab be predicted based on the zeta potential (14). 

4.2 Basic principle and Instrumentation  

Laser Doppler Electrophoresis (LDE) is based on the combination of electrophoresis 

andLaser Doppler Anemometry (LDA). It is used to measure velocities and thereby zeta 

potential of colloid particles. The technique is based on the measurement of light 

scattering to the determine particle size for diluted dispersions or suspensions when 

particles flow through a series of interference fringes. For concentrated dispersions, 

acustophoresis is the preferred method to analyze particle velocities (15). 

 

Figure 4.2: Schematic of a Laser Doppler Electrophoresis instrument (16) 
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An electric field voltage is applied across the liquid dispersion juncture containing 

particles which will migrate towards either electrode depending on their magnitude and 

sign of charge. The higher the velocity of the particle, higher the zeta potential it carries. 

The velocity of the particle is measured by the Laser Doppler Anemometry (LDA) 

technique and converted to zeta potential using Smoluchowski equation as given above.  

The LDA measures the frequency or phase shift of an incident laser beam.  A typical dual 

beam LDA consists of the following major components inlcude: a laser source; 

transmission optics (e.g. Bragg cell, lenses, fiber optics, beam expanders, beam splitter, 

mirrors, prisms), receiving optics (e.g. pin holes, interference filter, photomultiplier); 

traversing system, signal processor (e.g. spectral analysis, photon-correlation) and 

computer  as seen in Figure 4.3 (17). The monochromatic, coherent laser beam is divided 

into two beams of equal intensities. These two beams are focused to cross each other 

using lenses, the Bragg cell and fiber optics. The crossing point is known as the the 

“measurement volume”. Actually the crossing beams form equally spaced bands of dark 

and light interference fringes. The velocity of moving particles is measured at the point 

where the laser beams cross each other. When particles move through the measurement 

volume, according to the Mie theory, they scatter light at a frequency of proportional to 

velocity of the particles. If the movement of the particle is perpendicular to the fringes, 

the relation between this frequency (fd), and the velocity (Vx) is determined by the angle 

(2θ) between the two intersecting laser beams and the wavelength (λ0) of the laser light as 

follows: 
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 fd ≈ 2 sin θ (Vx/ λ0)    (Equation 4.2)     

By measuring the Doppler frequency-shift of the scattered light, the velocity of the 

moving particles can be determined by measuring time (dt) and travelled distance (df). 

The Doppler Effect is the change in frequency of a wave for an observer moving relative 

to the source of the wave. The scattered light is detected by a photomultiplier tube or 

other type of photodetector. The electronic signal can be split into two parts: a low 

frequency part known as the “pedestral” and a high frequency part known as the 

“Doppler”. Signal processors use digital technology to determine the frequency using 

autocorrelation or Fourier transformation. Thus, calculating the velocity component of 

the Smoluchowski equation, the zeta potential is given as an output signal. 

4.4 Application 

There are several advantages for using LDE. LDE is a very rapid and accurate technique 

which can measure in few seconds. Wide range of particle concentration and solution 

containing high concentration of salts such as alkali halides can be measured. Small value 

of electrophoretic mobility can be detected accurately. Heating of sample and 

polarization of electrodes are greatly reduced. Typical applications are in the formulation 

of particulate dispersions. Most widely used instrument available is Zetasizer® with 

standard cell (18). 
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Chapter Five 
 
 
 
 
Electron Microscopy 
 
 
 
 
5.1 Scanning Electron Microscopy (SEM) 

5.1.1 Introduction 

The scanning electron microscope (SEM) is one of the most versatile instruments widely 

applied to surface microstructure imaging (1). SEM is a type of electron microscopy that 

images the sample surface of a solid specimen by using a focused beam of high-energy 

electrons. The signal contains information about surface topography, external 

morphology, chemical composition (3), crystallographic information (2), and electrical 

conductivity (4). 

5.1.2 Fundamental principles 

The Scanning process and image formation in SEM depends on signals produced from 

elastic and inelastic interactions between the high energy electron beam and the specimen 

surface (Figure 5.1). When the primary electron beam bombards on sample surface, 

energetic electrons penetrate into the sample surface forming an excitation zone, known 

as the interaction volume before they collide with the specimen atom (Figure 5.2). The 

shape and size of the interaction volume depends on the accelerating voltage and atomic 
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number. In the process, the electrons also lose energy by repeated, random scattering. 

Elastic scattering occurs from the deflection of incident electrons by the atomic nucleus 

or outer shell electrons (1). This accounts for the negligible energy loss and produces 

backscattered electrons (BSE) at an angle of more than 900. Inelastic scattering transfers 

substantial amounts of energy to emit secondary electrons. In addition to those signals, a 

number of other signals such as Auger electrons, characteristic X-rays, 

cathodoluminescence, transmitted electrons, and specimen currents are emitted (Figure 

5.3). Electronic amplifiers are used to amplify the signal and cathode ray tube scans the 

surface. The image is captured by photography or digitally and displayed on computer 

monitor. 

 

Figure 5.1: Schematic of signals generated by the electron beam–specimen interaction in 
                    the scanning electron microscope (10) 
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Figure 5.2: Electron interaction volume within a sample (10) 
 
 

5.1.3 Instrumentation 

The major components of an SEM include the electron gun, electron lenses, sample stage, 

detectors, data output devices, and the vacuum system (1). Figure 1 shows a structure of a 

conventional SEM. The Electron gun produces a high current, small spot size, stable 

electron beam and accelerates at an energy level of about 0.1-0.3 keV. Tungesten, 

lanthanum hexaboride, and field emission are the types of electron guns widely used (6). .  

The electron beams can be focused by electromagnets or electron lens and aperture. 

There are two types of electron lenses: condenser lenses and objective lenses.  Condenser 

lens converges and collimates the diverging electron beams into parallel beams.  

Objective lenses demagnify the electron beam into a probe point at the specimen surface 
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Figure 5.3: Schematic diagram of a scanning electron microscope (5) 

 

A stigmator consists of a series of coils surrounding the electron beam. It can be used to 

correct astigmatism and achieve an image with higher resolution. Interaction of the 

focused electrons on the specimen surface produces secondary electrons, back scattered 

electrons (BES), transmitted electrons, characteristic X-rays, and auger electrons which 

are collected by detectors, processed and displayed in the output device. In order to avoid 

scattering of electrons by air molecules, and the contamination of the electron guns and 

other components, a ultrahigh vacuum system is maintained using mechanical, diffusion, 

ion or turbo pumps. 
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5.1.4 Sample preparation 

Depending on the type of sample and image required, sample preparation can be 

elaborate or minimal for SEM analysis. For conductive materials, the surface can be 

visualized directly by loading the sample onto carbon tape. For nonconductive organic 

materials and biological samples, a thin layer of conductive materials such as carbon, 

gold, silver, platinum are coated by low vacuum sputter coating or high vacuum 

evaporation to make the surface conductive, increase signal and surface resolution, and 

prevent accumulation of static electric charge on the specimen. An alternative method for 

coating biological samples is to use OTO (Osmium Thiocarbohydrazie Osmium) stain 

(7). Uncoated nonconductive materials can also be visualized using specialized 

instruments such as the Environmental SEM (ESEM) (9) and Field Emission SEM 

(FESEM) (1) at low voltage. Solvated biological and organic samples can be visualized 

without solvent removal by using a new technique known as Cryo-HRSEM at low 

temperature (8). 

5.1.5 Application 

Combination of large depth of field, high resolution, high magnification, minimal sample 

preparation, easy sample observation, and rapid data acquisition makes SEM one of the 

widely used instruments in a variety of research areas (11). SEM is routinely used to 

analyze shapes and surface topography of samples. It is used to analyze spatial variation 

in chemical compositions by using elemental maps, and spot chemical analysis. It is also 

used to identify the microfabric and crystalline orientation of materials (1, 11). Though 

there are few limitations associated with SEM such as its applicability only for solid 
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sample which are stable under vacuum, inability  to detect very light elements (H, He, 

Li), and extensive sample preparation for nonconductive materials. 

5.2 Transmission Electron Microscopy (TEM) 

5.2.1 Introduction 

Transmission Electron Microscope (TEM) is a type of microscopy technique which 

operates on the same basic principle as the light microscope except TEM uses a beam of 

electrons, instead of light. The image is formed by the interaction of the sample specimen 

when electron beams are transmitted through it. Due to the small de Broglie wavelength 

of electrons, it is possible to get significantly higher resolution down to 0.1 nm in TEM 

over light microscopy (12). Visualization of small details in the cell or materials down to 

near atomic levels makes it a viable tool in medical, biological, material science, and 

environmental geochemistry research (13, 14). 

5.2.2 Fundamental principles 

Image formation by TEM is based on the interaction of an electron beam with the object 

using various electron scattering mechanisms, illumination conditions, as well as the 

action of objective lens and arranged apertures (16). The TEM image contrast is due to 

elastic scattering of electrons. There are various contrast modes to improve the image 

quality. These modes include: bright and dark field; diffraction contrast; and phase 

contrast (17). Bright and dark field mode is based on the occlusion and absorption of 

electrons in the sample. For amorphous materials, a thicker region of the sample or region 

with high atomic number would appear dark in the image due to higher elastic scattering. 
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Figure 5.4: Schematic diagram of the cross section of a Transmission Electron 
                       Microscope (15) 

 

The contrast is greater at low accelerating voltage and smaller aperture diameters. To 

study the crystalline structures, the diffraction contrast mode is used. Using selecting 

Bragg scattering, sharp spots can be visualized. In phase contrast mode, scattered 

electrons are allowed to recombine with unscattered electrons to form the   image. 
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5.2.3 Instrumentation 

The schematic diagram for a conventional TEM with its major components is depicted in 

Figure 5.4. In TEM, the emission source of electrons is a tungsten filament or lanthanum 

hexaboride source (18). They are also known as electron gun. Electromagnetic lenses are 

used to accelerate and focus the electrons into a very thin beam by varying the magnetic 

field of electromagnetic lenses. The interior of the microscope is evacuated to low 

pressure typically 10-4 Pa in order to minimize scattering of the electrons by air molecules 

and to increase the mean free path of the electron gas interaction. Depending on the 

density of the sample specimen used, some of the electrons will be scattered while some 

will be unscattered and hit at the bottom on to a fluorescent screen or on a layer of 

photographic film. The image can be detected by a sensor such as a CCD camera (13). 

5.2.4 Preparation of sample 

Preparation of samples for TEM analysis is specific to the material under study (17).  For 

pharmaceutical and material sciences, the powder in the solid state is dissolved or 

dispersed in solvent and deposited onto a support mesh known as “grid”. Usually a grid is 

2.5 – 3 mm in diameter, with a 50-400 mesh and made up of copper, molybdenum, gold 

or platinum. Biological samples can be fixed onto the grid using a negative staining 

material such as uranyl acetate or by plastic embedding. Cells may be affixed to a thin 

electron transparent film and stained using heavy metals such as uranium, osmium, or 

lead which scatters the electron beam resulting in dark images. 
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5.2.5 Application 

Combined with good spatial resolution, ultra high magnification, TEM is widely used to 

obtain   structural and compositional information of various materials. Inelastic scattering 

of electrons can be used for energy dispersive X-ray analysis (EDX), electron energy loss 

spectroscopy (EELS), or energy filtered TEM (EFTEM) (19-21). Recently, High 

resolution TEM (HRTEM) has been used to obtain a resolution of 0.2 nm (13). Another 

improved technique is Scanning TEM (STEM) which focuses at the electron beam into a 

narrow spot that scans the sample in a raster (22).   
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Chapter Six 
 
 
 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
 
 
 
 
6.1 Introduction 

Infrared Spectrometry (IR) is a widely used technique in both research and industry. It is 

a simple and reliable technique for the identification of unknown materials, determination 

of the amount of components in a mixture as well as for quality control of materials (1). 

Infrared (IR) spectroscopy gives molecular structural information using the frequencies  

 

 

Figure 6.1: Various regions of the electromagnetic spectrum (3) 
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of the vibrational modes for a compound (2). IR is a type of energy absorption 

spectroscopy that uses the infrared region of the electromagnetic spectrum (Figure 6.1). 

Fourier Transform Infra Red (FTIR) spectroscopy is a measurement technique whereby 

IR spectra are collected by using a time domain measurement. The original IR 

spectrometers are of the dispersive or filter types. They measure the amount of energy at 

each frequency of the IR spectra with the aid of a prism or grating. FTIR uses an 

interferometer which measures the signal and performs a Fourier transform on the data to 

provide an IR spectrum (1). There are several advantages for FTIR over dispersive IR 

methods such as (1): 

• The measurement time is faster 

• Simultaneous measurement can be performed 

• It is a non-destructive technique 

• It requires no external calibration 

• It is inexpensive 

• It provides improved sensitivity and resolution 

• It has mechanical simplicity 

6.2 Basic Principle 

A normal vibrational mode is one in which each atom oscillates about its equilibrium 

position, e.g. simple harmonic motion. When the frequency of the IR radiation is the 
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same as the vibrational frequency of a bond in a functional group, absorption of IR 

energy occurs (2). The absorption intensity depends on how efficiently the energy of an 

electromagnetic wave can be transferred to the atoms involved in the vibration. The 

greater the change in dipole moment during a vibration, the higher the intensity of 

absorption. Atoms in a functional group can vibrate in various ways, such as symmetrical 

and anti-symmetrical stretching, scissoring, rocking, wagging and twisting.  An IR 

spectrum is obtained when a sample absorbs energy which causes a transition between 

two vibrational energy levels, from ground state to excited state.  

Three typical spectral regions for IR spectroscopy can be distinguished based on their 

wavelength. 

• Near-IR: It has the range of 14000–4000 cm−1. It excites overtones or harmonics of 

fundamental vibrations (multiple level transition). 

• Mid-IR: It excites the fundamental vibrations (single level transition). It has the 

wavenumber range of 4000–400 cm−1. This region is the most widely used for IR 

spectroscopy, because it generates spectral fingerprints in which most of the organic 

molecules are IR active. 

• Far-IR: It has the range of 400–10 cm−1. It excites low-energy vibrations and higher 

energy rotations. Far IR detects very strong bonds such as metal-metal bonds or 

metal-ligand interactions (4). Today, it is used in the medical field (5,6). 

The IR spectrum is obtained by recording transmitted light which shows how much 

energy was absorbed at each wavelength when a beam of infrared light was passed 



 

 

54 

 

through the sample. Thus, a transmittance or absorbance spectrum can be produced, 

showing the IR wavelength region where absorption occurred. Because of the unique 

patterns and complexity of IR spectra in the 1450 to 600 cm-1, it is often called the 

fingerprint region. Absorption bands in the 4000 to 1450 cm-1 region are usually due to 

stretching vibrations of diatomic units, and known as the group frequency region. The 

details about the molecular structure of the sample can be obtained by analyzing the 

spectrum with standard reference frequencies. 

6.3 Instrumentation 

A basic FTIR spectrophotometer consists of an IR radiation source, the interferometer 

and the detector (Figure 6.2). Typically, an IR radiation source includes one of the 

following: Nernst glower; Glowbar source; Incandescent wire source; Mercury arc; 

Tungsten filament lamp; carbon dioxide laser (1). Interferometer works on the principle 

of superposition to combine separate waves together to have some meaningful property 

(8). One widely used interferometer is the Michelson interferometer (Figure 6.3). The 

monochromatic light is split into two beams which recombine to form a visible pattern of 

areas of constructive and destructive interference of bright and dark fringes (Figure 6.4). 

Typical IR detectors which are used include: Thermocouple; Bolometer; Pyroelectric 

detector; or a Photoconducting detector (1).  The measured signal is transferred to the 

computer where the Fourier transformation of the data takes place and the typical 

percentage transmissions versus wave number plots are obtained. Various vibrational 

modes of the functional groups and atoms in organic compounds exhibit characteristic IR 
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Figure 6.2: Schematic presentation of a FTIR spectrophotometer (7)  

\ 

 

                          Figure 6.3: A schematic diagram of Michelson interferometer (9)  
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                                         Figure 6.4: A typical interference pattern (7) 

 

Figure 6.5: General regions of IR spectrum showing various types of vibrational bands 
                   (10) 

 

absorption peaks at a specified wave number range (Figure 6.5). This helps to identify the 

nature of the functional groups and atoms present in a molecule.  
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6.4 Sample Preparation 

FTIR is very widely used for gases, liquids and solid samples. For gaseous samples, 

sample cells of sodium chloride (NaCl) or potassium bromide (KBr) are used. Liquids 

can be sandwitched between two IR transparent plates made up of NaCl or KBr (11). 

Solid samples can be prepared by four different methods (12). First, the sample is mixed 

with a mulling agent such as Nujol and applied onto salt plates. Second, the sample is 

mixed with potassium bromide and crushed in a mortar with a pestle. The mixture is then 

compacted to form a translucent pellet with the aid of a mechanical die press.  The third 

method is the cast film method in which a sample is dissolved in a non-hygroscopic 

solvent and a drop of the solution is deposited on the surface of NaCl or KBr plates; 

which is then evaporated to form a uniform thin film. The fourth method is microtomy in 

which thin films are cut from the solid sample.   

6.5 Application 

Advancements in computing techniques have enabled FTIR to become a popular tool to 

characterize various types of materials including polymers (13). FTIR is used for both 

qualitative and quantitative purposes (14). Molecular reaction mechanisms of 

biomolecules have been studied using time resolved FTIR (15). In Pharmaceutical 

research, FTIR is used to identify and analyze structure of drugs (16), excipients, 

polymorphism (17) and dissolution (18). Drug polymer interaction studies can be 

performed using this technique in dosage forms containing nanoparticles (19-21).   
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Chapter Seven 
 
 
 
 
Powder X-Ray Diffraction Analysis 
 
 
 
 
7.1 Introduction 

X-ray diffraction is one of the most important characterization tools used in solid state 

chemistry (1,2) and materials science (3-6). X-rays are electromagnetic radiation having a 

wavelength of about 1 Å (10-10 m), which is about the same size as an atom (7). One of 

the major applications for this technique after the discovery of X-rays by WC Roentgen 

in 1895, was in the field of Crystallography to probe the crystalline structure at the 

atomic level. Each crystalline material has its own unique characteristic PXRD pattern 

known as a “fingerprint’ (7). Some of the common applications for X-ray powder 

diffraction can be summarized below (8): 

• Identification of single-phase materials 

• Identification of multiple phases in microcrystalline mixtures  

• Determination of the crystal structure of identified materials 

• Identification and structural analysis of clay minerals 

• Recognition of amorphous materials in partially crystalline mixtures 
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7.2 Fundamental Principles 

The three-dimensional structure of any crystalline compound is depicted by regular, 

repeating planes of atoms that form a lattice (Figure 7.1). When a collimated beam of 

monochromatic X-ray impinges with these planes of atoms, part of the beam is diffracted 

in various directions. Depending on the arrangement of atoms in the crystal lattice, each 

material would produce different patterns of diffraction. Thus, we can measure the 

distances between the planes of the atoms by applying Bragg's Law (9). Bragg’s law 

states that diffraction occurs only when the distance traveled by the rays reflected from 

successive planes differs by a complete number (n) of wavelengths. 

Thus, for a monochromatic X-ray beam with wavelength λ (lambda) is projected onto a 

crystalline material at an angle (θ) (theta), Bragg's Law states that: 

 

                                            n λ = 2 d sin θ    (Equation 7.1)  

 

Where the integer (n) is the order of the diffracted beam, (d) is the distance between 

adjacent planes of atoms (the d-spacings). The characteristic set of d-spacings generated 

in a typical X-ray scan provides a unique "fingerprint" for the sample. When properly 

interpreted, by comparison with standard reference patterns and measurements, this 

"fingerprint" allows for identification of the material. 
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Figure 7.1: Diagram of reflection of X-rays from two planes of atoms in a solid (10) 
 

7.3 Instrumentation  

A typical X-Ray diffractometer consists of three basic elements; X-Ray tube (generator), 

sample holder and X-Ray detector as shown in Figure 6.2 (7, 11, 12). X-rays are 

generated in a cathode ray tube where a filament is heated to produce electrons. These 

electrons are then accelerated toward a target by applying a high voltage and, 

subsequently the target material (anode) is bombarded with accelerated electrons to 

produce an X-Ray. The most commonly used laboratory X-ray tube uses Copper as the 

target material, however Cobalt, Molybdenum are also popular. The radiation consists of 

several components, the most common being Kα and Kβ. For example, the wavelength of 

the strongest Cu radiation (Kα) is approximately 1.54 Å. By using foils or crystal 

monochromators, the desired wavelength for diffraction can be produced. These X-rays 

are collimated and directed onto the sample, which has been ground to a fine powder at 
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an angle of (θ). As the sample and detector are rotated (at an angle of 2θ) using a 

goniometer, the intensity of the reflected X-rays is recorded. For typical power diffraction 

experiments, data can be collected at a wide angle (2θ from ~5° to 70°), however small  

 

 

Figure 7.2: Schematic diagram of a powder diffractometer (8) 

 

angle (2θ closer to 0°) can be used for probing the structure in the nanometer to 

micrometer range (13).  The commonly used laboratory diffractometer uses a scintillation 

counter as the detector. The detector detects, then processes the signal either by a 

microprocessor or electronically and converts the signal to a count rate which is then sent 

to an output a device, such as a computer.   
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7.4 Nonambient powder diffractometry 

The polymorphic transformations, thermal expansion, changes in Bragg peaks of 

materials can be studied under nonambinet conditions maintained within the instrument 

(14). The most common thermodynamic parameters varied are temperature and pressure. 

For temperature controlled PXRD, the sample is enclosed with a vacuum tight enclosure 

made from low X-Ray absorbing materials such as Mylar®. A furnace is used for high 

temperatures whereas a cryostat is used for low temperature experiments. The 

temperature is controlled using fully automated temperature controllers. For pressure 

controlled PXRD, the sample is mixed with a pressure standard and kept inside diamond 

anvil cell. The cell can be coupled with temperature controlled environment.  

7.5 Preparation of the sample 

Depending on the capacity of the sample holder, a few tenths of a gram (or more) of the 

material is required. The sample material should be ground into a fine powder (~10 μm or 

200-mesh). The sample is smeared uniformly onto the sampling block and then packed. 

The upper surface of the sample must be flat to achieve random distribution of the lattice 

orientation. 

7.6 Application  

 There are several advantages associated with the PXRD analysis such as: fast 

measurement; non-destructive analysis of multi-component mixtures; no need for 

extensive sample preparation; and relatively straightforward data interpretation (15). 

PXRD can be used for analysis of a variety of transformations during pharmaceutical 

processing and storage such as: polymorphic transformations; alterations in crystallinity; 
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changes in state; and degree of hydration. There are relatively few limitations of the 

PXRD technique (16, 17). Small impurities are not detected. For identification of 

unknown materials, the sample must be homogenous and pure. Standard reference 

compounds with known d-spacings should be available (7). A gram of material is 

required for analysis with detection limit of about 2% for mixed materials. Indexing 

pattern for non-isomeric crystal systems is complicated. Peak overlay may occur and 

worsen at high angle reflections. 
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Chapter Eight 
 
 
 
 
Differential Scanning Calorimetry 
 
 
 
 
8.1 Introduction 

DSC is a thermoanalytical technique in which the difference in heat flow between a 

sample and reference material is measured as a function of time or temperature when they 

are subjected to the same heating rate in a controlled atmosphere (1). It is used to study 

thermal transitions involving energy or heat capacity changes, such as melting, glass 

transitions, recrystallization, mesomorphic transition temperature, corresponding entropy 

and enthalpy changes, and exothermic decompositions of various materials with great 

sensitivity (2). The technique was first developed by E.S. Watson and M.J. O'Neill in 

1960 (3). 

8.2 Basic principle and Instrumentation 

Calorimetry is generally based on the following relationship: 

δQ = C. ∆T = c.m. ∆T     (Equation 8.1) 

Assuming that time is independent of sample mass and specific heat capacity, the 

differential form can be presented as: 
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t
Q
δ
δ = Φ  = C. 

dt
dT = c.m.β    (Equation 8.2) 

where (δQ) is the heat exchanged; (∆T) is the temperature change; (Φ) is the heat flow 

rate; (C)is the heat capacity, (c=C/m) is the specific heat capacity, m is the sample mass 

and β is the scan rate. In most differential scanning calorimeters, there are two sample 

positions: 

In most Differential Scanning Calorimeters, there are two sample positions; sample pan 

or a crucible containing material under investigation and the reference pan (empty 

crucible or sometimes containing inert material). The crucibles are generally made of a 

nonreactive materials such as aluminum, quartz glass, platinum, stainless stell, nickel, etc 

(4). The crucibles are either crimped: with a lid; kept open; or with a pinhole on top of 

the lid, depending upon the study. Both pans are maintained at temperatures 

predetermined by isothermal or gradient programming. The sample and reference pans 

are heated electrically by a heater to maintain the programmed temperature at a specific 

heating rate in an inert atmosphere of nitrogen gas purge at constant pressure. The 

amount of heat or energy to be supplied or withdrawn to maintain a zero temperature 

differential between sample and reference is recorded and displayed in the thermogram. 

Thus, any change in specific heat produces discontinuity in power signal and produces 

exothermic or endothermic peaks in the thermogram. The area under the curve is 

proportional to the total enthalpic change (5).  
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DSCs are generally operated by two modes depending on the heating rate; constant 

heating rate and variable heating rate (5).  Constant heating rate mode follows the time 

law as given below: 

T(t) = T0 + β0.t        (Equation 8.3) 

Where (T0) is the starting temperature, (β0) is the heating or cooling rate and (t) is the 

time. The equation gives the linear relationship between temperature and time. The 

constant heating rate mode is of two types: isothermal mode and scanning mode. In the 

isothermal mode, the heating rate (β0) is zero i.e. (T0) is kept constant. In the scanning 

mode, the temperature changes linearly with time and heat flow rate may be represented 

as follows: 

Φ (T,t) = Φ0 (T) + Φcp (T) + Φr (T,t)    (Equation 8.4) 

Where (Φ0) (T) is caused by asymmetry of the DSC, (Φcp) (T) is caused by difference in 

heat capacity between the sample and reference, wherease (Φr) (T,t) is caused by latent 

heat changes occuring in the sample. 

The variable heating rate (Modulated temperature) employs a modulation term in the 

temperature-time function as follows (6): 

T(t) = T0 + β0.t + TA. Sin (ωt)     (Equation 8.5) 

Where (TA) is the amplitude and (ω) is the angular frequency of modulation. There are 

various types of modulated temperature modes, such as the quasi-iosthermal mode, 
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heating-cooling mode, heating only mode, heating-iso mode, sawtooth mode and stop 

scan mode (7). 

There are two basic types of Differential Scanning Calorimeter units that are recognized: 

a) Heat Flux DCS and b) Power Compensated DSC 

 

Figure 8.1: Schematic diagram of the Power compensated and the Heat Flux DSC (8) 

 

The heat flux DSC belongs to the class of heat-exchanging calorimeters in which sample 

and reference pans are placed in a single furnace (9). A Platinum resistance thermometer 

or thermocouple is used to measure the temperature differential which is converted to 

energy flow via a mathematical equation. There are three major types of measuring 

systems used in heat flux DSC: disc type, turret type and cylinder type (10).   

 
Power compensated DSC belongs to the class of heat compensating calorimeters in which 

the heat to be measured is compensated with electric energy. The system is maintained in 
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a thermal null state at all times by holding the sample and reference pans separate with its 

own heating element (9). 

In order to ensure trustworthy and reproducible results for the DSC methods, the 

instrument needs to be routinely calibrated for quality assurance (9). The temperature and 

caloric calibration is recommended in the guidelines given by the International 

Confederation for Thermal Analysis and Calorimetry (ICTAC) (11). Some of the 

common materials recommended for temperature calibration of DSCs are cyclopentane, 

water, gallium, indium, tin, lead, zinc, lithium sulfate, aluminum, silver and gold (12). 

8.3 DSC thermograms 

DSC curves (known as thermograms) are represented as heat flow vs temperature or time.   

A typical DSC curve is characterized by the “baseline” (part of the curve obtained during 

steady state conditions when no reaction or transition occurred). The “peak” caused from 

transitions or reactions; “interpolated baseline”; “initial peak temperature (Ti)”; 

‘extrapolated peak onset temperature (Te); peak maximum temperature (Tp); extrapolated 

peak offset temperature (Tc); and final peak temperature (Tf) as depicted in Figure 8.2 

(5). Various thermal transition of materials can be observed such as glass transition, 

melting, crystallization, oxidation, decomposition as seen in Figure 8.3. 
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Figure 8.2: Characteristics of the DSC curve (9) 

 

 

Figure 8.3: Typical DSC thermogram showing commonly observed transitions (13) 
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8.4 Application 

DSC is routinely used in Industry for raw material inspection (QA/QC) (14), oxidative 

material stability (15), sub-ambient material classification (16); curing processes (17), 

liquid crystals (18) etc. Some of the common applications of DSC include: 

• Measurement of Heat capacity (19)            

• Heats of reaction (20) 

• Kinetic investigation (21) 

• Glass transition process (22) 

• Thermal history/processing  (23) 

•     Crystallization temperature (24)  

• Degree of crystallinity (7) 

• Degree of cure (25) 

•  Thermal safety/stability studies (11) 

• Protein denaturation (26) 

• Polymorphic transitions (16)     

• Porosity measurements (18)     
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Chapter Nine 
 
 
 
 
UV-Visible Spectroscopy 
 
 
 
 
9.1 Introduction 

UV-Visible spectroscopy is a type of absorption spectroscopy which is carried out in the 

UV region (approximately 200-400 nm) and visible region (approximately 400-800 nm) 

of the electromagnetic spectrum (1). UV-Visible spectroscopy is very useful as an 

analytical technique in chemical and biochemical research for two reasons: to identify 

some functional groups in the molecules and to determine concentration and strength 

(assay) of a substance (1).  

9.2 Basic Principles 

When light either UV or visible is absorbed by molecules, the valence electrons are 

promoted from their normal state to a higher energy state (Figure 8.1). The color of the 

sample affects the absorption of photons in the visible ranges, where molecules undergo 

electronic transitions. Only (π to π*) and (n to π*) transitions that occur in the UV-Vis 

region are observed. In UV/Visible Spectroscopy, the term chromophore is used to 

indicate a group of atoms that absorbs radiation in the UV or visible region. They cause 

electronic transitions within a molecule, promoting bonding and non-bonding electrons 
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into higher and less stable antibonding orbitals (2). Generally, chromophores are 

conjugated species, such as alkenes, aromatics, conjugated dienes, trienes etc. The 

absorption of UV-visible light typically leads not to single, sharp lines as sometimes 

observed in IR absorption, but to broad bands. Due to the contribution of vibrational and 

rotational energy levels of these electronic transitions, broad spectra are obtained. 

 

 

Figure 9.1: Hypothetical energy diagram showing possible electronic transitions (3) 

Most of the UV-Visible spectra of compounds in solution obey the Beer-Lamber law (4). 

According to the Beer-Lambert law , the absorbance of a solution is directly proportional 

to the concentration of the absorbing species in the solution and the path length. Thus, for 

a fixed path length, UV/VIS spectroscopy can be used to determine the concentration of 

the absorber in a solution by using the equation given below. 

 −      (Equation 9.1) 
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where (A) is the measured absorbance, (I0) is the intensity of the incident light at a given 

wavelength, (I) is the transmitted intensity, (L) the pathlength through the sample, and (c) 

the concentration of the absorbing species. For each species and wavelength, (ε) is a 

constant known as the molar absorptivity or extinction coefficient which is the 

fundamental molecular property in a given solvent, at a particular temperature and 

pressure. 

There are a few terminologies used in UV-Visible spectroscopy which must be 

employed. A bathochromic shift is the change of absorption to a longer wavelength. A 

hypsochromic shift is the change of absorption to a lower wavelength. A hyperchromic 

shift is the increase in absorption intensity while a hypochromic shift refers to a decrease 

in absorption intensity. 

9.3 Instrumentation 

A UV-Visible Spectrophotometer consists of a light source (deuterium and tungsten-

halogen lamps), dispersion element (prism, grating monochromator, interferometer), 

sample compartment and cells (cuvette, 96-well plate), detector (photomultiplier tubes, 

photodiode array, CCD cameras) and a data acquision system (computer) (2,5). The 

spectrophotometer may be of two types: single beam (Figure 9.2) or dual beam (Figure 

9.3).  
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Figure 9.2: Schematic of a single-beam UV-Vis spectrophotometer (6) 

In a single-beam instrument, the transmittance of the sample and solvent (reference) at 

each wavelength is measured manually, whereas the double-beam measures the 

transmittance of the sample and solvent simultaneously by splitting the single beam of 

light into two halves. Complete absorption spectra for a compound can be obtained by 

scanning the sample in the desired wavelength range. 

 

 

Figure 9.3: Schematic of a dual-beam UV-Vis spectrophotometer (7) 

 

9.4 Sample preparation 

Samples for UV-Visible spectroscopy are most often solutions. In special cases, gases 

and even solids can also be analyzed. Samples are typically placed in a transparent cell, 
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known as a cuvette made of high quality fused silica, quartz glass or plastic. These 

materials are transparent throughout the UV, visible and near infrared regions. The 

solvents used should have negligible absorbance in the UV region (2). Commonly used 

solvents are acetonitrile (190 nm), water (191 nm), cyclohexane (195 nm), methanol (201 

nm), ethanol (204 nm), ether (215 nm), methylene chloride (220nm) etc. 

9.5 Application 

UV-Visible spectroscopy is routinely used to for quantitative determination of wide range 

of samples, solutions, such as inorganic anions, transition metals, inorganic complexes, 

organic complexes, highly conjugated organic compounds including drugs (8),  

biomolecules such as proteins (9-11) and nucleic acids (12,13). UV-Visible Derivative 

Spectroscopy is another analytical tool to study the resolution enhancement of 

overlapping peaks and elimination or reduction of background matrix absorption (14, 15). 

The Woodward Fischer Rule can be used to calculate the wavelength for maximum 

absorption (λmax) for structural characterization of organic compounds containing 

conjugated systems (16).  
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Chapter Ten 
 
 
 
 
In vitro Drug Release from Nanocarriers 
 
 
 
 
10.1 Introduction 

An in vitro drug release study is an integral part of characterization for any drug delivery 

system. It is considered an indicator of batch to batch variability associated with quality 

control (1). It can discriminate between various batches for the same formulation 

consisting of the same ingredients at various levels. Most interestingly, it can be used as 

an indicator for the in vivo performance of the formulation (2). There are several factors 

which can govern drug release from a polymeric nanoparticulate carrier such as: 

solubility; diffusion; desorption; matrix erosion; degradation; and particle size (3). No 

standardized methods are available to study the drug release from nanosized carries (4-5).  

The methods available for in vitro drug release from a nanosuspension can be classified 

into four categories: dialysis method; sample and separate method; flow-through cell; and 

in situ techniques (6).  
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10.2 Dialysis method 

Dialysis is the separation process in which movement of molecules occurs by diffusion 

from high concentration to low concentration at unequal rates across a microporous 

membrane until equilibrium is reached (7). The artificial dialysis membrane consists of a 

spongy matrix of cross-linked cellulosic polymers.  Each membrane has a certain 

porosity size rated as Molecular Weight Cut Off (MWCO). The value of the MWCO 

indicates that at least 90% of the molecules would be retained by the membrane. It is 

important to consider molecular shape, degree of hydration, ionic charge and polarity 

besides particle size while choosing an appropriate membrane. There are several factors 

which can affect the dialysis process such as: dialysis buffer volume; buffer composition; 

number of buffer changes; time; temperature; particle size; pore size; time; etc (8). 

The dialysis method can be used to study drug release from nanosystems. Three 

techniques are used to investigate drug release: side-by-side diffusion cells with artificial 

or biological membranes; dialysis bag diffusion technique; and the reverse dialysis bag 

technique.  

In the side-by-side diffusion cell, drug loaded nanocarrier dispersion is placed in a 

separate compartment (donor) while the receptor compartment is filled with buffer. Both 

compartments are separated by a semi-permeable dialysis membrane which allows only 

drug molecules to pass across the barrier. The in vitro release of various dosage forms 

including nanosuspensions (9-10), semisolids (11-12), and emulsions (13-14) are studied 

by this method. The most commonly used example is the Franz Diffusion Cell which is 

of two types: vertical and horizontal as shown in Figure 10.1 and 10.2, respectively. The  
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Figure 10.1: Vertical Franz Diffusion Cell (21) 

 

 

 

 

Figure 10.2: Horizontal Franz Diffusion Cell (21) 
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Figure 10.3: Schematic representation of the cross section of a Kelder-cell consists of 

                       inlet compartment (A), donor compartment (B), receptor compartment (C), 

                       membrane (D), o-ring (E), inlet channel (F), outlet channel (G), outlet tube 

                      (H), propylene cap (J), needle (K) (15) 

 

 

 

Figure 10.4: Dialysis bag diffusion (22) 
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cell consists of a donor compartment, receptor compartment, clamp, water jacket, and 

sampling port. Heated water is circulated to maintain the temperature in the cell. Another 

type of diffusion cell available is known as the dynamic diffusion cell, also known as 

Kelder-Cells shown in Figure 10.3 (15). It has an automatic sample preparation facility. 

The cell mimics the in vivo condition of the human skin. The volume and flow rate of the 

receptor solution can be controlled. 

In the dialysis bag diffusion technique, drug loaded nanodispersion is placed into a 

dialysis bag or tube with both ends clamped. The bag is placed inside the agitated 

receptor compartment containing buffer medium (Figure 10.4). Several investigations 

have been performed to assess the in vitro release from nanosized carries. (16-19) 

In reverse dialysis bag technique, the drug loaded nanodispersion is kept outside the 

dialysis bag. At prespecified time intervals, samples are collected from the dialysis bag 

containing receptor medium (20). The advantage of this method is that it leads to 

minimization of membrane clogging. Additionally the technique is more accurate in 

terms of mimicking the in vivo situation because of the infinite dilution following 

administration via intravenous or oral routes (14).  

The disadvantage of the dialysis method is that the assessment of true drug release rate is 

often limited by the transportation of the drug across the membrane. 

10.3 Sample and separate method 

The Sample and separate method is another popular technique which provides direct and 

accurate measurement of in vitro drug release. In this method, the drug loaded 

nanodispersion is agitated in a dissolution vessel at a fixed temperature. At pre-
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determined time intervals, samples are withdrawn from the release medium, separating 

the free drug from the bulk solution by centrifugation or filtration or centrifugal 

ultrafiltration and the concentration is assessed (23). Several factors commonly affect the 

release of drugs including container size, agitation, sampling technique, and replacement 

of buffer. Tube or vials are used for small volume of less than 10 mL, whereas bottles or 

Erlenmeyer flasks are used for large volumes (24-25). Agitation is provided by paddle, 

magnetic stirrer, wrist shaker, incubator shaker, shaking water bath, tumbling, etc (26). 

However the method suffers the drawbacks of high sampling frequency, time consuming, 

and difficulty in separating the released drug from the bulk mixture. 

10.4 Flow through cell 

The modified form of the USP Apparatus 3 (reciprocating cylinder) and 4 (flow through 

cell) was considered relevant for sustained release parenterals (27). In this technique, the 

release media is continuously circulated through a column containing the drug loaded 

system. Most of the apparatuses are designed in-house in order to employ a suitable 

modification of the system. In general, the drug loaded particles are dispersed in a small 

volume of the release media and kept inside a filtration cell. The constant flow of buffer 

is accomplished using a pump in order to maintain a constant volume in the cell. A 

sample is withdrawn, collected and analyzed. A schematic diagram of the apparatus used 

to study the release from microparticles is seen in Figure 10.5. The most important 

parameter affecting drug release by this method is the flow rate.  
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Figure 10.5: Schematic diagram of the flow through cell (28) 

 

A lower flow rate causes incomplete hydration of the nanoparticles and results in a lower 

cumulative release. Higher flow rate can cause higher cumulative drug release. 

Additionally, replacement of the buffer to maintain sink condition is desired. The method 

has advantages such as: simulation of the in vivo condition; automated process; and 

continuous analysis of the samples. The limitations include: clogging of the filter; 

variation in flow rate; difficulty in rapid replacement of buffer; and low flow rate with 

ultafilters. 

10.5 In situ methods 

In the in situ method, the nanodispersion is incubated and agitated similar to the sample 

and separate technique. The only difference between the sample and separation method is 

that the released drug is analyzed in the release medium without sampling or separating 

the drug. The method is limited in one respect in that the free and entrapped drug should 
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have different spectral properties in order to differentiate them in the release media. 

Commonly used analytical techniques include fluorescence spectroscopy (5, 29), UV-

spectroscopy (30), differential pulse polarography, etc (31). 

All of the above mentioned techniques have some advantages and disadvantages. The 

selection of the in vitro release method depends on the nature of the drug delivery as well 

as the physicochemical properties of the drug. Due to the time consuming and tedious 

nature of the flow thorugh cells and sample and separate method, the dialysis method is 

the preferred method for assessment of drug release from drug loaded nanocarriers.  



 

 

84 

 

Chapter Eleven 
 
 
 
 
Materials and Methods 
 
 
 
 
11.1 Materials 

11.1.1 Sulfacetamide 

11.1.1.a Introduction 

Source: Spectrum Chemical Mfg. Corp., Lot No. JI267, CAS # 144-80-9 

Chemical Name: N-[(4-aminophenyl)sulonyl]acetamide 

Molecular Formula: C8H10N2O3S 

Molecular Weight: 214.243 

Structural Formula: 

 

Figure 11.1: Chemical Structure of Sulfacetamide (1) 
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11.1.1.b Description 

Sulfacetamide is a white, crystalline powder which is odorless and has characteristic sour 

taste. The drug is weakly acidic in nature (pKa 5.4), slightly soluble in its base form and 

melts between 1820C to 1840C. It has solubility of 1 gm in about 140 mL of water. It is 

also soluble in acetone, alcohol, slightly soluble in ether, very slightly soluble in 

chloroform, practically insoluble in benzene, freely soluble in dilute mineral acids, 

potassium and sodium hydroxides (2). Solution of sulfacetamide is sensitive to light and 

unstable in strongly acidic or alkaline media. 

11.1.1.c Therapeutic use, mechanism of action, dose and toxicity 

Sulfacetamide is a member of the sulfonamide class of drugs or “sulfa drugs”. The drug 

is mainly used to treat pink eye or conjunctivitis(3-6), blepheritis(7-9), trachoma (10-11), 

keratitis (12-15), corneal ulcers (16-17) and other ocular diseased conditions (18, 19). 

Apart from ocular uses, sulfacetamide is used topically for skin diseases (20-22) and 

orally as an antibacterial agent in the therapy of urinary tract infections(23). It has plasma 

half life of 7 to 12.8 hrs (27).  

Pharmacologically sulfacetamide is bacteriostatic in nature. The Woods-Fields theory is 

the most widely accepted mechanism of sulfa drugs including Sulfacetamide (24, 25). It 

concludes that sulfonamides inhibit bacterial synthesis of dihydrofolic acid by preventing 

condensation of pteridine with aminobenzoic acid through competitive inhibition of the 

enzyme dihydropteroate synthetase. It is also claimed to have antifungal property of the 

metal complexes of sulfacetamide derivatives by a CYP51A1-independent mechanism 
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(26). The usual adult dose for conjunctivitis is 1 to 2 drops into the conjunctival sac every 

2 to 3 hrs for 7 to 10 days (27). 

Sulfacetamide sodium USP is marketed as 10% ophthalmic solution under the brand 

names Bleph®, Ocu-sul®, AK-Sulf®, FML-S®, Blephamide® (27). The drug is available as 

a topical lotion for the treatment of acne and dermatitis under the brand names Ovace® 

and Plexion® (27). Adverse effects include headache, blurred vision, hypersensitivity 

reactions, exfoliative dermatitis (27). 

11.1.2 Eudragit® RL100 

11.2.2.a Introduction 

Source: Röhm GmbH & Co. KG, Lot # 8370806103 

Chemical Name: Ammonio Methacrylate Copolymer, Type A USP/NF 

Molecular Weight: 150,000 (approx) 

Structure Formula:  

 

Figure 11.2: Chemical structure of Eudragit®RL 100 (28) 
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11.2.2.b Description and physical properties 

Eudragit®RL 100 appears as a colourless, clear to cloudy granules with a faint amine-like 

odour. It has solubility of 1 g in 7 g aqueous methanol, ethanol and isopropyl alcohol, 

acetone, ethyl acetate, methylene chloride to give clear to cloudy solutions, practically 

insoluble in petroleum ether, 1 N sodium hydroxide and water (28). 

Chemically, Eudragit®RL 100 is the copolymers of ethyl acetate, methyl methacrylate 

and a low content of a methacrylic acid ester with quaternary ammonium group 

(trimethylamminoethyl methacrylate chloride). The ammonium groups are present as 

salts and make the polymer permeable. The permeability of the polymers depends on the 

ratio of ethylacrylate (EA), methyl methacrylate (MMA) and trimethylammonioethyl 

methacrylate chloride (TAMCl) groups in the polymer. Those polymers having 

EA:MMA:TAMCl ratios of 1:2:0.2 (Eudragit RL) are more permeable than those with 

ratios of 1:2:0.1 (Eudragit RS). They are cationic in nature with 11.96% of the 

quarternary ammonium groups (USP/NF). They are inert polymer resins which are 

insoluble at physiological pH and have swelling property (28). 

11.2.2.c Uses, Toxicity 

They are widely used as film coating materials for solid oral dosage forms (29,30). 

Recently, Eudragit®RL 100 appeared to be a suitable inert nanocarrier for ophthalmic 

drug delivery system (31-36). They have the capability to form nanodispersions, positive 

surface charge (interacts with the negatively charged mucin layer of cornea), good 

stability, absence of any toxic or irritant effects on ocular tissues (37). 
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11.1.3 Pluronic® F108 

11.1.3.a Introduction 

Source: BASF Wyandotte Corp., Lot # WPWA-564B, CAS # 9003-11-6 

Chemical Name: 2-methyloxirane; oxirane 

Molecular Formula: C5H10O2 

Molecular Weight: 14600 (Average) 

11.1.3.b Description 

Pluronic®F108 is the trade name for Poloxamer 338. They are nonionic triblock 

copolymers consisting of a central hydrophobic chain of 

polyoxypropylene(poly(propylene oxide)) flanked by two hydrophilic chains of 

polyoxyethylene(ethylene oxide). The code “F” stands for flake solids, the first two digit 

multiplied by 300 indicates approximate molecular weight of the hydrophobic part while 

the last digit multiplied by 10 gives the percentage of polyoxyethylene content. It has 

melting point of 570C and an HLB value of > 24 and is soluble in cold water (38).  

11.1.3.c  Uses, Toxicity  

Pluronics are useful for various industrial and research purposes. Due to their amphiphilic 

structure, they are used as surfactants in drug delivery systems including nanoparticles 

(39-41), transdermal gels (42). In bioprocess, they are added in culture media to provide 

less stressful conditions for cells (43, 44). They are slightly hazardous in case of skin 

contact (irritant), eye contact (irritant), ingestion or inhalation (45) 
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11.1.4. Acetone   

11.1.4.a Introduction 

Source: Fischer Scientific, Lot # 083349, CAS # 67-64-1 

Chemical Name: Dimethyl ketone, 2-propanone 

Molecular Formula: C3H60 

Molecular Weight: 58.08 

Structural Formula:  

 

Figure 11.3: Chemical structure of acetone (46) 

11.1.4.b Description 

Acetone is a colorless, clear, volatile inflammable liquid with a characteristic odor. It has 

boiling point of 56.530C, specific gravity of about 0.785, congeals at about – 950C, 

viscosity of 0.3075 cp. Acetone is miscible with water, alcohol, ether, chloroform and 

with most volatile oils. 

11.1.4.c Uses, Toxicity 

Acetone is used as a a polar aprotic solvent in variety of organic reactions, by the 

pharmaceutical and chemical industry and as a denaturation agent in denatured alcohol 
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(47), cosmetic uses (48). Acetone exhibits moderate toxicity to CNS, eye and pulmonary 

system (49).  

11.2 Methods 

11.2.1 Preparation of Nanosuspension 

The Eudragit® RL 100 nanoparticles were prepared by nanoprecipitaion method similar 

to that employed by Fessi et al (50) and other authors (51-56). Briefly, a 100 mg portion 

of Eudragit® RL100 and various proportions of drug were dissolved in 10 mL of 

acetone. This organic phase was poured dropwise into 20 mL of a 1% w/v of Pluronic® 

F-108 solution with moderate magnetic stirring at room temperature. Nanoparticles were 

spontaneously formed and turned the solution slightly turbid. Then, acetone was removed 

by continuing stirring for 20 hrs. The resulting particle suspension was filtered through 

1.2 µm cellulose nitrate membrane filter in order to remove larger particle aggregates. 

The prepared suspension was centrifuged at 19,000 rpm at 150C f or 2 hours (Sorvel RC-

5B refrigerated superspeed centrifuge, rotor SS-34, 33300g, K 446). The supernatant was 

removed and the sediment was freeze dried for 48 hrs for further analysis. 

11.2.2 Particle size analysis and zeta potential measurement 

The mean particle size for the formulations was determined by Photon Correlation 

Spectroscopy (PCS) with a Zetasizer Nano ZS-90 (Malvern Instruments Ltd., UK) 

equipped with the DTS softwear. The reading was carried out at a 900 angle with respect 

to the incident beam. The zeta potential was measured by a laser doppler anemometer 

coupled with the same instrument. A potential of ± 150 mV was set in the instrument. 

Disposable cuvettes of 0.75 mL capacity were used for all measurements. Statistical 
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analysis of the data were performed via one way analysis of variance (ANOVA) followed 

by Tucky test using Minitab softwear version 15. 

11.2.3 Scanning Electron Microscopy 

In order to examine the particle surface morphology and shape, Scanning Electron 

Microscopy (SEM) was used. A concentrated aqueous suspension was spread over a slab 

and dried under vacuum. The sample was shadowed in a cathodic evaporator with a gold 

layer 20 nm thick. Photographs were taken using a JSM-5200 Scanning Electron 

Microscope (Tokyo, Japan) operated at 10 kV.  

11.2.4 Transmission Electron Microscopy 

TEM helps to visualize the inherent matrix of individual particles and its shape. A drop of 

the suitably diluted sample was placed onto a holey carbon coated 400 mesh copper grid 

and dried in an oven at 400C for 20 minutes. The images were taken using a Hitachi 

Ultra-thin film evaluation system (HD-2300A) in Phase contrast, Z contrast, Secondary 

Electron (SE) modes. 

11.2.5 Drug Entrapment Efficiency  

A 20 mL portion of the freshly prepared nanosuspension was centrifuged at 19,000g for 2 

hrs at 10-150C temperature using Sorvel RC-5B refrigerated superspeed centrifuge with 

rotor SS-34 at  33300 g and K 446. The amount of unincorporated drug was measured by 

taking the absorbance of appropriately diluted supernatant solution at 260 nm using 

single beam UV spectrophotometer (Genesis 10 UV, Thermoelectron Corporation, USA) 

against blank/control nanosuspension. By substraction from the initial amount of drug 
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taken, entrapment efficiency was calculated. The experiment was performed in triplicate 

for each batch and the average was calculated.  

11.2.6 Differential Scanning Calorimetry (DSC) 

DSC (model 822e, Mettler Toledo, OH, USA) with a Mettler MT50 analytical balance 

was used in order to analyze the thermal behaviour of different samples. Indium (3-5 mg, 

99.999% pure, onset 156.6C, heat of fusion of 107.5 J/g) was used to calibrate the 

instrument. Samples (3-5 mg) were accurately weighed into 100 µl aluminium pans and 

then crimped. The thermograms were recorded over a temperature range of 10-2000C at a 

rate of 100C/min under nitrogen purge gas at 50 mL/min. Mettler Toledo STARe 

softwear (version 8.10) was used to analyze data. 

11.2.7 Powder X-Ray Diffractometry (PXRD) 

The drug crystalline state in the polymer sample was evaluated by Powder X-Ray 

Diffraction (PXRD) analysis. X-ray spectra were recorded with X’Pert-PRO 

multipurpose X-Ray diffractometer (PANalytical, Tokyo, Japan) using Ni-filtered, CuKα 

radiation, a voltage of 45 kV, and a current of 40 mA with a scintillation counter. The 

instrument was operated in the continuous scanning speed of 4°/min over a 2θ range of 5° 

to 40°. The samples were grinded using a wedgwood mortar and pestle, placed into the 

cavity of an aluminum sample holder and packed smoothly using a glass slide. The 

results were evaluated using the X-Pert Data collector version 2.1 softwear. 

11.2.8 Fourier Transform Infrared spectroscopy (FTIR)  

The Fourier transform infrared analysis was conducted to verify the possibility of 

interaction of chemical bonds between drug and polymer. The FTIR spectrum was 



 

 

93 

 

performed by using a PerkinElmer 1600 spectrophotometer with a resolution of 2 cm
-1

. 

The samples were scanned in the spectral region between 4000 and 400 cm
-1

 by taking an 

average of 8 scans per sample. Solid powder samples were oven dried at around 300C, 

finely crushed, mixed with potassium bromide (1:10 ratio by weight) and pressed at 

15000 psig (using a Carver Laboratory Press, Model C, Fred S. carver Inc., WIS 53051) 

to make disc. The detector was purged carefully by clean dry nitrogen gas to increase the 

signal level and reduce moisture. For the analysis of the data, the spectrum GX series 

model softwear was used.  

11.2.9 In vitro drug release study 

The Static Franz diffusion cell was used for studying the in vitro  release of the 

nanosuspension (Fig 4 shown). A cellulose acetate membrane (Dialysis membrane with 

molecular weight cut off value of 12,000-14,000, Spectra/por molecular porous 

membrane tubing, 25 mm diameter, Spectrum Medical Industries Inc., CA 90060) was 

adapted to the terminal portion of the cylindrical donor compartment. A 10 mL portion of 

the nanosuspension containing drug, sufficient for establishing sink conditions for the 

assay was placed into the donor compartment. The receptor compartment contained 90 

mL of 0.2M Phosphate buffer solution of pH 7.4 maintained at 37°C under mild agitation 

using a magnetic stirrer. At specific time intervals, aliquots of 1mL were withdrawn and 

immediately restored with the same volume of fresh phosphate buffer. The amount of 

drug released was assessed by measuring the absorbance at 256 nm using a single beam 

UV spectrophotometer (Genesis 10 UV, Thermoelectron Corporation, USA).  
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Figure 11.4: Photograph of the static Franz Diffusion cell (made in-house at Department 

of Chemistry, University of Toledo) 
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11.2.10 Kinetics of drug release 

In order to analyze the drug release mechanism, in vitro release data were fitted into a 

zero-order (57), first order (58-60), Higuchi (61-63), Hixon-Crowell cube root law (64), 

Korsmeyer-peppas model (65-68).  

The zero order rate Eq. (1) describes the systems where the drug release rate is 

independent of its concentration.  

C = kot       (Equation 11.1) 

Where C is the concentration of the drug at time (t) and ko is the zero-order release rate 

constant. 

The first order Equation (Equation 11.2) describes the release from a system where the 

release rate is concentration dependent. 

logC = logC0 - kt / 2.303     (Equation 11.2) 

Higuchi described the release of drugs from porous, insoluble matrix as a square root of 

time dependent process based on Fickian diffusion as shown in Equation 11.3. 

Q = Kt
1/ 2      (Equation 11.3) 

The Hixson-Crowell cube root law Equation 11.4 describes the release from systems 

where there is a change in surface area and diameter of particles. 

Q0
1/3 – Qt

1/3 = KHC t     (Equation 11.4) 
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To evaluate the mechanism of drug release, data for the first 60% of drug release were 

plotted into the  Korsmeyer et al’s equation (Equation 11.5) as log cumulative percentage 

of drug released vs log time, and the exponent (n) was calculated using the slope of the 

straight line. 

Mt /M∞ = Ktn      (Equation 11.5) 

where (Mt/M∞) is the fractional solute release, (t) is the release time, (K) is a kinetic 

constant characteristic of the drug/polymer system, and (n) is an exponent that 

characterizes the mechanism of release of tracers (61). For cylindrical matrix tablets, if 

the exponent n = 0.45, then the drug release mechanism is Fickian diffusion, and if 0.45 

< n < 0.89, then it is non-Fickian or anomalous diffusion. An exponent value of 0.89 is 

indicative of Case-II Transport or typical zero-order release (62).  

11.2.11 Freeze drying and redispersibility of nanosuspension 

All the four batches (B1, B2, B3, B4) were freeze dried to obtain dry powder. 

Additionally, selected batch (B3) was taken to study effect of cryoprotectant on freeze 

drying and redispersibility of drug loaded nanosuspension. Two cryoprotectants were 

used: sucrose and mannitol both at 2.5% and 5% w/v concentration level. The 

nanosuspension sample was divided into four 2 mL parts and taken individually in small 

glass vial. Required amounts of cryoprotectants were added in each vial and shaken to 

dissolve. A 2 mL portion of the nanosuspension without the cryoprotectant was taken in 

vial as a control. The opening of the vial was covered with tissue paper wrapped by a 

cotton thread. The vials were placed inside a Dewar flask containing dry ice (i.e. solid 
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carbon dioxide) in order to supercool and freeze.  The frozen samples were placed inside 

600 mL Labconco® fast-freeze flask with attached adapter. Freeze-drying process was 

carried out in the Virtis Freezemobile model 12EL. Temperature was kept about - 700C 

and vacuum was kept at 162 mT. After 48 hours, lyophilized samples were collected and 

stored in dessicator for further analysis.  

Redispersibility of lyophilized products was carried out by manual hand shaking in small 

glass vial with distilled water. Visual observation was done to investigate formation of 

any aggregates or precipitates after shaking. Particle size and size distribution after 

redispersion of the sample was performed using Zeta potential/Particle sizer (model 

NicompTM 380 ZLS, CA, USA).  

11.2.12 Short term stability study of nanosuspension 

Prepared nanosuspension (batch B3) was chosen to perform short term stability study of 

the nanosuspension. Samples were stored in glass vials for 1 month at room temperature 

(200C) and at 40C in freeze. After 1 month, samples were visually observed for any 

sedimentation. The particle size and size distribution was performed using Zeta 

potential/Particle sizer (model NicompTM 380 ZLS, CA, USA).  
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Chapter Twelve 
 
 
 
 
Results and Discussions 
 
 
 
 
12.1 Preparation of Nanosuspension 

Eudragit® RL100 Nanosuspensions were successfully prepared by the solvent 

displacement or nanoprecipitation technique (11). The method is simple, reproducible, 

fast, economic and one of the easiest procedures for the preparation of nanospheres (2). 

Nanoparticles were spontaneously formed when the organic phase (acetone) containing 

Eudragit® RL 100 with/without Sulfacetamide was added dropwise into stirred aqueous 

surfactant solution (1% Pluronic® F 109), resulting in a transparent solution with a bluish 

opalescence. Instantaneous formation of a colloidal suspension occurred as a result of the 

polymer deposition on the interface between the organic phase and water when partially 

water miscible organic solvent (acetone) diffused out quickly into the aqueous phase 

from each transient particle intermediate. According to the “Marangoni effect”, the 

transient particle intermediate causes a size reduction to the nano range (3). Formation of 

a colloidal nanodispersion can be visualized by the bluish opalescence (Figure 12.1 and 
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Figure 12.2). This phenomenon is known as the Tyndall effect. It is a phenomenon in 

which the scattering of light is caused by the dispersed colloidal particles (4). 

 

 

Figure 12.1: Photograph of the prepared nanosuspensions (from left to right: B0, B1, B2, B3, B4)  

 

 

Figure 12.2: Photograph of the nanosuspension B4 showing bluish opalescence 
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12.2 Particle size and size distribution 

The particle size and size distributions are critical parameters for ocular delivery purposes 

in order to avoid irritation to the ocular surface. Particle size for ophthalmic application 

should not exceed 10 μm (5). The United States Pharmacopoeia (USP) specifies that 

ophthalmic solutions should contain not more 50 particles with a diameter more than 10 

μm, 5 particles with adiameter of not greater than 25 μm, and 2 particles with a diameter 

of not greater than 50 μm per mL of solution when using the microscopic particle count 

method (6). The experimental output of DLS experiments are seen in Figures 12.3 to 

12.7. 

 

Figure 12.3: DLS plot for the size distribution vs number for batch B0 (n=3) 
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Figure 12.4: DLS plot for the size distribution vs number for batch B1 (n=3) 

 

Figure 12.5: DLS plot for the size distribution vs number for batch B2 (n=3) 
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Figure 12.6: DLS plot for the size distribution vs number for batch B3 (n=3) 

 

Figure 12.7: DLS plot for the size distribution vs number for batch B4 (n=3) 
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The effect of the drug to polymer ratio on size of the nanparticles were studied using four 

different weight ratios of drug and polymer, namely 10:100, 20:100, 30:100 and 40:100. 

Incorporation of the drug above 40% in the formulation resulted in aggregation and 

separation of particles to form white sediment immediately. Therefore, the study was 

carried out in the range of 10-40% drug incorporation in the formulation. Particle size 

data for nanosuspension matches was shown in Table 12.1. The batch B0 in which no 

drug was added showed a mean particle size of 398.1 nm and mean polydispersity index 

(PI) of 0.414. The mean particle size (Z-average diameter) for drug loaded batches (B1 to 

B4) varied in the narrow range from 112.4 nm to 140.6 nm.  

Table 12.1: Particle size, Polydispersity index (PI), zeta potential of blank and 
                    Sulfacetamide-loaded Eudragit® RL100 Nanosuspensions (σ is Standard 
                    deviation, n=3) 

 

Batch 

 

Drug to 
Polymer 

ratio (by wt)

 

Z average 
diameter ± σ 

(nm) 

 

Polydispersity 
Index (PI) ± σ 

 

Zeta 
potential± σ 

(mV) 
B0 0:100 398.1 ± 21.84 0.414±0.095 13.03±0.32 

B1 10:100 140.6 ± 49.94 0.456±0.075 18.77±0.45 

B2 20:100 127.9 ± 28.82 0.501±0.145 24.1±1.58 

B3 30:100 118.9 ± 8.17 0.67±0.162 9.16±0.43 

B4 40:100 112.4 ± 40.25 0.467±0.137 16.47±0.29 

 

The mean PI values for the drug loaded formulation varied in the range of 0.456 to 0.67. 

It could be inferred from the results that there was no significant impact of the drug to 
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polymer ratio on the mean particle size of the drug loaded nanosuspension (p < 0.05). 

One way ANOVA followed by Tucky test showed that batch B0 showed significant 

difference in particle size compared to drug loaded batches (p < 0.05). Surprisingly, a 

trend of increasing drug content in the formulation with decreasing mean size of 

nanoparticles was observed. This observation is in conformity with the findings of Das et 

al for Amphotericin B loaded Eudragit® RL 100 nanoparticles (7). All batches of the 

nanoparticles showed mean sizes which were below 500 nm, therefore suitable for ocular 

application. 

12.3 Zeta potential 

The zeta potential values for nanosuspensions were shown in Table 12.1. The zeta 

potential remained in the range of positive values for all batches (+ 9.16 mV to + 24.1 

mV) which is consistent with the findings of Pignatello et al (8). The positive surface 

charge of the nanoparticles was observed due to the presence of the quarternary 

ammonium groups of Eudragit® RL100. The positive surface charge for the nanoparticles 

could allow for a longer residence time for the particles by ionic interaction with the 

negatively charged sialic acid residues present in the mucous of the cornea and 

conjunctiva (9). Sulfacetamide belongs to a class of secondary sulfonamides in which the 

hydrogen on the nitrogen atom is acidic. Thus in basic medium, the nitrogen acquires 

negative charge on the conjugate base stabilized by resonance (10). The adsorbed 

surfactant (Pluronic® F108) present onto the nanoparticles surface may shield the particle 

surface, thus covering with the electrically neutral layers and causes a slight shift in 
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surface charge (11). The relative constancy of zeta potential with slight variation 

indicates that Sulfacetamide was encapsulated within the nanoparticles and a major part 

of the drug is not present on the nanoparticle surface. 

 

 

 

Figure 12.8: Plot of Zeta Potential distribution for the batch B0 (n=3) 
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Figure 12.9: Plot of Zeta Potential distribution for the batch B1 (n=3) 

 

Figure 12.10: Plot of Zeta Potential distribution for the batch B2 (n=3) 
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Figure 12.11: Plot of Zeta Potential distribution for the batch B3 (n=3) 

 

Figure 12.12: Plot of Zeta Potential distribution for the batch B4 (n=3) 
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12.4 SEM and TEM 

Nanoparticle surface morphology and shape were visualized using SEM and TEM. SEM 

revealed that the blank nanoparticles were spherical to oval in shape with a larger size 

(Fig 12.13) whereas, the drug loaded nanoparticles were found to be distinct, spherical 

with a smooth surface (Fig 12.14). TEM images were also in conformity with the SEM 

and dynamic light scattering data for particle size. All particles were found to be 

spherical with a smooth surface for the various batches (Fig 12.15-17). Magnification of 

a single particle showed the internal cage like structure where the drug molecules are 

dispersed uniformly throughout the polymer matrix (Fig 12.18). The drug appears as 

white spots on the surface. It was observed that when a high energy electron beam were 

passed to scan the particles in TEM, the polymer burns out leaving the drug particles 

viewed as a cage like structure. 

 

 

Figure 12.13:  SEM image of Blank Eudragit RL 100 nanosuspension (batch B0) taken 
                         at 20,000 magnification and acceleration voltage of 10 kv. 
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Figure 12.14: SEM image of drug loaded Eudragit® RL100 nanosuspension (batch B3) 
                      taken at 40,000 magnification and acceleration voltage of 10 kv 

 

 

 

Figure 12.15: TEM image of a blank Eudragit® RL100 nanosuspension (batch B0) taken 
                         at Z contrast mode 
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Figure 12.16: TEM image of drug loaded Eudragit®  RL100 nanosuspension (batch B2) 

 

 

 

 

Figure 12.17: TEM image of drug loaded Eudragit® RL100 nanosuspension (batch B3) 
                         taken at the Scanning Electron mode 
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Figure 12.18: TEM image of a single nanoparticle (batch B3) showing internal structure 
                         and dispersed drug molecules in the polymer matrix 

 

 

12.5 Drug Entrapment Efficiency 

The indirect method was used to determine drug entrapment efficiency (DEE) (12). 

After preparing the fresh nanosuspension, it was centrifuged and the free drug present in 

the supernatant was analyzed by UV-Visible spectrophotomer using a calibration curve. 

The calibration curve was constructed by measuring the absorbance at 260 nm of 

solutions of five different concentrations of drug in water (Figure 12.19). By subtracting 

form initial amount of drug, DEE was calculated. The method is suitable for determining 

entrapment efficiency of nanosuspension when fairly high concentration of free drug is 

present in the supernatant after centrifugation (12). DEE of the Sulfacetamide loaded 
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nanosuspension was found to be in the range of 28.26 % to 35.74% for the four batches. 

The low DEE values indicate relatively low affinity of the drug with the polymer matrix. 

Another explanation for poor entrapment is probably solubility and ionization of the 

drug. Sulfacetamide is soluble in water and has an ionization constant of 5.4. The 

aqueous 1% Pluronic (surfactant) solution has a pH of about 6. Therefore, when the 

organic phase is added dropwise into the aqueous surfactant solution, part of the drug is 

ionized and escapes from the nanoparticles during diffusion of the acetone into the 

aqueous phase. Increasing the drug content in the formulation increased DEE inside the 

nanoparticles (Figure 12.20). However, when the drug content is 40% in the formulation 

(batch B4), saturation of the polymer particles occurs with such a high drug load. The 

excess drug escapes from the acetone phase into the water. Therefore, DEE dropped in  

 

Figure 12.19: Calibration curve of Sulfacetamide in water (absorbance taken at 
                         wavelength of 260 nm) (n=3) 



 

 

113 

 

0

5

10

15

20

25

30

35

40

B1 B2 B3 B4

D
ru

g 
E

nt
ra

pm
en

t e
ffi

ci
en

cy
 (%

)

 

Figure 12.20: Drug entrapment efficiency of Sulfacetamide loaded Eudragit®  RL100 
                        nanosuspensions 

 

batch B4. Another possibility for the decreased DEE at high drug content in the 

formulation can be explained by saturation of the cationic sites on the Eudragit® by 

anionic drug molecules. Therefore, excess drug is being lost from the particles during its 

formation process. 

Three strategies were used to enhance DEE of the batch B3 such as effect of changing 

polymer content, changing external phase pH (13) and addition of Polymethyl 

methacrylate (PMMA) in the formulation (14). Changing the content of polymer in the 

formulation B3 did not improve the DEE of nanosuspension (data not shown). When the 

pH of the aqueous phase was adjusted to 3.4, significant improvement in DEE (~ 50%) 

was observed. This finding may be due to the suppression of ionization and decrease in 
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solubility of sulfacetamide during the formation of nanodroplets in solvent displacement 

method. Thus, drug molecules did not escape from the particles when the external 

aqueous surfactant solution phase was adjusted to acidic pH of 3.4, which is below the 

pKa (5.4) of the drug. When, 30 parts of PMMA was incorporated in B3, DEE increased 

to about 50%.  

12.6 DSC 

From the overaly of DSC thermograms, it has been observed that Sulfacetamide is 

crystalline in nature (Figure 12.21). It exhibited a sharp melting endotherm at an onset 

temperature of 180.10C, a peak temperature of 182.310C and a heat of fusion of 119.7 

J/gm. The drug recrystallized at an onset temperature of 241.76, a peak temperature of 

245.09 and had an energy of activation of about 80.16 J/gm. Eudragit® RL 100 polymer 

exists as a completely amorphous form with a glass transition temperature (Tg) of  about 

600C (15). The amorphous polymer did not show any fusion peak or phase transition, 

apart from a broad signal around 55–600C due to a partial loss of residual humidity (16).  
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Figure 12.21: DSC thermograms of Eudragit®RL100 (A), Physical mixture of 
                        Sulfacetamide and Eudragit® RL100 (B), Sulfacetamide (C), Freeze 
                            dried nanosuspension of Sulfacetamide and Eudragit® RL100 batch B3 
                        (D), Pluronic® F108 (E) 

 

The thermal behavior of the freeze dried nanoparticles suggested that the polymer 

inhibited the melting of the drug crystals. The possible occurrence of ionic interaction 

may have existed in the physical mixture as observed for the furosemide and Eudragit® 

RL 100 system (17). However, the physical mixture of drug and polymer did not show 

any drug melting peak or crystallization peak. Freeze dried drug loaded nanosupension  

(batch B3) showed an broad endothermic transition at an onset of 21.57, a peak at 
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50.890C. Similar observation was noted for other three batches. This observation can be 

explained from the effect of adsorbed poloxamer as surfactant onto the drug loaded 

nanoparticles. Pluronic® F108 exhibited a melting onset of 55.520C, a peak of 58.510C 

consistent with the finding of Passerini et al (18). The exothermic crystallization peak of 

Pluronic® F108 was observed at an onset of 169.860C and a peak of 175.050C. The most 

probable reason for the appearance of slightly shifted broad endothermic peak and 

exothermic peak is due to melting and crystallization of the adsorbed poloxamer present 

on the nanoparticle surface.  

12.7 PXRD 

In order to investigate the physical nature of the encapsulated drug, the Powder X-ray 

Diffraction technique was used. Solid state analysis of the nanosuspension system after 

freeze drying showed that the drug is dispersed in the polymeric matrices in a 

semicrystalline to microcrystalline form. While the polymer is completely amorphous in 

nature, entrapment of crystalline sulfacetamide (sharp intense peaks as seen in Figure 

12.22) into the polymeric nanoparticles reduced its crystallinity to a greater extent. 

Similar observation was noted for the other three batches. This is evident from the 

disappearance of most peaks in the nanoparticles compared to the drug or the physical 

mixture of drug/polymer. There may also be the possibility of overlapping of drug peaks 

by the background diffraction pattern of the amorphous structure (19). Thus, it can be 

inferred that the drug is present inside the nanoparticles in a semicrystalline to 

microcrystalline form. This finding was also in agreement with the flurbiprofen loaded 

acrylate polymer nanosuspension prepared by Pignatello et al (8). 
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Figure 12.22: PXRD of Sulfacetamide (A), Eudragit® RL100 (B), Physical mixture of 
                         Sulfacetamide and Eudragit® RL100 (C), Freeze dried nanosuspension of 
                      Sulfacetamide and Eudragit® RL100 batch B3 (D) 

 

 

12.8 FTIR 

Pure sulfacetamide has characteristic IR peaks at 3471.93 cm-1 (NH stretch), 1686.3 cm-1 

(CO), 1642 cm-1, 1596.18 cm-1, 1505.61 cm-1, 1440.51 cm-1, 1375.01 cm-1, 1322.8 cm-1 

(sym SO2), 1233 cm-1, 1155 cm-1 (asym SO2). This finding is in agreement with the 

findings of Nagendrappa G (20). Figure 12.23 showed that the characteristic bands of the 

ester groups at 1,150 - 1,190 cm-1 and 1,240- 1,270 cm-1, as well as the C = O ester 

vibration at 1,730 cm-1. In addition, CHX vibrations can be discerned at 1385 cm-1, 1450 
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cm-1, 1475 cm-1 and 2,950 - 3,000 cm-1. Eudragit has characteristics IR absorption 

frequency at 3437.91 (OH stretch), 2952.37 (sp3 CH stretch), 1733.89 (CO stretch). 

 

 

Figure 12.23: FTIR spectra of Eudragit®RL100 (A), Sulfacetamide (B), Physical mixture 
                         of Sulfacetamide and Eudragit® RL100 (C), Freeze dried nanosuspension 
                      batch B3 (D) 

 

Freeze dried solid sample of sulfacetamide loaded nanosuspension (batch B3) exhibited 

mainly the Eudragit® absorption peaks with few overlapping peaks from the 

sulfacetamide. It can be concluded that no strong drug polymer interaction occurred 

inside the nanoparticles. Similar observation was noted for other three batches of drug 

loaded nanosuspension. 
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12.9 In vitro drug release 

In vitro drug release from the nanosuspension in phosphate buffer pH 7.4 was performed 

by the dialysis experiment using the static Franz diffusion cell. The calibration curve of 

the drug was constructed to determine concentration from the absorbance at 256 nm with  

phosphate buffer 7.4 as blank (Figure 12.24). The in vitro drug release profiles obtained  

  

 

Figure 12.24: Calibration curve of Sulfacetamide in Phosphate Buffer pH 7.4 with 
                        absorbance taken at 256 nm 

 

from the dialysis experiment was shown in Figure 12.25. The amount of drug 

incorporation  in the formulation and drug entrapment efficiency have a direct effect on 

the drug release profile from the four formulations. As the content of the drug in the 

formulation increased, the release rate also increased. Batch B4 had the lowest drug 

entrapment efficiency (DEE) of 28.26% with a smaller average particle size (112.4 nm) 
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gave 100% drug release within 2 hours. The progressive saturation of the quaternary 

group in the polymer by drug molecules, occurred a at high drug content which increased 

drug release from the formulation (7). Batch B1 had a DEE of 31.35 % with a larger  
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Figure 12.25: In vitro release of sulfacetamide loaded nanosuspensions in phosphate 
                     buffer pH 7.4 at 370C 

 

average particle size (140.6 nm), gave a prolonged drug release profile with only about 

54.22% drug release after 3 hours. A similar tendency was observed for Batch B2 (DEE 

32.24% and particle size 127.9 nm) which released about 60.46% of the drug after 3 

hours. Batch B3 with a particle size of 118.9 nm and DEE of 35.74% showed 91.17% 

drug release after 3 hrs. Thus, a correlation between drug release from the 

nanosuspensions with mean particle size was observed. Thus, it can be inferred that 
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larger particles have a small initial burst release and a longer sustained release than 

smaller particles (21). 

12.10 Kinetics of drug release 

The release data were fitted to various kinetic models in order to calculate the release 

constant and regression coefficients (R2) as seen in Table 12.2. Among the models tested, 

the drug release profiles for the batch B1 and B2 were best fitted with Hixon crowell 

cube root model based on the regression coefficients (R2 of 0.97 and 0.95 respectively). 

Batches B3 and B4 followed zero order model (R2 of 0.98 and 0.99 respectively). With 

Korsemeyer-Peppas equation which plots the logarithm of cumulative percentage of drug 

release up to 60% versus the logarithm of time showed an excellent fit for the model (R2~ 

0.97). The diffusion exponent (n) values for all batches were within 0.4 which indicated 

that drug release mechanism followed pure Fickian diffusion. Pignatello et al, showed 

that the drug release from Eudragit® RL 100 particles was complex in nature which 

involves the occurrence of dissolutive and diffusive phenomena (22). Overall the drug 

release rate was faster which is probably due to the high water permeability and 

swellability of Eudragit®. The presence of a high content of quaternary ammonium 

groups makes the polymer permeable to water. 
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Table 12.2: Kinetic release rate constants, correlation coefficient and diffusion exponent 
                  of various models (n=3) 

Batch Zero order First order Higuchi model Hixon-crowell Korsemeyer peppas 

K0 R2 K1 R2 Kh R2 KH R2 K n R2 

B1 17.876 0.915 0.784 0.868 70.587 0.892 0.630 0.975 0.057 1.953 0.986 

B2 20.228 0.948 0.747 0.894 54.035 0.845 0.645 0.953 0.080 1.856 0.995 

B3 30.942 0.982 0.498 0.836 34.213 0.765 0.745 0.879 0.159 2.28 0.921 

B4 50.036 0.998 0.122 0.750 29.745 0.715 1.036 0.792 0.502 1.14 0.999 

 

12.11 Freeze drying and redispersibility of nanosuspension 

The batch B3 (drug to polymer ratio of 30/100) was selected for freeze drying since it had 

the highest drug entrapment efficiency with a small particle size and sustained release 

behavior. The effect of using cryoprotectants on redispersibility in distilled water was 

investigated visually to observe the formation of any aggregates upon manual hand 

shaking. Freeze dried nanoparticles without cryoprotectants appeared as off-white fluffy 

and sheet-like materials. Using sucrose as the cryoprotectant resulted in the formation of 

a white, brittle, crystalline material with perforated structure. Mannitol formed a white 

spongy, cotton-like material upon lyophilization. Freeze dried nanoparticles without 

cryoprotectants can be seen in Figure 12.26. The freeze dried sample without cryoprotect- 
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Figure 12.26: Photograph of the freeze dried nanosuspension (Left to Right: B1, B2, B3, 
                         B4) without cryoprotectant 

 

-tants did not redisperse in water after manual hand shaking. Large aggregates were 

observed. Mannitol containing samples showed good redispersibility upon manual 

shaking. No difference was observed for 2.5% and 5% mannitol containing samples. 

Sucrose containing samples showed excellent redispersibility within a few minutes of 

shaking for samples with 5% sucrose. Sample containing 2.5% sucrose formed slight 

turbidity and foaming upon shaking. 

Particle size of the 5% sucrose containing batch was 304.7 ± 30.4 nm whereas 5% 

mannitol containing batch contained 156.2 ± 18.1 nm average particle size. Therefore, 

5% Mannitol containing batch appeared to be the most suitable cryoprotectant for the 

batch B3. 
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11.2.12 Short term stability study of nanosuspension 

Physical appearance of the B3 nanosuspension did not change when samples were stored 

at 40C for 1 month. A loose, thin layer of sediment was observed when nanosuspension 

was stored at room temperature for 1 month. However, the sediment disappeared with 

slight hand shaking. The average particle diameters were 125.2 ± 25.1 nm and 98.2 ±  

21.3 nm when samples were stored at room temperature and 40C respectively. The 

particle size for the batch B3 was 118.9 ±8.17 nm before performing stability study. It 

can be inferred from the observed data that the prepared nanosuspension B3 was stable 

after 1 month of storage at room temperature and 40C.  
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Chapter Thirteen 
 
 
 
 
Conclusion 
 
 
 
 
In this study, the potential of Eudragit® RL 100 nanosuspension with potential for ocular 

delivery of Sulfacetamide was investigated. Nanosuspension was prepared by solvent 

displacement technique which is the easiest and reproducible method to prepare nanoparticles 

without need of any sophisticated instruments. Size range of all the batches was within 500 nm 

with polydispersity index of 0.4 to 0.6 suitable for ocular administration. Additionally, SEM and 

TEM images showed almost spherical particles with smooth surface. The positive surface charge 

on the particle would provide ionic interaction with the mucous membrane of cornea, resulting in 

sustained drug release and improved ocular penetration. No major drug polymer interaction was 

detected using FTIR, DSC, PXRD studies done for solid state characterization. Batch B1 and B2 

showed sustained drug release profile whereas release from batch B3 and B4 were comparatively 

faster. Drug entrapment efficiency was found to be in the range of 28.28% to 35.74% which is 

low due to the ionization and solubility of sulfacetamide. In terms of entrapment efficiency, 

batch B3 containing 30 parts sulfacetamide to 100 parts Eudragit® RL 100 showed relatively 

higher drug entrapment efficiency. This batch was selected to study the effect of three 

approaches to increase drug entrapment efficiency. There are three strategies employed to 
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increase drug entrapment such as: changing polymer content in formulation, changing external 

phase pH and addition of another polymer in the formulation. Changing pH to about 3.4 

suppressed ionization and increased drug entrapment efficiency. Similarly, addition of 30 parts 

of PMMA in the formulation B3 increased drug entrapment efficiency to about 50%. Overall the 

study objectives are fulfilled based on the experimental results.  Freeze dried nanosuspension 

using sucrose and mannitol as cryoprotectant exhibited good redispersibility upon manual hand 

shaking. Short term stability study revealed stable nanosuspension with no significant change in 

particle size distribution. Several strategies are currently under investigation in order to increase 

entrapment efficiency of the nanoparticles. Sterilization, long term stability and in vivo studies 

could further be performed in order to characterterize the delivery system for clinical use.  
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