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Abstract 

Ophthalmic diseases are generally treated by topical application of the drugs specially 

eye drops. The major drawback of eye drops is that more than 90% of the applied 

drug is lost to the defensive mechanisms of the eye. To achieve therapeutic drug 

levels, frequent drug administration is required which leads to patient non-

compliance. Different sustained release formulations such as nanoparticles and 

nanoparticles laden in-situ gels are getting attention for ophthalmic drug delivery due 

to their smaller particle size, good stability, sustained drug release and lack of 

irritation effect to the iris, cornea and conjunctiva.  

The objective of this study was to develop sustained release nanoformulations for 

Moxifloxacin hydrochloride (MX) and Dexamethasone sodium phosphate (DS) with 

the aim to improve their ophthalmic bioavailability and reduce their dosing frequency.  

This study was carried out in different phases. First phase of the study consisted of 

preformulation studies and development and validation of methods of analysis. The 

compatibility studies were performed using 1:1 binary mixture approach via FTIR. 

The results confirmed the absence of any interaction/incompatibility between the 

drugs and excipients. Two analytical methods (UV-visible spectrophotometric and 

RP-HPLC-UV methods) were developed and validated. The UV-visible 

spectrophotometric method was specific, accurate and linear with R
2 

values of 0.997 

for MX and 0.998 for DS. The RP-HPLC-UV method was novel, sensitive and 

validated for determination of MX in physiological fluids. The method is linear in 

concentration range of 0.018–100 mg/mL for MX with 97.52 % and 94.48% recovery 

in human plasma and bovine aqueous humor respectively. The LOD was 10.0 ng/mL 

in plasma and 16.0 ng/mL in aqueous humor while LOQ was 18.0 ng/mL in plasma 

and 16 ng/mL in aqueous humour. 
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In second phase of the study; polymeric nanoparticles were developed for the above 

mentioned drugs using PLGA RG 752H as a polymer. The nanoparticles were 

formulated using modified double emulsion solvent evaporation technique. Various 

formulation parameters were optimized such as polymer grade, pH of the outer 

aqueous phase, adding surfactant to the inner phase, changing drug to polymer ratios 

and different PVA concentrations, in order to achieve optimum particle size and 

higher entrapment efficiency. These nanoformulations were then subjected to 

characterization including particle size, PDI and zeta potential measurement, drug 

encapsulation, XRD, scanning electron microscopy (to determine the shape and 

morphology of the NPs), in-vitro drug release, stability studies at 4
0
C and at room 

temperature and in-vivo evaluation. The particle size range obtained for NPS were in 

order of167.4 ± 16.6 nm to 622.4 ± 18.3 nm, PDI 0.09 to 0.48, zeta potential -1.3 to -

14.54 mV and % EE 9.0 ± 0.5% to 81.69 ± 8.1% for MX while DS nanoparticles had 

size range from198.2 ± 12.4 nm to 369.8 ± 12.9 nm, PDI 0.10 to 0.82, zeta potential -

1.96 to -21.6 mV and % EE 6.45±0.9 % to 84.94±6.5 %. SEM studies revealed that 

the nanoparticles of both MX and DS were spherical with smooth surfaces. 

Among various cryoprotectants used, mannitol (5%) showed better results. No 

significant changes were observed in the particle size when formulations were stored 

at 4
0
C while formulations stored at room temperature showed significant changes in 

their particle sizes. In-vitro drug release demonstrated initial burst release followed by 

sustained release of the drug. In case of MX formulations, only Higuchi model 

equation best fitted the release data while for DS formulations both Peppas and sahlin 

model and Higuchi model best fitted the release data. Ocular tolerance studies showed 

that these polymeric nanoparticles were safe and lack any injurious effects to the 

ocular tissues. In-vivo studies showed that the polymeric nanoparticles can sustain the 
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drug aqueous humour level for longer time as compared with the marketed eye drops. 

The Cmax, MRT, AUC0-t and T1/2 increased significantly for both MX and DS while 

the clearance decreased. 

In third phase of the study, one nanoparticle formulation was selected for each drug 

and incorporated into thermoreversible in-situ gel. These in-situ gels were then 

characterized for clarity, viscosity, gelation temperature and pH before and after 

autoclaving. The results showed that these in-situ gels were clear, possessed a 

viscosity of 135.3 ± 0.7 cps and 436 ± 6.3 cps at 25 °C and 37 °C respectively, 

gelation temperature of 32.9 ± 0.3 °C and a pH of 7.34±0.4. The autoclaving did not 

significantly affected clarity, viscosity, gelation temperature and pH of those in-situ 

gels.  

Ocular tolerance studies showed that these in-situ gels did not produced any 

inflammation in the rabbit‟s eyes. These formulations were tolerable, safe and free 

from any harmful effects to the eyes. Pharmacokinetic studies showed that 

nanoparticles laden in-situ gels sustained the drugs for 12 hours in the aqueous 

humour which is higher compared with drug loaded nanoparticles and commercial 

eye drops. Also the Cmax, MRT, AUC0-t, and T1/2 increased significantly while the 

clearance has decreased for nanoparticles laden in-situ gel compared with the 

polymeric nanoparticles and conventional eye drops. 

This project suggests that the developed polymeric nanoparticles and nanoparticles 

laden in-situ gels can sustain the drug for longer time on the ocular surface as 

compared with conventional eye drops, leading to decline in dosing frequency. The 

developed formulations are safe, tolerable and free of any injurious effects to the 

ocular surface and can be utilized as potential drug delivery systems for the 
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ophthalmic delivery of moxifloxacin hydrochloride and dexamethasone sodium 

phosphate.
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1. Introduction 

1.1. Drug Delivery System 

Drug delivery system (DDS) is a formulation or a device that helps in 

the administration of therapeutic substances to the body and improves effectiveness 

as well as safety via controlling the place, time and rate of drug release in the body 
1
. 

Drug delivery system significantly affects the efficacy of a drug, success and failure 

of a drug mainly depends upon the mode of delivery. Maximum efficacy and least 

toxicity can be achieved by choosing a suitable drug delivery system. The idea to 

control the pharmacokinetics, pharmacodynamics, toxicity, immunogenicity and 

efficacy of a drug, has led to the introduction of new drug delivery systems. Drug 

delivery systems prevent the degradation of the drugs, side effects and also improve 

the drug bioavailability that concentrate on the targeted site 
2-3

.  

Drug delivery systems can be classified as: 

 Conventional drug delivery system 

 Modified/controlled drug delivery system 

1.1.1. Conventional Drug Delivery System 

Conventional drug delivery system includes syrups, simple tablets, injections and 

solutions. These systems generally involve regular dosing. For most of the drugs these 

conventional systems are effective but some drugs which are toxic and highly 

unstable or have solubility problems, cannot be administered conventionally 
4
. 

Conventional systems also have limited effectiveness, lack of selectivity and poor bio-

distribution 
5
.The limitations and problems associated with conventional drug delivery 

systems can be improved by adapting modified drug delivery systems. 
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1.1.2. Modified Drug Delivery Systems 

Modified/Controlled drug delivery systems deliver the API at predetermined rates for 

specified period of time to achieve the desired therapeutic effects in humans and/or 

animals 
6-8

. Controlled drug delivery systems offer greater efficacy, least toxicity, 

convenience and better patient compliance 
9
.Controlled drug delivery systems are 

aimed to improve the efficacy of a drug. This improvement may be brought by; 

increasing the therapeutic action of the drug compared to the level of side effects or 

by decreasing the course of the therapy. 

 

Fig 1.1: Different drug delivery routes 
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Drug release can be controlled by two ways 
10

: 

 Temporal control 

 Distribution control 

In temporal control, the drug is delivered for an extended period or at specific time in 

course of a therapy. This system equilibrates the rate of drug release to the rate of 

drug elimination and therefore therapeutic window is maintained. This type of 

delivery is handy for the drugs that metabolize and eliminate rapidly from the body. 

Distribution control system targets the drug to a specific site of action within the 

body. This system is beneficial in cases when the natural distribution causes the drug 

molecules to encounter the tissues and prevent further treatment as in case of 

chemotherapy or when the drug molecules are not allowed to reach the site of action, 

e.g. a drug  molecule is distributed by the blood and is  intended to act on a brain 

receptor but unable to pass through blood brain barrier 
11

. Modified drug delivery 

systems can be further categorized as; 

 Targeted Drug Delivery 

 Sustained Release Systems 

 Programmed or Pulsatile Release Systems 

 Fast Dissolve Drug Delivery System (Flash) 
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Table 1.1: Effects of drug delivery systems on various drug associated problems 
12

. 

Problems Implications Effects of DDS 

Low drug solubility 

Pharmaceutical formulations are 

challenging to formulate because 

the poorly soluble drugs tend 

precipitate in aqueous media. 

Using solubilizers for such drugs 

may cause serious toxicity e.g. 

Cremphor the solubilizer for 

paclitaxel in Taxol. 

Delivery systems such 

as liposomes and 

micelles offer both 

hydrophobic and 

hydrophilic 

environment to such 

drugs and thus enhance 

solubility. 

Damage to the  tissues 

on extravasation 

Unintentional extravasation of 

various drugs such as cytotoxic 

drugs might cause tissue injury, 

e.g., free doxorubicin causes 

tissue necrosis. 

DDS regulates drug 

release and can 

minimize or reduce 

tissue injury because of 

such accidental 

extravasation. 

In-vivo drug breakdown  

Some drugs loss their therapeutic 

activity after administration, e.g., 

degradation of insulin in the 

stomach in acidic pH. 

DDS can prevent such 

premature degradation 

and can also function as 

a reservoir for drugs, 

thus minimizing the 

required dose. 

Adverse 

Pharmacokinetics 

High doses/ continuous infusion 

is required if the drug is rapidly 

cleared by the kidney. 

DDS can modify the PK 

of such drugs, reducing 

their clearance. 

Poor bio-distribution 

Some drugs have extensive 

distribution in the body and can 

have an effect on normal tissues, 

ensuing in dose-limiting 

toxicities, e.g. nephrotoxicity 

with cisplatin. 

The particulate nature 

of DDS may reduce the 

drug distribution 

leading to reduction in 

side effects in non 

target sensitive, tissues. 

Lack of selectivity for 

target tissues 

Lack of selectivity can affect the 

normal tissues reducing the dose 

to be administered. Sub 

therapeutic dose will lead to sub-

therapeutic effects. 

DDS can target the drug 

to diseased tissues such 

as EPR effect in tumor 

cells. Ligand-mediated 

targeting further 

improves drug 

specificity. 
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1.2. Strategies to Achieve Modified/Controlled DDS 

Modified/controlled release systems can be achieved by applying various strategies 

such as using different polymers, changing the geometry of the dosage form to control 

the drug diffusion and by modifying the drug solubility. Various approaches to obtain 

controlled drug release are 
13

: 

1.2.1. Reservoir Systems 

In reservoir based systems, the drug core is enveloped in a thin polymer film and is 

thus separated from the physiological fluids. The drug release in this case is controlled 

by the properties of the polymer such as molecular weight and composition, coat 

thickness, particle size and molecular weight of the drug. Polymers mainly used for 

reservoir based drug delivery may be biodegradable or non biodegradable, such as 

silicone, cross-linked polyvinylalcohol (PVA), polylactic acid (PLA), polylactic co-

glycolic acid (PLGA) and polycaprolactone (PCL) 
13-14

. Examples include Ocuserts, 

Progestaserts, Transdermal Patches etc. 

Reservoir systems are important in two ways: 

i. Drug administration is restricted to a specific site from mid to long term 

application especially in case of areas which cannot be targeted easily via 

systemic administration such as eyes, ears or in case of cytotoxic drugs 

which need long term therapy. 

ii. Drug depots such as I/M and SC implants.  

1.2.2. Matrix Systems 

In matrix systems, the drug is homogeneously distributed in polymeric medium as 

particles or at molecular levels to achieve controlled release system. The distributed 
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drug can be dispersed, dissolved or dispersed and dissolved in the polymeric medium. 

Drug diffusion in polymer matrix is the rate limiting step and so it is responsible for 

the developed pharmacological character. Matrix systems are easy to manufacture, 

cheaper, risk of dose dumping is minimal, and possibly it can improve the aqueous 

solubility of drug 
13,15

.  

1.2.3. Swelling Controlled Release Systems 

In swelling controlled release systems, the size of the dosage form changes as the 

drug releases from the polymer matrix due to swelling. This system releases drug 

either by diffusion, erosion of the polymer, transport of drug in the matrix or swelling 

of the polymer. Systems which show this type of release pattern may be chemically or 

physically cross-linked gels. Swelling controlled release systems usually behaves as 

glassy polymers at room or body temperature. When water comes in contact, it enters 

into the free spaces on the surface. The glassy polymer alters its structure in such a 

way to get compatible with water and swells. This swelling brings glass to rubber 

transition and if the drug is boxed in the glassy matrix, swelling will set it free. Now if 

the drug can diffuse faster through the weaker matrix compared to the water, the 

release process will be termed as swelling controlled process 
13,16-17

. 

1.2.4. Biodegradable Systems 

In biodegradable systems the drug matrix is made up of biodegradable polymers. 

These polymers degrade to non toxic products in physiological environment and the 

drug is released in a controlled manner. Degradation of the polymers generally occurs 

by hydrolysis of the main chain or hydrolysis of the crosslink. Biodegradable systems 

are generally of matrix type and release the therapeutic moiety by erosion, dissolution 

or diffusion. Polymers used in biodegradable systems include polylactic acid (PLA), 
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polyglycolic acid (PGA), polylactide-co-glycolide (PLGA), poly (ɛ-caprolactone) 

(PCL) etc. Biodegradable systems offer advantage over other drug delivery systems as 

there is no need to remove them after the drug delivery is completed. They also 

deliver drug directly into the systemic circulations
1,13,18

. Because of these properties, 

biodegradable polymer is used in: 

 Implants to treat brain tumors 

 Vaccine delivery 

 Bone and tissue engineering 

 Implants for intraviteral delivery 

 Anti neoplastic drug delivery 

1.2.5. Osmotically Controlled Drug Delivery Systems (OCDDS) 

The driving force for drug release in this system is the osmotic pressure difference 

between the formulation and the surrounding biological environment. OCDDS are 

generally composed of two parts, the core (containing drug and osmotic pressure 

modifier) and semi permeable membrane. Generally, the drug release occurs when the 

GIT fluid diffuses inside the membrane in a controlled manner, which leads to 

dissolution of the drug. Drug dissolution rate is proportional to the entry of biological 

fluid across the membrane. The osmotic pressure inside the drug core increases as the 

molecules in the solution increases. In order to decrease the osmotic pressure on the 

outer membrane, the drug solution escapes from the core through the orifice. 

1.2.6. Stimulus Responsive Drug Release 

Stimulus responsive systems have emerged as potential approaches toward the control 

and targeting of drugs. These systems are designed to release drug when required after 
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applying a specific stimulus following switch on/off mechanism. Stimuli responsive 

systems are designed in such manner that they can recognize the changes occurring 

around them and react accordingly. To achieve this property, biocompatible stimulus 

responsive polymers have been made. These polymers are also called smart polymers 

as they can go through several changes such as hydrolytic cleavage, molecular or 

supramolecular changes or specific protonation to respond accordingly.  Drug release 

from these systems is activated and modulated by some internal changes or by energy 

provided externally. These stimuli can be of three types according to their nature such 

as chemical (e.g. glucose, ionic strength or pH), physical (e.g. ultrasound, 

temperature, and osmotic pressure, magnetic and electric field) and biological (e.g. 

endogenous receptors and enzymes) 
13,19-20

.  

1.2.7. Polymer-Drug Conjugate 

This system is composed of a drug or drugs and a polymer which are covalently 

attached to each other directly through functional groups or through a spacer. 

Polymer-drug conjugates provide better control and targeting of the therapeutic entity 

to the desired site. This system can be helpful to; 

 Increase the drug bioavailability at desired site 

 Improve the aqueous solubility of the drug 

 Maintain steady state plasma level of the drug 

 Minimize multi-dose regimens and adverse effects 

 Optimize the rate, duration and onset of drug release 

 Protect the drugs from chemical and proteolytic degradation 

Polymer-drug conjugate system can serve as a promising treatment approach for 

cancer treatment as anticancer drugs are poorly soluble in water, unstable 
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metabolically and have dose dependent toxicities. It can effectively target the drug to 

the tumor cells, increase therapeutic index, reduces the side effects of chemotherapy 

and thus increases the chances for therapy success 
21-22

.  

Figure 1.2: Drug Targeting Approaches  
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1.3. Ophthalmic Drug Delivery 

Eye is the most exposed and delicate organ of the body, but its distinctive anatomy 

and physiology has made it one of the well protected organs to external moieties 

including drugs. To treat ocular diseases, topical application of the drug is preferred 

over the systemic administration as crossing blood aqueous barrier and blood retinal 

barrier is relatively difficult. For the drug molecules to reach cornea, they initially 

encounter the pre-corneal barriers. Pre-corneal barriers constitute conjunctiva and tear 

which initially wash off the drug from the eye and decrease the drug bioavailability. 

Other protective mechanisms such as rapid blinking of the eye, smaller absorptive 

surface, low corneal transparency, lipophilic corneal epithelium, nasolacrimal 

drainage and metabolism, further hinders the drug entry and consequently less than 

5% drug reaches the eye 
23-26

.  

1.3.1. Anatomy of the Eye 

Anatomically the eye is divided into two segments; anterior and posterior. Anterior 

segment is comprised of cornea, ciliary body, conjunctiva, iris, aqueous humour and 

lens while posterior segment includes choroid, retina, sclera and vitreous body. 

 

 

 

 

 

 

 

Figure 1.3. Structure of the eye 
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1.3.1.1. Cornea 

Cornea is clear and optically transparent. It lacks blood supply and therefore gets the 

oxygen and nourishment from the aqueous humour and tear film. Human cornea is 

approximately 12mm in diameter and 520µm thick. Cornea itself is composed of five 

layers; corneal epithelium is the outer most layer, followed by bowman‟s membrane, 

corneal stroma, descemet‟s membrane and corneal endothelium, the innermost layer 

of the cornea. Main function of the cornea is to focus the incoming light on the retina 

27-28
.  

1.3.1.2. Conjunctiva 

Conjunctiva is a vascular mucus membrane covering the anterior surface of the eye 

ball. It lubricates the eye by producing mucus and also helps in tear film adhesion. 

Conjunctiva offers less resistance to drug permeability as compared to the cornea and 

serves as a site for local drug instillation for ocular diseases.  

1.3.1.3. Iris 

Iris is the anterior most pigmented part of the eye that regulates the size of the pupil 

by sympathetic and parasympathetic stimulation. Pupil regulates the light entry to the 

eye. Iris measures 12 mm in diameter and 37.5 mm in circumference. 

1.3.1.4. Ciliary body 

Ciliary body is mainly composed of pigmented ciliary epithelium, ciliary muscles and 

stroma. Ciliary body secretes aqueous humour, controls the shape of the lens and 

helps in focusing the reflection on the retina.  
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1.3.1.5. Aqueous humour 

Aqueous humour is secreted by the ciliary epithelium of the ciliary body. It is 

regarded as protein free (0.02%) with a neutral pH of 7.2. It flows continuously at a 

rate of 2-2.5µl from posterior to the interior segment of the eye, nourishing the lens 

and cornea and leaves the eye through trabecular meshwork and canal of schlemm. 

This continuous flow of aqueous humour maintains the intraocular pressure in the 

eye. 

1.3.1.6. Lens 

Lens is a clear, transparent, biconvex avascular structure in the eye. It is enclosed in a 

tough capsule and is balanced in visual axis by a network of fibers called zonules of 

Zinn. It is nourished by the aqueous humour and it focuses the light rays that enter the 

eye via pupil forming image on the retina. It also protects the retina from ultraviolet 

rays. 

1.3.1.7. Sclera 

Sclera is the white, tough outer cover of the eye ball. It is made up of fibrous tissues 

and acts to preserve the shape of the eyes. 

1.3.1.8. Retina 

Retina is a light sensitive layer at the back of the eye. It contains photosensitive cells 

known as rods and cones that convert incident light rays into nerves impulses that are 

carried to the brain via optic nerves and image is formed. 

1.3.1.9. Fovea 

Fovea is a small dimple in the centre of the retina and provides the sharpest vision. 
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1.3.1.10. Vitreous humour 

It is a transparent jelly like substance that occupies the globe of the eye between the 

lens and the retina. Humour is mostly made up of water and a small amount of sugar, 

collagen and salt. Vitreous humor maintains the spherical shape of the eye and also 

keeps the retina intact at its place.  

1.3.1.11. Choroid 

Choroid resides between sclera and retina. It is richly supplied with blood vessels and 

it nourishes the photoreceptor cells in the retina. 

1.3.2. Barriers in Ophthalmic Drug Delivery 

1.3.2.1. Drug Loss from the Ocular Surface 

First barrier to the topically instilled drugs is lachrymal secretions. Lachrymal 

secretions rapidly remove any drug/exogenous substance from the eye surface and 

excess of the fluid is drained through naso-lacrimal drainage duct. Another cause of 

drug removal from the ocular surface is the systemic absorption of the drug instead of 

ocular absorption. The presence of network of capillaries in the conjuctival sac and 

nasal cavity are responsible for systemic absorption. Spillage of the drug from the cul-

de-sac due to overflow (human cul-de-sac can with hold up to 30µl of fluids), induced 

tear production, normal tear turnover and drug metabolism are some of the other 

limiting factors. All these factors results in very short precorneal half life (1-3min) 

leading to only 5-10% of the ocular drug bioavailability 
29-32

.    

1.3.2.2. Epithelial Barriers 

For drug to reach aqueous humour, it has to pass through the cornea. Cornea is made 

up of epithelium, stroma and endothelium. Epithelium is the outer lipophilic layer 
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comprising of tight intracellular junctions which limits the entry of macromolecules 

and hydrophilic drugs into the cornea and aqueous humor. Beneath epithelium lies 

hydrophilic stroma which allows hydrophilic drug molecules of 500 KDa size to 

diffuse through it while preventing the passage of lipophilic drugs. Endothelium is the 

last layer of the cornea which restricts the passage of both hydrophilic and lipophilic 

drugs. Drug molecules and particles up to 20 nm can pass through the endothelium 
32-

36
.  

1.3.2.3. Blood Ocular Barriers 

Blood aqueous barrier (BAB) and blood retinal barrier (BRB) collectively form blood 

ocular barriers. These barriers serve to protect the ocular tissues from injurious effects 

of drugs/exogenous substances that might be present in systemic circulation 
30,37-38

.  

BAB is present in anterior segment of the eye and is made up of two layers of cells; 

the non-pigmented ciliary epithelium and the endothelium of the iris/ciliary blood 

vessels. The function of the BAB is to control the passage of albumin and other 

macromolecules from blood into the aqueous humor 
38-39

. BRB is present in the 

posterior segment of the eye. It is made up of retinal pigment epithelium (RPE) and 

retinal capillary endothelial (RCE) cells. BRB limits the permeation of proteins, drugs 

and other macromolecules from systemic circulation into the retina
38-40

.  

1.3.3. Routes for Ophthalmic Drug Delivery 

To treat different ophthalmic diseases, drug is usually administered via any of the 

following routes; topical, subconjunctival, systemic, intracameral and intravitreal 
27,41-

42
. Topical, intracameral and subconjuctival routes are generally used to treat diseases 
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of the anterior segment while intravitreal route is mostly used is treat diseases of the 

posterior segment of the eye.  

 

Figure 1.4: Figure showing different ocular barriers and mechanisms for drug 

delivery: 1. topical administration; 2. intravitreal injection; 3. periocular injections 

(3a. subconjunctival, 3b. peribulbar, 3c. sub-tenon, and 3d. retrobulbar); and 4. 

Systemic administration. Copied and modified (Urtti et al. 2006)
30

 

1.3.3.1. Topical Route 

Topical route is the simplest, convenient and widely used route for ocular drug 

delivery. Drugs that are administered via topical route are generally formulated as 

solutions (eye drops). Main advantages of this route are localized drug delivery, 

avoiding blood-aqueous barrier and first pass metabolism along with various side 

effects associated with systemic route. Site of action for topically instilled drugs 

include cornea, conjunctiva, sclera, uvea, and ciliary body. Various anatomical and 

precorneal barriers present in the eye negatively affect the bioavailability and thus 

only a small portion (1-7%) of drug reaches aqueous humour 
30,42-43

. Tear film is the 

first resistance faced by topically administered drugs. Tear film plays a protective role 
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by promoting healing and fighting various infections. Human tears have a volume of 

approximately 7µl with a turnover rate of 0.5-2.2 µl/min and restoration time of 2-

3min. This rapid restoration time leads to quick washing of eye drops and rapid naso-

lacrimal drainage. Next barrier encountered by the exogenous substance entering the 

eye is cornea. Cornea is made up of five layers. The epithelium is hydrophobic and 

therefore resists the entry of hydrophilic drugs while stroma is highly hydrated and 

restricts the entry of lipophilic drugs through the cornea. Endothelium is the inner 

most layer composed of monolayer of hexagonal-shaped cells and possess leaky 

junctions which assist the entry of macromolecules to the aqueous humour. After 

cornea barriers, conjunctiva is the next obstacle to the penetration of water soluble 

drugs due to conjuctival blood capillaries and lymphytics which may possibly cause a 

considerable drug loss to the systemic circulation leading to lower ocular 

bioavailability 
42

.  After fleeing the conjuctival elimination, drug molecules reach the 

sclera which has large surface area and high permeability as compared to cornea. 

Permeation through the sclera mainly depends on the molecular size of the drug rather 

than its lipophilicity 
41

. Charge on the drug molecule also affects its permeability 

through sclera as it is reported that positively charged drug molecules have poor 

permeation across the sclera because they will bind to the proteoglycan matrix which 

possess negative charge 
44

. 

1.3.3.2. Subconjuctival 

Administering drug via subconjuctival route is an attempt to sustain the drug both in 

the anterior and posterior segment of the eye leading to decreased dosing frequency. It 

also avoids cornea, blood-aqueous barrier and first pass metabolism. Subconjuctival 

injections deliver high drug concentration to uvea resulting in higher bioavailability. 
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The main purpose of using this route is to deliver newer drug formulations to the 

posterior segment of the eye and also to deliver the newer therapies for macular 

degeneration to retina and choroid 
27,30

.  

Drug after subconjuctival injection must cross the sclera which has high permeability 

as compared to the cornea and also sclera permeability is independent of the drug 

lipophilicity. Sclera also has good permeability for large molecules, which make it 

ideal route to deliver the drug to the choroid across the sclera. Delivering drug to the 

retina is a bit complex as the drug has to pass through choroid and retinal pigment 

epithilium (RPE) 
45-47

. Drug loss to the systemic circulation occurs because of 

drainage through the blood and lymphatic vessels of the conjunctiva, and is the main 

limitation of this route.  

1.3.3.3. Systemic 

Systemic administration of drug is usually preferred to target the posterior segment of 

the eye but the main drawback of this route is that only 1-5% of the administered drug 

reaches the vitreous humour. After systemic administration the drug faces two major 

barriers, BAB for the anterior segment and BRB for the posterior segment of the eye. 

BAB prevents the permeation of drug molecules into the aqueous humour while the 

BRB restricts the drug permeation from blood to the posterior segment of the eye. In 

order to maintain therapeutic levels of the drug in ocular tissues, high concentration of 

drug with frequent dosing is needed which may in turn lead to serious systemic side 

effects 
48

.  
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1.3.3.4. Intracameral 

Intracameral injection directly injects drug to the anterior segment of the eye. This 

method is used for  drug delivery to both the anterior and posterior segments but drug 

delivered to the posterior segment of the eye is often very less
49

. Intracameral 

injections deliver the drug locally; avoid first pass metabolism and systemic side 

effects. It also prevents the drug form various anatomical barriers such as cornea, 

conjunctiva and BRB.  Intracameral injections deliver high concentration of drug to 

the anterior segment of the eye and it is believed that the drug concentration can reach 

300-600 times more in aqueous humor after intracameral injection than topical 

instillation 
50-51

. Drug distributes to other ocular tissues by simple diffusion and bulk 

flow of aqueous humour after intracameral injection. Various antibiotics such as 

cephalosporins, moxifloxacin and vancomycin are reported to be safe intracamerally 

but they need proper reconstitution (dilution), sterilization, free from any preservative 

and correct dose and concentration, otherwise chances for toxic anterior segment 

syndrome and corneal endothelial toxicity increases 
51-52

. 

1.3.3.5. Intravitreal 

Intravitreal (IVT) injection is used to directly administer the drug to posterior eye 

segment through pars plana. This route ensures high drug concentration at vitreous 

and retina. Intravitreal route injects the drug directly into the vitreous chamber in the 

form of solution, depot and microparticles but their distribution is uneven, smaller 

molecules diffuse rapidly through the vitreous cavity while macromolecules have got 

limited distribution. 

Drug elimination from the vitreous cavity depends upon the molecular weight of the 

drug compounds such as protein and peptide drugs having large molecular weight 
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(40-70kDa) tends to retain longer in vitreous humour. Drug elimination after IVT 

administration follows two routes; anterior route through aqueous turnover and uveal 

blood flow while posterior route involves diffusion through BRB. Major drawbacks of 

IVT route are patient noncompliance, repeated weekly injections, retinal detachment, 

Intravitreal hemorrhage and injection associated infections such as endophthalmitis.  

1.3.4. Ophthalmic Drug Delivery Systems 

To increase the ophthalmic bioavailability of the drug and to overcome these 

ophthalmic barriers, different delivery systems have been developed. Mainly they are 

divided into two classes; conventional and novel drug delivery systems.  
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Figure 1.5: Schematic representation of ophthalmic drug delivery systems 

 

1.3.4.1. Conventional Ophthalmic Drug Delivery Systems (CODDS) 

1.3.4.1.1. Solution eye drops 

Eye drops is one of the most extensively used ophthalmic drug delivery system 

because they are safe, convenient, non-invasive and patient friendly in administration. 

Eye drops should be isotonic, sterile with an optimum pH of 6.8-8.5. The major 

drawback of eye drops is that the drug remains for very short time on the surface of 

the eye and most of the drug is lost via naso-lacrimal drainage resulting in poor drug 

bioavailability. To increase drug residence time, bioavailability and permeation; 

various additives are added to eye drops to enhance their viscosity and permeation 
24-

25,53-54
.  

Viscosity enhancers such as hydroxy methyl cellulose, hydroxypropyl methyl 

cellulose, sodium carboxy methyl cellulose, hydroxy ethyl cellulose and polyalcohol 

are meant to improve the precorneal contact time leading to enhanced bioavailability 
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55-56
.  Permeation enhancers are used to increase the drug corneal penetration and 

absorption. Examples include polyoxyethylene glycol ethers (lauryl, stearyl and 

oleyl), benzalkonium chloride, sodium salt of ethylenediaminetetra acetic acid, 

cremophor EL, saponins and sodium taurocholate. The issue related to permeation 

enhancers is their local toxicity 
57-59

.  

1.3.4.1.2. Ointments 

Ophthalmic ointments are semi solid dosage forms whose prime purpose is to prolong 

the drug contact time with the external surface of eye. Ointment is a mixture of solid 

and semi solid hydrocarbons that softens or melts at body temperature, forming small 

drops that stay longer in the conjuctival sac leading to improved bioavailability. The 

major drawbacks of ointments are irritation, cloudy eyes, and blurring of vision 

leading to poor patient‟s compliance 
24-25,53-54

.  

1.3.4.1.3. Suspensions 

Suspension is a dispersion of solid drug particles that are suspended and stabilized in 

aqueous vehicle. Particles size for suspensions should be kept less than 10µm to avoid 

eye irritation. These solid drug particles adhere to the surface of conjunctiva and drug 

is absorbed gradually resulting in improved contact time and duration of action. In a 

study prednisolone acetate (1%) suspension was formulated with the aim to increase 

its ophthalmic contact time. Particle size was kept between 1-3 µm and preservatives, 

viscosity enhancers and chelating agents were added. The results demonstrated that 

prednisolone acetate suspension was more effective than its solution in treating 

corneal inflammation 
60

. 
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1.3.4.1.4. Emulsions 

Emulsions are generally defined as a mixture of two immiscible liquids, one of which 

is dispersed throughout the other. Commercially two types of pharmaceutical 

emulsions are used; O/W and W/O emulsions. Emulsions can be modified according 

to the requirements; to protect a labile drug, control drug release, improve drug 

bioavailability or to provide targeted delivery and therefore explored for a variety of 

drug delivery routes including parenteral, ophthalmic, nasal, transdermal, dermal, 

rectal and vaginal. O/W emulsion is preferred for ophthalmic drug delivery and is 

preferred to deliver lipophilic drugs to the cornea as they can be loaded into the oil 

particles 
61-64

.   

Application of emulsions in ophthalmic drug delivery includes increase in precorneal 

residence time, enhanced permeability of drug through cornea, sustaining the drug 

release in order to increase the ocular bioavailability of the drug. The limiting factors 

for emulsions uses in ophthalmic drug delivery are; irritation produced by surfactants 

and corneal lesions on long term exposure to surfactants 
61

.    

1.3.4.2. Novel Ophthalmic Drug Delivery Systems (NODDS) 

Various limitations associated with conventional ophthalmic drug delivery systems 

include low ocular bioavailability, enzymatic inactivation and non specific drug 

action. These problems can be alleviated by novel ophthalmic drug delivery systems. 

NODDS have been further classified in to hydrogels, implants and nanomaterials. 

These delivery systems must be biodegradable, biocompatible, non-irritant, should 

have prolonged residence time at the cornea, sustain the drug release and increased 

ocular bioavailability. 
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1.3.4.2.1. Hydrogels 

Hydrogels are composed polymeric materials; the hydrophilic composition of which 

make them capable to absorb large amount of water and other biological fluids in their 

three-dimensional polymeric networks
65

.This fluid absorption property is because of 

the presence of various hydrophilic functional groups (OH, CONH, CONH2, and 

SO3H) on polymer backbone. These functional groups also make hydrogels resistant 

to dissolution in fluids 
66-67

. Some hydrogels can be hydrated up to 90% of its weight 

depending on the composition of the polymer and aqueous environment while 

polymers with hydrophobic nature have limited water absorbing capacity (5-10%). 

Under physiological conditions, hydrogels are able to maintain their water/fluid 

absorbing capacity, low interfacial tension with biological fluids/water and soft and 

rubbery consistency which make them ideal for  wide range of uses
68-69

.  

Hydrogels are generally classified into preformed and in-situ gels. Preformed gels do 

not undergo any change following administration and generally are used the same 

way as ointments are applied which is least convenient for the patients whereas in-situ 

hydrogels undergo solution to gel phase transition upon exposure to environmental 

factors such as temperature, pH, electric, magnetic, UV visible, ionic strength
70

. In-

situ gels exist as solution at room temperature and therefore instilled as eye drops 

which is more convenient and patient friendly. 

As gels resides longer in precorneal area of the eye than viscous solution, so extensive 

work has been done to formulate drugs in solutions which would gel in conjuctival 

cul-de-sac. For this purpose „smart or intelligent‟ hydrogels have been developed 

which respond to the external stimuli (temperature, pH, electric, magnetic, UV 
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visible, ionic strength) by changing its chemical or physical behavior and thus release 

the loaded drug in a controlled way 
71-72

.  

Thermosensitive hydrogels have been developed for ocular delivery using different 

polymers such as poloxamers, chitosan, and multiblock copolymers of PGA, PLA, 

PEG and PCL. These hydrogels are in solution form at room temperature (25 °C) but 

form micellar aggregation which is followed by gelation when temperature is raised to 

physiological temperature (35-37°C) 
73

. When comes in contact with the ocular 

surface, these polymeric solutions transform into a gel, acting as a depot for the 

incorporated drugs, thus prolonging their precorneal contact time, decreasing their 

drainage and ultimately increasing the bioavailability of the drug in the eye. 

Thermosensitive gel formulated using triblock co-polymer PLGA-PEG-PLGA was 

developed for the ocular delivery of dexamethasone acetate 
73

. In-vivo evaluation after 

topical application to the rabbit eye showed much higher Cmax (125.2ug/mL) for 

PLGA-PEG-PLGA solution compared to simple dexamethasone acetate solution 

(17.8±2.18ng/mL). Furthermore, AUC was also higher for PLGA-PEG-PLGA 

solution. Pluronic F127 based hydrogels were prepared for timolol maleate (TM) in 

order to improve its ocular bioavailability 
74

. In-vivo evaluation demonstrated that 

ocular bioavailability increased 2.5 fold for 25% PF 127 solution and 2.4 fold for 15% 

PF 127 formulation compared with aqueous solution of TM. Even though with all 

these promising results, the main drawback associated with these hydrogels is the risk 

of gelling prior to administration due to temperature increase in course of packaging 

or storage 
70

. 

In pH sensitive hydrogels, gelling is triggered by changes in environmental pH. The 

degree of ionization (pKa or pKb) changes significantly at a specific pH in such 
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hydrogels.  This rapid alteration of net charge generates electrostatic repulsive forces 

between the ionized groups creating a large osmotic swelling force and change in 

volume. pH sensitive hydrogels are of two types; cationic and anionic. Cationic 

hydrogels contain pendent groups e.g. amine groups, which ionizes below pKb and 

swells due to increase in electrostatic repulsions. On the other hand, anionic hydrogels 

have sulfonic or carboxylic acid pendent groups which ionize above their pKa value 

leading to excessive swelling of hydrogel 
72,75-77

. Carbomer and Cellulose acetate 

phthalate (CAP) are generally used to fabricate these hydrogels. A pH sensitive 

hydrogel was developed in order to sustain the ocular delivery of ofloxacin using 

Carbopol 
®
940 in combination with Methocel E50LV 

78
. The developed hydrogel was 

stable, non-irritant and efficacious and sustained the drug delivery over 8 hrs. 

Acetazolamide was formulated in pH triggered nanoparticle laden in-situ gel. The 

nanoparticle laden in-situ gel was non-irritant and got higher transcorneal permeation 

compared with the eye drops and suspension. In-situ gel also decreased the IOP 

significantly as compared with eye drops 
79

.  

1.3.4.2.2. Implants 

Implants are designed as a unit drug to deliver the drug locally for extended time in a 

control manner 
80

. Implants are generally implanted in the body by surgical 

procedures and are widely used in contraceptives, cancer, insulin delivery, dentistry, 

immunization and ocular drug delivery. Ocular implants are used to deliver drug to 

the posterior segment of the eye. These are implanted in the vitreous by incision in the 

pars plana, near the retina. Although surgery is involved in this procedure but it is 

usually preferred over IVT injection and systemic administration because of the 

localized and sustained drug delivery, avoid BRB and reduce the adverse effects 
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associated with systemic administration 
81

. Ocular implants may be biodegradable or 

non-biodegradable.  

Non-biodegradable implants are made up of PVA, polysufone capillary fibre and 

ethylene vinyl acetate 
82

. These implants release drug for extended time following 

zero order kinetics. Retisert
®
 and Vitrasert® are commercially available non-

biodegradable ocular implants. Vitrasert
®
 contains antiviral drug ganciclovir, which is 

used for the treatment of CMV retinitis and acquired immunodeficiency syndrome. 

Retisert
® 

is fluocinolone acetonide implant, approved to treat chronic uveitis of the 

posterior segment of the eye 
53,83-84

. 

Biodegradable implants are getting attention because of the biodegradable and 

biocompatible nature. These implants do not need surgical removal and are generally 

made up of PLA, PGA, PLGA, and polycaprolactones. Ozurdex
®
 and SurodexTM are 

the examples of ocular biodegradable implants. SurodexTM encloses dexamethasone 

and is composed of PLGA and hydroxypropyl methylcellulose. It is inserted into the 

anterior chamber of the eye in cataract patients to control postoperative inflammation. 

Ozurdex
® 

also contains dexamethasone enclosed in PLGA and is approved for the 

treatment of macular edema
28,83,85

. 

1.3.4.2.3. Nanomaterials 

Nanotechnology is enormously explored in last decades in field of biomedicine and 

pharmaceuticals because of its incredible potential to treat various diseases. 

Nanomaterials as ophthalmic drug delivery carriers serve the following purposes:  

 To provide a convenient way for drug administration.  
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 To prolong drug residence time at ocular surface in order to reduce the dosing 

frequency. 

 To improve drug permeability across ocular barriers. 

 To increase ocular bioavailability of therapeutics.   

Nanomaterials possess different sizes, shapes and compositions. The conventional 

nanomaterials include liposomes, dendrimers, niosomes, nanosuspensions, 

nanomicelles and nanoparticles etc. 

 

 

 

 

 

 

 

 

 

Figure 1.6: Mechanism for nanosystems overcoming barriers in drug delivery 

1.3.4.2.3.1. Liposomes 

Liposomes are carriers‟ systems in which hydrophobic layer encapsulate an aqueous 

compartment. The outer hydrophobic layer is made up of different phospholipids 
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through the cell membranes. Generally liposomes measure 0.08-10µm in size and can 

be divided into small unilamellar (10-100nm), large unilamellar (100-300nm) and 

multilamellar vesicles. Because of the unique structural composition of liposomes, 

they can deliver both hydrophilic and hydrophobic drugs 
1,86-88

.Liposomes can be 

modified in a number of ways such as by integrating the outer surface with PEG to 

make stealth liposomes, attaching antibodies to the outer surface to achieve targeted 

delivery or designing liposomes responsive to temperature, pH and electromagnetic 

waves 
88-92

.Ability to be modified, biocompatibility to cell membranes and capability 

to deliver both hydrophilic and hydrophobic drugs make liposomes an ideal drug 

delivery carrier 
53

. 

Liposomes can deliver drug both to the anterior and posterior segments of the eye. 

Main limitation with drug delivery to the anterior segment of the eye is that topically 

applied drug is mainly lost in tears. Liposomal formulation was developed for 

latanoprost by Natarajan and colleagues 
93

and a single subconjuctival administration 

reduced the IOP for 50 days similar to the daily topical dosing. Using cationic lipids 

or mucoadhesive polymers can increase the precorneal residence time of the 

liposomes. Cationic liposomes exhibit better binding to the negatively charged surface 

of the cornea compared with negative or neutral liposomes. Law and his colleagues 

fabricated both anionic and cationic lipsomes for acyclovir (ACV) using 

dicetylphosphate (DP) and stearylamine respectively 
94

. After topical application to 

the cornea, it was found that the corneal ACV concentration was higher for cationic 

liposomes (1093.3±279.7ng/g) as compare with the anionic liposomes (571.7 ± 

105.3ng/g) and free ACV solution (253.3 ± 72ng/g). The extent of corneal absorption 

was also higher for cationic ACV liposomes and it was suggested that the higher 

binding capability of cationic liposomes to the negative charged cornea through 
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electrostatic interaction established the improved absorption and residence time of 

ACV in the cornea 
94

. 

For drug delivery to the posterior segment of the eye, liposomes are focused to 

increase the half life by decreasing the drug clearance from vitreous humor. 

Liposomal formulation of fluconazole increased its viteral half life from 3.08-23.40 

hrs 
95

. Despite all these advantages, various limitations associated with liposomes are 

its low stability, encapsulation efficiency, lysosomal degradation and sterilization 
28

.   

1.3.4.2.3.2. Dendrimers 

Dendrimers are nano sized (1-100nm) synthetic macromolecules, monodisperse and 

homogeneous having tree-like branched structure. Dendrimers have three main 

components; the central core, the interior layer made of up repeated units attached to 

the central core and exterior terminal functional groups. Dendrimers are synthesized 

from repeated branched monomers by two mechanism; divergent and convergent 

methods 
96-98

. The drug/active compound is encapsulated in the core of the dendrimers 

by physical, non-covalent encapsulation which can effectively increase its solubility, 

retention and permeability. The core of the dendrimer can also transport hydrophobic 

molecules through aqueous barriers 
99-100

.   

Dendrimers have also been investigated for the ocular delivery because of their 

tailored structure, precise size and suitability for ocular bio-distribution. In order to 

increase the ocular bioavailability of pilocarpine and tropicamide, Vandamme et.al 
101

 

developed dendrimers using poly(amidoamine) (PAMAM) with carboxylic acid and 

amine terminal groups. Even with initial lacrimal wash out, the dendrimers showed 

better bioavailability, low ocular irritation and enhanced mucoadhesiveness 
101

. 
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Durairaj and his colleagues fabricated dendrimeric polyguanidilyated translocators 

(DPTs), as ophthalmic vehicles for gatifloxacin 
102

. The results showed that the DPT 

formed stable complexes with gatifloxacin and thus enhanced its permeability, 

solubility, anti-MRSA activity, and in vivo delivery. The DPTs also decreased the 

daily dosing of gatifloxacin to once a day dosing 
102

.  

As the dendrimers can solve various drug related issues of solubility, bio-distribution 

and targeting, dendrimers can be used to enhance the precorneal residence time of the 

drugs, can deliver drug to the retina following systemic administration, provide 

sustained and targeted delivery in retinal degradation, and can effectively replace 

sutures in corneal surgeries 
99

. 

1.3.4.2.3.3. Niosomes 

Niosomes are self assembling non-ionic surfactants based bilayered structures that can 

entrap both hydrophobic and lipophilic drugs. Niosomes are preferred for topical 

ocular drug delivery because they are chemically stable, sustained drug release 

resulting in increased drug bioavailability, least toxic, protect the drug molecule in 

lipid bilayer core, flexible structure, non-immunogenic, biocompatible and 

biodegradable 
103-105

. Niosomal formulation was developed for timolol maleate and it 

was observed that the concentration in aqueous humour was 1.7 times greater 

compared to timolol solution. Also nisomal formulation sustained for 2h in aqueous 

humour as compared to solution 
106

. Gentamicin sulphate was formulated in niosomes 

for ocular delivery by Abdelbary at el.
107

and the results demonstrated higher 

encapsulation efficiency (92%) and sustained drug release compared with the 

conventional formulation. The formulation was found to be non irritant and safe for 

ocular administration 
107

. 
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1.3.4.2.3.4. Nanomicelles 

Micelles are made up of amphilphilic molecules that can self assemble in aqueous 

media to organized supremolecular structures. Their sizes ranges from 10 to 1000nm 

and are found in star, cylindrical or spherical shape. Nanomicelles used in ocular drug 

delivery are broadly classified into the categories; polyionic complex, surfactant and 

polymeric nanomicelles. Polymeric nanomicelles have lower CMC and superior 

stability, slower dissolution rate compared with weak and unstable micelles formed by 

surfactants. Hydrophobic drugs can be incorporated into nanomicelles core via 

hydrophobic and Van der Waals‟ interactions 
28,108-110

.  

Nanomicelles are very much explored for ocular drug delivery because of easy 

formulation, high encapsulation efficiency, smaller size, can improve ocular 

bioavailability of drug and can transport drug across ocular tissues. In a study 

conducted, dexamethasone nanomicelles were formulated for anterior segment 

delivery and the in-vivo results demonstrated higher ocular bioavailability for 

dexamethasone micellar formulation as compared to suspension. The AUC was also 

found to be 40% higher for micellar formulation than suspension 
111

. Ketorolac was 

formulated in neomicelles using copolymers NIPAAM, acrylic acid and vinyl 

pyrrolidine. The particles size obtained was 35nm, stable for 8 days and in-vitro 

corneal permeation study showed that the formulation was safe and two folds increase 

in corneal bioavailability was observed as compared to aqueous suspension 
112

. 

Major limitations associated with nanomicelles are lack of ability to entrap 

hydrophilic drugs, lack of controlled/sustained release phenomenon, swift tear 

dilution, and early drug release.  
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1.3.4.2.3.5. Nanosuspensions 

Nanosuspensions are colloidal particles ranging from 10-1000nm and stabilized by 

polymers and surfactants. Nanosuspensions are preferred over other conventional 

formulations because nanosuspensions can sustain drug for longer time leading to 

lesser dosing, can increase the poor aqueous solubility, reduces the systemic adverse 

effects, can prolong corneal residence time and attain high drug concentration at 

targeted tissues 
113-115

.  

Ocular nanosuspensions can be formulated using different polymers such as PLGA, 

PCL, poly (acrylic acid), poly (alkyl cyanoacrylates), Eudragit RL/Eudragit RS, 

polystyrene, chitosan, albumin, sodium alginate and gelatin 
116-118

. Gupta et al.
117

 

developed ocular nanosuspensions for sparfloxacin using PLGA aiming to increase 

the corneal residence time and penetration. The results showed that the 

nanosuspension was non-irritant, remained longer on cornea and was stable for longer 

times in lyophilized form as compared with the conventional marketed formulations 

117
. Glucocorticoids are used to treat the inflammatory conditions of the anterior 

segment of the eye. Nanosuspensions were developed by Kaseem and his 

colleagues
119

 for dexamethasone, prednisolone and hydrocortisone using high 

pressure homogenization technique. The results obtained showed that the 

nanosuspension has high rate and extent of drug absorption along with high intensity 

drug action as compared with the solutions and microcrystalline suspension. The 

duration of drug action was also extended significantly in case of nanosuspension 

formulations 
119

. Amphotericin B was formulated in nanosuspension using Eudragit 

RS 100 for mucosal application. In-vivo studies in rabbit‟s eye demonstrated 
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prolonged corneal contact time due to positive zeta potential. The suspension was 

stable for 6 months, non irritant and showed good antifungal activity 
113

.   

The above research work explains that nanosuspensions can prove to be efficient 

ocular drug delivery vehicles for poor soluble drugs. 

1.3.4.2.3.6. Nanoparticles 

Nanoparticles are colloidal systems, normally having spherical shape and submicron-

size i.e. 10 to 1000 nm; made up of polymers, lipid based materials or combination of 

both 
116,120-122

. Drug loaded nanoparticles (DNPs) is a unique drug delivery system, 

having the ability to breach any physiological barrier and target the drug to specific 

sites in the body where pharmacological action is required sparing other organs and 

tissues, either by passive or ligand-mediated mechanism. 

Drug is usually incorporated into the nanoparticles during or after its formulation. 

Drugs can be encapsulated into the nanoparticles, adsorbed on its surface or 

covalently attached to it 
5
. Nanoparticles release the drug via controlled diffusion or 

erosion across the matrix or polymeric membrane. The factors affecting the drug 

release are solubility and diffusivity across the polymer membrane. Drug-excipients 

interaction in a formulation can also affect the drug release 
123

. 

Rate limiting steps for drug release from the nanoparticles are 
124

: 

 Drug solubility 

 Desorption of the adsorbed or surface bound drug 

 Diffusion of the drug through nanoparticle matrix 

 Degradation/erosion of the matrix 



Chapter. 1  Introduction 

 34 

 Combination of erosion and diffusion process 

Nanoparticles serve as effective carriers for drugs, also help in selective, sustained 

and controlled release of drug at targeted sites. This flexibility of formulation, 

biocompatibility, colloidal size, and sustained release properties has made 

nanoparticles a widely accepted drug delivery system.  

Nanoparticles have been formulated for different routes of administration such as 

intravenous, ophthalmic, pulmonary and oral routes. Most of intravenous nanoparticle 

formulations are used for cancer related application because of the EPR properties of 

nanoparticles. EPR effect can be exploited for selective targeting of tumor cells and 

tissues 
125

. Nanoparticles are formulated for ophthalmic delivery because of their ease 

of application, less frequent dosing, suitable for both lipophilic and hydrophilic drugs, 

patient friendly and longer retention on corneal surface to achieve sustained drug 

release 
116

. Size of the nanoparticles also contributes to its ophthalmic use as large 

particle size may cause irritation and a foreign body sensation may happen 
126

. 

However, a major drawback associated with nanoparticles is that they are also prone 

to drainage in precorneal pockets similar to aqueous solutions. 

Materials from different sources such as biological sources including chitosan, 

dextran, phospholipids, lipids, lactic acid and chemical sources including 

biodegradable and non-biodegradable polymers, metals, silica and carbon can be used 

to formulate nanoparticles 
127

. Nanoparticles can be broadly categorized into solid 

lipid and polymeric nanoparticles.  
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1.3.4.2.3.6.1. Solid lipid nanoparticles (SLNs) 

SLNs are colloidal particles made up of solid lipids in submicron range (50-1000nm) 

which maintains their solid state at body and room temperature 
41,123,128-129

. Solid 

lipids used in the formulation of SLNs include triglycerides, fatty acids, waxes and 

steroids. Particles having submicron sizes have higher surface to volume ratio, leading 

to higher dissolution rates and thus improve the absorption of poor water soluble 

drugs such as amphotericin B, paclitaxel and cyclosporine 
129

. Advantages of SLNs 

over other colloidal carriers include avoiding the use of organic solvents in 

formulation, least toxicity due to use of physiological lipids, both hydrophilic and 

lipophilic drugs can be incorporated, improved bioavailability, protects the drugs in 

harsh environmental conditions and targeted and controlled drug release 
5,123,125

. SLNs 

are fabricated using various techniques including high pressure homogenization 
130-

132
, ultra-sonication 

133
, spray drying 

134
, high shear mixing 

135
, solvent injection/nano-

precipitation 
136

, solvent emulsion diffusion 
137

, microemulsion and multiple emulsion 

techniques 
138-139

.  

Sub-micron size of SLNs make them ideal for ophthalmic delivery because they can 

effectively enhance the corneal permeation, prolong the ocular retention time, 

increase the ocular drug bioavailability and provide sustain drug release 
140

. Surface 

modification of SLNs by Cys-PEG, phospholipids, stearylamine and by chitosan can 

increase their affinity for ocular tissues thus extending the corneal contact time 
141

. 

Important requirements for ophthalmic preparations include aseptic conditions and 

sterility. SLNs can be prepared in bulk, can be lyophilized and sterilized by 

autoclaving with minimal effects on its stability and in-vivo performance 
142-143

.  
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Attama et al. 
144

 formulated diclofenac sodium SLNs using goat fat and phospholipids 

and then evaluated for drug delivery across bio-engineered cornea. The results 

showed high drug encapsulation and sustained release with high permeation across 

the cornea. Cavalli et al. 
145

 formulated SLNs for ophthalmic delivery of tobramycin 

(TOB). The SLNs obtained were in colloidal size range of <100 nm; and PDI <0.2. 

In-vivo studies were performed by instillation of 0.3% suspension of TOB-SLNs to 

the rabbit eye. Aqueous humour concentration was determined for up to six hours and 

the results demonstrated a significant higher bioavailability of tobramycin in aqueous 

humour as compared with the commercial eye drops. Methazolide (MT), an anti-

glaucoma drug was formulated in solid lipid nanoparticles (SLNs) by emulsion- 

solvent evaporation method and evaluated for ocular therapeutic concentration 
146

. 

Draize test was used to evaluate the ocular irritancy of SLNs. The results showed 

higher ocular therapeutic efficiency, increased residence time and sustained release of 

drug as compared with the available commercial eye drops.  

All these studies show that SLNs enhance corneal drug residence time, improve drug 

permeability and provide controlled release of drug leading to better ocular drug 

bioavailability. Limitations associated with SLNs include lipid crystallization upon 

storage resulting in drug expulsion, bio-toxicity, high water content of dispersion (70-

99.9%), burst release of hydrophilic drugs and low drug loading capacity 
36,129,147

.   

1.3.4.2.3.6.2. Polymeric nanoparticles (PNPs) 

Polymeric nanoparticles are widely exploited carriers for drug delivery. PNPs have 

high stability, sustained and controlled drug release, adjustable physiochemical 

properties, smart size distribution and high loading capability for low water soluble 

drugs. PNPS may be biodegradable or non-biodegradable depending upon the 
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polymer used. PNPs are classified as nanocapsules (comprise of an oil core in which 

drug is dispersed) and nanosphere (a matrix system that entrap or adsorb the drug)
148

.  

Various FDA approved natural and synthetic polymers that are used for PNPs 

synthesis include albumin, hyaluronic acid (HA), dextran, alginate, gelatin, chitosan 

(CS), poly ε-caprolactone, polyacrylates, poly (lactide-co-glycolide), poly (lactide), 

polyalkylcyanoacrylates, and collagen
5
.  

Better adherence properties and controlled drug release has made PNPs a widely 

accepted system for topical ophthalmic drug delivery. Other than this, they can be 

administered as eye drops thus facilitating drug administration and patient compliance 

116,149
.  
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Figure 1.7: Polymeric nanoparticles classified as nanospheres and nanocapsules  

(modified 
150

) 

Size and charge on nanoparticle surface play a crucial role in its interaction with the 

ocular mucosa. Generally smaller particles have higher solubility, surface area, 

dissolution rate and higher corneal adhesion and penetration 
116,151-153

. Various studies 

have suggested that higher drug bioavailability is achieved when administered in 

nanoparticles as compared with other delivery systems. Calvo et al.
154

studied the 

effect of different drug carriers; nanoparticles, nanocapsules, microparticles made up 

of poly-ɛ-caprolactone and micro-emulsion on ocular bioavailability of indomethacin. 

More than three folds increase in concentration of indomethacin was observed in the 

DRUG + POLYMER 

Nanoparticles fabrications using 

different techniques 
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cornea, aqueous humor and iris body at 0.5 and 1hr post instillation with the 

nanoparticles, nanocapsules and micro-emulsion. 

Ocular bioavailability was increased up to 300% with sub-micron systems as 

compared with commercial formulation. Microparticles, on the other hand did not 

significantly increased the ocular bioavailability 
154

.  Uptake of different sizes of 

PLGA nanoparticles by rabbit‟s conjuctival epithelial cells was studied with confocal 

microscopy and the results revealed higher uptake for 100nm particles as compared 

with 800 and 1000nm particles 
155

. 

Positive surface charge is another strategy to increase the precorneal retention of 

nanoparticles as they will interact with negatively charged mucin. The effect of zeta 

potential was studied on Cyclosporine A (CsA) nanoparticles to treat ocular 

inflammation 
156

. Nanoparticles were fabricated with PLGA, mixture of Eudragit
®
RL 

with PLGA or were coated with Carbopol®. The size of drug loaded nanoparticles 

ranges from 148 to 219nm, while higher sizes were obtained for Carbopol® coated 

nanoparticles (393nm). Positive zeta potential (19-25mV) was obtained with 

Eudragit® RL nanoparticles. Drug loaded PLGA: Eudragit® RL (75:25) 

nanoparticles showed a higher tear film concentration of 366.3 ng/g (tear), higher 

AUC0 → 24 972.6 ng h/g (tear) and 52.2% cellular uptake. The obtained results showed 

that modifying the surface properties of NPs can be useful to improve the ocular 

retention and drug bioavailability 
156

. 

Mucoadhesive polymers can also be used to increase the ocular bioavailability of the 

drugs. In a study sodium alginate-chitosan (SA-CH) and chitosan coated sodium 

alginate–chitosan (CH-SA-CH) nanoparticles were developed for 5-Florouracil 
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ophthalmic delivery 
157

. SA-CH after coating with an additional CH showed enhanced 

interaction with mucin. Drug release was sustained with CH-SA-CH nanoparticles as 

compared with free drug solution which showed high initial burst release. Compared 

with 5-FU solution, greater aqueous humour concentration of 5-FU was observed with 

CH-SA-CH drug loaded nanoparticles. Compared to the uncoated nanoparticles, the 

superior mucoadhesiveness of CH-SA–CH nanoparticles resulted in higher drug 

bioavailability 
157

.  

1.3.4.2.3.6.2.1. Preparation techniques for polymeric nanoparticles 

Various techniques used to fabricate polymeric ophthalmic nanoparticles are briefly 

discussed below. 

I. Emulsion Evaporation Technique 

Solvent evaporation method is the first method developed to fabricate polymeric 

nanoparticles from preformed polymers. In this technique, first the polymer is to be 

dissolved in any organic solvent such as chloroform, dichloromethane, acetonitrile or 

ethyl acetate. The dissolved drug is then dispersed in the polymer solution and this 

organic mixture of drug and polymer is then emulsified in an aqueous solution 

containing a suitable surfactant such as PVA, poloxamer 188, tween 80 to give 

stability to the emulsion. This emulsion is then exposed to high pressure 

homogenization to decrease the droplet size. The emulsion is then kept at reduced 

pressure or stirred at atmospheric pressure as the organic solvent evaporates leading to 

polymer precipitation and as a result nanoparticles are formed 
116,158-161

.  

In this technique, usually two strategies are used to entrap drug in nanoparticles; 

single emulsion (o/w) or double emulsion (w/o/w). Single emulsion or oil in water 
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(o/w) technique is used for the entrapment of hydrophobic drugs while double 

emulsion technique is used to entrap hydrophilic drugs.  

i. Single emulsion technique 

In this technique, polymer and drug are added to organic solvent and then emulsified 

in aqueous phase containing an emulsifier such as PVA, pluronic F68 and SDS etc. 

Particle size is reduced by sonication and then organic phase is evaporated to 

precipitate polymer as nanoparticles are formed.  

Important parameters which effect this technique includes polymer concentration, 

polymer molecular mass, ratio of co-polymers and their end groups, surfactant, 

evaporation rate, speed of sonication, aqueous to organic phase ratio and nature of the 

solvents 
158

.  

ii. Double emulsion technique 

In this technique, the drug is first dissolved in aqueous phase (mostly water) and 

polymer is dissolved in organic solvent. Aqueous phase is then added to organic phase 

and is vigorously stirred to obtain primary water/oil emulsion. This water/oil emulsion 

is then added to aqueous solution containing a suitable surfactant and is sonicated to 

get final double emulsion (w/o/w). The organic solvent is then evaporated either by 

magnetic stirring at atmospheric pressure or at a reduced pressure 
162-163

. 

First phase/second phase ratio, polymer concentration, polymer to surfactant ratio, 

nature of the surfactant and solvent nature, shear stress and evaporation are the 

important parameters that effects this process 
158

. 
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II. Emulsion Diffusion Technique 

In this technique, polymer is dissolved in a partly water soluble organic solvents such 

as benzyl alcohol, ethyl acetate to obtain organic phase. The organic phase is then 

emulsified in an aqueous solution containing a suitable surfactant such as sodium 

dodecyl sulfate (SDS), polyvinyl alcohol (PVA) using high speed homogenization. 

After formation of o/w emulsion, aqueous solution is added to the system to let the 

organic phase diffuse in the continuous phase to induce formation of polymeric 

nanoparticles 
164-166

. 

III. Salting Out technique 

In this technique, drug and polymer are dissolved in water miscible organic solvent 

(oil phase).  This oil phase is then emulsified with high speed homogenization in an 

aqueous solution containing an emulsifier and an electrolyte in high concentration as a 

salting out agent. The emulsion formed is then diluted with a large volume of distilled 

water under stirring to facilitate the migration of organic phase into the continuous 

phase, leading to nanoparticles formation 
158-161,167

.  

IV. Nanoprecipitation (Solvent Diffusion or Solvent Displacement) Technique 

In this method, both drug and polymer are first dissolved in any water miscible 

organic solvent like acetonitrile, methanol, acetone or ethanol to acquire oil phase. 

This oil phase is then drop wise added to the aqueous phase containing surfactant with 

slow magnetic stirring to get nanoparticles by quick solvent diffusion.  The organic 

solvent is then removed under pressure or at atmospheric pressure with gentle stirring 

158,161,168
.  
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V. Dialysis Technique 

In this technique, drug and polymer both are dissolved in a water miscible organic 

solvent and then placed in a dialysis membrane of suitable weight cut off dipped in an 

aqueous solution. The organic phase then diffuses out of the membrane into the 

aqueous solution and the interfacial tension between the two phases is decreased. 

Nanoparticles suspension is formed due to the displacement of the solvent inside the 

membrane resulting in loss of solubility and polymer aggregation 
159,169

.   

VI. Coacervation/Precipitation Technique 

In this technique, the polymer is to be dissolved in organic solvents and the drug in 

purified water. W/O emulsion is then formed by dispersing the aqueous phase in 

organic solution. The polymer is then gradually extracted and separated from this 

drug polymer solvent combination by the addition of an organic non-solvent with 

continuous stirring. Thus the polymer separates and form cocervate droplets in which 

drug is entrapped. This system is then transferred to a large quantity of organic non-

solvent to get hardened cocervate droplets and finally collected by centrifugation and 

filtration and washed thoroughly with water 
167,170

.   

VII. Ionic Gelation Technique 

This technique involves ionic interaction between oppositely charged cross linking 

agent and polymer resulting in transition of polymeric solution to gel at room 

temperature. Briefly, drug and polymer are dissolved in water or weak acidic solution 

and this solution is then drop wise added to another solution containing a stabilizer 

and ions of opposite charge with continuous magnetic stirring. Particles are formed 

due to interaction of oppositely charged ions present in the solution that results in 



Chapter. 1  Introduction 

 44 

gelation and precipitation. The particles size can then be reduced to nano range by 

sonication and can be collected by centrifugation 
171-172

.  

1.3.4.2.3.6.2.2. Drug loading into polymeric nanoparticles 

Drug is loaded into polymeric nanoparticles by two methods 
173-175

; 

i. Incorporation method; in which drug is incorporated in nanoparticles at the 

time of their formulation. 

ii. Adsorption method; the drug is adsorbed on nanoparticles after their formation 

by incubating them with a concentrated solution of the drug. 

1.3.4.2.3.6.2.3. Drug release from polymeric nanoparticles 

Drug release refers to the mechanism of drug movement from inside of the polymeric 

matrix to the outer surface of the matrix and then finally to the surrounding 

environment. The reported mechanisms for drug release include 
150,176

 (a) diffusion of 

drug through the polymer matrix, (b) desorption of the surface bound drug, (c) matrix 

erosion, (d)diffusion of the drug through the polymer wall of nanocapsules and (e) 

combined erosion–diffusion process.  

Drug release from nanoparticles depends upon the nature of the drug delivery system. 

In matrix systems such as nanospheres, the drug is uniformly distributes and the drug 

release mechanism may be either diffusion or matrix erosion. If drug diffusion 

dominates matrix erosion, then drug release will be principally controlled by diffusion 

process 
177

. In matrix systems, drug release follows first order kinetics 
178-179

. In 

reservoir based systems such as nanocapsules, the drug core is coated with polymer. 

This may also cause hindrance to drug release, so solubility and diffusion of drug in 
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the polymer membrane determine the drug release rate. Theoretically, zero order drug 

release kinetics is followed in reservoir systems 
173

.  

The initial burst release is mainly attributed to the drug adsorbed on the surface of the 

nanoparticles. If drug is loaded by incorporation method, the initial burst release will 

be relatively less and a more sustain release will be achieved. In case of polymeric 

nanoparticles, drug release is controlled by drug diffusion across the polymer 

membrane 
174

. The rate of drug release is also affected by the interaction between 

drug and excipients, as their ionic interaction may result in a less water soluble 

complex, thus slowing the drug release and almost diminishing the initial burst release 

123,180
. In a study, drug release was increased by the addition of ethylene oxide-

propylene oxide block copolymer (PEO-PPO) to chitosan. The competitive interaction 

of PEO-PPO with chitosan reduced the drug matrix interaction resulting in increased 

drug release 
181

. 

Drug release can be studied by 
173-174

; (a) dialysis bag diffusion system, (b) reverse 

dialysis bag diffusion system, (c) side by side diffusion cells with biological or 

artificial membranes, (d) ultra-filtration and (e) centrifugation or ultra-centrifugation 

technique. 

1.4. Poly (Lactide-co-Glycolide) (PLGA) as a Polymer for 

Ophthalmic Drug Delivery 

Polymers are macromolecules, made up of several repeated chemical subunits. These 

units are connected to each other either physically or chemically making a crosslink to 

behave as a single unit 
182

. Polymers may be classified into different classes based 

upon their nature, charge, stability, structure, nature of repeating units and 
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architecture. Temperature and pH sensitive polymers can also be designed. Eye is one 

of the most important organs in human body responsible to give vision, so polymer 

selection for this route should is made with great care. Polymers used for ophthalmic 

drug delivery should be inert, biodegradable, biocompatible, bioadhesive, non 

immunogenic, non toxic and able to be easily modified according to needs 
160

. 

Poly lactic-co-glycolic acid or PLGA is an FDA approved synthetic, biodegradable 

and biocompatible polymer that has been extensively studied for drug delivery. PLGA 

belongs to the polyester family of the polymers and is synthesized from lactide (LA) 

and glycolide (GA) monomers by ring opening polymerization (ROP) technique. ROP 

yields high molecular weight polymers. PLGA can be synthesized in different grades 

depending upon the ratio of lactide to glycolide such as PLGA 75:25 which contain 

75% lactic acid content and 25% glycolic acid content 
150,162,182-185

.  

1.4.1. Physicochemical properties of PLGA 

Polymer PLA exists in two forms; highly crystalline (PLLA) or amorphous (PDLA) 

while PGA exists is highly crystalline as it does not contain methyl side groups.   

PLGA is soluble in a number of organic solvents including dichloromethane, 

chlorinated solvents, acetone, ethylacetate, tetrahydrofuran and acetonitrile. In 

aqueous environment, PLGA is biodegraded to its monomers lactic acid and glycolic 

acid due to the bulk hydrolysis of its ester linkages 
186-187

. Presence of methyl side 

groups in PLA makes it more hydrophobic than PGA, so less water will be absorbed 

by PLA rich PLGA grades resulting in less hydration and slow degradation. When 

PLA is co-polymerized with highly crystalline PGA, the crystallinity of PLGA is 

reduced that leads to higher hydration and quick hydrolysis. The reported glass 
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transition temperature (Tg) is above 37 °C for PLGA which decreases with a decrease 

in molecular weight and decrease in LA content in copolymer 
188

. 

 

Figure 1.8: Synthesis of PLGA from monomers lactic acid and glycolic acid 
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Figure 1.9: Schematic representation of general classification of polymers 
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1.4.2. Drug release from PLGA 

Drug release from PLGA matrix follows biphasic pattern. PLGA biodegrades by bulk 

hydrolysis through cleavage in its ester backbone following uniform bulk degradation 

phenomenon. Increasing the carboxylic end groups may result in auto-catalysis of the 

process. PLGA degrades following a course of four consecutive steps of hydration, initial 

degradation, further degradation and finally solubilization 
187

. The drug release pattern is 

usually unpredictable as a lot of parameters may affect this process of biodegradation. 

Drug release from PLGA after biodegradation results in a biphasic curve 
189-190

. 

i. Initially, a burst effect pattern is observed for drug release which depends upon 

the drug concentration, type and polymer hydrophobic nature. Drug adsorbed on 

the surface and that in contact with the medium is released as the water penetrates 

the matrix. PLGA molecular weight significantly decreases as the matrix 

dissolves but no monomer is yet formed. 

ii.  In this phase, the drug releases as drug reservoir inside the matrix are drained out. 

Water penetration hydrolyzes the polymer matrix into its oligomers and 

monomers, making a passageway for drug release via diffusion and erosion till 

the polymer is completely solubilized. Nature of the drug plays a crucial role in 

water penetration into the polymer matrix. 

Role of enzymes in PLGA degradation is still unclear but it is suggested that enzymes 

role in PLGA degradation is based upon its in-vitro and in-vivo degradation. In in-vitro 

conditions, it breaks down via hydrolytic cleavage but in-vivo; enzymes play a major role 

to initiate the degradation process. The monomers lactic acid and glycolic acid obtained 
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after degradation are endogenous and are readily metabolized in the body to water and 

CO2 through kreb‟s cycle
191

. Biodegradation rate of PLGA depends upon several factors 

including lactide to gylcolide ratio, molecular weight, drug type, drug load, 

stereochemistry of the polymer, end-capped functional groups and nature of the 

hydrolyzing media i.e. pH or ionic strength 
187,192

. 

1.4.3. PLGA nanoparticles in ophthalmic drug delivery 

PLGA nanoparticles have been extensively studied for ophthalmic drug delivery with the 

aim to overcome various ophthalmic barriers. Advantages associated with these 

nanoparticles include easy topical passage for hydrophobic drugs, easy delivery of large 

and unstable drug molecules such as nucleic acid for retinal diseases, increased contact 

time at ocular surface, ability to reach the inner structure of the eye and site specific 

targeting in case of cancer such as melanoma
193

. PLGA nanoparticles are generally 

formulated using emulsion solvent evaporation and nanoprecipitation techniques, 

resulting in nanoparticles of size ranging from hundred to couple of hundreds nanometers 

with negative zeta potential 
117,156,194-195

. Both hydrophobic and hydrophilic drugs can be 

encapsulated into PLGA nanoparticles.  

Sparfloxacin loaded PLGA nanoparticles were fabricated using nanoprecipitation 

technique with the aim to enhance precorneal residence time and ocular penetration
117

. 

Gamma Scintigraphy technique was used to determine the precorneal residence time in 

rabbit cornea. Gamma images obtained after radio labeling sparfloxacin with Tc-99 

showed improve precorneal retention for nanosuspension as compared with marketed 

formulation. PLGA and PLGA-leucine loaded diclofenac sodium (DS) nanoparticles 
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were developed with the aim to improve the ocular availability of the drug 
196

. The 

particles obtained ranged from 125-190 nm, -25mV zeta potential and showed a biphasic 

drug release. Draize test verified that the nanoparticles were non-irritant to the cornea, 

iris and conjunctiva for up to 24 hrs of topical instillation 
196

. 

Coating chitosan on drug loaded PLGA nanoparticles can also be used to improve the 

precorneal resistance and ocular bioavailability. Chitosan shifts the zeta potential from 

negative to positive thus facilitating the interaction of nanoparticles with negatively 

charged ocular surface leading to increased drug residence time and penetration. To study 

the interaction of PLGA-chitosan nanoplexes with ocular mucosa, fluorescent 

rhodamine(Rd) nanoplexes were developed and ex-vivo and in-vivo studies were carried 

out 
197

. Results obtained after ex-vivo and in-vivo studies showed significantly higher 

concentration of Rd nanoplexes than standard solution for 24 hrs 
197

.  

 The above studies clearly demonstrate that PLGA nanoparticles can be successfully used 

to deliver both hydrophilic and hydrophobic drugs to the eye with aim to improve their 

precorneal residence time, penetration and ultimately their ocular bioavailability.  

1.5. Poloxamer 407 in Ophthalmic Drug Delivery 

Poloxamers are non-ionic triblock copolymers of polyethylene oxide (PEO) and 

polypropylene oxide (PPO) arranged as EOa-POb-EOain which hydrophobic PPO chain is 

sandwiched between two hydrophilic PEO chains giving the polymer ampiphilic 

properties. By varying the values of a and b, different parameters such as size, 

hydrophilicity or lipophilicity can be modified. Poloxamers can be synthesized by 
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sequential polymerization of the monomers of propylene oxide and ethylene oxide in 

presence catalysts such as sodium or potassium hydroxide 
198-199

. Poloxamer is available 

in different grades including 124, 188, 237, 338 and 407 
200-201

. 

Aqueous solutions of poloxamers exhibit sol-gel phase transition with increase in 

temperature 
200

. Various mechanisms have been proposed for the sol-gel phase transition 

including decrease in critical micelle concentration (CMC) with increase in temperature 

and dehydration of poly(propylene oxide) at transition temperature may be responsible 

for gelation 
202-203

. Formation of uniform three-dimensional  structures such as crystalline 

cubic phase have also been proposed to the responsible for gelation of poloxamer 

aqueous solutions 
204

. 

Poloxamer 407 (P407) or Pluronic
®

 F127 is a copolymer (PEO106-PPO70-PEO106) having 

molecular weight of 12,600 Da 
201,205

. P407 consists of 30% polyoxypropylene and 70% 

polyoxyethylene making it hydrophilic 
206

. Aqueous solution of P407 bear low viscosity 

below 4°C, non-toxic and 20-30% solution possesses thermogelling properties which are 

reversible based on sol-gel transition temperature. All these properties makes P407 a 

common polymer used for drug delivery via different routes such as oral, IV, nasal, 

inhalational, ophthalmic and topical administration 
199

.  

Ophthalmic drug delivery is generally based on enhancing the ocular residence time by 

increasing the viscosity and mucoadhesive properties of the formulation. Poloxamer 407 

helps in increasing the ocular bioavailability and decreases the side effects induced by 

systemic absorption of the topically applied ophthalmic drugs. Other factors that 

contribute to poloxamer 407 uses in ophthalmic drug delivery are formation of colorless 
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and transparent gel at physiological temperature, optical clarity and safety to the rabbit‟s 

cornea 
207-209

.   

Table 1.2: Examples of Poloxamer used in ophthalmic formulations 

Formulations Results References 

Ocular drug delivery of Timolol 

maleate (TM) (0.5%) using 

Pluronic F127 hydrogels 

TM was formulated in F127 hydrogel 

with the aim to improve its ocular 

bioavailability. Effects on the 

rheological properties of different 

concentrations of F127 were evaluated 

adding different viscosity enhancers 

such as MC, HPMC, CMC Na. Drug 

release was slowest from formulation 

containing 15%F127 with 3% MC. In-

vivo results showed 2.4 and 2.5 times 

increase in ocular bioavailability of TM 

formulated with 15% and 25% F127 

hydrogel containing 3% MC as 

compared to TM aqueous solution. 

210
 

Moxifloxacin hydrochloride was 

formulated in F127 based 

thermoreversible in-situ gel for 

ophthalmic delivery 

Pluronic F 127 was combined with F 

68 and Gelrite used as independent 

variables.  

Combining F68 with F127 was found 

to have significant effect on the 

gelation temperature while gelrite 

produced positive effects on the gel 

strength and bio-adhesion force thus 

helpful in controlling the drug release 

rate. 
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Developing both temperature and 

pH-triggered in-situ gelation 

systems for ocular delivery of 

Timolol maleate (TM) 

Pluronic F-127 and chitosan were used 

as gelling agents. Formulations were 

characterized for gelation temperature, 

clarity and pH, rheological behavior, 

sterility, transcorneal permeation, 

isotonicity, drug release profile, and 

ocular irritation. The formulations were 

clear, isotonic and converted to gel 

state at pH 6.9–7.0 and temperatures 

above 35°C. Significantly higher ocular 

retention and drug transport were 

observed across corneal membrane.  

212
 

Development and evaluation of 

thermoreversible ophthalmic in-

situ gels for Diclofenac sodium 

Thermoreversible pluronic F127 in-situ 

gels were developed for DS. F68 and 

carbopol 940 were also used in these 

formulations. 

It was observed that sol–gel transition 

temperature decreased with increasing 

F127 contents while increased with 

increasing F68 contents. Carbopol 940 

has no effect on transition temperature. 

Evaluation of the optimized 

formulation (20% F127 + 

11% F68+0.1% C) showed that they 

are safe for ophthalmic use. In-vivo 

evaluation showed the ocular 

bioavailability of DS significantly 

increased and dosing frequency 

decreased as compared to commercial 

product. 

213
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Development of thermosensitive 

and  mucoadhesive in-situ  

ophthalmic gels for 

Azithromycin (AZT) 

P188 and P407 were used as gelling 

agents. Carbopol 974P was added to 

increase the solubility of AZT and 

increase mucoadhesive property of the 

gel. Gelation temperature ranged 

between 31.2-36.3 °C. In-vivo 

evaluation confirmed that the in-situ 

gels containing both the polymers 

significantly extended the pre-corneal 

resident time and increased the ocular 

drug bioavailability. 

214
 

 

Development of ophthalmic in-

situ hydrogels to treat ocular 

infections and inflammation  

Thermoreversible in-situ hydrogels 

containing Dexamethasone sodium 

phosphate and Tobramycin sulphate 

were developed using P407 and HPMC 

K4M with the aim to increase the 

precorneal contact time, improve ocular 

bioavailability and decrease the dosing 

frequency.  

Optimized formulation containing 

16.75 % P407 and 0.54% HPMC K4M 

exhibited acceptable results for gel 

strength, gelation temperature and % 

drug release. In-vivo studies performed 

on rabbit aqueous humour revealed 

delayed Tmax and Cmax and AUC 

were increased, suggesting that the 

formulation is sustained release; 

possess better permeation and 

absorption compared to commercial 

215 
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formulations. 

Development and evaluation of 

Voriconazole Loaded in-situ gel 

for ophthalmic application. 

Voriconazole is used to treat fungal 

keratitis. Thermoreversible in-situ gel 

was developed for voriconazole (0.1% 

w/w) with the aim to increase its 

residence time and bioavailability in 

ocular mucosa.  

Gelation temperature for all the 

formulations ranged between 32-34°C 

and they sustained the drug for 8 hrs. 

The developed hydrogels also exhibited 

antifungal activity against A. fumigates 

A. flavus, C. tropicalis and C. albicans. 

The developed voriconazole in-situ 

gels can be successfully used as an 

alternative for voriconazole 

conventional eye drops to treat 

bacterial keratitis. 

216 
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1.6. Moxifloxacin Hydrochloride 

Description 

Chemical name 

1-Cyclopropyl-6-fluoro-8-methoxy-7-[(4aS, 7aS)-octahydro 6H-

pyrrolo [3, 4b] pyridin-6-yl]-4-oxo-1, 4-dihydroquinoline-3-

carboxylic acid hydrochloride. 

Molecular formula C21H25ClFN3O4 

Molecular weight 437.89g/mol 

Melting point 460-467 °F (238-242°C) 

Physical 

Description 

Slightly hygroscopic, slightly yellow or yellow powder which is 

soluble in 0.1N NaOH, slightly soluble in 0.1N HCl, alcohol and 

sparingly soluble methanol and water. 

Chemical structure  

 

Pharmacology 

Absorption 

When orally administered, it readily gets absorbed from GIT, 

avoiding any significant first pass metabolism. Therefore, the 

absolute bioavailability is up to 90% 
217

.  

Dose  

Adult dose is 400mg/24 hrs both for oral and intravenous 

infusion. Ocular dose of moxifloxacin HCl 0.5% solution is 1 

drop 3 times a day.  
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Distribution  

Plasma protein binding is 48%, independent of drug 

concentration. Volume of distribution is 1.7-2.7 l/kg. Studies in 

rats have shown that moxifloxacin HCl can cross placental barrier 

and into breast milk while in rabbits it can penetrate into CSF, 

especially when meningitis is induced experimentally 
218-220

.  

Metabolism and 

Elimination  

Moxifloxacin is metabolized to inactive metabolites by sulphate 

and glucurinide conjugation 38% and 14% respectively of a dose. 

Cytochrome p-450 enzyme system does not play any role in its 

metabolism. 45% of the dose whether oral or IV, excretes 

unchanged in urine (~20%) and in feces (~25%)
220-221

. 

Mechanism of 

Action  

Moxifloxacin is bactericidal in action. It inhibits topoisomerase ΙΙ 

(DNA gyrase) and topoisomerase ΙV which are essential enzymes 

which are connected to the replication, transcription, repair, and 

recombination of bacterial DNA. DNA gyrase is the primary 

target for moxifloxacin in gram negative bacteria while 

topoisomerase ΙV in gram positive bacteria 
218,220,222-223

.  

Therapeutic Uses 

Topically, moxifloxacin HCl solution is used to treat bacterial 

conjunctivitis caused by susceptible organisms.  

Oral and intravenous moxifloxacin HCl is used to treat various 

bacterial infections including acute exacerbation of chronic 

bronchitis, community acquired pneumonia, acute bacterial 

sinusitis, mild to moderate pelvic inflammatory disease, 

complicated and uncomplicated skin infections, complicated 

intra-abdominal infections such as abscess 
218

. 
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1.7. Dexamethasone Sodium Phosphate 

Description 

Chemical Name 
pregna-1, 4-diene-3, 20-dione, 9-fluoro-11β, 17α, 21-trihydroxy-

16α-methyl-21- (dihydrogen phosphate) disodium salt 
224

 

Molecular 

Formula 

C22H28FNa2O8P 

Molecular Weight 516.41g/mol 

Melting Point 233-240°C 

Physical 

Description 

Dexamethasone sodium phosphate is white or almost white 

crystalline powder which is highly hygroscopic and freely water 

soluble. 

Chemical structure  

 

Pharmacology 

Absorption 
Drug is absorbed readily after oral administration. Rapid and 

complete absorption occurs in the tissues after IV injection. 

Dose  

IV or IM: 6-40 mcg/kg or 0.235-1.25mg/m
2
IM or IV 1or 2 times 

daily. 

Oral: 0.024-0.34 mg/kg daily or 0.66-10 mg/m
2
daily, administered 

in 4 divided doses. 

Ophthalmic solution (0.1%): 1-2 drops 4-6 times in the affected 

eye. 
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Distribution  

Dexamethasone sodium phosphate is rapidly removed from the 

blood and distributed into liver, skin, intestines, muscle and 

kidneys. The drug can cross placenta and can appear in the breast 

milk. 77.4% drug is bound to plasma protein in humans.  

Metabolism and 

Elimination  

The drug is metabolized by CYP3A4 to glucuronide and sulfate 

metabolites. The conjugated product is then excreted by kidneys 

225
. Small quantities may also excrete through feces. Elimination 

half-life is 3-5 hrs in humans.  

Mechanism of 

Action  

Dexamethasone after crossing the cell membrane, binds to and 

from a complex with cytoplasmic glucocorticoid receptors 

(GCRs). This complex then attaches to glucocorticoid response 

elements (GRE) and results in biosynthesis of certain regulatory 

proteins by transcriptional activation. Presence of these regulatory 

proteins in every tissue is responsible for tissues specific 

responses to steroids. These proteins control the interaction 

between particular response element and hormone receptor 

complex
226-227

. 

Therapeutic Uses 

Dexamethasone is used locally and systemically for a variety of 

chronic diseases including: Autoimmune disorders, Inflammatory, 

Allergic, Endocrine, Hematologic, Management of cerebral 

edema, Neoplastic, Dermatologic, Diagnostic agent in adrenal 

disorders. Also used as adjunctive to control chemotherapy 

induced nausea and vomiting.  

Ophthalmic solutions and ointments are used toreduce redness, 

burning, and swelling or inflammation of the cornea, palpebral 

and bulbar conjunctiva and anterior segment of the globe.  
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Aim and objectives of the study 

This study was designed to formulate sustained release ophthalmic formulations of 

Moxifloxacin hydrochloride and Dexamethasone sodium phosphate with the aim to 

prolong their ocular residence time and hence their ocular bioavailability.  

 To formulate polymeric ophthalmic nanoparticles for Moxifloxacin hydrochloride 

and Dexamethasone sodium phosphate to improve their ocular bioavailability. 

 To formulate nanoparticles laden thermoreversible in-situ gels by incorporating 

selected nanoformulations into thermoreversible in-situ gels. 

 To develop an analytical method for the pharmacokinetic evaluation of these 

drugs in rabbit‟s aqueous humour. 

 To compare the pharmacokinetic profiles of these sustained release formulations 

to that of the commercially available eye drops.  
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Hypothesis 

 Ocular bioavailability of the drugs (moxifloxacin hydrochloride and 

dexamethasone sodium phosphate) will be increased by formulating them in 

polymeric nanoparticles and nanoparticles laden in-situ gels.  

 The developed nanoformulations will increase the contact time of instilled drugs 

on ocular surface leading to increased bioavailability. 

 



 

 

 

 

 

 

 

 

CHAPTER 2 

MATERIALS & METHODS 
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2. Materials and Methods 

2.1 Chemicals 

Moxifloxacin hydrochloride (MX) (purity 99.9%) (Dr. Raza Pharma, Pvt., Ltd., 

Peshawar, Pakistan), Dexamethasone sodium phosphate (purity 99%) (Global pharma, 

Pakistan), Ofloxacin (OFX) (purity 99.9%) (Saydon Pharmaceutical Industries Pvt., Ltd., 

Peshawar, Pakistan), Timolol maleate (purity 97.5%) (Schazo Pharma. Pvt., Ltd., Lahore, 

Pakistan), were kindly supplied by these local pharmaceuticals. Dialysis Tubing-Visking 

MWCO: 12-14kDa; Dia 27/32”-21.5mm; Size 6 Inf. 30M (Sigma-Aldrich, St. Louis, 

MO, USA), different grades of polymer PLGA (50:50) [MW=30,000-60,000],(75:25) 

[MW=66,000-107,000], (75:25) [MW=4,000-15,000, Resomer RG 752H] (Sigma–

Aldrich, St. Louis, MO, USA) while (75:25) [Resomer® RG 756 S, MW,76000-115000] 

was purchased from  Evonik, Germany). Sodium Bicarbonate (NaHCO3), purity 99.95% 

(Fluka), Ethanol (absolute), Dimethyl Sulfoxide,  PVA (MW; 30,000-170,000) (Sigma-

Aldrich, St. Louis, MO, USA),  Tween-80 (Daejung, Korea), Poloxamer-407 (Sigma-

Aldrich, St. Louis, MO, USA), Sodium Chloride, Disodium Hydrogen Phosphate, 

Potassium Chloride, Potassium Di-hydrogen Phosphate, Dichloromethane (Scharlau 

chemie, Spain), Mannitol, Sucrose, Glucose (Merck, Darmstadt, Germany), Distilled 

water prepared by Millipore ultra-pure water system (Milford, USA), white male New 

Zealand rabbits (2.0 ± 0.2 kg) were purchased from Department of Pharmacy, University 

of Peshawar.  
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HPLC grade methanol, acetonitrile, ethanol and triethylamine were acquired from 

Sigma–Aldrich, St. Louis, MO, USA while trifloroacetic acid (TFA) and diethyl ether 

were purchased from Scharlau chemie (Spain). 

2.2. Instrumentation 

The instruments were used in the formulation and evaluation of moxifloxacin 

hydrochloride and dexamethasone sodium phosphate nanoparticles are: 

2.2.1. Equipments Used in Formulation 

The equipments used in formulation of nanoparticles include analytical balance 

(Shimadzu
®
200, Japan), Vortex mixer (Fisher Scientific

®
, USA), pH-Meter (Jenway

®
, 

UK), centrifuge (multi rotor) (Centurion
®
 Scientific, UK), magnetic stirrer (Benchmark

®
, 

USA), Viscometer (Brookfield, Middleboro, USA), Freeze Dryer (Telstar Cryodos-50, 

USA), probe sonicator (Soniprep, 150 instruments, Sanyo, UK.). 

2.2.2. Equipments Used for Analysis 

Equipments used in the in-vitro analysis of nanoformulations include shaking water bath 

B.S.11 Lab Companion (Jelo Tech Korea), X-Ray diffractometer (JDX-3532, JEOL, 

Japan), Diamond TG/DTA analyzer (Perkin Elmer, USA), Scanning electron microscope 

(JSM-5910, Jeol Japan), FTIR spectrophotometer (Shimadzu Japan), Zetasizer (ZS-90, 

Malvern Instruments Ltd., U.K) and UV-Vis spectrophotometer (Perkin Elmer Series 

200, Lambda 25).  
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HPLC system Perkin-Elmer (series 200; Norwalk, USA), equipped with a pump, online 

vacuum degasser, column oven, manual injector (Rheodyne 7725i), and UV–vis detector 

coupled with HPLC system through network chromatography interface (NCI) 900. The 

HPLC system was controlled with Perkin-Elmer Totalchrom chromatography work-

station (version 6.3.1). Analysis was performed using Kromasil 100-5C18 analytical 

column (250 mm × 4.6 mm × 5 m), which was protected by Perkin Elmer pre-column 

guard cartridge C18 (30 mm × 4.6 mm, 10 m; Norwalk, USA) 

2.3. Study Design 

The purpose of this study was to design and evaluate sustained release nanoformulations 

for moxifloxacin hydrochloride and dexamethasone sodium phosphate for ophthalmic 

drug delivery and compare their pharmacokinetics with the available commercial eye 

drops. This study was performed in different phases.  

Phase 1: Pre-formulation studies consisted of  

i. Development and validation of methods of analysis 

ii. Compatibility studies 

Phase 2: Nanoparticles formulation 

In this phase of the study, polymeric nanoparticles were formulated for both the drugs 

and in-vitro and in-vivo evaluation was performed for selected optimized 

nanoformulations.  

Phase 3: Formulation of nanoparticles laden thermoreversible in-situ gel  
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In this phase, one optimized nanoformulation was selected for both the drugs and were 

incorporated into nanoparticles laden in-situ gel and evaluated. 

 

 

 

 

 

 

 

 

 

 

 

MXNP: Moxifloxacin hydrochloride nanoparticles, DSNP: Dexamethasone sodium 

phosphate nanoparticles, MDN: Nanoparticles combination of Moxifloxacin 

hydrochloride + Dexamethasone sodium phosphate, MDIG: Nanoparticles laden in-situ 

gel of Moxifloxacin hydrochloride + Dexamethasone sodium phosphate 

Fig.2.1. Schematic representation of the study design 
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2.4. Pre-formulation Studies 

Pre-formulation studies were performed in two steps; 

 Analytical methods development and validation. 

 Drug excipients compatibility studies 

2.4.1. Development and Validation of U.V Visible Spectrophotometric Method of 

Analysis 

UV-visible spectrometric method was developed for the analysis of moxifloxacin 

hydrochloride and dexamethasone sodium phosphate and was validated  for linearity, 

accuracy, precision and repeatability according to ICH guidelines 
228

.  

2.4.1.1. Stock Solution 

Stock solutions (50µg/mL) were prepared by dissolving MX and DS in their respective 

solvents. DMSO was used as a solvent for MX while DS was dissolved in combination of 

ACN-Methanol (50:50 v/v). The stock solutions were then stored in refrigerator for 

further analysis. 

2.4.1.2. Selection of Wavelength (λ max) 

λ max was selected for both the drugs by scanning their solutions in range of 200-400nm 

on spectrum mode using double beam UV spectrophotometer (PerkinElmer 200 series, 

Lambda-25USA). 
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2.4.1.3. Method Validation 

2.4.1.3.1. Specificity and Selectivity 

Percent recovery method was used to determine the specificity and selectivity of the 

method.  Two types of solutions were prepared for each drug. Solution A contained only 

drug (20µg/mL) while solution B contained drug (20µg/mL) along with all the excipients 

used in the formulation.  Absorption of both the solutions of each drug was measured at 

their λmax and % recovery was calculated for both the drugs using equation:

             
                        

                        
        (eq. 3.7) 

2.4.1.3.2. Precision 

Precision of the method was assessed by repeatability (intra-day) and intermediate 

precision (inter-day) studies. For Intra-day precision, absorbance of the drug solution 

(10µg/mL) was measured three times a day in triplicate. Mean absorbance was calculated 

and compared.  

For inter day precision, solutions (10µg/mL) were analyzed for 3 consecutive days in 

triplicate. Absorbance was measured and mean and standard deviation were calculated. 

2.4.1.3.3. Linearity 

Linearity of the method was determined from seven point‟s calibration curve.  Dilutions 

of both the drugs were made in range of 1-20 µg/mL and absorbance was determined in 

triplicates at λmax for each drug. Arithmetic mean and standard deviation were calculated 

and regression analysis was performed with Microsoft excel.  
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2.4.1.3.4. Solution Stability 

Stability of the drug solutions was assessed by measuring the absorbance of drug solution 

(10µg/mL) which was stored at different temperatures i.e. 25 °C, 4 °C and -20 °C in 

triplicate. The results obtained were then compared with the results of freshly prepared 

drug solution.    

2.4.2. RP-HPLC-UV Method Development and Validation 

2.4.2.1. Preparation of Standard Solutions 

Stock solutions of the working standards (moxifloxacin, ofloxacin), each of 100 g/mL 

were prepared in methanol and then stored in amber colored containers at -20 ◦C. These 

stock solutions were then further diluted with the mobile phase (methanol 

and 0.05% TFA) to obtain various dilutions in concentration range of 0.010–100 g/mL 

for moxifloxacin and 0.010–20 g/mL for ofloxacin while the IS concentration was kept 

constant at 1 g/mL in each dilution. 

2.4.2.2. Preparation of Samples 

2.4.2.2.1. Spiked Plasma 

Blood samples were collected from healthy human volunteers in EDTA tubes, after 

taking informed consent, at Department of Pharmacy, University of Peshawar. Blood 

samples after collection were centrifuged at 5000 rpm for 5 min at 4 ◦C. The 

plasma was isolated and then stored at -20 ◦C. At the time of sample preparation, the 

plasma was thawed to room temperature and then spiked with standard solutions 

moxifloxacin and ofloxacin to get various dilutions in range of 0.018–100 g/mL for 
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moxifloxacin and0.014–20 g/mL for ofloxacin. Precipitation method was applied for the 

sample preparation and methanol was used as protein precipitant. Samples were prepared 

according to the scheme set in Table 2.1, and 50 µl reconstituted sample was then 

injected to the HPLC system. 

2.4.2.2.2. Aqueous Humour 

The aqueous humour was collected from bovine eyes, stored in tightly closed containers 

at -20 ◦C till the time of analysis. Samples for injection were prepared according to 

scheme set in Table 2.1.  

Table 2.1: Scheme for sample preparation 

 

Plasma sample(300ul)

Spiking with Drug and IS

Deproteination with Methanol (600ul)

Vigorous Vortexing 5min

Centrifugation 5000 rpm

Collection of Supernatent

Drying Under Nitrogen (40°C)

Volume make up with Mobile Phase  
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2.4.2.2.3. Extraction Procedure 

Protein precipitation method was applied to extract moxifloxacin and ofloxacin from 

plasma and aqueous humour samples. Moxifloxacin and ofloxacin in their respective 

concentrations and IS solution (1 g/mL) were added to 300 µl of plasma/aqueous humour 

samples. This mixture was then vortexed for 2 min. Then 600 µl of methanol was added 

to both the plasma and aqueous humour samples and vortexed vigorously for 5 min to 

precipitate proteins. All the samples were then centrifuged at 8000 rpm for 5 min at 0 ◦C. 

The supernatant obtained was then transferred to another eppendorf tube and dried under 

nitrogen at 40 ◦C. After drying the residue was reconstituted to 1 mL with mobile phase, 

vortexed and 50 l sample was then injected to the HPLC.  

2.4.2.3. Optimization of Experimental Parameters 

2.4.2.3.1. Selection of Stationary Phase 

Various analytical columns such as Athena C-18 WP (150mm × 4.6 mm,5 m), Athena C- 

8 WP (150mm × 4.6 mm,5 m), Athena C-18 WP (250mm × 4.6 mm,5m), Discovery HS 

C18 column (250 mm × 4.6 mm, 5 m), and Kromasil 100-5C18 (250 mm × 4.6 mm × 5 

m), which were guarded by Perkin Elmer pre-column guard cartridge C18 (30 mm × 4.6 

mm, 10 m; Norwalk, USA), were used as stationary phases for the analysis of MX and 

OFX.  

2.4.2.3.2. Selection of Mobile Phase 

Various solvents such as acetonitrile, methanol, different buffers and water were used in 

different combination to get a suitable mobile phase composition. The solvents 
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combination which gave good peak resolution and lesser analysis time was preferred as 

mobile phase for the simultaneous determination of these drugs.  

2.4.2.3.3. Flow Rate 

Suitable mobile phase flow rate for the analysis was adjusted by using different flow rates 

from 0.8–1.5 mL/min in isocratic mode.  

2.4.2.3.4. Detection Wavelength 

For simultaneous determination of moxifloxacin and ofloxacin using timolol maleate as 

internal standard, a wide range of wavelengths between 280 to 310 nm were evaluated. 

The wavelength that will give better peak resolution and better sensitivity will be 

selected. 

2.4.2.3.5. Column Oven Temperature 

Column oven temperature was also evaluated from 25 ◦C to 50 ◦C to know its effects on 

peak resolution and retention time of the drugs.  

2.4.2.3.6. Suitable Internal Standard 

Different drugs including sparfloxacin, diclofenac sodium, naproxen sodium, timolol 

maleate, ciprofloxacin, and levofloxacin were used as internal standards. The drug which 

was more compatible, showed good resolution and separation was selected to be used as 

internal standard in this method. 
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2.4.2.4. Method Validation 

The projected method was validated for linearity, accuracy, sensitivity, specificity, 

precision, recovery, robustness and system suitability parameters according to the 

standard validation guidelines 
229-230

. 

2.4.2.4.1. Linearity 

Linearity of the suggested method was calculated by plotting the calibration curves of 

MX and OFX at seven different concentration levels. Calibration curves against peaks 

response ratios of both the drugs were plotted in the mobile phase, aqueous humour and 

spiked plasma and intercept (b), slope (m), and correlation coefficient (r) were calculated 

with the help of linear least squares regression analysis. 

2.4.2.4.2. Accuracy 

The accuracy of the suggested method was evaluated by determining the percent recovery 

of drugs from spiked plasma and aqueous humour. % recovery was determined by 

spiking three different concentrations (0.5, 1.0 and 2.0 g/mL) of MX and OFX with 

plasma and aqueous humour and IS was kept constant (1ug/mL). % recovery was then 

calculated according to the given equation: 

              ⁄      

Where B shows peak area response ratios of the drugs in the mobile phase with reference 

to IS; A is the peak area response ratios of the drugs in spiked plasma/aqueous humour 

with reference to IS.  
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2.4.2.4.3. Specificity 

The specificity of this method was assessed through appropriate resolution of the peaks 

of studied drugs in the mobile phase, using 1:1 mixture (containing 1 g/mL of each drug 

and IS), spiked plasma and aqueous humour samples (containing 1 g/mL of each 

drug and IS). 

2.4.2.4.4. Sensitivity 

Sensitivity of this method was evaluated by limit of detection (LOD) and limit of 

quantification (LOQ) with signal to noise ratio (S/N) three and ten respectively. 

2.4.2.4.5. Precision 

Precision is the closeness of two or more measurements to each other. These studies were 

carried out by injection repeatability and analysis repeatability procedures. In injection 

repeatability procedure, spiked plasma/aqueous humour samples (with 1 g/mL of each 

drug and IS) were injected repeatedly (n = 6) into the HPLC. The repeatability of the 

retention time and peak area; expressed as mean, standard deviation (±SD), and co-

variance (%RSD) was applied to measure the precision of this method. For analysis 

repeatability, plasma/aqueous humour samples (n = 6) prepared separately from same 

plasma/aqueous humour were spiked with 1 g/mL of each drug, and the results obtained 

were expressed as mean, standard deviation (±SD) and co-variance (%RSD) of the 

recovered drug. Inter-day and intra-day precision studies (intermediate precision) were 

performed by injecting samples at 10:00 and 22:00 hrs for 3 consecutive days. The results 

for recovered amounts were expressed as mean, standard deviation (±SD), and 
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covariance (% RSD). The following equation was used to calculate the percent recovery 

in terms of concentration: 

   
 

 
 

 

 
       

where x and y are peak areas of the drugs in plasma/aqueous samples and 1:1 mixture (1 

g/mL of each MX, OFX and internal standard) respectively; a and b are peak areas of the 

standard solution in 1:1 mixture (1 g/mL of each MX, OFX and internal standard) and 

plasma/aqueous humour samples, respectively; Cs is the concentration of the drug in the 

1:1 mixture; FD is the dilution factor. 

2.4.2.4.6. Robustness 

Robustness of the method was evaluated by making small planned changes in various 

chromatographic parameters such as composition of the mobile phase (±1), column oven 

temperature (±2 ◦C), detection wavelength (±2 nm) and flow rate of the mobile phase (0.2 

mL/min). The data obtained after making these deliberate changes in chromatographic 

parameters was also evaluated statistically by applying Nested ANOVA. 

2.4.2.4.7. Stability 

The stability of standard solutions and spiked samples were studied under the different 

storage conditions i.e. -20 ◦C, 4 ◦C and 25 ◦C and then these studies were performed for 1 

month. Each sample was injected in triplicate and the stability of the method 

was determined using the following equation. 
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where St is stability of analyte at time t, and S0 is stability at initial time. 

2.4.3. Drug Excipients Compatibility Studies 

Drug excipients compatibility was studied by preparing binary mixtures of drugs and 

excipients. These samples were then stored under stress conditions (45 ± 2 °C, 75 ± 5% 

humidity) for one month and then their physical consistency, drug content, FTIR and 

TGA was performed.   

2.4.3.1. Sample Preparation 

Samples prepared contained drug alone, excipients and physical mixtures containing 

drugs and excipients as shown in Table 1. These samples were then stored under stress 

conditions and were then subjected to FTIR and XRD studies.   

2.4.3.2. Drugs Content Determination 

Moxifloxacin hydrochloride and dexamethasone sodium phosphate contents in the 

prepared samples were determined by using a developed and validated UV 

spectrophotometric method. 

Briefly, standard solutions of the drugs and the samples were prepared and were then 

analyzed at their respective λmax using Perkin Elmer UV-Visible spectrophotometer. All 

the samples were analyzed in triplicates and percent drug content was calculated using 

the following equation.  

                        
 ⁄      
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Where 

A= Absorbance of drug sample solution 

B= Absorbance of standard drugs solution 

2.4.3.3. Evaluation of Physical Consistency of Samples 

Physical consistency of the samples was inspected visually for change in color or 

consistency. Changes in color or consistency may indicate interaction (physical or 

chemical) between drugs and excipients. 

2.4.3.4. FTIR Spectroscopy 

The FTIR spectra for pure drugs MX and DS, Polymer PLGA, PVA and their physical 

mixture were obtained using potassium bromide (KBr) disc technique on a PerkinElmer 

spectrum BX FTIR (PerkinElmer, Waltham, MA, USA). Samples were mixed with KBr, 

compressed to make pellets and were then analyzed using FTIR spectrometer. The % 

transmittance (T %) was recorded in spectral range of 4000-400 cm
-1

 at resolution of 4 

cm
-1

. 
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Table 2.2: Composition of samples used for drugs excipients compatibility studies 

Sample  Composition 

1  Moxifloxacin hydrochloride (MX) 

2  Dexamethasone sodium phosphate (DS) 

3  MX + DS (physical mixture) 

4  MX+PLGA +PVA+T80 

5  DS+PLGA+PVA+T80 

6  PLGA  

7  MX + DS + PLGA + PVA+ T 80 

8  PVA 

9  Tween 80 
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2.5. Formulation Development and In-Vitro Evaluation 

2.5.1. Nanoparticles Preparation 

Nanoparticles were prepared by adopting a modified double emulsion-solvent 

evaporation technique
163,231

. Briefly 2 mL aqueous solution of drug (W1) was poured into 

organic phase containing PLGA dissolved in 4mL dichloromethane and sonicated for 1 

minute at 100% amplitude to obtain primary emulsion (Water/Oil). The primary emulsion 

was further emulsified into various phosphate buffer solutions (10mL) containing 

different concentrations of PVA and again sonicated for 2 minutes at 100% amplitude to 

obtain Water/Oil/Water emulsion. After sonication the emulsion was left for stirring to 

evaporate DCM and then centrifuged at 16,000 rpm at 4
o
C for 20 minutes to collect the 

drug loaded nanoparticles. The collected nanoparticles were then washed thrice to 

remove the excess surfactant present on the nanoparticles and lyophilized, adding 5% 

(w/v) mannitol as cryoprotectant. 

The nanoparticles were optimized for various variables such as effect of external phase 

pH, polymer grade, surfactant in internal phase, polymer concentration and surfactant 

concentration in external phase while keeping drug concentration constant (5 mg).  
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Figure 2.2: Schematic representation of nanoparticles preparation 
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Table 2.3: Experimental design for Moxifloxacin Hydrochloride (MX) nanoparticles 

formulations 

S/No Code Drug (mg) PLGA (mg) PVA (%) (10mL) Temp Speed (%) 

1 MX 1 5 2.5 0.5  25°C 100 

2 MX 2 5 5 0.5  25° C 100 

3 MX 3 5 10 0.5  25° C 100 

4 MX 4 5 25 0.5  25° C 100 

5 MX 5 5 50 0.5  25° C 100 

6 MX 6 5 2.5 1.0  25°C 100 

7 MX 7 5 5 1.0  25° C 100 

8 MX 8 5 10 1.0  25° C 100 

9 MX 9 5 25 1.0  25° C 100 

10 MX 10 5 50 1.0  25° C 100 

11 MX 11 5 2.5 1.5  25°C 100 

12 MX 12 5 5 1.5  25° C 100 

13 MX 13 5 10 1.5  25° C 100 

14 MX 14 5 25 1.5  25° C 100 

15 MX 15 5 50 1.5  25° C 100 

16 MX 16 5 2.5 2.0  25°C 100 

17 MX 17 5 5 2.0  25° C 100 

18 MX 18 5 10 2.0  25° C 100 

19 MX 19 5 25 2.0  25° C 100 

20 MX 20 5 50 2.0  25° C 100 

21 MX 21 5 2.5 2.5  25°C 100 

22 MX 22 5 5 2.5  25° C 100 

23 MX 23 5 10 2.5  25° C 100 

24 MX 24 5 25 2.5  25° C 100 

25 MX 25 5 50 2.5  25° C 100 
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Table 2.4: Experimental design for Dexamethasone Sodium Phosphate (DS) 

nanoparticles formulations 

S/No Code Drug (mg) PLGA (mg) PVA (%) (10mL) Temp Speed (%) 

1 DS 1 5 2.5 0.5 25°C 100 

2 DS 2 5 5 0.5 25° C 100 

3 DS 3 5 10 0.5 25° C 100 

4 DS 4 5 25 0.5 25° C 100 

5 DS 5 5 50 0.5 25° C 100 

6 DS 6 5 2.5 1.0 25°C 100 

7 DS 7 5 5 1.0 25° C 100 

8 DS 8 5 10 1.0 25° C 100 

9 DS 9 5 25 1.0 25° C 100 

10 DS 10 5 50 1.0 25° C 100 

11 DS 11 5 2.5 1.5 25°C 100 

12 DS 12 5 5 1.5 25° C 100 

13 DS 13 5 10 1.5 25° C 100 

14 DS 14 5 25 1.5 25° C 100 

15 DS 15 5 50 1.5 25° C 100 

16 DS 16 5 2.5 2.0 25°C 100 

17 DS 17 5 5 2.0 25° C 100 

18 DS 18 5 10 2.0 25° C 100 

19 DS 19 5 25 2.0 25° C 100 

20 DS 20 5 50 2.0 25° C 100 

21 DS 21 5 2.5 2.5 25°C 100 

22 DS 22 5 5 2.5 25° C 100 

23 DS 23 5 10 2.5 25° C 100 

24 DS 24 5 25 2.5 25° C 100 

25 DS 25 5 50 2.5 25° C 100 



Chapter. 2  Materials & Methods 

83 

2.5.2. Characterization of Drug Loaded Polymeric Nanoparticles 

2.5.2.1. Particle size and PDI 

Particle size and PDI of the formulations was determined by Dynamic Light Scattering 

(ZetaSizer Nano ZS-90, Malvern Instruments, Malvern, UK.). The nanoparticle samples 

were re-dispersed in distilled water before measurement and analyzed at room 

temperature with scattering at 90° angle. Malvern software was used to calculate particle 

size and PDI. All the measurements were performed in triplicate and mean ± standard 

deviation (SD) was calculated. 

2.5.2.2. Zeta Potential 

Zeta potential of the formulations was determined by Laser Doppler Micro-

electrophoresis using ZetaSizer (Nano ZS-90, Malvern Instruments, Malvern, UK.). All 

the measurements were performed in triplicate and mean ±standard deviation (SD) was 

calculated.  

2.5.2.3. % Entrapment Efficiency 

The % entrapment efficiency (%EE) of Moxifloxacin HCl and Dexamethasone sodium 

phosphate in nanoformulations was determined by separating the drug loaded 

nanoparticles from aqueous medium by centrifuging the nanoparticles at 20,000 rpm at 

4  for 20 minutes (Centurion
®
 Scientific, UK). The supernatant containing the free drug 

was then analyzed using UV spectrophotometer at their respective wavelengths. The % 

entrapment efficiency was determined by using the formula
232

: 
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2.5.2.4. SEM 

Drug loaded nanoparticles were characterized for shape and surface morphology using 

scanning electron microscope (JSM-5910, Jeol Japan). Sample was prepared by 

spreading the lyophilized nanoparticles on adhesive carbon tape glued to a stub. Gold 

(Au) layer was coated on the nanoparticles surface through sputter coater (Argon 

Sputtering, SPI Module Control) for 90 seconds under vacuum created through argon gas. 

The nanoparticles were then observed under SEM at various magnifications and 

photographs were taken. 

2.5.2.5. XRD 

XRD pattern was measured to determine the amorphous or crystalline nature of pure 

drugs, their combination, PLGA, PVA and drug-loaded nanoparticles using JDX-3532, 

JEOL, Japan, X-ray diffractometer. Samples were analyzed over an angular range (2θ) of 

10°-40°. 

2.5.2.6. In-Vitro Drug Release 

In-vitro release pattern for both the drugs (Moxifloxacin hydrochloride and 

Dexamethasone sodium phosphate) was determined using simulated tear fluid (STF) pH 

7.4 as a release medium. Briefly, lyophilized nanoparticles equivalent to 1mg of drug 

were re-dispersed in 2 mL of STF and filled into dialysis membrane bag (molecular 

weight cutoff = 12-14 kDa). The dialysis membrane bag was then dipped in 100 mL STF, 
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maintained at 37 ± 0.5 °C and shaken in water bath at 50 ± 1 rpm. Sample (2 mL) was 

withdrawn at regular time intervals and replaced with same volume of dissolution media, 

held at the same temperature. The withdrawn samples were then centrifuged and 

supernatant was analyzed with UV spectrophotometer at their respective wavelengths.  

All the measurements were performed in triplicate and % cumulative drug release was 

calculated by the following formula 
233

. 

                         ( )  
        

           
     

[Drug]t shows the concentration of drug release at time t and [Drug]total is the total 

amount of drug in the NPs. 

2.5.2.7. Drug Release Kinetics 

Different mathematical models were applied to the data obtained from the in-vitro release 

experiment in order to determine the drug release kinetics. Equations for these models 

were drawn P.Costa et al., 
234

. 

2.5.2.7.1. Higuchi Model 

Higuchi model is based on the assumption that the release medium diffuses into a solid 

material, dissolved the drug, and then the dissolved drug works its way out by diffusion. 

  

  
    √     

A constant “c” can be added to account for lag time (negative „c‟) or a burst release of 

drug (positive „c‟).  In this way, one can account for a nonzero y-intercept. 
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2.5.2.7.2. Peppas and Sahlin 

This model assumes that there are two mechanisms by which the drug is released. The 

first is diffusion of the release medium into the solid material. The presence of the release 

medium can dissolve the drug but can also plasticize the polymer material that forms the 

matrix in which the drug was dispersed or distributed. Plasticization of the polymer 

allows it to swell. While diffusion is a function of the square root of time, the polymer 

relaxation is a function of time. 

  

  
         √    

2.5.2.7.3. Hixson-Crowell 

This model is based on the assumption that solid particles have a particular radius to them 

that shrinks uniformly over time due to erosion or dissolution of the matrix that 

constitutes the solid. Volume is a cubic dimension and therefore the cube root of the mass 

is involved in the equation. The rate of shrinkage would contribute to the drug release 

rate by reducing the diffusion path length for the dissolved drug to travel to exit and/or 

because the drug dissolves so slowly that the dissolution or erosion of the surface of the 

matrix assists in drug dissolution. 

  
   

   
   

       

The easiest way to deal with this is to divide through by   
   

to get: 

  
   

  
   

 
  

   

  
   

  
   

  
   

  

Which reduces to: 
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.  One must therefore know the total mass of drug used in the 

release study to calculate kHC. In this case: 
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2.5.2.7.4. Weibull analysis 

The Weibull equation can be applied to almost any type of drug dissolution data. 
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Where
  

  
 equals the fraction of drug released.  This is the first model equation to 

acknowledge a lag time. 
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Acknowledging a theoretical burst release of drug can be accomplished 

mathematically by including a constant c in the equation by acknowledging that at t = 

0 the exponential term becomes exp (0) which equals 1.  So c can represent 
  

  
 when t 

= 0 by simply adding: 

  
  

  
    ((

  

 
) ( ) )    

Where the burst release, then, would equal 
  

  
 in: 

   
  

  
 

2.5.2.7.5. Statistical Analysis 

For the significance level, α = 0.05 was chosen. Regression analysis was conducted using 

Sigma Plot v. 12.5 (Systat Software, Inc., San Jose, CA). 

2.5.2.7.5.1. The Dissimilarity Factor, f1, and the Similarity Factor, f2 

The dissimilarity factor, f1, and the similarity factor, f2, will be calculated using n, the 

number of data pairs, the absolute sum of the residuals and the sum squared residuals, 

i.e., the square of the difference between each actual value from the dissolution study 

(Rt)and the corresponding value predicted by the model equation (Tt), each expressed as 

the percent released as a whole number (e.g. 23% released is 23), and the number of data 

pairs, n. 
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The f2 equals 100 when the test and reference data are identical and exponentially 

decreases as the two profiles become less similar. For f1 values of 0–15 and f2 values 

greater than 50, the two profiles are considered equivalent
235-237

. Only dissolution data 

from 1 to 168 h will be used in this and the AIC calculations since these were the data 

source for model fitting. 

2.5.2.7.5.2. Akaike Information Criterion, AIC 

The AIC allows the selection of the model equation that best describes a set of data with 

the fewest estimated parameters.  It is a mathematical expression that uses the sum of 

squared residuals as a reflection of the accuracy of a prediction, based on the following 

equation: 

AIC = n*ln(SSR) + 2p 

Where SSR is the sum of the squared residuals, that is, the sum of the square of the 

difference between each actual value and its calculated equivalent; n is the number of 

points. In addition, p is the number of estimated parameters in the model equation.  The 

more negative the AIC value, the better the particular model describes the data.  Note that 

additional estimated parameters typically improve the fit of a model equation to a 

particular set of data and the term 2p accounts for this improvement by making the AIC 

more positive with each additional estimated parameter. 
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2.5.2.8. Selection of suitable cryoprotectant 

To select a suitable cryoprotectant for lyophilization of these nanoformulations; three 

cryoprotectants mannitol, glucose and sucrose (5% w/v) were added to five (05) 

randomly selected formulations of MX and changes in particle size and PDI were 

observed. Based on their effects, a suitable cryoprotectant was selected for further 

studies. 

2.5.2.9. Stability Study
238

 

The optimized formulations were lyophilized with suitable cryoprotectant at -45 °C for 

sufficient time to get lyophilized powder. These freeze dried samples were reconstituted 

in 2 mL distilled water and stored in eppendorf tubes at room temperature (27-30 °C) and 

in refrigerator (2-8 °C) for 8 weeks. At regular time intervals these nanosuspensions were 

evaluated for any significant change in particles size, PDI, zeta potential and % 

encapsulation efficiency. 

2.5.3. Preparation of Nanoparticles Laden Thermoreversible Gel 

First thermoreversible gel solution was prepared by dispersing poloxamer 407(20% w/v) 

in cold distilled water with continuous stirring
239

. This dispersion was then refrigerated 

for 24hrs to obtain a clear polymeric solution. Accurately weighed drug loaded freeze 

dried nanoparticles (equivalent to moxifloxacin hydrochloride 0.5% w/v and 

dexamethasone sodium phosphate 0.1% w/v) were dispersed in sufficient volume of the 

thermoreversible in-situ gel with constant stirring to form nanoparticles laden in-situ gel 

and were then evaluated for clarity, viscosity and gelation temperature. 
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2.5.3.1. Characterization of Nanoparticles Laden Thermoreversible Gel 

2.5.3.1.1. Clarity 

The clarity of formulations was assessed before and after gelling by visual examination 

against dark background under light. 

2.5.3.1.2. Viscosity 

Viscosity of the solution was determined using Brookfiled viscometer (model DV-E, 

spindle no. 62) at 40 rpm. The viscosity was measured at two different temperatures; at 

25 °C and at 37 °C. The calculations were made in triplicate. 

2.5.3.1.3. Measurement of Gelation Temperature (Tg) 

The formulations were evaluated for gelling temperature by tube inversion method. 

Briefly, 2 mL of formulation was taken in a tube in digital Shaking water bath B.S.11 

Lab Companion (Jelo Tech Korea) and maintained at 25°C. The temperature was 

increased up to 40°C. The formulation was allowed to equilibrate for 5 minutes at each 

temperature point, and then samples gelation was checked by 90° inversion of the tube 

until no fluidity was observed. All the measurements were made in triplicate 
238-239

. 

2.5.3.1.4. pH 

pH of the formulation was measured using pH-Meter (Jenway
®

, UK). The pH meter was 

calibrated before carrying out this study. 
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2.5.3.1.5. Autoclaving 

The optimized formulations were then subjected to autoclaving (autoclave HS-60 

(Hansuin Medical Co. Ltd Korea) at 121°C, 15 psi, for 20 minutes. The formulations 

were then cooled down to room temperature and again evaluated again for clarity, 

viscosity, gelation temperature and pH. The readings were compared with those of before 

autoclaving. 

2.6. In-Vivo Evaluation 

2.6.1. Animals 

White adult New Zealand rabbits weighing 2.2 ± 0.2 kg were used in the study. It was 

made sure that all the animals were free from any kind of inflammation or any other 

abnormality and were kept in laboratory at standard conditions of 61-72 °F temperature 

and 55 ± 10% relative humidity 
240

. The rabbits were feed with fresh vegetables and were 

given free access to water. Experimental procedure was reviewed and approved by the 

“Committee for Ethics in Research” of Department of Pharmacy, University of Peshawar 

[Approval no. 06/EC-17/Pharm].  

2.6.2. Ocular Tolerance Studies 

Safety and biocompatibility of the nanoformulations was assessed by conducting ocular 

irritation test. For this purpose, 30µl of optimized nanoformulations (MX 20 and DS 19), 

nanoparticles laden in-situ gel, control (normal saline and blank in-situ gel) and 

commercial eye drops were instilled to the selected rabbits (each group containing three 

rabbits). The ocular tissues were then observed at 30min, 1, 2, 4, 12 and 24 hours for 

conjuctival redness, discharge and any irritation on clinical evaluation scale of 0-3, 0-4 
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and 0-3 respectively 
241-242

. The index of irritation was calculated and is presented in 

Table 3.28.  

2.6.3. Drug Administration and Sampling 

In-vivo studies were performed in two phases. Total of one hundred (100) rabbits were 

used which were divided into ten groups, each group containing ten rabbits. In phase 1, 

six groups received 30 µl instillation of either MX (0.5% w/v) or DS (0.1% w/v) 

nanoformulations while two groups received 30 µl of marketed eye drops of MX and DS. 

The drugs were instilled to both the eyes of every rabbit. For phase 2, one 

nanoformulation was selected for both MX and DS and further evaluated in combination 

either in nanoparticles (MDN) or nanoparticles laden in-situ gel (MDIG). One group 

received MDN while the other group received (MDIG). The studies were performed by 

instilling 30µl of each formulation into the lower conjunctiva sac of the rabbit‟s eye. The 

rabbits were then sacrificed at predetermined time intervals: 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 

12hour and 100 µl aqueous humour was withdrawn from one rabbit (both eyes) at each 

time point with 27 gauge needle attached to 1 mL syringe
243

. The aqueous humour 

samples were then stored at -20°C until analyzed using HPLC-UV
244

.  

2.6.4. Pharmacokinetic Parameters 

Various pharmacokinetic parameters including maximum drug concentration in the 

aqueous humour (C max), time to reach maximum concentration (T max), area under 

curve (AUC) and mean residence time (MRT) were determined for these formulations 

using PK summit
®
 software.  
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Figure 2.3: Schematic presentation of in-vivo studies 
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3. Results and Discussion 

The objective of this study was to develop sustained release polymeric nanoparticles for 

ophthalmic delivery of moxifloxacin hydrochloride and dexamethasone sodium 

phosphate. Polymer PLGA (75:25) [MW=4,000-15,000, Resomer RG 752H] was used 

with different concentrations of emulsifier PVA (0.5 %, 1 %, 1.5 %, 2 % and 2.5 %). 

More than fifty formulations were formulated for both the drugs and evaluated for their 

physicochemical properties; the formulations were also evaluated for in-vitro drug release 

and pharmacokinetic parameters. The nanoparticles prepared were then incorporated into 

thermoreversible gel and evaluated for in-vitro and in-vivo parameters. 

The nanoparticles were evaluated for particle size, PDI and encapsulation efficiency, 

morphology, stability and in-vitro release. Based on these results six formulations were 

selected (three for each drug) for in-vivo evaluation using rabbit as animal models. 

After in-vivo evaluation of these polymeric nanoparticles, one polymeric nanoformulation 

was selected for each drug and was then incorporated into thermoreversible in-situ gel. 
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3.1. Pre-formulation Studies 

3.1.1. U.V Visible Spectrophotometric Method; Development and Validation 

UV-visible spectrophotometric method for the analysis of moxifloxacin hydrochloride 

and dexamethasone sodium phosphate was developed and validated. The method was 

used for the in-vitro analysis. 

3.1.1.1. Stock Solution 

Stock solutions (50µg/mL) were prepared by dissolving MX and DS in their respective 

solvents. These stock solutions were used for working dilutions. 

3.1.1.2. Selection of Wavelength (λ max) 

λ max was selected for both the drugs by scanning their solutions (1-20 µg/mL) in range 

of 200-400nm. The maximum absorbance was obtained at 299 nm and 239 nm for MX 

and DS respectively, as shown in Figure 3.1 and 3.2 respectively.  
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Fig 3.1: λmax of Moxifloxacin Hydrochloride solutions in DMSO (1-20µg/mL) 

 

Fig 3.2: λmax of Dexamethasone Sodium Phosphate solutions in 1:1 mixture of 

Acetonitrile and methanol (1-20µg/mL) 
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3.1.1.3. Method Validation 

3.1.1.3.1. Specificity and Selectivity 

Specificity of the method was assessed to determine the effect of excipients present on 

the absorption of the drugs. The results obtained showed that the excipients did not 

interfere with the drug absorption and the methods were found to be selective for both the 

drugs. Results are shown in Table 3.1.  

3.1.1.3.2. Linearity 

The developed method was found to be linear in the concentrations range of 1-20 µg/mL. 

The slope, intercept and R
2
values were 0.119, 0.041 and 0.997 for MX and 0.232, 0.061 

and 0.998 for DS respectively. The results are given in Table 3.1. 

 

Fig 3.3: Calibration curves of Moxifloxacin Hydrochloride and Dexamethasone Sodium 

Phosphate 
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Table.3.1: Validation parameters for the developed UV-Visible spectrophotometric 

method 

Parameters 
MX DS 

Results 

Linearity  
 

Calibration range 1-20 µg/mL 1-20 µg/mL 

Λmax 299 nm 239 nm 

Regression equation 0.119x + 0.041 0.232x + 0.061 

Correlation co-efficient (R
2
) 0.997 0.998 

Accuracy (% recovery) Mean ± SD; % RSD Mean ± SD; % RSD 

Sample without excipients 96.91 ± 0.25; 0.25 97.47 ±0.18; 0.18 

Sample with excipients 95.14 ± 0.19; 0.20 94.66 ± 0.11; 0.12 

Stability 

Conc. Recovered (µg/mL) Mean ± SD; % RSD Mean ± SD; % RSD 

Day 1 (n=3) 9.68 ± 0.05; 0.48 9.30 ± 0.01; 0.16 

Day 2 (n=3) 9.72 ± 0.04; 0.42 9.38 ± 0.03; 0.32 

Day 3 (n=3) 9.67 ± 0.03; 0.33 9.34 ± 0.02; 0.28 

 

3.1.1.3.3. Precision 

Precision of the method was determined by both intra-day and inter-day studies. 

10µg/mL solution of each drug was measured at their respective λmax for intra-day 

precision and for three consecutive days for inter-day precision studies. The 

concentration recovered with ±SD and % RSD is given in Table 3.2. The data obtained 

showed good intra-day and inter-day precision.  
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Table 3.2: Inter-day and Intra-day studies of the developed spectrophotometric method 

for MX and DS 

Time 

MX DS 

Conc. Recovered (ug/mL) ±SD %RSD 
Conc. Recovered 

(ug/mL) ±SD 
%RSD 

0 h 9.87 ± 0.03 0.35 9.41 ± 0.04 0.42 

6 h 9.82 ± 0.03 0.30 9.50 ± 0.02 0.24 

12 h 9.77 ± 0.04 0.38 9.44 ± 0.04 0.48 

24 h 9.68 ± 0.05 0.48 9.30 ± 0.01 0.16 

2
nd

 day 9.72 ± 0.04 0.42 9.38 ± 0.03 0.32 

3
rd

 day 9.67 ± 0.03 0.33 9.34 ± 0.02 0.28 

3.1.1.3.4. Solution Stability 

Results obtained from the stability studies performed at different temperatures showed 

that the drug solutions were stable under the studied conditions (25 °C, 4 °C and -20 °C) 

during their period of study. 
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3.1.2. RP-HPLC-UV Method Development and Validation 

The developed method was accurate, reliable, economical and novel as the developed 

method was able to determine simultaneously ofloxacin and moxifloxacin using timolol 

maleate as internal standard in solutions, aqueous humour and plasma for the first time 

using HPLC/UV. The method is optimized and validated for analysis of ofloxacin and 

moxifloxacin in biological and pharmaceutical samples according to the standard 

guidelines
229-230

. Moxifloxacin was appropriately separated applying this method in 

standard mixtures, spiked plasma and aqueous humor samples as shown in Fig.3.4. While 

ofloxacin was separated in standard mixture and spiked plasma samples while in aqueous 

humor ofloxacin gave interfering peaks at low concentrations, as reported earlier 

irrespective of its concentration 
245

 and at high concentrations the interfering peaks were 

separated to some extent from the drug.  

 

Figure 3.4: HPLC-UV chromatograms of different analytes. A= standard solution, B= 

spiked plasma samples, C= spiked aqueous humor samples. Peaks: 1, ofloxacin; 2, 

timolol maleate; 3, moxifloxacin.  
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3.1.2.1. Optimization of Experimental Parameters 

Different experimental parameters were optimized to choose optimum mobile phase, 

stationary phase, mobile phase flow rate, column oven temperature, internal standard and 

detector‟s wavelength. 

3.1.2.1.1. Selection of Stationary Phase 

Suitable stationary phase was selected by comparing various analytical columns. Five 

analytical columns Athena C-18 WP (150mm×4.6mm,5μm), Athena C-18 WP 

(250mm×4.6mm, μ5m),Discovery HS C18 column (250 mm × 4.6 mm, 5 μm), Athena 

C-8 WP (150 mm×4.6 mm,5 μm), and Kromasil 100-5C18 (250 mm × 4.6 mm × 5 μm) 

were compared for precision, accuracy, efficiency, selectivity, separation, retention, peak 

tailing, resolution, back-pressure of column and mobile phase utilization. Among the 

stationary phases used better resolution was obtained with Kromasil 100-5C18 (250 mm 

× 4.6 mm × 5 μm) reversed phase column.  

3.1.2.1.2. Selection of Mobile Phase 

Mobile phase containing Methanol: 0.05% TFA (in water), ratio 38:62 (v/v) was selected 

for the analysis of the drugs because it gives better resolution, better sensitivity and 

shorter run time. Retention time of the drugs decreased by increasing the concentration of 

methanol as shown in Fig. 3.5. 
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Fig 3.5: Overlay chromatograms showing the effect of different ratios of methanol on the 

retention time of various analytes. A= 38% methanol, B= 40% methanol, C=43% 

methanol, D= 45% methanol. Peaks: 1, ofloxacin; 2, timolol maleate; 3, moxifloxacin. 

The chromatograms were obtained at column oven temperature of 45 ºC, at flow rate of 

1.1mL/min and detection wavelength of 290 nm. 

3.1.2.1.3. Flow Rate 

The flow rate of the mobile phase was evaluated in range of 0.5-1.5 mL/min to obtain the 

effect of flow rates on peaks shape and separation of the drugs. The optimum flow rate of 

1.1 mL/min was selected as it gave better peak separation and suitable retention time for 

both the drugs as shown in the Fig. 3.6. The lesser flow rates gave longer run times and 

results in peaks broadening while higher back pressure was observed with high flow 

rates. 
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Fig 3.6: Overlay chromatograms showing the effect of various flow rates on the retention 

time of various analytes. A= 0.8 mL/min, B=0.9 mL/min, C=1.0 mL/min, D=1.1 

mL/min, E=1.2 mL/min, F=1.3 mL/min, G=1.4 mL/min, H= 1.5 mL/min. Peaks: 1, 

ofloxacin; 2, timolol maleate; 3, moxifloxacin. The chromatograms were obtained using 

mobile phase methanol: 0.05%TFA (38:62v/v), detection wavelength of 290 nm and 

column oven temperature of 45ºC. 

3.1.2.1.4. Column Oven Temperature 

Run time and resolution of the peaks was also effected with temperature. Column oven 

temperature in the range of 25–50ºC was tested at an increment of 5ºC. Suitable run time 

and sharp peaks were obtained at 45ºC for the simultaneous analysis as shown in Fig. 3.7. 

3.1.2.1.5. Detection Wavelength 

The suitable detection wavelength for simultaneous analysis was determined in the range 

of 280-300 nm. Better sensitivity was obtained at 290 nm as shown in the Fig. 3.8. 
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Fig 3.7: Chromatograms of the effect of column oven temperature on the retention time 

of various analytes. A = 25ºC; B = 30ºC; C = 35ºC; D = 40ºC; E = 45ºC; F = 50ºC. Peaks: 

1, ofloxacin; 2, timolol maleate; 3, moxifloxacin. The chromatograms were obtained 

using mobile phase methanol: 0.05%TFA (38:62v/v), flow rate 1.1 mL/min and detection 

wavelength of 290 nm. 

 

 

Fig 3.8: Overlay chromatograms presenting the effect of various detector wavelengths on 

the retention time of various analytes. A=280 nm, B= 285 nm, C= 290 nm, D=295 nm, 

E= 300 nm, F=305 nm, G= 310 nm. Peaks: 1, ofloxacin; 2, timolol maleate; 3, 

moxifloxacin. The chromatograms were obtained using mobile phase methanol: 

0.05%TFA (38:62v/v), flow rate 1.1 mL/min and column oven temperature of 45ºC. 
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3.1.2.1.6. Internal Standard 

Various internal standards including diclofenac sodium, ciprofloxacin, levofloxacin, 

sparfloxacin and tiomlol maleate were evaluated. Timolol maleate was selected as 

internal standard because it gave good resolution, better compatibility and relatively 

better recovery with the selected drugs. Other internal standards used in this method 

showed peak overlapping and long retention times. 

3.1.2.2. Samples preparation 

Different organic solvents that were used for the preparation of standard stock solutions, 

de-proteination of the spiked plasma, aqueous humor samples and extraction of analytes. 

Among various solvents, methanol was selected for the preparation of stock solutions of 

moxifloxacin, ofloxacin and timolol maleate. Working dilutions were then prepared in 

the mobile phase. Protein precipitation, analytes and internal standard extraction were 

also carried out using methanol as it gave better results. The clear supernatant obtained 

after centrifugation was dried under nitrogen at 40ºC, reconstituted again to 1 mL with 

mobile phase and then injected into the HPLC system. 

3.1.2.3. Method Validation 

3.1.2.3.1. Linearity 

Linearity of the developed method was calculated from the calibration curves, plotted for 

standard drugs, spiked plasma samples and spiked aqueous humor samples between 

0.018-100 µg/mL and 0.014-20 µg/mL for moxifloxacin and ofloxacin respectively, at 

seven different concentration levels. Calibration curves obtained are shown in Fig. 3.9a 
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and b, while regression equation and their respective correlation co-efficient (r) are given 

in Table 3.3. 

3.1.2.3.2. Accuracy 

The accuracy of the method was determined based on percent recoveries at 0.5, 1 and 2 

µg/mL concentrations. The results are given in Table 3.3. 

3.1.2.3.3. Precision 

Precision was assessed by analysis and injection repeatability, along with inter-day and 

intraday studies. The results obtained are shown in Table 3.3 and 3.4 respectively. The 

results obtained, show harmony for repeated injections, repeated analysis, inter day and 

intraday study. 
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Fig 3.9a: Calibration curves of Moxifloxacin in standard solutions, spiked plasma and 

aqueous humor samples 

 

Fig 3.9b: Calibration curves of Ofloxacin in standard solutions and spiked plasma 

samples 
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3.1.2.3.4. Sensitivity 

Sensitivity of this developed method was evaluated based on LOQ and LOD values of the 

analytes in spiked plasma and aqueous humor samples. The LOD and LOQ values are 

given in Table 3.3. This method was found to be more sensitive than the previously 

reported methods 
246-247

. 

3.1.2.3.5. Specificity 

Representative chromatograms of complete resolution of the peaks of the targeted drugs 

in mobile phase, 1:1mixture (containing 1 μg/mL of each drug and IS), spiked plasma 

and aqueous humor samples (containing 1 μg/mL of each drug and IS) are shown in Fig. 

3.4. The chromatograms showed good resolution and separation of the peaks, thus 

confirming the specificity of the method. 

3.1.2.3.6. Robustness 

The minor intentional changes that were made in different experimental parameters did 

not considerably affect the recoveries, peak area, and retention time of both the drugs, 

thus confirming the robustness of the suggested method. The results obtained with Nested 

ANOVA were insignificant. This shows that the deliberate changes that were made 

(variations in temperature, wavelength, flow rate and mobile phase ratio) have no 

significant effect on the robustness of the method. 
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Table 3.3: Validation parameters for the developed HPLC-UV method 

Parameters 

Analytes 

Moxifloxacin  

(mean ± SD; % RSD) 

Ofloxacin 

(mean ± SD; % RSD) 

Linearity 

Calibration range    

 

0.05-2.0 µg/mL 

 

0.05-2.0 µg/mL 

Standard solution 

Regression equation  

Correlation coefficient (r) 

 

y = 0.003x + 0.130 

0.999 

 

y = 0.002x + 0.098 

0.999 

Spiked plasma 

Regression equation   

Correlation coefficient (r) 

 

y = 0.005x + 0.173 

0.999 

 

y = 0.003x + 0.667 

0.998 

Spiked aqueous humor 

Regression equation   

Correlation coefficient (r) 

 

y = 0.006x + 0.025 

0.999 

 

 

Accuracy (% recovery) ( Spiked 

plasma sample) 

 (0.5µg/mL) 
a 

 (1µg/mL) 
a 

  (2µg/mL) 
a 

 

 

 

97.02 ± 0.043 ; 0.045 

96.70 ± 0.167 ;0.173 

98.85 ± 0.725 ; 0.733 

 

 

95.54 ± 0.324 ; 0.340 

97.88 ± 0.294 ; 0.301 

98.76 ± 0.430 ; 0.434 

Accuracy (amount recovered) 

(Spiked plasma sample) 

 (0.5µg/mL) 
a 

 ( 1µg/mL) 
a 

 ( 2µg/mL) 
a 

 

 

0.48 ± 0.0044 ; 0.93 

0.97 ± 0.0040 ; 0.41 

1.97 ± 0.023 ; 1.21 

 

 

0.48  ± 0.0022 ; 0.461 

0.97  ± 0.0124 ; 1.264 

1.91  ± 0.0036  0.202 

Accuracy (% recovery) ( Spiked 

Aqueous humor sample) 

(0.5µg/mL) 
a 

 

 

94.93 ± 0.71 ; 0.210 
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 (1µg/mL) 
a 

 (2µg/mL) 
a 96.18 ± 0.164 ; 0.167 

92.35 ± 0.204 ; 0.210 

Accuracy (amount recovered) 

( Spiked aqueous humor sample) 

(0.5µg/mL) 
a 

( 1µg/mL) 
a 

 ( 2µg/mL) 
a 

 

 

0.47 ± 0.0023 ; 0.47 

0.96 ± 0.0045 ; 0.47 

1.95 ± 0.0145 ; 0.73 

 

 

 

Repeatability 

Injection repeatability 

Spiked plasma sample 
b
 

(1 ug/mL)   

Spiked plasma sample 
b
 

(1 ug/mL)   

 

 

c 
7.86 ± 0.034 ; 0.433 

d 
89149 ± 94.64 ; 0.106 

 

 

c 
3.66 ± 0.065 ; 1.79 

d 
37323 ± 167.8 ; 0.44 

Analysis repeatability 

Spiked sample (plasma) 
b  

(1 ug/mL)  

Spiked sample  

(Aqueous humor) 
b
 

(1 ug/mL) 

 

e 
0.973 ± 0.0062 ; 0.644 

 

e 
0.952 ± 0.0089 ; 0.92 

 

e 
0.971 ± 0.004 ; 0.465 

 

 

Sensitivity 

Limit of detection (ng/mL)    

1. Spiked plasma 

sample 

2. Spiked aqueous 

humor sample 

Limit of quantification 

(ng/mL) 

1. Spiked plasma 

sample 

2. Spiked aqueous 

humor sample 

 
[[ 

 

10.0 

16.0 

 
 

18.0 
 

24.0 

 

 

8.0 

 

 
[[ 

14.0 

a
n= 3, 

b  
n= 6, 

c  
Retention time (minutes), 

d  
Peak area, 

e  
Amount recovered 
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3.1.2.3.7. Stability 

The outcome of the stability study indicated that standard mixtures and spiked samples 

were stable for 48 hours but in long term stability study, the standard mixture remained 

stable at -20ºC while the spiked samples were deteriorated, resulting in poor recoveries 

and poor peak resolution. 

Table 3.4: Intra-day and inter-days studies (n= 3) 

Spiked 

concentration 

(µg/mL) 

Concentration recovered (µg/mL) 

Intra-day (mean ±  S.D)  % 

RSD 

 

Inter-day   (mean  ±  S.D) % 

RSD 

Moxifloxacin 
 

 
a
0.92 ± 0.005 ; 0.633 

 

 

0.94 ± 0.0025 ; 0.271 
Spiked plasma 

1.0 

1.5 
1.40 ± 0.002 ; 0.142 1.45 ± 0.011 ; 0.754 

Spiked aqueous 

Humor 

1.0 

1.5 

 

 

0.94 ± 0.002 ; 0.237 

 

 

0.93 ± 0.004 ; 0.480 

1.42 ± 0.002 ; 0.152 1.47 ± 0.008 ; 0.563 

Ofloxacin 

Spiked plasma 

1.0 

1.5 

 

 

0.95 ± 0.003 ; 0.352 

 

 

0.93 ± 0.008 ; 0.888 

1.41 ± 0.013 ; 0.964 1.41 ± 0.011 ; 0.775 

3.1.3. Drug Excipients Compatibility Studies 

Drug excipients compatibility studies were performed for moxifloxacin hydrochloride 

and dexamethasone sodium phosphate with all the excipients used in nanoformulation in 

order to find out any probability of interactions. For this purpose, binary mixture in 1:1 

were prepared for each drug with excipients. Stress conditions were applied to these 

mixtures and were then evaluated for; 
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 Drug contents 

 Physical consistency 

 Assessing FTIR spectra for incompatibilities 

3.1.3.1. Drugs Content Determination 

Heat and moisture may catalyze the chemical and physical interactions between drugs 

and excipients in a formulation and may degrade the drug resulting in decreased drug 

contents. Drug content was determined in triplicate for all the samples containing the 

drug and presented as Mean ± SD in Table 3.5. The initial and final drug content did not 

differ significantly which shows that the drug concentration in the physical mixture was 

not affected by excipients and the stress conditions.  

Table.3.5: Table showing % drug content of different samples analyzed at different time 

intervals (n=3) 

% Drug Content± SD 

Analysis time Sample 4 Sample 5 Sample 7 

  
 

(MX) (DS) 

Day 1 99.36±0.15 99.06±0.25 99.19 ± 0.28 99.37±0.09 

1 week 98.76±0.31 98.19±0.31 98.91±0.24 98.03±0.28 

2 weeks 97.7±0.56 99.16±0.31 97.73±0.14 98.26±0.13 

1 month 98.20±0.90 98.49±0.17 98.53±0.59 98.35±0.25 

3.1.3.2. Evaluation of Physical Consistency of Samples 

Observing the samples after storing at stress conditions did not showed any change in 

color or physical consistency upon visual observation.  
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3.1.3.3. FTIR Spectroscopy 

FTIR spectroscopy was performed for MX, DS and their excipients to rule out any 

possibility of interaction between the drugs, and excipients using KBr disc technique on a 

PerkinElmer spectrum BX FTIR (PerkinElmer, Waltham, MA, USA) and% transmittance 

(T%) was recorded in spectral range of 4000-400 cm
-1

. FTIR spectra were evaluated for 

any interaction between drugs and excipients before and after storage under stress 

conditions for 1 month.  

3.1.3.3.1. Moxifloxacin hydrochloride and its physical mixture 

Compatibility of MX and excipients was determined using FTIR spectroscopy. The 

spectra obtained are shown in Figure3.10. The spectra of MX showed characteristic 

peaks at 1706 cm
-1 

owing to carboxylic acid C=O stretching, at 1350 cm
-1 

attributed to C-

N stretching, and at 1620 cm
-1

,1520 cm
-1

, and 1460 cm
-1

 because of aromatic C=C 

stretching. PLGA (RG 752 H) gave intense bands at 3500 cm
-1

 for OH group, at 2950 cm
-

1
 for C-H stretching, 1765 cm

-1
 for carbonyl C=O stretching, at 1180 cm

-1
 for C-O 

stretching and OH bending at 956 cm
-1

 while PVA showed at 2850 cm
-1

 a C-H stretching 

from alkyl groups, C=O stretching at 1740 cm
-1

, CH bends at 1428 cm
-1

, a C-O-C stretch 

at 1095 cm
-1 

and OH bending at 950 cm
-1

. The presence of all characteristic groups in 1:1 

physical mixture confirms the absence of any interaction/incompatibility between the 

drug and excipients. 
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Figure 3.10: Overlay FTIR spectra of (A) Moxifloxacin hydrochloride, (B) PLGA (RG 

752H), (C) PVA, (D) 1:1 physical mixture of drug and excipients 

 

3.1.3.3.2. Dexamethasone sodium phosphate and its physical mixture 

Compatibility studies of DS and its physical mixture with the excipients was carried out 

using FTIR spectroscopy and the spectrum is shown in Figure 3.11. The FTIR spectra of 

DS shows characteristic absorption peaks at 3410 cm
-1

 due to OH stretch vibrations, at 

2950 cm
-1

 methyl stretch vibrations, at 1660 cm
-1

 attributed to C=C and at 1060 cm
-1

 

attributed to stretching due to CF bond. PLGA (RG 752 H) showed strong bands at 1765 

cm
-1

 for carbonyl C=O stretching, 1180 cm
-1

 for C-O stretching, 3500 cm
-1

 for OH group, 

at 2950 cm
-1

 for C-H stretching, at and OH bending at 956 cm
-1

. PVA showed a C-H 
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stretching at 2850 cm
-1

 from alkyl groups, at 1740 cm
-1

 due to C=O stretching, bends at 

1428 cm
-1

 due to CH, a C-O-C stretch at 1095 cm
-1 

and OH bending at 950 cm
-1

. The 

FTIR spectrum of 1:1 physical mixture showed no major changes and is almost similar to 

the spectra of pure drug and excipients, thus confirming the absence of any interaction or 

incompatibility of DS with any of the excipients. 

 

Figure 3.11: Overlay FTIR spectra of (A) Dexamethasone sodium phosphate, (B) PLGA 

(RG 752H), (C) PVA, (D) 1:1 physical mixture of drug and excipients 
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3.2. Formulation Development and In-Vitro Characterization 

3.2.1. Nanoparticles Preparation 

Nanoparticles were prepared by double emulsion-solvent evaporation technique. The 

major steps involved in this technique are; (i) mixing of aqueous (W) and organic (O) 

phases to obtain primary W/O emulsion via sonication, (ii) emulsification of the primary 

W/O emulsion into outer aqueous phase containing a suitable stabilizer with sonication to 

obtain W/O/W emulsion, (iii) evaporation of organic solvent from the outer dispersed 

phase that results in precipitation of the polymer encapsulating the drug at the water-

solvent interface. Stabilizers were added to the outer aqueous phase to prevents the 

coagulation and flocculation of the formed polymeric nanoparticles via electrostatic or 

steric repulsion
248-249

. Various important formulation parameters were optimized to 

achieve optimum particle size and maximum encapsulation efficiency for both the drugs.  

3.2.2. In-Vitro Characterization of Drug Loaded Nanoparticles 

3.2.2.1. Optimization of PLGA Grade 

3.2.2.1.1. Particle size 

Table 3.6 shows the effect of polymer molecular weight and ratio of lactide/glycolide 

content in PLGA on the particle size of both the drugs. Particle size was high (315±19.3 

nm and 294±16.4 nm) for both the drugs when NPs were formulated using PLGA 

(50:50). Smaller particle size was observed when NPs were formulated using PLGA with 

75:25 lactide/glycolide content. Mean particle sizes obtained for both the drugs MX and 

DS were 272±20.7 nm and 269±14.9 nm with PLGA (75:25), 226±11.3 nm and 241±17.1 

nm with Resomer RG 752H and 288±9.6 nm and 276±15.5 nm Resomer RG 756S 
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respectively as given in Table 3.6.  Mean particle size increased upon increasing the 

molecular weight of the polymer. The reason might be that increasing the molecular 

weight increases the viscosity of the internal phase which resists the sonication to break 

the droplets into finer sizes; net shear stress is reduced leading to increased particle size 

250-253
.  Optimum particle size (226±11.3 nm and 241±17.1 nm) was achieved with 

Resomer RG 752H having molecular weight of 4000-15000 D.  

3.2.2.1.2. Encapsulation Efficiency 

Among all the polymers used, maximum encapsulation (21.24 ± 3.6% for MX and 

19.15±4.0% for DS) was achieved with PLGA 75:25 (RG 752H) (mol wt 4000-15000 D). 

Similar results have been previously reported
251

 . 

 

Figure 3.12: Figure showing the effects of PLGA molecular weight and lactide/glycolide 

content ratio on particle size and %EE 
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Table 3.6: Table showing the effects of PLGA molecular weight and lactide/glycolide 

content ratio on particle size and %EE 

 

3.2.2.2. Optimization of the Outer Aqueous Phase pH 

Solubility of the drug in outer phase significantly affects the encapsulation efficiency. If a 

drug is soluble in outer phase, it will readily diffuse out of the inner aqueous phase into 

the outer phase during emulsification, resulting in decreased encapsulation 

efficiency
254

.Solubility of the moxifloxacin is pH dependent and it increases with 

increase in pH because of the ionization of carboxylate group 
218

. Decreasing the pH of 

the outer phase significantly increased the encapsulation efficiency of MX nanoparticles 

as demonstrated in Table 3.7. Optimum particle size, PDI and encapsulation efficiency 

(227.1±10.51, 0.09±0.07, 31.62%) were achieved at pH 5.5 for MX nanoparticles. For 

DS nanoparticles optimum particles size, PDI and encapsulation efficiency (237.2±15.4, 

S/NO Drug 
Particle 

Size (nm) 
PDI 

Zeta 

potential 
% EE 

Formulation 

parameters 

 Polymer PLGA (50:50) [MW = 30,000-60,000] 

Drug = 5mg 

Polymer = 10 

mg 

PVA (1%) = 

10 mL 

1 MX 315±19.3 0.13±0.01 -6.1 ± 1.1 9.6±0.5 

2 DS 294±16.4 0.31±0.1 -8 ± 2.2 15.92±1.2 

 Polymer PLGA (75:25) [MW=66,000-107,000] 

3 MX 272±20.7 0.22±0.2 -5.2 ±0.23 12.72±1.6 

4 DS 269±14.9 0.41±0.03 -7.07 ±2.1 13.56±2.2 

 
Polymer PLGA (75:25) [MW=4,000-15,000, Resomer RG 

752H] 

5 MX 226±11.3 0.21±0.1 -8.7 ± 1.3 21.24±3.6 

6 DS 241±17.1 0.14±0.06 -10.2 ±2.6 19.15±4.0 

 Polymer PLGA (75:25) [Resomer RG 756 S] 

7 MX 288±9.6 0.15±0.03 -6.3 ± 1.2 5.90±0.3 

8 DS 276±15.5 0.12±0.07 -8.4 ± 0.8 17.33±1.8 
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0.20±0.04, 28.43%) were achieved at pH 6.0 as shown in Table 3.8. The reason might be 

that with increasing the pH of the aqueous solution, the acid groups become ionized 

making the drug soluble in the outer phase 
255

. Based on the results obtained, external 

aqueous phase pH 5.5 and 6.0 were selected for MX and DS nanoformulations for further 

studies. 

Table 3.7: Optimization of external aqueous phase pH for MX nanoparticles 

S/No 
Ext. 

Phase pH 

Particle 

size (nm) 
PDI 

Zeta 

Potential 
%EE 

Formulation 

parameters 

1 4 168.8±11.57 0.16±0.01 -8.4±0.8 5.24±0.23 

Drug = 5mg 

Polymer = 10 mg 

PVA (1%) = 10 

ml 

2 5 265.9±21.82 0.19±0.02 -8.3±1.1 35.50±3.8 

3 5.5 251.1±10.51 0.09±0.07 -6.9±0.1 31.62±1.7 

4 6 209.7±11.28 0.14±0.01 -9.1±0.1 18.25±2.1 

5 6.5 202.5±17.87 0.13±0.03 -8.9±2.8 15.75±0.9 

6 7 203.6±3.42 0.10±0.03 -6.1±0.5 16.07±1.1 

7 7.4 188.9±12.68 0.10±0.06 -8.6±0.3 13.08±2.3 

8 8 175.9±9.23 0.16±0.08 -7.7±1.3 8.12±0.6 

 

 

Table 3.8: Optimization of external aqueous phase pH for DS nanoparticles 

S/No 
Ext. 

Phase pH 

Particle 

Size (nm) 
PDI 

Zeta 

Potential 
% EE 

Formulation 

parameters 

1 4 200±13.08 0.13±0.05 -8.8±0.9 15.3±1.8 

Drug = 5mg 

Polymer = 10 mg 

PVA (1%) = 10 

ml 

2 5 242±19.9 0.28±0.03 -7.6±0.2 18.64±2.5 

3 5.5 239.7±23.1 0.21±0.09 -11.3±0.2 20.64±3.3 

4 6 247.2±15.4 0.20±0.04 -12.9±1.2 28.43±4 

5 6.5 220.2±12.0 0.16±0.01 -16.6±0.3 22.36±1.1 

6 7 216.6±14.0 0.10±0.02 -8.2±0.7 16.83±0.9 

7 7.4 225.5±20.0 0.16±0.04 -15.9±0.4 13.36±2.4 

8 8 204.6±5.0 0.13±0.02 -6.67±0.8 15.94±1.4 
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Figure 3.13: Figure showing the effects of external aqueous phase pH(A) MX nanoparticles (B) DS nanoparticles 
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3.2.2.3. Effect of Surfactant in Internal Aqueous Phase on Nanoparticles 

Effects of adding a surfactant to the internal aqueous phase on the particle size, PDI, zeta 

potential and encapsulation efficiency were investigated for both MX and DS 

nanoparticles and results are provided in Table 3.9.  

3.2.2.3.1. Particle size and PDI 

Two different concentrations of Tween-80; 0.5% and 1% were added to the internal 

aqueous phase. Addition of tween-80 led to decrease in the particle size of both the drugs 

from 251.1±10.51 to 239.8 ± 14.5 for MX and from 247.2±15.4 to 233.4±16.6 for DS 

with 0.5% tween-80. Increasing the tween-80 to 1% further decreased the particle size to 

225.4 ± 13.1 for MX and210 ± 9.5 for DS nanoparticles as shown in the Table 3.9. 

Surfactants are thought to increase the stability of the W/O emulsion which would result 

in particle size reduction. Generally, the particle size is directly related to the interfacial 

tension between internal and external aqueous phase. Decreasing this interfacial tension 

by the addition of a surfactant may result in decreased size of the particle 
256-257

.  

With the addition of surfactant to the inner aqueous phase, the PDI values decreased but 

this decrease is not very significant as obvious from the results provided in Table 3.9. 

3.2.2.3.2. Encapsulation Efficiency 

Adding 0.5% tween-80 to the inner aqueous phase did not significantly increased the 

encapsulation efficiency while increasing the concentration to 1% lead to a significant 

increase in the encapsulation efficiency of both MX and DS nanoparticles. The %EE 
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increased from 31.62±2.4% to 38.42±0.9% for MX nanoparticles and from 28.43±1.5% 

to 35.69±2.1% for DS nanoparticles. In case of unstable primary emulsion, the inner 

aqueous phase (W1) and outer aqueous phase (W2) can merge together resulting in 

decreased encapsulation efficiency. Stabilizing the primary emulsion by the addition of a 

surfactant (Tween 80) will resist the mass transfer, thus less drug will diffuse out to the 

external phase resulting in higher encapsulation efficiency 
254,258-260

. Results achieved for 

both the drugs are given in Table 3.9. 

Table 3.9: Effects of surfactant on the particle size and %EE 

S/No Drug 
Particle 

Size (nm) 
PDI 

Zeta 

potential 
%EE Parameters 

Formulations without Tween 80 

Drug = 5 mg 

(RG 752H) = 

10 mg 

Stabilizer = 

PVA (1%) 

10ml 

pH adjusted 

1 MX 251.1 ± 10.5 0.09 ± 0.01 -6.9 ± 0.1 31.62 ± 2.4 

2 DS 247.2 ± 15.4 0.20 ± 0.04 -12.9±1.2 28.43 ± 1.5 

Formulations with 0.5% Tween 80 

3 MX 239.8 ± 14.5 0.06 ± 0.04 -9.1 ± 1.1 33.2 ± 4.1 

4 DS 233.4 ± 16.6 0.16 ± 0.01 -8.3 ± 0.9 30.3 ± 2.6 

Formulations with 1% Tween 80 

5 MX 225.4 ± 13.1 0.07 ± 0.1 -9.9 ± 1.3 38.42 ± 0.9 

6 DS 210 ± 9.5 0.19 ± 0.6 -14.4 ± 2.1 35.69 ± 2.1 

 

3.2.2.4. Effect of PLGA (RG 752H) Concentration on Nanoparticles 

Polymer was used in five different concentrations (2.5 mg, 5 mg, 10 mg, 25 mg and 50 

mg) while keeping the drugs concentration constant (5 mg) and their effects on particle 

size, PDI, zeta potential and encapsulation efficiency were observed and the results are 
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provided in Table 3.10 for moxifloxacin hydrochloride nanoparticles and in Table 3.11 

for dexamethasone sodium phosphate nanoparticles.  

3.2.2.4.1. Particles Size and PDI 

Nanoparticles were formulated for both the drugs in five different drugs to polymer 

ratios. A significant increase in particle size was observed when the drug to polymer ratio 

was increased from 1:0.5 to 1:10 as shown in the Tables 3.10 and 3.11 for MX and DS 

nanoparticles respectively. The results obtained are in accordance with the previously 

reported studies 
251,261-262

. This increase in nanoparticles size may be due to increase in 

the viscosity of organic phase with increasing PLGA concentration. Dispersion of PLGA 

solution into the aqueous phase is decreased because of the increased viscosity leading to 

the formation of larger droplets. Other mechanism involved may be; 

1. More viscous internal phase offer resistance to the nanoparticles formation, 

resulting in enhanced aggregation in more viscous solution and formation of 

larger emulsion droplets.  

2. The reduction of net shear stress in very viscous solution and as a result larger 

droplets are formed or coalescence of droplets during evaporation of organic 

solvent or insufficient availability of the surfactant to cover the surface of larger 

droplets leading to nanoparticles aggregation 
251,261-265

.  

PDI values obtained for all the formulations were in acceptable range and a general trend 

of decrease was observed with increasing the polymer concentrations for both the drugs 
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as shown in the Tables 3.10 and 3.11 for MX and DS nanoparticles respectively. This 

decrease in the PDI values shows a narrow range distribution of the nanoparticles.   

3.2.2.4.2. Zeta Potential 

Overall negative zeta potential was obtained for both the drugs with PLGA. This negative 

surface charge may be due to the carboxylate groups present in PLGA backbone 
263,266

. 

The zeta potential varied between -14.54 ± 2.1 and -1.3 ± 0.2 for MX nanoparticles but 

no definite increase or decrease pattern is followed with increasing PLGA concentration 

as obvious from the results given in Tables 3.10. In case of DS nanoparticles the zeta 

potential varied between -21.6 ±1.7 and -1.96 ± 1.1 following a regular decrease pattern 

as shown in the results (Tables 3.11). 

As obvious from previous studies
263,266

 that PLGA may be responsible for the overall 

negative charge on the drug loaded nanoparticles so negative zeta potential was obtained 

for both drugs independent of the PLGA concentration incorporated in the formulation 

and these finding are in agreement with the previously reported studies
117,196,267-268

. 

3.2.2.4.3. Encapsulation Efficiency 

Encapsulation efficiency has direct proportionality with polymer concentration in the 

organic phase. Increasing polymer concentration with respect to drug from 1:0.5 to 1: 10 

increased the encapsulation efficiency of both the MX and DS nanoparticles as shown in 

the Tables 3.10 to 3.11. Maximum encapsulation was achieved with drug to polymer 

ratio of 1:10 for both the drugs. With increase in the polymer concentration the viscosity 

of the organic phase is also increased which offer resistance to the diffusion of drug to 



Chapter. 3  Results & Discussion 

 126 

external aqueous phase and thus more drug is entrapped in the nanoparticles. Particle size 

also increases with increasing the polymer concentration due to which the length of drug 

diffusion pathways into the external phase is increased, thus reducing the drug loss. Also 

with higher polymer concentration, the polymer precipitation time decreases and less 

drug diffuses out of the nanoparticles resulting in increased drug content 

251,256,261,263,266,269-271
.  
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Table 3.10: Process parameters for Moxifloxacin hydrochloride loaded polymeric nanoparticles
 

Code 
PLGA 

(mg) 

Drug to 

polymer ratio 

PVA 

(%)(10mL) 

Sonication 

speed (%) 

Mean 

particle size 

(nm) 

PDI 

Zeta 

potential 

(mV) 

% Encapsulation 

efficiency 

Amount 

encapsulated 

(mg) 

MX 1 2.5 1:0.5 0.5  100 263.2 ± 10.6 0.21 ± 0.03 -11.6±0.71 9.0±0.5 0.45 

MX 2 5 1:1 0.5  100 239.5 ± 8.3 0.24 ± 0.01 -14.54 ± 2.1 13.18±1.3 0.66 

MX 3 10 1:2 0.5  100 291.8 ± 14.7 0.18 ± 0.02 -6.39 ± 1.1 19.74±2.1 0.98 

MX 4 25 1:5 0.5  100 470.6 ± 12.3 0.24 ± 0.04 -6.9 ± 1.0 28.43±0.9 1.42 

MX 5 50 1:10 0.5  100 622.4 ± 18.3 0.19 ± 0.05 -9.2 ± 2.1 46.21±3.4 2.31 

MX 6 2.5 1:0.5 1.0  100 220.2 ± 6.7 0.39 ± 0.02 -10.19 ± 1.6 12.5±1.1 0.63 

MX 7 5 1:1 1.0  100 231  ± 8.5 0.35 ± 0.03 -8.86 ± 1.3 20.6±2.8 1.03 

MX 8 10 1:2 1.0  100 235.2  ± 16.1 0.22 ± 0.10 -3.91 ± 0.34 35.5±4.6 1.78 

MX 9 25 1:5 1.0  100 240  ± 14.5 0.15 ± 0.02 -4.69 ± 0.21 43.7±4.1 2.6 

MX 10 50 1:10 1.0  100 244.1  ± 11.7 0.09 ± 0.02 -1.84 ± 1.0 60.23±5.7 3.01 

MX11 2.5 1:0.5 1.5  100 204.5 ± 10.2 0.48 ± 0.02 -4.16 ± 0.62 14.7±2.1 0.73 

MX 12 5 1:1 1.5  100 192 ± 13.3 0.33 ± 0.05 -9.72 ± 2.0 26.17±1.4 1.3 

MX 13 10 1:2 1.5  100 220.2 ± 3.1 0.20 ± 0.01 -3.17 ± 1.2 39.6±3.3 1.99 

MX 14 25 1:5 1.5  100 224.7 ± 4.3 0.19 ± 0.01 -2.73 ±0.5 51.4±4.9 1.82 

MX 15 50 1:10 1.5  100 239.3 ± 12.2 0.16 ± 0.04 -1.41 ± 1.0 68.2±7.1 3.4 

MX 16 2.5 1:0.5 2.0  100 167.4 ± 16.6 0.41 ± 0.01 -8.5 ± 2.1 19.5±2.4 0.97 

MX 17 5 1:1 2.0  100 197 ± 11.9 0.30 ±0.02 -9.06 ± 1.8 29.7±1.7 1.48 
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MX 18 10 1:2 2.0  100 215.7 ±11.7 0.20 ± 0.16 -1.3 ± 0.36 42.7±3.9 2.1 

MX 19 25 1:5 2.0  100 216.6 ± 2.7 0.17 ± 0.02 -3.4 ± 0.8 55.53±4.2 2.77 

MX 20 50 1:10 2.0  100 227.2 ± 11.1 0.14 ±0.01 -1.3 ± 0.2 75.24±6.9 3.76 

MX 21 2.5 1:0.5 2.5  100 226.7 ±33.7 0.29 ± 0.03 -7.62 ± 3.2 28.72±3.2 1.43 

MX 22 5 1:1 2.5  100 235.2 ± 16.3 0.26 ± 0.01 -4.1 ± 1.8 37.07±3.7 1.85 

MX 23 10 1:2 2.5  100 264.3 ± 20.2 0.17 ± 0.1 -3.4 ± 0.9 56.22±4.8 2.81 

MX 24 25 1:5 2.5  100 277.1 ± 17.3 0.14 ± 0.03 -2.3 ± 1.6 69.51±5.9 3.47 

MX 25 50 1:10 2.5  100 291.6 ± 11.9 0.11 ± 0.04 -3.3 ± 0.6 81.69±8.1 4.08 
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Table 3.11: Process parameters for Dexamethasone sodium phosphate polymeric nanoparticles
 

Code 
PLGA 

(mg) 

Drug to 

polymer ratio 

PVA (%) 

(10mL) 

Sonication 

speed (%) 

Mean 

particle size 

(nm) 

PDI 

Zeta 

potential 

(mV) 

% 

Encapsulation 

efficiency 

Amount 

encapsulated 

(mg) 

DS 1 2.5 1:0.5 0.5  100 335.4 ± 8.3 0.82 ± 0.1 -21.3 ± 2.6 10.52±2.1 0.52 

DS 2 5 1:1 0.5  100 347.7 ± 15.8 0.63 ± 0.01 -21.6 ±1.7 6.45±0.9 0.32 

DS 3 10 1:2 0.5  100 345 ± 19.1 0.51 ± 0.02 -14.6 ± 1.2 12.11±1.8 0.60 

DS 4 25 1:5 0.5  100 363.4 ± 14.3 0.31 ± 0.02 -6.7 ± 2.5 17.22±3.1 0.86 

DS 5 50 1:10 0.5  100 369.8 ± 12.9 0.17 ± 0.01 -3.7 ± 0.8 29.8±5.1 1.49 

DS 6 2.5 1:0.5 1.0  100 208.7 ± 12.5 0.46 ± 0.01 -13.4 ± 1.4 12.23±1.3 0.61 

DS 7 5 1:1 1.0  100 215 ± 4.1 0.49 ± 0.09 -12.7 ± 1.6 21.66±2.8 1.08 

DS 8 10 1:2 1.0  100 220.9 ± 12.4 0.42 ± 0.04 -11.1 ± 2.7 33.96±5.0 1.7 

DS 9 25 1:5 1.0  100 238.6 ± 16.5 0.21 ± 0.03 -7.7 ± 2.3 46.41±2.7 2.22 

DS 10 50 1:10 1.0  100 247.6 ± 23.8 0.15 ±0.06 -4.1 ± 1.2 52.79±3.4 2.63 

DS 11 2.5 1:0.5 1.5  100 198.2 ± 12.4 0.38 ± 0.14 -15.8 ± 5.5 23.78±0.7 1.19 

DS 12 5 1:1 1.5  100 204.6 ± 6.8 0.29 ± 0.01 -12.6 ± 3.4 29.47±2.5 1.47 

DS 13 10 1:2 1.5  100 212.2 ± 13.8 0.18 ± 0.02 -13.0 ±5.3 38.33±2.7 1.92 

DS 14 25 1:5 1.5  100 224.8 ±15.2 0.23 ± 0.13 -5.19 ± 2.5 49.56±3.1 2.480 

DS 15 50 1:10 1.5  100 237.8 ± 12.9 0.11± 0.02 -3.5 ±2.0 61.6±6.6 3.08 

DS 16 2.5 1:0.5 2.0  100 212.3 ± 17.9 0.36 ± 0.04 -8.0 ± 0.4 24.95±2.5 1.25 

DS 17 5 1:1 2.0 100 219 ± 12.5 0.26 ± 0.06 -6.3 ± 1.0 33.09±1.9 1.65 

DS 18 10 1:2 2.0  100 225.7 ± 13.1 0.16 ± 0.15 -4.6 ± 1.0 46.9±4.3 2.34 
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DS 19 25 1:5 2.0  100 231.2 ± 12.1 0.21 ± 0.03 -3.33 ± 0.7 59.88±4.9 3.0 

DS 20 50 1:10 2.0  100 248.9 ± 18.5 0.13 ± 0.02 -1.96 ± 1.1 72.32±6.7 3.6 

DS 21 2.5 1:0.5 2.5  100 222.3 ± 13.8 0.27 ± 0.05 -8.9 ± 3.9 23.18±2.9 1.16 

DS 22 5 1:1 2.5  100 236.3 ± 16.4 0.23 ± 0.12 -8.3 ± 0.9 28.74±4.6 1.43 

DS 23 10 1:2 2.5  100 258 ± 20.8 0.18 ± 0.05 -7.5 ± 3.7 49.84±5.3 2.5 

DS 24 25 1:5 2.5  100 267.9 ± 18.5 0.13 ± 0.02 -5.8 ± 2.3 69.8±7.1 3.49 

DS 25 50 1:10 2.5  100 281.0 ± 16.1 0.10 ± 0.1 -2.8 ± 1.5 84.94±6.5 4.24 
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Figure 3.14: Figure showing the effects of PLGA concentration on (A) particles size and (B) %EE of MX nanoparticles  
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Figure 3.15: Figure showing the effects of PLGA concentration on (A) particles size and (B) %EE of DS nanoparticles 
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3.2.2.5. Effect of PVA Concentration on Nanoparticles 

Effects of PVA concentration on particles size, PDI, zeta potential and encapsulation 

efficiency of both MX and DS nanoparticles were studied. PVA concentrations of 0.5 %, 

1%, 1.5 %, 2% and 2.5 % were evaluated. The results are presented in Tables 3.10 and 

3.11for MX and DS nanoparticles respectively. 

3.2.2.5.1. Particles Size and PDI 

Larger particles were obtained for both the drugs with 0.5% PVA. This initial larger 

particle size may be due to poor and non-uniform coating of PVA onto the freshly formed 

emulsion droplets resulting in larger size droplets.  

By increasing the PVA concentration from 0.5% to 1%; a sharp decrease in particle size 

was observed for both the drugs but this decrease was more significant for DS 

nanoparticles when drug to polymer ratios are 1:0.5, 1:1 and 1: 2 and for MX 

nanoparticles a significant decrease in particle size occurred when drug to polymer ratios 

were 1:5 and 1: 10 as obvious from the Figure 3.16 and 3.17for MX and DS 

nanoparticles respectively. This sharp decrease in the particle size with increasing PVA 

concentration up to 1% may be due to the reduction of interfacial tension by PVA and 

agglomeration of the droplets is prevented 
272

. 

Further increasing the PVA concentration up to 2%; a gradual decrease in the particle 

size occurred attaining a plateau. Further increase in the PVA concentration to 2.5%, 

results in increase in the particle size of both the drugs. Similar results have previously 

been reported by Budhian et al. 2007 
269

and Derman 2015 
263

. Increasing the surfactant 



Chapter. 3  Results & Discussion 

 134 

concentration in the external aqueous phase, will cause more surfactant molecules lining 

up at the interface resulting in reduction of the interfacial tension and significantly 

increasing the shear stress of sonication; thus resulting in the formation of smaller 

particles. Increase in particle size with increasing the surfactant concentration above 

certain limits may be due to increase in the viscosity of the external aqueous phase 

resulting in decrease in net shear stress and formation of larger particles 
263,271-272

.  

PVA concentration demonstrated a negative effect on PDI values and a decrease in PDI 

values was observed for both MX and DS nanoparticles with increasing the PVA 

concentration as given in Tables 3.10 and 3.11.  

3.2.2.5.2. Zeta Potential 

Nanoparticles with negative zeta potential were obtained and the negative charge may be 

due to the presence of ionized carboxyl groups on nanoparticles surface 
163

. Values for 

both the drugs are given in Tables 3.10 and 3.11which follow a general trend of 

decreasing zeta potential with increasing the PVA concentration up to 2% and an increase 

is observed when PVA concentration was increased to 2.5%. 
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3.2.2.5.3. Encapsulation Efficiency 

The general trend followed is that with higher polymer ratio; a gradual increase in %EE 

of both the drugs with increasing the PVA concentration as shown in the Figure 3.16 and 

3.17for MX and DS nanoparticles respectively. Except for DS nanoparticles, where at 

drug to polymer ratio 1:0.5 and 1:1 and 2.5% PVA concentration, a slight decrease in the 

%EE was observed as clear from Figure 3.17.  

 Increase in the encapsulation efficiency may be attributed to thickness of the stabilizer 

layer due to increase in viscosity of the external aqueous phase. This phenomenon 

decreases the diffusion of the drug to the external aqueous phase resulting in higher 

encapsulation of the drugs 
273

. 
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Figure 3.16: Figure showing the effects of PVA concentration on (A) particles size and (B) %EE of MX nanoparticles 
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Figure 3.17: Figure showing the effects of PVA concentration on (A) particles size and (B) %EE of DS nanoparticles  
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Figure 3.18: Figure showing the effects of PVA concentrations on the PDI values of MX and DS nanoparticles 
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3.2.2.6. X-Ray Diffractometry 

The XRD pattern of the pure drugs, excipients and drug-loaded nanoparticles was studied 

using JDX-3532, JEOL, Japan, X-ray diffractometer; over an angular range (2θ) of 10°-

40°. 

3.2.2.6.1. XRD of Moxifloxacin Hydrochloride 

The diffractogram of pure MX showed intense peaks at 8.5, 10.05, 14.4, 16.95 and 

17.35° at 2θ confirming the crystalline nature of moxifloxacin. No crystalline peaks were 

observed for PLGA (RG 752H) at any position, concluding the amorphous nature of the 

polymer. The characteristic intense peak for PVA was observed at 19.5° (2θ) confirming 

its crystalline nature. 

The diffractogram of MX-loaded nanoparticles showed no characteristic diffraction peaks 

for MX thus concluding that drug is present in amorphous form in the formulation or may 

be attributed to the dilution effect of the polymer 
117,242,274

 as shown in Figure 3.19. 
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Figure 3.19: XRD pattern of [A] MX, [B] PLGA (RG 752H), [C] PVA, [D] MX loaded 

nanoparticles 
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3.2.2.6.2. XRD of Dexamethasone Sodium Phosphate 

Pure DS gave peaks at 4.35, 5.95, 11.95, 12.25 and 14.5° at 2θ verifying the crystalline 

nature of dexamethasone sodium phosphate. PLGA (RG 752H) showed no distinct peaks 

at any position, showing its amorphous nature while PVA gave its distinct peak at 19.5° 

(2θ) confirming its crystalline nature. 

No distinct peaks were observed for DS on diffractogram obtained for DS-loaded 

nanoparticles suggesting that the drug is present in amorphous form or the drug is 

dispersed in the polymer matrix 
261

. 

 

Figure 3.20: XRD pattern of [A] DS, [B] PLGA (RG 752H), [C] PVA, [D] DS loaded 

nanoparticles 
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3.3. Selection of Optimized Formulations 

In this study more than fifty (50) formulations were prepared for both moxifloxacin 

hydrochloride and dexamethasone sodium phosphate with polymer PLGA (RG752H) and 

polyvinyl alcohol. The concentrations of the drugs were kept constant while varying the 

concentration of the polymer PLGA (RG 752 H) and surfactant (PVA). The effect of pH 

of the external aqueous phase and surfactant addition to the internal aqueous phase was 

also evaluated. Three main parameters; particle size, PDI and encapsulation efficiency 

were considered in selection of the optimized formulations. 

i. Particle Size 

For ophthalmic drug delivery, the particle size of the drugs is kept in certain range in 

order to avoid irritation and abrasion on the corneal surface. Optimum particle size plays 

a very important role in therapeutic efficacy, as ophthalmic formulations have the 

tendency to accumulate in the cul-de-sac, thus increasing the contact time in the cul-de-

sac will results in a sustained depot effect leading to longer duration of action. Smaller 

particles have larger surface area which affects the drug dissolution and bioavailability. 

As the aim of this study is to increase the ocular bioavailability of the aforementioned 

drugs; formulations which have particle size less than 250nm were selected and further 

optimized.    

ii. PDI 

Polydispersity index indicates the particle size distribution in a nanoformulation. 

Nanoformulations having PDI values of 0.15-0.3 are considered as homogeneous while 

above 0.3 are considered heterogeneous 
275

. Heterogeneous systems are unstable as there 



Chapter. 3  Results & Discussion 

 143 

are chances of sedimentation which can increase the particle size. Uniformity of dose is 

also an issue with non-uniform systems. Formulations having PDI less than 0.25 were 

selected as these are homogeneous, monodisperse and are considered optimum for ocular 

administration
117

.  

iii. Encapsulation Efficiency 

Encapsulation efficiency is another important parameter in nanoformulation optimization 

as it demonstrates the amount of drug encapsulated by the polymer matrix. Formulations 

that have higher encapsulation efficiencies have lesser free drug and thus higher drug 

loading. Formulations having higher %EE (>45%) were selected for further study. 

Eleven (11) formulations were selected on the basis of the above criteria i.e. particle size 

< 250nm, PDI <0.25 and %EE > 45%. The selected formulations were MX 10, MX 14, 

MX 15, MX 19 and MX 20 for moxifloxacin hydrochloride while DS 9, DS 10, DS 14, 

DS 15, DS 19 and DS 20 were selected from dexamethasone sodium phosphate. 
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Table 3.12: Selected formulations for Moxifloxacin hydrochloride 

Code 
Drug to 

polymer ratio 

PVA 

Conc. 
pH 

Particle size 

(nm) 
PDI Zeta potential 

% Encapsulation 

Efficiency 

Amount 

encapsulated 

MX 10 1:10 1.0% 

5.5 

244.1  ± 11.7 0.09 ± 0.02 -1.84 ± 1.0 60.23±5.7 3.01 mg 

MX 14 1:5 1.5% 224.7 ± 4.3 0.19 ± 0.01 -2.73 ±0.5 51.4±4.9 2.57 mg 

MX 15 1:10 1.5% 239.3 ± 12.2 0.16 ± 0.04 -1.41 ± 1.0 68.2±7.1 3.41 mg 

MX 19 1:5 2.0% 216.6 ± 2.7 0.17 ± 0.02 -3.4 ± 0.8 55.53±4.2 2.77 mg 

MX 20 1:10 2.0% 227.2 ± 11.1 0.14 ±0.01 -1.3 ± 0.2 75.24±6.9 3.76 mg 

 

Table 3.13: Selected formulations for Dexamethasone sodium phosphate 

Code 
Drug to 

polymer ratio 

PVA 

Conc. 
pH 

Particle size 

(nm) 
PDI Zeta potential 

% Encapsulation 

Efficiency 

Amount 

encapsulated 

DS 9 1:5 1.0% 

6.0 

238.6 ± 16.5 0.21 ± 0.03 -7.7 ± 2.3 46.41±2.7 2.32 mg 

DS 10 1:10 1.0% 247.6 ± 23.8 0.15 ±0.06 -4.1 ± 1.2 52.79±3.4 2.63 mg 

DS 14 1:5 1.5% 224.8 ±15.2 0.23 ± 0.13 -5.19 ± 2.5 49.56±3.1 2.48 mg 

DS 15 1:10 1.5% 237.8 ± 12.9 0.11± 0.02 -3.5 ±2.0 61.61±6.6 3.08 mg 

DS 19 1:5 2.0% 231.2 ± 12.1 0.21 ± 0.03 -3.33 ± 0.7 59.88±4.9 2.95 mg 

DS 20 1:10 2.0% 248.9 ± 18.5 0.13 ± 0.02 -1.96 ± 1.1 72.32±6.7 3.62 mg 

  



 

Chapter. 3  Results & Discussion 

 145 

 

Figure 3.21: Particle size distribution and zeta potential graph of MX 10  
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Figure 3.22: Particle size distribution and zeta potential graph of MX 14  
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Figure 3.23: Particle size distribution and zeta potential graph of MX 15  
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Figure 3.24: Particle size distribution and zeta potential graph of MX 19  
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Figure 3.25: Particle size distribution and zeta potential graph of MX 20  
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Figure 3.26: Particle size distribution and zeta potential graph of DS 9  
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Figure 3.27: Particle size distribution and zeta potential graph of DS 10  
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Figure 3.28: Particle size distribution and zeta potential graph of DS 14  
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Figure 3.29: Particle size distribution and zeta potential graph of DS 15  
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Figure 3.30: Particle size distribution and zeta potential graph of DS 19  
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Figure 3.31: Particle size distribution and zeta potential graph of DS 20 
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3.3.1. Scanning Electron Microscopy (SEM) 

The morphology of the drug loaded polymeric nanoparticles of both the drugs was 

analyzed by scanning electron microscopy.  

3.3.1.1. Moxifloxacin hydrochloride loaded nanoparticles 

The photomicrograph revealed that optimized nanoparticles were spherical with smooth 

surfaces as shown in Figure 3.32. 

 

Figure 3.32: SEM images of drug loaded MX nanoparticles 
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3.3.1.2. Dexamethasone sodium phosphate loaded nanoparticles 

The SEM photomicrographs of DS nanoparticles revealed that the nanoparticles possess 

spherical shape with smooth surfaces as shown in Figure 3.33. 

 

Figure 3.33: SEM images of drug loaded DS nanoparticles 

3.3.2. Selection of suitable cryoprotectant 

The major problem associated with polymeric nanoparticles is their stability either 

physical (aggregation and particle fusion) or chemical (polymer hydrolysis and drug 

leakage from nanoparticles) when their suspensions are stored for longer times. To 

overcome this problem of stability, water has to be removed from the formulation via 

freeze drying or lyophilization process
276

.  

In this study, five formulations were randomly selected for both the drugs and were 

freeze dried with or without cryoprotectants. The freeze dried samples were rehydrated 

with equal volume of distilled water and the results are given in Table 3.14. Three 

different cryoprotectants; mannitol (5%), glucose (5%) and sucrose (5%) were evaluated. 
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Suitable results were obtained with mannitol (5%), with very little changes been observed 

in particle size and PDI of the selected formulations. The data is tabulated in Table 3.14. 

Mannitol (5%) was selected as a cryoprotectant and was used in stability studies. 
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Table 3.14: Table showing data regarding the selection of suitable cryoprotectant for nanoformulations 

F/Code 
Initial sizes Without cryoprotectant Mannitol 5% Glucose 5% Sucrose5% 

Size (nm) PDI Size (nm) PDI Size (nm) PDI Size (nm) PDI Size (nm) PDI 

MX 3 264 ± 24.2 0.15 ± 0.02 285.8 ± 20.5 0.23±0.04 291.8 ± 14.7 0.18±0.02 310.6 ± 18.4 0.32± 0.05 283.2±23.7 0.4±0.08 

MX 10 238.7±8.3 0.19±0.01 247.4±13.8 0.16±0.03 244.1 ± 11.7 0.09 ±0.02 274.3± 12.1 0.33±0.14 288.3±13.8 0.18±0.02 

MX 12 211.2±19.8 0.33± 0.08 251.5±12.7 0.46±0.08 240.4±13.36 0.22±0.021 276.2±7.5 0.28±0.02 296.9±18.4 0.29±0.07 

MX 17 174±9.8 0.30±0.05 190.7±16.8 0.4±0.06 197 ± 11.9 0.30 ±0.02 231.2±16.6 0.35±0.06 243.6±16.4 0.26±0.09 

MX 22 224±8.4 0.29±0.07 245.6±6.4 0.39±0.03 235.2 ± 16.3 0.26 ± 0.01 299.4±19.4 0.28±0.07 282.1±21.4 0.27±0.02 

DS 1 432.7±29.7 0.87±0.06 580±51.0 0.71±0.05 335.4 ± 8.3 0.82 ± 0.1 375.9 ± 28.3 0.62 ± 0.1 344.1 ± 22.3 0.42± 0.09 

DS 9 219.4±3.6 0.11±0.08 280.9±8.3 0.24±0.08 238.6 ± 16.5 0.21 ± 0.03 256.7±12.7 0.46±0.07 247.2±9.4 0.44±0.07 

DS 15 212.2±1.8 0.16±0.01 298.9±11.8 0.22±0.03 237.8 ± 12.9 0.11± 0.02 271.6±12.3 0.52±0.04 254.8±4.5 0.33±0.05 

DS 19 227.1±12.8 0.18±0.02 283.3±4.5 0.27±0.03 231.2 ± 12.1 0.21 ± 0.03 255.1±17.6 0.68±0.16 234.6±60.8 0.44±0.03 

DS 22 228.7±17.7 0.50±0.25 286.3±23.7 0.23±0.42 236.3 ± 16.4 0.23 ± 0.12 270.5±11.3 0.47±0.04 256.7±2.7 0.39±0.01 
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3.3.3. Stability Studies 

Stability studies of the optimized formulations stored in refrigerator (4°C) and at room 

temperature (25 °C) were carried out to evaluate the effect of storage on the particle size, 

PDI and encapsulation efficiency of these formulations. The results are presented in 

Table 3.15. Very little changes that were statistically insignificant were observed in 

particle size, PDI, zeta potential and %EE of the freeze dried nanoformulations upon 

storage for 2 months at 4°C. As low temperatures reduce the kinetic energy and thus 

prevent the particles collisions resulting in decreased particles aggregation
277

 while in 

case of storage at 25 °C, drastic changes in particle size and %EE were observed as 

obvious from the results provided in Table 3.15.  

From the results, it can be suggested that nanosuspensions should be stored at 4 °C 

(refrigerated) to prevent variations in the particle size and PDI of the nanoparticles and 

also to prevent microbial growth in nanosuspensions. 
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Table 3.15: Stability studies of the optimized nanosuspensions stored at 4 °C and 25 °C 

Time F/Code 

Stored at 4 °C Stored at 25 °C 

Size (nm) PDI 
Zeta 

potential 
% EE Size (nm) PDI 

Zeta 

potential 
% EE 

Day 1 

MX 10 244.1 ± 11.7 0.09 ±0.02 -1.84 ± 1.0 60.23±5.7 244.3± 12.1 0.1±0.01 -1.84 ± 1.0 60.23±5.7 

MX 14 224.7 ± 4.3 0.19 ± 0.01 -2.73 ±0.5 51.4±4.9 225.2±7.5 0.19±0.01 -2.73 ±0.5 51.4±4.9 

MX 15 239.3 ± 12.2 0.16 ± 0.04 -1.41 ± 1.0 68.2±7.1 238.2±6.6 0.16±0.03 -1.41 ± 1.0 68.2±7.1 

MX 19 216.6 ± 2.7 0.17 ± 0.02 -3.4 ± 0.8 55.53±4.2 217.6±14.23 0.17±0.02 -3.4 ± 0.8 55.53±4.2 

MX 20 227.2 ± 11.1 0.14±0.01 -1.3 ± 0.2 75.24±6.9 229.5±10.47 0.15±0.03 -1.3 ± 0.2 75.24±6.9 

DS 9 238.6 ± 16.5 0.21 ± 0.03 -7.7 ± 2.3 46.41±2.7 236.7±12.7 0.19±0.04 -7.7 ± 2.3 46.41±2.7 

DS 10 247.6 ± 3.8 0.15 ±0.06 -4.1 ± 1.2 52.79±3.4 247.6±16.3 0.15±0.05 -4.1 ± 1.2 52.79±3.4 

DS 14 224.8 ±15.2 0.23 ± 0.13 -5.19 ± 2.5 49.56±3.1 225.5±8.9 0.22±0.09 -5.19 ± 2.5 49.56±3.1 

DS 15 237.8 ± 12.9 0.11± 0.02 -3.5 ±2.0 61.61±6.6 237.6±12.3 0.12±0.04 -3.5 ±2.0 61.61±6.6 

DS 19 231.2 ± 12.1 0.21 ± 0.03 -3.33 ± 0.7 59.88±4.9 230.1±17.6 0.20±0.06 -3.33 ± 0.7 59.88±4.9 

DS 20 248.9 ± 18.5 0.13 ± 0.02 -1.96 ± 1.1 72.32±6.7 249.5±11.3 0.15±0.04 -2.16 ± 1.1 72.32±6.7 

1 week 

MX 10 244.3 ± 15.1 0.12 ±0.02 -1.84 ± 1.0 60.23±5.7 254.3± 10.1 0.13±0.01 -1.64 ± 1.0 60.23±5.7 

MX 14 225.5 ± 14.3 0.20 ± 0.01 -2.73 ±0.5 51.4±4.9 230.3±17.5 0.21±0.01 -2.93 ±0.5 51.4±4.9 

MX 15 240.1 ± 10.6 0.14 ± 0.04 -1.41 ± 1.0 68.2±7.1 247.4±16.6 0.12±0.03 -1.31 ± 1.0 68.2±7.1 

MX 19 215.8 ± 8.7 0.19 ± 0.02 -3.4 ± 0.8 55.53±4.2 221.7±14.23 0.17±0.02 -4.4 ± 1.1 55.53±4.2 

MX 20 230.4 ± 9.1 0.12±0.01 -1.3 ± 0.2 75.24±6.9 239.6±12.7 0.16±0.03 -1.6 ± 0.2 75.24±6.9 
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DS 9 235.9 ± 18.5 0.18 ± 0.03 -7.7 ± 2.3 46.41±2.7 246.7±15.5 0.14±0.04 -7.2 ± 2.3 46.41±2.7 

DS 10 249.1 ± 8.8 0.13 ±0.06 -4.1 ± 1.2 52.79±3.4 245.1±16.3 0.16±0.05 -4.8 ± 1.2 52.79±3.4 

DS 14 224.8 ±10.2 0.21 ± 0.13 -5.19 ± 2.5 49.56±3.1 232.2±8.9 0.20±0.09 -6.1 ± 1.2 49.56±3.1 

DS 15 238.7 ± 15.9 0.17± 0.02 -3.5 ±2.0 61.61±6.6 239.7±12.3 0.19±0.01 -4.5 ±2.2 61.61±6.6 

DS 19 234.3 ± 14.1 0.23 ± 0.03 -3.33 ± 0.7 59.88±4.9 242.1±17.6 0.24±0.07 -3.9 ± 1.5 59.88±4.9 

DS 20 245.8 ± 13.5 0.15 ± 0.02 -1.96 ± 1.1 72.32±6.7 249.2±11.3 0.19±0.04 -2.54 ± 0.9 72.32±6.7 

2 weeks 

MX 10 245.2 ± 10.7 0.12 ±0.04 -1.84 ± 1.0 58.1±4.5 262.5± 10.3 0.15±0.05 -1.84 ± 1.0 57.3±7.1 

MX 14 228.7 ± 9.3 0.22 ± 0.07 -2.73 ±0.5 54.8±5.3 239.2±15.2 0.21±0.01 -2.73 ±0.5 48.1±42 

MX 15 235.3 ± 14.2 0.19 ± 0.01 -1.41 ± 1.0 66.3±6.2 259.4±6.8 0.20±0.03 -1.41 ± 1.0 64.8±2.5 

MX 19 219.8 ± 8.7 0.13 ± 0.02 -3.4 ± 0.8 57.3±2.5 229.6±14.4 0.18±0.08 -3.4 ± 0.8 52.1±3.9 

MX 20 225.7 ± 10.4 0.18±0.05 -1.3 ± 0.2 75.7±8.2 241.1±13.1 0.15±0.02 -1.3 ± 0.2 73.2±8.4 

DS 9 240.5 ± 11.5 0.24 ± 0.03 -7.7 ± 2.3 45.4±1.9 255.1±10.2 0.23±0.01 -7.7 ± 2.3 43.1±5.1 

DS 10 245.7 ± 13.3 0.16 ±0.04 -4.1 ± 1.2 50.9±4.1 254.8±16.0 0.19±0.03 -4.1 ± 1.2 51.7±4.0 

DS 14 227.8 ±10.2 0.25 ± 0.12 -5.19 ± 2.5 47.6±1.6 238.2±15.1 0.20±0.07 -5.19 ± 2.5 48.5±6.1 

DS 15 241.1 ± 13.2 0.17± 0.06 -3.5 ±2.0 59.1±4.6 265.6±15.3 0.15±0.05 -3.5 ±2.0 57.6±6.6 

DS 19 236.2 ± 15.6 0.20 ± 0.01 -3.33 ± 0.7 58.8±3.7 247.7±12.7 0.19±0.04 -3.33 ± 0.7 55.5±4.9 

DS 20 250.0 ± 16.5 0.13 ± 0.02 -1.96 ± 1.1 70.2±7.8 261.4±11.6 0.15±0.01 -1.96 ± 1.1 69.3±6.2 

4 weeks 

MX 10 244.9 ± 11.7 0.09 ±0.02 -1.84 ± 1.0 59.21±4.1 265.3± 12.1 0.12±0.02 -1.84 ± 1.0 55.6±7.5 

MX 14 231.1 ±14.3 0.19 ± 0.01 -2.73 ±0.5 55.1±3.4 245.2±7.5 0.19±0.01 -2.73 ±0.5 46.3±6.1 

MX 15 241.9 ± 12.2 0.16 ± 0.04 -1.41 ± 1.0 67.3±6.5 268.2±6.6 0.16±0.03 -1.41 ± 1.0 63.2±7.1 
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MX 19 220.1 ± 9.7 0.17 ± 0.02 -3.4 ± 0.8 52.1±5.6 241.6±14.23 0.17±0.02 -3.4 ± 0.8 48.8±4.5 

MX 20 230.2 ± 10.5 0.14±0.01 -1.3 ± 0.2 70.6±8.2 261.5±10.47 0.15±0.03 -1.3 ± 0.2 68.2±6.2 

DS 9 242.5 ± 11.6 0.21 ± 0.03 -7.7 ± 2.3 42.6±3.8 259.7±12.7 0.19±0.04 -7.7 ± 2.3 40.1±4.4 

DS 10 247.7 ± 13.0 0.15 ±0.06 -4.1 ± 1.2 50.9±5.1 264.6±16.3 0.15±0.05 -4.1 ± 1.2 47.9±3.4 

DS 14 229.1 ±19.2 0.23 ± 0.13 -5.19 ± 2.5 46.7±6.2 250.5±8.9 0.22±0.09 -5.19 ± 2.5 44.6±3.8 

DS 15 242.2 ± 15.1 0.11± 0.02 -3.5 ±2.0 56.1±7.1 271.6±12.3 0.12±0.04 -3.5 ±2.0 54.1±7.6 

DS 19 236.2 ± 14.1 0.21 ± 0.03 -3.33 ± 0.7 55.6±5.2 253.1±17.6 0.20±0.06 -3.33 ± 0.7 52.8±5.1 

DS 20 249.8 ± 10.2 0.13 ± 0.02 -1.96 ± 1.1 68.1±8.7 268.5±11.3 0.13±0.04 -1.96 ± 1.1 65.7±7.0 

8 weeks 

MX 10 247.3 ± 17.1 0.12 ±0.02 -1.61 ± 1.0 57.6±6.5 269.1± 15.1 0.1±0.01 -1.54 ± 0.8 45.3±5.9 

MX 14 227.5 ± 14.4 0.23 ± 0.01 -2.83 ±0.5 52.4±3.8 259.5±11.0 0.19±0.01 -2.33 ±1.1 39.1±2.4 

MX 15 242.3 ± 12.2 0.19 ± 0.04 -1.4 ± 1.0 65.2±7.6 276.2±16.6 0.16±0.03 -1.6 ± 0.9 51.8±6.1 

MX 19 219.1 ± 9.3 0.21 ± 0.02 -2.9 ± 0.8 51.4±5.4 251.1±4.3 0.17±0.02 -3.1 ± 0.8 41.3±4.2 

MX 20 230.2 ± 15.1 0.11±0.01 -1.5 ± 0.2 68.7±7.9 263.9±11.7 0.15±0.03 -1.3 ± 0.2 50.4±4.9 

DS 9 239.1 ± 11.1 0.25 ± 0.03 -7.1 ± 2.0 43.1±2.7 276.3±10.2 0.19±0.04 -6.7 ± 3.3 36.1±2.7 

DS 10 249.7 ±1 3.8 0.19 ±0.06 -4.0 ± 1.2 49.7±3.1 282.1±13.6 0.15±0.05 -3.61 ± 2.1 40.2±1.8 

DS 14 228.4 ±9.2 0.24 ± 0.13 -5.19 ± 2.5 46.2±4.4 273.7±18.2 0.22±0.09 -4.39 ± 1.5 34.5±2.9 

DS 15 240.7 ± 10.9 0.16± 0.02 -3.1 ±1.9 57.6±8.6 278.2±11.3 0.12±0.04 -2.99 ±2.1 46.1±4.6 

DS 19 234.1 ± 16.1 0.25 ± 0.03 -3.03 ± 0.7 56.8±5.6 268.1±14.6 0.20±0.06 -2.83 ± 0.7 45.9±4.9 

DS 20 250.1 ± 18.5 0.17 ± 0.02 -2.06 ± 1.1 67.3±5.2 279.7±13.3 0.13±0.04 -1.76 ± 1.1 56.1±7.5 
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3.3.4. In-Vitro Drug Release evaluation 

In-vitro drug release profile of both the drugs MX and DS from nanoparticles was studied 

in shaking water bath using simulated tear fluid (STF) as release medium having pH 7.4 

and maintained at 37 °C with 50±1 rpm. 

3.3.4.1. In-Vitro Drug Release of MX Nanoparticles 

In-vitro release profile obtained for the optimized MX nanoformulations is given in 

Figure 3.34. As evident from the Figure 3.34, all the formulations released the drug in 

biphasic manner; initial burst release followed by a sustained release of the drug that is 

confirmed by mathematical models applied to the data, the results obtained are in 

accordance with the previously reported literature
278-281

. The burst release is seen up to 6
th

 

hour, followed by consistent release profile till 240 hours. The initial burst release of the 

drug may be attributed to the surface drug
266,282

. The release efficiency (RE24h) of the 

formulations decreased when D:P ratio and PVA concentration was increased. The RE24H 

for MX 10 was 35.8%, 33.5% for MX 15, 31.4% for MX 15, 32.9% for MX 19 and 

30.7% for MX 20. This decrease in the release efficiency may be due to higher polymer 

concentration and gradual increase in the viscosity of the organic phase
283

. 
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Figure 3.34: In-vitro release profile of MX nanoparticles 
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Table 3.16: % Cumulative release of MX from drug loaded polymeric nanoparticles 

Time 

(Hr) 
MX 10 MX 14 MX 15 MX 19 MX 20 

0.5 12.7±0.65 14.3±0.19 12.9±0.57 15.2±0.33 8.1±0.14 

1.0 20.6±0.53 16.9±0.53 15.1±0.65 18.7±0.73 12.5±0.24 

2.0 23.3±0.74 17.6±0.39 19±0.52 18.9±0.36 14.6±0.35 

3.0 24.5±0.67 19.2±0.65 25.7±0.92 21.09±0.29 17.1±0.84 

4.0 28.6±0.88 21.9±0.63 22.2±0.17 24.7±0.52 19.3±0.62 

6.0 28.9±0.69 20.2±0.76 26.8±0.64 26.15±0.39 22.6±0.69 

8.0 29.8±0.23 20.5±0.21 29.2±0.25 27.2±0.52 26.2±0.41 

12 31.8±0.97 27±0.34 30.8±0.29 29.2±0.23 28.6±0.35 

24 35.8±0.63 33.5±0.73 31.4±0.61 32.9±0.81 30.7±0.95 

36 41.2±0.76 37.6±0.98 35.5±0.44 37.2±0.51 34.5±0.49 

48 48.1±0.44 39.9±0.49 42±0.74 45.56±0.16 41.8±0.87 

72 54.6±0.33 45.8±0.64 46.9±0.51 53.3±0.71 48.2±0.39 

96 56.6±0.73 51.14±0.87 52.5±0.23 52.07±0.84 51.9±0.58 

120 59.4±0.75 56.1±0.43 53.5±0.68 56.4±0.59 55.2±0.44 

168 78.8±0.56 65.9±0.24 63.8±0.92 59.9±0.38 58.8±0.76 

240 85.2±0.99 77.1±0.59 70.1±0.35 69.6±0.67 64.1±0.93 
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3.3.4.2. In-Vitro Release of DS Nanoparticles 

In-vitro release profile of DS from polymeric nanoparticles is given in Figure 3.35. As 

previously reported the drug release from PLGA matrices follow biphasic release pattern, 

our results are in line with them and the drug release follow biphasic pattern with initial 

burst release followed by a sustained drug release. The initial burst release is till six 

hours, which may be attributed to surface drug due to polymer erosion resulting in 

dissolution of drug in dissolution medium. After 6 hours there is more consistent drug 

release profile that is attributed to diffusion of the drug from the polymer matrix
232,284

. 

The release efficiency (RE24h) for DS formulations was; 46.2% for DS 9, 42.2% for DS 

10, 35.1% for DS 14, 38.7% for DS 15, 37.4% for DS 19 and 34.9% for DS 20. 

 

Figure 3.35: In-vitro release profile for DS nanoparticles  
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Table 3.17: % Cumulative release of DS from drug loaded polymeric nanoparticles 

Time 

(Hr) 
DS 9 DS 10 DS 14 DS 15 DS 19 DS 20 

0.5 10.4±0.36 12.2±0.14 9.5±0.36 8.1±0.28 10.9±0.11 6.5±0.25 

1.0 17.9±0.54 16.7±0.31 13.8±0.32 13.8±0.62 13.7±0.23 10.9±0.36 

2.0 23.1±0.63 24.2±0.29 18.9±0.84 18.3±0.13 16.8±0.65 16.3±0.92 

3.0 30.7±0.98 30.3±0.87 24.7±0.19 23.8±0.24 21.6±0.20 21±0.38 

4.0 35.2±0.21 31.9±0.64 26±0.58 26.1±0.89 23.1±0.34 22±0.81 

6.0 37.8±0.34 34.9±0.56 29.3±0.53 27.9±0.62 23.5±0.92 29.9±0.44 

8.0 39.8±0.84 38.5±0.24 30.3±0.61 33.7±0.73 27.8±0.50 28.1±0.62 

12 42.5±0.62 40.5±0.87 33.1±0.24 35.2±0.82 32.4±0.73 31.3±0.22 

24 46.2±0.31 42.2±0.84 35.2±0.29 38.7±0.24 37.4±0.39 34.9±0.38 

36 49.6±0.28 43.9±0.57 36.7±0.91 40.6±0.51 37.9±0.24 37.2±0.67 

48 52.5±0.67 50.5±0.44 42.5±0.71 43.2±0.63 43.3±0.55 40.8±0.73 

72 50.6±0.36 56.9±0.42 48.5±0.69 50.2±0.39 48.8±0.62 48.6±0.80 

96 56.7±0.51 62.4±0.64 51.1±0.26 55.7±0.30 54.9±0.21 51.1±0.92 

120 64.1±0.19 63.9±0.62 54.9±0.35 59.7±0.28 61.4±0.67 55.5±0.62 

168 70.21±0.6 69.1±0.28 65.1±0.76 61.3±0.41 65.1±0.79 60±0.34 

240 77.9±0.92 75.3±0.88 73.5±0.39 71±0.52 66.8±0.34 63±0.26 
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3.3.5. In-Vitro Release Kinetics 

In order to predict the probable mechanism of drug release from these nanoformulations, 

various kinetic models such as Higuchi, Peppas and Sahlin, Hixson-Crowell and Weibull 

were fitted to the release data. The results are shown in Tables 3.18, 3.19 and 3.20. 

3.3.5.1. Moxifloxacin hydrochloride formulations 

The data for MX formulations was analyzed by following two different approaches; 

single phase analysis of the drug release (Table 3.18) and splitting the data into two 

subsets of 0-4 hr and 6-240 hrs (Table 3.19) to predict the biphasic release pattern.  

The data obtained from the single phase approach indicated that the Higuchi model best 

fit the release data as evident from the highest negative value for the AIC for 

formulations MX 10, MX 14, MX 15 and MX 19 with exception of MX 20 which is best 

described by Weibull equation.  

Results obtained from fitting these models to bifurcated data (0-4 hr and 6-240 hrs) Table 

3.19; indicates the best fitted model to the release data of all the formulations is Higuchi 

model i.e. diffusion of the release medium into the drug containing particles, dissolution 

of the drug and diffusion of the dissolved drug out of the particles. 
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Table 3.18: Results for model fitting to the percent released data for MX formulations 

Model k1 k2 c
1 

R
2 

f1 f2 AIC 

MX 10 

Higuchi 

0.04468 

(0.00173) 

(<0.0001)
2 

-- 

0.1582 

(0.0125) 

(<0.0001) 

0.9795 7.24 75.7 -62.39 

Peppas 

and 

Sahlin
3 

0.04221
 

(0.00682) 

(0.0020) 

0.000168 

(0.000447) 

(0.7131) 

0.1634 

(0.0191) 

(<0.0001) 

0.9797 7.09 75.8 -63.24 

Hixson-

Crowell 

0.0017 

(0.000080) 

(<0.0001) 

-- 

0.9103
4
 

(0.0069) 

(<0.0001) 

0.9694 10.7 68.3 
-57.30 

 

Weibull 

6.800 

(1.244) 

(0.0004) 

0.3977 

(0.0462) 

(<0.0001) 

0.0
5 

0.9093 14.5 62.3 -45.33 

MX 14 

Higuchi 

0.04031 

(0.00075) 

(<0.0001)
 

-- 

0.1190 

(0.00543) 

(<0.0001) 

0.9952    

Peppas 

and 

Sahlin
3
 

0.04031
 

(0.0029) 

(0.0001) 

8.18×10
-12

 

(0.000195) 

(1.0000) 

0.1190 

(0.00832) 

(<0.0001) 

0.9679    

Hixson-

Crowell 

0.0013 

(6.31×10
-5

) 

(<0.0001) 

-- 

0.9259
4
 

(0.0054) 

(<0.0001) 

0.9679    

Weibull 

8.4398 

(0.9716) 

(<0.0001) 

0.4067 

(0.0278) 

(<0.0001) 

0.0
5 

0.9580    

MX 15 

Higuchi 

0.036583 

(0.00152) 

(<0.0001)
 

-- 

0.1528 

(0.0110) 

(<0.0001) 

0.9764 8.14 78.1 -69.0 

Peppas 

and 

Sahlin
3
 

0.036583
 

(0.00603) 

(<0.0001) 

1.18×10
-11

 

(0.0395) 

(1.0000) 

0.1528 

(0.0168) 

(<0.0001) 

0.9764 8.17 78.1 -69.0 

Hixson-

Crowell 

0.0012 

(7.97×10
-5

) 

(<0.0001) 

-- 

0.9142
4
 

(0.0069) 

(<0.0001) 

0.9371 13.2 66.4 
-50.2 

 

Weibull 

6.4359 

(0.5754) 

(<0.0001) 

0.3449 

(0.0221) 

(<0.0001) 

0.0
5 

0.9604 9.46 73.1 -60.8 

MX 19 
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Higuchi 

0.036377 

(0.001514) 

(<0.0001)
 

-- 

0.16038 

(0.01097) 

(0.0001) 

0.9763 7.00 78.2 -69.2 

Peppas 

and 

Sahlin
3
 

0.036376
 

(0.6000) 

(1.0000) 

5.96×10
-

12
(0.0393) 

(1.0000) 

0.16038 

(0.01678) 

(<0.0001) 

0.9763 7.00 78.2 -69.2 

Hixson-

Crowell 

0.0011 

(9.51×10
-5

) 

(<0.0001) 

-- 

0.9099
4
 

(0.0082) 

(<0.0001) 

0.9085 14.9 63.8 -46.2 

Weibull 

6.2171 

(0.4538) 

(<0.0001) 

0.3418 

(0.0182) 

(<0.0001) 

0.0
5 

0.9721 7.52 76.7 -66.6 

MX 20 

Higuchi 

0.044683 

(0.001729) 

(<0.0001)
 

-- 

0.15818 

(0.01253) 

(<0.0001) 

0.9795 30.2 52.0 -28.4 

Peppas 

and 

Sahlin
3
 

0.042210
 

(0.006817) 

(0.0001) 

0.000168 

(0.000447) 

(0.7131) 

0.16344 

(0.0191) 

(<0.0001) 

0.9797 30.2 52.0 -28.1 

Hixson-

Crowell 

0.0017 

(7.96×10
-5

) 

(<0.0001) 

-- 

0.9103 

(0.0069) 

(<0.0001) 

0.9694 31.3 49.3 
-24.4 

 

Weibull 

6.2562 

(0.8641) 

(<0.0001) 

0.3903 

(0.0349) 

(<0.0001) 

0.0
5 

0.9302 28.0 54.6 -32.4 

1 
c represents a constant associated with the model equation. A positive value for this 

constant indicates a burst release of drug. 

2 
These values in parentheses present standard error and then the p-value for the 

estimated coefficient 

3
 This model evidently collapsed to the Higuchi model equation, judging by the low value 

for the k2 coefficient and the high s.e. associated with that coefficient estimate that 

indicates it is not a good estimate, and typically confirmed by k1 and c that match those 

of the Higuchi model equation fit to the data. 

4
 This is the value for the constant, c, associated with fitting the Hixson-Crowell equation 

to the release data.  This value allows calculation of the fraction released due to a burst 

effect, namely 1 – c, which yields 0.0922 for MX, 0.0741 for MX 14, 0.0858 for MX 

15, 0.0901 for MX 19 and 0.0897 for MX 20. 

5 
Any attempt to include a constant term or factor for the burst release of drug caused the 

model fitting to fail as evidenced by a coefficient estimate that was not statistically 

significant at the α = 0.05 level. 
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Judging solely by the AIC, the Higuchi model equation, acknowledging a burst release, is 

the best fit with the fewest estimated parameters for each set of release data, with the 

exception of MX 20 where the fit of the Weibull equation to the release data provided a 

more negative AIC than did the fit of the Higuchi model equation. However, the fit of the 

Weibull equation to that set of data failed the Shapiro-Wilk Normality Test (p=0.0047). 

Since the fit of the Peppas and Sahlin model equation yielded estimated parameters that 

indicated a collapse of this model to that of the Higuchi model, we need not consider the 

AIC, f1, or f2 in this discussion and can rule out the Peppas and Sahlin model as 

competition for the best fit model.  The AIC, f1, and f2 of the remaining models indicate 

that they do not fit the data as well as the Higuchi model, even though the values indicate 

a good fit to the data. Since the Higuchi model provides the simplest explanation for the 

drug release mechanism, it is judged to describe the release mechanism, namely diffusion 

of release medium into the drug-containing particles, dissolution of the drug, and 

diffusion of dissolved drug out of the particles. 

  



Chapter. 3  Results & Discussion 

 173 

Biphasic model approach (by splitting the data into 0-4 h and 6-24 h) was also applied to 

the fraction released data for MX formulations and the results are given in Table 3.19. 

Table 3.19: Results for biphasic model fitting to the percent released data for MX 

formulations 

Model k1 k2 c R
2 

f1 f2 AIC 

MX 10 

Higuchi 

0-4 h 

0.1544 

(0.01002) 

(<0.0001)
1 

-- -- 0.6986 11.8 75.6 -25.3 

Higuchi 

6-240 h 

0.04431 

(0.002165) 

(<0.0001)
 

-- 

0.1611 

(0.01880) 

(<0.0001) 

0.9790 4.20 77.3 -49.4 

Peppas-

Sahlin
2 

0-4 h 

0.1544
 

(0.005225) 

(0.0598)
3
 

1.336×10
-14

 

(0.03079) 

(1.000)
3
 

-- 0.6986 11.8 75.6 -21.3 

Peppas-

Sahlin
4 

6-240 h 

0.03253 

(0.009605) 

(0.0095) 

0.000690 

(0.000549) 

(0.2444)
3
 

0.1992 

(0.03540) 

(0.0005) 

0.9824 3.74 79.0 -49.4 

Hixson-

Crowell 

0-4 h 

0.0148 

(0.0035) 

(<0.0247) 

-- 

0.95124
5
 

(0.0087) 

(<0.0001) 

0.8546 9.64 75.0 -23.0 

Hixson-

Crowell 

6-240 h
6
 

0.001588 

(0.00008) 

(<0.0001) 

-- 

0.8974
4
 

(0.0082) 

(<0.0001) 

0.9784  4.0 78.3 
-50.6 

 

MX 14 

Higuchi 

0-4 h 

0.05183 

(0.007748) 

(0.0068)
 

-- 

0.1088 

(0.01123) 

(0.0023) 

0.9372 3.34 96.4 -38.6 

Higuchi 

6-240 h 

0.04119 

(0.001048) 

(<0.0001) 

-- 

0.1098 

(0.009104) 

(<0.0001) 

0.9942 2.43 89.4 -65.4 

Peppas-

Sahlin
2 

0-4 h 

0.01637
 

(0.06809) 

(0.8324)
3
 

0.01314 

(0.02501) 

(0.6518)
3
 

0.1298 

(0.04203) 

(0.0908) 

0.9448 3.04 96.7 -37.3 

Peppas-

Sahlin
2 

6-240 h 

0.04119 

(0.005087) 

(<0.0001) 

3.138×10
-

14 

(0.000291) 

(1.0000) 

0.1098 

(0.01875) 

(0.0004) 

0.9942 2.43 89.4 -63.4 

Hixson-

Crowell 

0.0073 

(0.0010) 
-- 

0.9513
3
 

(0.0025) 
0.9441 2.96 96.6 -39.1 
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0-4 h (0.0057) (<0.0001) 

Hixson-

Crowell 

6-240 h 

0.001212 

(0.000067) 

(<0.0001) 

-- 

0.9138
5 

(0.0070) 

(<0.0001) 

0.9734 5.89 74.9 -46.7 

MX 15 

Higuchi 

0-4 h 

0.1335 

(0.009997) 

(<0.0001)
 

-- -- 0.6098 13.2 75.7 -25.4 

Higuchi 

6-240 h 

0.03406 

(0.001355) 

(<0.0001) 

-- 

0.1780 

(0.01177) 

(<0.0001) 

0.9859 3.78 85.6 -59.7 

Peppas-

Sahlin
2 

0-4 h 

0.08979
 

(0.2204) 

(0.7232)
3
 

3.211×10
-12

 

(0.08094) 

(1.0000)
4
 

0.06693 

(0.1362) 

(0.6717)
3
 

0.8292 7.27 83.6 -25.5 

Peppas-

Sahlin
2 

6-240 h 

0.000235 

(0.000367) 

(0.5403)
3
 

0.03005 

(0.006417) 

(0.0016) 

0.1910 

(0.02365) 

(<0.0001) 

0.9866 8.76 81.2 -26.3 

Hixson-

Crowell 

0-4 h 

0.01221 

(0.0039) 

(0.0512)
3
 

-- 

0.9575 

(0.0095) 

(<0.0001) 

0.7681 7.82 79.3 -17.5 

Hixson-

Crowell 

6-240 h 

0.001019 

(0.000053) 

(<0.0001) 

-- 

0.8952 

(0.0055) 

(<0.0001)
 

0.9767 5.05 81.3 -54.2 

MX 19 

Higuchi 

0-4 h 

0.06236 

(0.01231) 

(0.0148)
 

-- 

0.1119 

(0.01783) 

(0.0082) 

0.8954 7.00 78.2 -69.2 

Higuchi 

6-240 h 

0.03404 

(0.00203) 

(<0.0001) 

-- 

0.1841 

(0.01765) 

(<0.0001) 

0.9689 5.02 78.5 -50.8 

Peppas-

Sahlin
2 

0-4 h 

0.000022
 

(0.1064) 

(0.9999)
3
 

0.02310 

(0.03907) 

(0.6144)
3
 

0.1489 

(0.06569) 

(0.1516)
3
 

0.9109 4.31 93.3 -32.8 

Peppas-

Sahlin
2 

6-240 h 

0.03404 

(0.00987) 

(0.0087) 

2.80×10
-14

 

(0.00056) 

(1.0000)
3
 

0.1841 

(0.06569) 

(0.1516)
3
 

0.9689 5.02 78.5 -48.8 

Hixson-

Crowell 

0-4 h 

0.008953 

(0.00161) 

(0.0115) 

-- 

0.9480 

(0.00396) 

(<0.0001) 

0.9115 4.36 93.2 -34.7 

Hixson-

Crowell 

6-240 h 

0.000979 

(0.000093) 

(<0.0001) 

-- 

0.8894 

(0.0097) 

(<0.0001) 

0.9251 9.01 69.3 -40.5 

MX 20 

Higuchi 0.10186 -- -- 0.8979 6.88 90.0 -33.9 



Chapter. 3  Results & Discussion 

 175 

0-4 h (0.004257) 

(<0.0001)
 

Higuchi 

6-240 h 

0.03311
 

(0.001894) 

(<0.0001) 

-- 

0.1670 

(0.01645) 

 (<0.0001) 

0.9714 4.85 79.8 -52.3 

Peppas-

Sahlin
2 

0-4 h 

0.10186 

(0.02217) 

(0.0194) 

5.70×10
-13 

(0.01306) 

(1.0000)
3
 

-- 0.8979 6.88 90.0 -31.9 

Peppas-

Sahlin
2 

6-240 h 

0.03311 

(0.009196) 

(0.0070) 

3.48×10
14 

(0.00052) 

(1.0000)
3
 

0.1670 

(0.03389) 

(0.0012) 

0.9714 4.84 77.7 -47.8 

Hixson-

Crowell 

0-4 h 

0.0108 

(0.0016) 

(0.0063) 

-- 

0.9722 

(0.0038) 

(<0.0001) 

0.9403 5.48 92.9 
-34.4 

 

Hixson-

Crowell 

6-240 h 

0.0017 

(7.96×10
-5

) 

(<0.0001) 

-- 

0.9103 

(0.0069) 

(<0.0001)
 

0.9694 31.3 49.3 -24.4 

1 
The values in parentheses present standard error and then the p-value for the estimated 

coefficient
 

2 
This model evidently collapsed to the Higuchi model equation, judging by the low 

value for the „k2‟ coefficient and the high s.e. associated with that coefficient estimate 

that indicates it is not a good estimate, and this can typically be confirmed because 

„k1‟and „c‟ match those from the Higuchi model equation fit to the data. If „k1‟and c do 

not match, the P-S model has failed. 

3
A p-value greater than 0.05 indicates an invalid term in the model equation based on the 

choice of Þ = 0.05for significance in this model fitting. 

4
 The application of this model to the release data failed the Shapiro-Wilk Normality 

Test, the Constant Variance Test, or both. 

After bifurcating the release data into 0-4 hr and 6-24 hrs, similar results have been 

achieved as that of single phase approach as described in Table 3.18 i.e. the drug release 

mechanism is described best by Higuchi model equation. 
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3.3.5.2. Dexamethasone sodium phosphate formulations 

The percent release data of DS formulation drug release cannot be best described by the 

single phase approach and hence demanded to describe the drug release data through 

biphasic approach, thus the data was bifurcated into 0-4 hr and 6-240 hrs and the drug 

release models were applied to the data. The results are shown in Table 3.20. 

Analyzing the data and Judging by the AIC values provided in Table 3.20; the Peppas 

and Sahlin model fits the release data for the formulations DS 9, DS 10, DS 14 and DS 

19. Peppas and sahlin model suggests that the drug from the nanoparticles was released 

by dual mechanism i.e diffusion as well dissolution followed by the relaxation of the 

polymer. As the DS solubility in water is high (50mg/ml), thus it absorbs water from the 

dissolution media, resulting in the dissolution of the PLGA polymer into oligomers and 

then to monomers, this water absorption also results in autocatalysis of the polymer 

which may results in pore formation and also pores closures thus resulting initially burst 

release and then consistent slow release of the drug from the polymer matrix. While the 

second close best fit model to the drug release of these formulation except DS 14 was 

Higuchi model, thus indicating that the drug was released through diffusion. The second 

best fit to the DS 14 was Hixon Crowell. The DS14 thus release the drug through 

dissolution of the polymer followed by the diffusion of the drug through the pores formed 

as result of dissolution of the polymer.  

The best model fit for the formulation DS 15 and DS 20 was Higuchi model as evident 

from the highest AIC value shown in Table 3.20 i.e. the release medium diffused into the 

nanoparticles, dissolved the drug and then diffused the drug out of the nanoparticles. 
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The initial burst release from all the formulation may be attributed to the surface non 

encapsulated drug and may be the appearance of cracks in the polymer matrix which 

results in high and rapid water penetration thus solubilizing the drug in the polymer 

matrix and resulting in high initial diffusion of the drug, with passage of time the polymer 

matrix may swell resulting in increased tortuosity thus increasing the diffusion path 

length for outgoing drug. 

Table 3.20: Results for biphasic model fitting to the fraction released data for DX 

formulations 

Model k1 k2 c
1 

R
2 

f1 f2 AIC 

DS 9 

Higuchi 

0-4 h 

0.1730 

(0.0039) 

(<0.0001)
2 

-- -- 0.9836 4.38 91.0 -34.8 

Higuchi 

6-240 h 

0.02923 

(0.0001667) 

(<0.0001)
 

-- 

0.3106 

(0.01448) 

(<0.0001) 

0.9715 2.91 82.1 -55.2 

Peppas 

and 

Sahlin
3 

0-4 h 

0.001529
 

(0.000165) 

(0.0027) 

0.000121
 

(0.000097) 

(0.3025) 

-- 0.9892 3.53 93.3 -34.8 

Peppas 

and 

Sahlin
3 

6-240 h 

0.01938 

(0.007265) 

(0.0285) 

0.000577 

(0.000416) 

(0.2023) 

0.3424 

(0.02677) 

(<0.0001) 

0.9771 2.84 84.0 -55.5 

Hixson-

Crowell 

0-4 h 

0.02727 

(0.0023) 

(0.0013) 

-- 

0.9706 

(0.0056) 

(<0.0001) 

0.9793 4.77 88.9 -31.1 

Hixson-

Crowell 

6-240 h 

0.001024 

(0.0000516) 

(<0.0001) 

-- 

0.8454 

(0.0054) 

(<0.0001) 

0.9777 3.37 81.9 -55.0 

DS 10 

Higuchi 

0-4 h 

0.1675 

(0.003313) 

(<0.0001) 

-- -- 0.9841 3.30 93.9 -37.4 

Higuchi 

6-240 h 

0.03159 

(0.001484) 

(<0.0001) 

-- 

0.2831 

(0.01289) 

(<0.0001) 

0.9805 2.91 84.1 -57.7 
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Peppas 

and 

Sahlin
3 

0-4 h 

0.1675 

(0.01723) 

(0.0023) 

6.29x10
-13

 

(0.01015) 

(1.0000) 

-- 0.9841 3.30 93.9 -35.4 

Peppas 

and 

Sahlin
3 

6-240 h 

0.03159 

(0.007205) 

(0.0023) 

3.07x10
14 

(0.0412) 

(1.0000) 

0.2831 

(0.02655) 

(<0.0001) 

0.9805 2.91 89.9 -64.3 

Hixson-

Crowell 

0-4 h 

0.02301 

(0.0028) 

(0.0038) 

-- 

0.9637 

(0.0069) 

(<0.0001) 

0.9571 5.89 87.0 -29.8 

Hixson-

Crowell 

6-240 h 

0.00103 

(0.0000762) 

(<0.0001) 

-- 

0.8510 

(0.0079) 

(<0.0001) 

0.9534 4.59 76.2 -48.1 

DS 14 

Higuchi 

0-4 h 

0.1355 

(0.002513) 

(<0.0001) 

-- -- 0.9867 3.03 95.1 -36.9 

Higuchi 

6-240 h 

0.03383 

(0.001310) 

(<0.0001) 

-- 

0.19578 

(0.011381) 

(<0.0001) 

0.9867 3.16 86.1 -60.5 

Peppas 

and 

Sahlin
3 

0-4 h 

0.1355 

(0.007706) 

(0.0019) 

1.04x10
-12 

(0.007706) 

(1.0000) 

-- 0.9867 3.03 95.1 -36.9 

Peppas 

and 

Sahlin
3 

6-240 h 

0.02143 

(0.004503) 

(0.0014) 

0.000727 

(0.000258) 

(0.0224) 

0.2359 

(0.01660) 

(<0.0001) 

0.9933 2.03 92.9 -69.8 

Hixson-

Crowell 

0-4 h 

0.0184 

(0.0021) 

(0.0033) 

-- 

0.9718
 

(0.0053) 

(<0.0001) 

0.9613 6.00 90.2 -32.1 

Hixson-

Crowell 

6-240 h 

0.001064 

(0.0000306) 

(<0.0001) 

-- 

0.8902 

(0.0032) 

(<0.0001)
 

0.9926 2.43 89.4 -65.4 

DS 15 

Higuchi 

0-4 h 

0.1322 

(0.002664) 

(<0.0001) 

-- -- 0.9861 3.85 94.9 -38.6 

Higuchi 

6-240 h 

0.03125 

(0.001412) 

(<0.0001) 

-- 

0.2309 

(0.01226) 

(<0.0001) 

0.9820 3.26 84.9 -58.8 

Peppas 

and 

Sahlin
3 

0.1269 

(0.01351) 

(0.0026) 

0.003207 

(0.007958) 

(0.7140) 

-- 0.9868 3.92 95.1 -36.9 
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0-4 h 

Peppas 

and 

Sahlin
3 

6-240 h 

0.03125 

(0.006853) 

(0.0018) 

9.09x10
-14

 

(0.0392) 

(1.0000) 

0.2309 

(0.02526) 

(<0.0001) 

0.9820 3.26 84.9 -56.8 

Hixson-

Crowell 

0-4 h 

0.0190 

(0.0022
) 

(0.0031) 

-- 

0.9752
 

(0.0053) 

(<0.0001) 

0.9625 6.76 89.5 -31.5 

Hixson-

Crowell 

6-240 h 

0.000948 

(0.0000684) 

(<0.0001) 

-- 

0.8748 

(0.0071) 

(<0.0001)
 

0.9552 4.47 76.1 -48.0 

DS 19 

Higuchi 

0-4 h 

0.9730 

(0.006819) 

(0.0007) 

-- 

0.03884 

(0.00988) 

(0.0293) 

0.9855 2.52 97.1 -39.9 

Higuchi 

6-240 h 

0.03455 

(0.002248) 

(<0.0001) 

-- 

0.1896 

(0.01953) 

(<0.0001) 

0.9633 4.88 76.6 -48.6 

Peppas 

and 

Sahlin
3 

0-4 h 

0.1226 

(0.02477) 

6.12x10
-13

 

(0.01460) 

(1.0000) 

-- 0.9107 6.96 88.4 -30.8 

Peppas 

and 

Sahlin
3 

6-240 h 

0.03455 

(0.02307) 

(0.8132) 

0.08055 

(0.06280) 

(0.3282) 

0.1893 

(0.04022) 

(0.3354) 

0.9763 7.00 78.2 -69.2 

Hixson-

Crowell 

0-4 h 

0.0135 

(0.00122) 

(0.0015) 

-- 

0.9669
 

(0.0030) 

(<0.0001) 

0.9764 3.53 95.8 -37.7 

Hixson-

Crowell 

6-240 h 

0.000986 

(0.0001) 

(<0.0001) 

-- 

0.8850 

(0.0115) 

(<0.0001) 
 

0.8978 8.06 67.3 -38.4 

DS 20 

Higuchi 

0-4 h 

0.1133 

(0.003407) 

(<0.0001) 

-- -- 0.9722 5.54 92.6 -36.1 

Higuchi 

6-240 h 

0.02887 

(0.1422) 

(<0.0001) 

-- 

0.2156 

(0.01236) 

(<0.0001) 

0.9786 3.50 84.8 -58.7 

Peppas 

and 

Sahlin
3 

0-4 h 

0.1029 

(0.01665) 

(0.0085) 

0.006240 

(0.009809) 

(0.5698) 

-- 0.9755 5.20 93.3 -34.8 

Peppas 0.02887 1.94x10
-14 

0.2156 0.9786 3.5 84.8 -56.7 
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and 

Sahlin
3 

6-240 h 

(0.006904) 

(0.0031) 

(0.0395) 

(1.0000) 

(0.02545) 

(<0.0001) 

Hixson-

Crowell 

0-4 h 

0.01662 

(0.0024) 

(0.0060) 

-- 

0.9804 

(0.0058) 

(<0.0001) 

0.9423 8.57 88.3 -30.7 

Hixson-

Crowell 

6-240 h 

0.000812 

(0.0000758) 

(<0.0001) 

-- 

0.8828 

(0.0079) 

<0.0001)
 

0.9273 6.09 74.6 -46.3 

1 
The values in parentheses present standard error and then the p-value for the estimated 

coefficient
 

3
A p-value greater than 0.05 indicates an invalid term in the model equation based on the 

choice of Þ = 0.05for significance in this model fitting. 

4
 The application of this model to the release data failed the Shapiro-Wilk Normality 

Test, the Constant Variance Test, or both. 

Comparison of MX and DS nanoparticles release profile 

The MX and DS formulations behave differently as expected due to the different physical 

and chemical character of the drugs. The MX is less soluble water soluble as compared to 

DS. When the nanoparticles preparation of both the drug were exposed to the dissolution 

medium, the DS being more soluble (50mg/ml) interacts with the diffusing water and 

hence the part of water was utilized in dissolving the DS and causing less cleavage and 

formation of the pores in the DS formulation as compared to the MX formulation as the 

MX is less soluble (24 mg/ml). Thus, initially the drug release from the MX formulation 

is high as the polymer is more dissolved and porous. After the initial burst release, the 

release rate for DS formulation is high as compared to MX as more drug is soluble due to 

high soluble DS. The high drug loading of the MX formulation may also contribute to the 

high burst release as compared to the DS nanoparticles
285

. 
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We concluded that the drug release from the PLGA nanoparticles was result of the 

following three mechanisms; 

i. Drug diffusion through water filled pores 

ii. Diffusion through the polymer pores 

iii. Because of dissolution of the polymer in the dissolution medium 

3.3.6. Ocular Tolerance Studies 

 To determine the irritation potential of these nanoformulations, irritation test was 

performed. Rabbits were selected as experimental animals because of their availability, 

economy, easy handling, large eye size and they are more sensitive to irritants as 

compared with human eye 
286

. Visual examination revealed that no injurious effects or 

irritation happened with these nanoformulations indicating its safety for the ocular 

tissues. A minute redness of the conjunctiva and discharge was observed with these 

nanoformulations but that also disappeared after some time. The results are given in 

Table 3.21 and from the results it can be concluded that the developed nanoformulations 

were safe, biocompatible to the ocular tissues, non-irritant and can be used for ocular 

instillation.   
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Table 3.21: Grading of the macroscopic signs observed after ocular tolerance studies for 

nanoformulations  

Formulations Discomforts 

Test Score 

Time (Hr) 

0.5 1 2 4 12 24 

Nanoformulation 

MX 20 

Irritation 0 0 0 0 0 0 

Discharge 0 0 0 0 0 0 

Conjunctiva 

redness 
0 1 1 0 0 0 

Nanoformulation 

DS 19 

Irritation 0 0 0 0 0 0 

Discharge 1 0 0 0 0 0 

Conjunctiva 

redness 
0 1 0 0 0 0 

Normal saline 

Irritation 0 0 0 0 0 0 

Discharge 1 0 0 0 0 0 

Conjunctiva 

redness 
0 0 0 0 0 0 

MX commercial 

eye drops 

Irritation 0 0 0 0 0 0 

Discharge 0 1 0 0 0 0 

Conjunctiva 

redness 
0 0 0 0 0 0 

DS commercial 

eye drops 

Irritation 0 0 0 0 0 0 

Discharge 1 0 0 0 0 0 

Conjunctiva 

redness 
0 0 0 0 0 0 
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Figure 3.36: [A] Untreated eye, [B] Treated with N/saline, [C] MX commercial formulation, [D] MX 20 nanoformulation, [E] DS 19 

nanoformulation, [F] DS commercial formulation 
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3.3.7. Pharmacokinetics Evaluation 

Formulations MX 10, MX 15 and MX 20 for moxifloxacin hydrochloride and DS 9, DS 

14 and DS 19 were further evaluated for their pharmacokinetic parameters. 30 µl of these 

formulations and control (commercial formulation) were instilled to each rabbit and 

aqueous humour was collected from each rabbit (both eyes)
243

 at predetermined time 

intervals and various pharmacokinetic parameters were evaluated such as time to reach 

maximum concentration in aqueous humour (Tmax), time to achieve peak aqueous 

humour drug concentration (Cmax), area under the curve drug concentration-time curve 

(AUC0-t), area under the movement curve (AUMC0-∞), area under the aqueous humour 

drug concentration-time curve from time (T=0) to infinity (AUC0-∞), mean residence time 

(MRT), volume of distribution (Vd), clearance and half-life (t1/2). 

PK-summit® software was used to analyze the obtained data for various pharmacokinetic 

parameters. The results obtained from the evaluation of these nanoformulations were then 

statistically compared with commercial eye drops of moxifloxacin hydrochloride (0.5% 

solution) and dexamethasone sodium phosphate (0.1% solution) using student‟s t-test 

with 95% confidence interval. 

3.3.7.1. Pharmacokinetics of Moxifloxacin Hydrochloride Nanoformulations 

Drug concentration aqueous humour for MX nanoformulations and commercial eye drops 

were determined by RP-HPLC-UV method
244

 after instilling 30µl of formulation (0.5% 

w/v) into rabbit‟s eyes. The data obtained was used to determine the pharmacokinetic 

parameters by using PK summit
® 

software. The calculated PK parameters are given in 

Table 3.22. 
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3.3.7.1.1. Peak Plasma Concentration (Cmax) 

The Cmax attained after instillation of 30µl of commercial eye drops and MX 

nanoformulations (MX 10, MX 15, MX 20) in rabbits aqueous humour was 1810± 59.4 

ng/mL, 3106 ± 45.9 ng/mL, 2965± 102.1 ng/mL and 2725 ± 85.2 ng/mL respectively as 

shown in Table 3.22. The Cmax achieved with nanoformulations was 1.5-1.71 times 

greater than that of commercial eye drops. 

3.3.7.1.2. Area under the Curve (AUC0-t) 

AUC achieved for commercial eye drops and the nanoformulations MX 10, MX 15 and 

MX 20 was 2640.5 ± 25.6 ng-hr/mL, 8291.3 ± 88.1 ng-hr/mL, 8032.0 ± 82.6 ng-hr/mL 

and 8407.8 ± 104.3 ng-hr/mL respectively.  

3.3.7.1.3. Mean Resident Time (MRT) 

MRT for MX 10, MX 15, MX 20 and commercial eye drops was 4.06 ± 0.09 hr, 5.1 ± 0.1 

hr, 4.7 ± 0.08 hr and 1.44 ± 0.04 hr respectively as shown in Table 3.22. The MRT for 

nanoformulations is 2.82-3.54 times higher than commercial eye drops. The higher MRT 

values of the nanoformulations also confirm its enhanced ocular contact time compared 

with the commercial eye drops.  

3.3.7.1.4. Volume of Distribution (Vd) 

Vd achieved for commercial eye drops and nanoformulations MX 10, MX 15 and MX 20 

was 15.41 ± 0.5 mL/kg, 31.5 ± 2.8 mL/kg, 37.8 ± 3.3 mL/kg and 30.2 ± 4.1 mL/kg as 

shown in Table 3.22. 
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3.3.7.1.5. Half Life (t1/2) 

T1/2 for MX 10, MX 15, MX 20 and commercial eye drops was 3.05± 0.6 hr, 3.9 ± 0.05 

hr, 3.13 ± 0.07 hr and 0.43 ± 0.03 hr respectively as shown in Table 3.22. The T1/2 

increased 7.0-9.0 times with nanoformulations compared with commercial eye drops 

showing increased residence time of the drug in the ocular tissues. 

 

Figure 3.37: Aqueous humour concentration of MX nanoparticles and commercial eye 

drops after instillation into rabbit‟s eye 
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Table 3.22: Pharmacokinetic parameters of ophthalmic commercial formulation and nanoformulation of Moxifloxacin hydrochloride 

(n=3) 

 

 

Formulation 
 

Commercial 

formulation 
MX 10 MX 15 MX 20 

PK parameters Units
 

Mean ± SD Mean ± SD p-Value Mean ± SD p-Value Mean ± SD p-Value 

C max ng/mL 1810 ± 59.4 3106±45.9 0.000 2965±102.1 0.000 2725±85.2 0.001 

T max Hr 1.0 1.0 --- 1.0 --- 1.0 --- 

E Half life Hr 0.43 ± 0.03 3.05±0.06 0.000 3.9±0.03 0.000 3.13±0.07 0.000 

AUC 0-t ng-hr/mL 2640 ± 52.6 8291.3±88.1 0.000 8032.0±82.6 0.000 8407.8±104.3 0.000 

AUC 0- ∞ ng-hr/mL 2770.6 ± 66.5 9543.3±96.4 0.000 10142.3±117.7 0.000 10221.1±120.5 0.000 

AUMC 0-∞ ng-hr*hr/mL 3989.1 ± 95.5 38217.5±107.4 0.000 51943.0±169 0.000 47737.6±119.7 0.000 

MRT Hr 1.44 ± 0.04 4.06±0.09 0.001 5.1 ± 0.1 0.000 4.7±0.08 0.000 

Vd mL/kg 15.41 ± 0.5 31.5±2.8 0.010 37.8 ± 3.3 0.005 30.2±4.1 0.027 

CL mL/hr/kg 24.60 ± 3.2 7.14±1.3 0.013 6.73 ± 1.3 0.012 6.67±0.8 0.011 

Half life from 

Vd to CL 
Hr 0.43 ± 0.03 3.1±0.06 0.000 3.9 ± 0.03 0.000 3.13±0.07 0.000 
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3.3.7.2. Pharmacokinetics of Dexamethasone Sodium Phosphate Nanoformulations 

Pharmacokinetic parameters of dexamethasone sodium phosphate commercial eye drop 

and nanoformulations were determined after instilling 30µl (0.1%w/v) into the rabbit‟s 

eyes. The results obtained are given in Table 3.23. The pharmacokinetics of DS 

nanoformulations and commercial eye drops were quantified using HPLC
287

. The method 

was validated for aqueous humour in order to minimize any interference between 

aqueous humour compounds and dexamethasone sodium phosphate thus eliminating any 

possibility for overestimation. 

3.3.7.2.1. Peak Plasma Concentration (Cmax) 

Cmax achieved after instillation of 30µl of commercial eye drops and DS 

nanoformulations (DS 9, DS 14, DS 19) in rabbits aqueous humour was 1045 ± 79.2 

ng/mL, 1929 ± 68.3 ng/mL, 1739 ± 101.7 ng/mL and 1876 ± 78.6 ng/mL respectively as 

shown in Table 3.23. The Cmax achieved with nanoformulations was 1.66-1.85 times 

greater than that of commercial eye drops. 

3.3.7.2.2. Area under the Curve (AUC0-t) 

AUC achieved for commercial eye drops and the nanoformulations DS 9, DS 14 and DS 

19 was 1630.5 ± 88.5 ng-hr/mL, 4583.8 ± 90.7 ng-hr/mL, 4474.5 ± 59 ng-hr/mL and 

5686.3 ± 109.8 ng-hr/mL respectively.  

3.3.7.2.3. Mean Residence Time (MRT) 

Mean residence time (MRT) for DS 9, DS 14, DS 19 and commercial eye drops was 2.9 

± 0.5 hr, 3.9 ± 0.4 hr, 3.5 ± 0.2 hr and 1.59 ± 0.4 hr respectively as shown in Table 3.23. 
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The MRT is 1.8-2.5 times higher for nanoformulations compared with commercial eye 

drops. These values affirm the enhanced contact time of nanoformulations on ocular 

surface compared with the commercial eye drops.  

3.3.7.2.4. Volume of Distribution (Vd) 

Vd achieved for commercial eye drops and nanoformulations DS 9, DS 14 and DS 19 

was 30.2 ± 3.6 mL/kg, 7.5 ± 0.9 mL/kg, 10.0 ± 1.7 mL/kg and 6.6 ± 1.1 mL/kg as shown 

in Table 3.23.  

3.3.7.2.5. Half Life (t1/2) 

The half life obtained for DS 9, DS 14, DS 19 and commercial eye drops was 1.97 ± 0.2 

hr, 2.85±0.07 hr, 2.06±0.2 hr and 0.53 ± 0.3 hr respectively as shown in Table 3.23. 

Compared with the commercial eye drops, the T1/2 increased 3.7-5.3 times for 

nanoformulations which further confirm their increased residence time on the ocular 

tissues. 
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Figure 3.38: Aqueous humour concentration of DS nanoparticles and commercial eye 

drops after instillation into rabbit‟s eye 
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Table 3.23: Pharmacokinetic parameters of ophthalmic commercial formulation and nanoformulation of Dexamethasone sodium 

phosphate 

 

Formulation  
 

Commercial 

formulation 
DS 9 DS 14 DS 19 

PK parameters Units
 

Mean ± SD Mean ± SD p-Value Mean ± SD p-Value Mean ± SD p-Value 

C max ng/mL 1045±68.9 1929.0±56.8 0.000 1739.0±72 0.001 1876.0±79.2 0.001 

T max Hr 1.0 1.0 --- 1.0 --- 1.0 --- 

E Half life Hr 0.53±0.3 1.97±0.16 0.003 2.85±0.07 0.001 2.06±0.2 0.001 

AUC 0-t µg-hr/mL 1630.5±88.5 4583.8±90.7 0.000 4474.5±59 0.000 5686.3±109.8 0.000 

AUC 0- ∞ µg-hr/mL 1751.62±69.6 5141.0±152.9 0.001 5587.4±145.3 0.000 6208.5±107.6 0.000 

AUMC 0-∞ 
µg-

hr*hr/mL 
2696.8±72.6 14720.8±115.8 0.000 21547.5±102.5 0.000 2144.9±168.6 0.000 

MRT Hr 1.59±0.4 2.9±0.5 0.023 3.9±0.4 0.012 3.5±0.2 0.011 

Vd mL/kg 30.2±2.4 7.5±0.9 0.008 10.0±1.7 0.015 6.6±1.1 0.065 

CL mL/hr/kg 38.9±4.1 2.6±0.4 0.11 2.4±0.6 0.003 2.2±0.2 0.002 

Half life from 

Vd to CL 
Hr 0.53±0.3 2.0±0.1 0.003 2.8±0.07 0.001 2.1±0.2 0.001 
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From the data given in the Tables 3.22 and 3.23, it can be concluded that the ocular 

bioavailability of nanoformulations of both the drugs (moxifloxacin hydrochloride and 

dexamethasone sodium phosphate) was significantly higher than that of commercial eye 

drops. The drug in the aqueous humour was not detectable after 3 hrs of instillation of the 

commercial eye drops of both the drugs which may be due to the rapid pre-corneal 

drainage resulting in shorter residence time of the drug at the ocular surface
288-289

.  While 

with nanoformulations the drug retained up to 8 hrs post instillation leading to enhanced 

availability of the drugs in the aqueous humour. The reasons contributing to this 

enhanced availability may be the smaller size of PLGA nanoparticles which can retain on 

the corneal surface
117,289

 and the surfactants which are thought to increase the drug 

permeability through the corneal membrane and increases the viscosity of the 

formulations, thus delaying the drug clearance and resulting in increased drug uptake
290-

292
. Nanoformulations MX 20 and DS 19 retained for longer times compared with the 

other nanoformulation as obvious from the Figures 3.37 and 3.38 which may be 

attributed to the higher PVA concentration in these nanoformulations.  
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3.4. Formulation and Characterization of Nanoparticle Laden Thermoreversible 

In-situ Gel 

Blinking and tear drainage decreases the drug concentration of a liquid formulation up to 

10 times. Drainage of the formulation can be reduced by increasing the viscosity of the 

formulation by using in-situ polymers 
79

.  Ideally thermoreversible in-situ gels are liquid 

at room temperature and can be easily instilled into the eye. These free flowing liquids 

transform from solution to gel in cul-de-sac of the eye at physiological temperature and 

sustain the drug.  

Two nanoformulations (MX 20 and DS 19) were selected and formulated in 

thermoreversible in-situ gels and NP combinations containing 0.5% w/v MX and 0.1% 

w/v DS adjusted according to their therapeutic ophthalmic dose available in commercial 

eye drops. Both these formulations have highest encapsulation efficiencies and sustained 

the drugs for longer period of time as compared to the others.  

3.4.1. Clarity 

The clarity of the formulations was checked visually before and after gelation. Blank 

formulations were clear and transparent in both the cases while a little turbidity was 

observed in nanoparticles laden in-situ gels as shown in the Figure 3.39.  
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Figure 3.39: Appearance of gel; [A] Before gelation, [B] After gelation, [C] NPs laden 

in-situ gel 

3.4.2. Viscosity 

The viscosity of the blank in-situ gel and nanoparticles laden in-situ gel was measured at 

two different temperatures 25 °C and 37 °C using Brookfiled viscometer (model DV-E, 

spindle no. 62) at 40 rpm. The viscosity of the blank in-situ gel as 25 °C was measured 

126 ± 1.8 cps and 423 ± 5.2 cps at 37 °C while it was 135.3 ± 0.7 cps and 436 ± 6.3 cps 

at 25 °C and 37 °C respectively, for nanoparticles loaded in-situ gel as given in the Table 

3.24. The increase in viscosity may be due to disturbance of the micelles packing and the 

entanglements of poloxamer
293

.   

3.4.3. Gelation Temperature (Tg) and pH 

The gelation temperature of the formulation was measured using tube inversion method. 

The Tg was measured to be 31.3 ± 0.6 °C for blank in-situ gel and 32.9 ± 0.3 °C for NPs 

laden in-situ gels. This increase in gelation temperature might be due to dehydration of 
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the polyoxyethylene (PO) of the poloxamer resulting in reduced micellization and 

increased polymer association with each other
294

.  

The pH was also measured using pH-Meter (Jenway
®

, UK) and was found to be 7.21±0.5 

and 7.34±0.4 for blank in-situ gel and NPs laden in-situ gel respectively.  

Table 3.24: Viscosity, gelation temperature and pH of the formulations 

Formulations 
Viscosity at 

25 °C (cps) 

Viscosity at 37 

°C (cps) 

Gelation temperature 

(°C) 
pH 

Blank In-situ gel 126 ± 1.8 423 ± 5.2 31.3 ± 0.6 7.21±0.5 

NPs laden In-

situ gel 
135.3 ± 0.7 436 ± 6.3 32.9 ± 0.3 7.34±0.4 

3.4.4. Autoclaving 

The data of the viscosity, gelation temperature and pH of the formulation before 

autoclaving and after autoclaving is given in Table 3.25. As obvious from the data 

provided in the table, autoclaving did not significantly affected the viscosity, pH and 

gelation temperature of the formulation and the data obtained is in harmony with 

previously reported
295

. 

Table 3.25: Table showing the effects of autoclaving on the formulation 

Formulations 

Before autoclaving After autoclaving 

pH
 

Tg (°C) 
Viscosity 

(cps) 
pH

 
Tg (°C) 

Viscosity 

(cps) 

Blank in-situ 

gel 
7.21±0.5 31.3 ± 0.6 126 ± 1.8 7.18±0.1 30.6±0.09 124±2.1 

NPs laden in-

situ gel 
7.34±0.4 32.9 ± 0.3 135.3 ± 0.7 7.31±0.7 32.1±0.04 133.7±1.3 
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3.4.5. In-Vivo Evaluation 

Various pharmacokinetic parameters such as Tmax, Cmax, AUC0-t, AUMC0-∞, AUC0-∞, 

MRT, Vd, Cl and T1/2were evaluated for NPs laden thermoreversible in-situ gel and drug 

loaded nanoparticles. The pharmacokinetic data achieved was then compared with that of 

the commercial eye drops.  

3.4.5.1. Ocular Tolerance Studies 

Ocular tolerance of the NPs laden thermoreversible gel was determined by irritation test. 

Briefly, 30 µl of the blank thermoreversible gel and NPs laden thermoreversible gel was 

instilled to the rabbit‟s eye and were evaluated for any sign of irritation, discharge and 

conjuctival redness using evaluation scale of 0-3,0-4 and 0-3 respectively for these 

parameters 
241

. Upon visual examination at various times, no signs of irritation, discharge 

were observed except mild conjuctival redness after 1 hr, which too resolved soon after. 

From the data given in the Table 3.26, it can be concluded that the formulations are safe, 

tolerable and free from any kind of harmful effects to the rabbit eyes and these 

formulations can be freely instilled to the eye. 
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Table 3.26: Grading of the macroscopic signs observed after ocular tolerance studies for 

thermoreversible in-situ gel 

Discomforts 

Time (hrs) 

Blank in-situ gel NPs laden in-situ gel 

Irritation Discharge 
Conjuctival 

redness 
Irritation Discharge 

Conjuctival 

redness 

0.5 0 0 0 0 0 0 

1 0 0 0 0 0 1 

2 0 0 0 0 0 0 

4 0 0 0 0 0 0 

12 0 0 0 0 0 0 

24 0 0 0 0 0 0 

 

 

Figure 3.40: [A] Untreated eye [B] Blank in-situ gel [C] NPs laden in-situ gel 
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3.4.5.2. Pharmacokinetic Evaluation 

3.4.5.2.1. Peak Plasma Concentration (Cmax) 

The Cmax achieved after administration of NPs formulation containing both drugs 

was2225.0 ±52.3 ng/mL and 1696.0 ±74.8 ng/mL for MX and DS respectively. In case of 

in-situ gel the Cmax was 2856.0 ± 87.4 ng/mL and 1960.0 ± 53.7 ng/mL for MX and DS 

respectively, as shown in Table 3.27. Time to achieve Cmax was 1.0 hr for NPs while in 

case of in-situ gel Cmax was achieved in 2 hrs which may be due to more slow and 

sustained drug release from thermoreversible in-situ gels. The p values given in Table 

3.28 and Table 3.29 indicates that the Cmax values obtained for NPs and In-situ gel 

formulation was significantly higher as compared to the commercial eye drops. On 

comparing the NPs and In-situ gels, the Cmax value in respect of In-situ gel was 

significantly higher as evident from the p values given in Table 3.30 and Table 3.31. 

3.4.5.2.2. Area under the Curve (AUC0-t) 

Area under the curve was 8105.8 ±143.6 ug-hr/mL and 3460.0 ±161.4 ug-hr/mL for MX 

and DS nanoparticles respectively while for in-situ gel AUC achieved was 12294.5 ± 

178.1 ug-hr/mL and 9316.0 ± 51.7 ug-hr/mL for MX and DS respectively, as shown in 

Table 3.27. The p values given in Table 3.28 and Table 3.29 indicates that the AUC0-t 

values obtained for NPs and In-situ gel formulation was significantly higher as compared 

to the commercial eye drops. On comparing the NPs and In-situ gels, the AUC0-t value in 

respect of In-situ gel was significantly higher as evident from the p values given in Table 

3.30 and Table 3.31. The AUC achieved for in-situ gel is almost doubled of that achieved 

for NPs. Increase in AUC indicates the increased absorption of the drug at the ocular 

surface due to longer residence time of the NPs in in-situ gel.  
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3.4.5.2.3. Mean Residence Time (MRT) 

MRT achieved for both the combinations was 3.8 ±0.4 hr and 3.2 ±0.5 hr for MX and DS 

NPs while for in-situ gel it was 5.8 ± 0.13 hr and 5.3 ± 0.2 hr for MX and DS 

respectively, as given in Table 3.27. The p values given in Table 3.28 and Table 3.29 

indicates that the MRT values obtained for NPs and In-situ gel formulation was 

significantly higher as compared to the commercial eye drops. On comparing the NPs and 

In-situ gels, the MRT value in respect of In-situ gel was significantly higher as evident 

from the p values given in Table 3.30 and Table 3.31. This increased in residence time 

also suggest the improved residence time of NPs in in-situ gel. 

3.4.5.2.4. Volume of Distribution (Vd) 

Volume of distribution was 21.8 ±1.9 mL/kg for MX and 11.7±2.6 mL/kg for DS in case 

of nanoparticles while in case of NPs laden thermoreversible gel the Vd achieved for both 

the drugs was 23.4 ± 2.59 mL/kg for MX and 4.2 ± 1.6 mL/kg for DS as given in Table 

3.27. The p values given in Table 3.28 and Table 3.29 indicates that the Vd values 

obtained for NPs and In-situ gel formulation was significantly higher as compared to the 

commercial eye drops. On comparing the NPs and In-situ gels, the Vd value in respect of 

In-situ gel was significantly higher as evident from the p values given in Table 3.30 and 

Table 3.31. 

3.4.5.2.5. Half Life (t1/2) 

T1/2 in case of NPs was 1.99 ±0.05 hr for MX and 2.38±0.1 hr for DS while for NPs laden 

in-situ gel it was 3.27 ± 0.06 hr for MX and 2.12 ± 0.1 hr for DS as provided in Table 

3.27. The p values given in Table 3.28 and Table 3.29 indicates that the T1/2 values 
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obtained for NPs and In-situ gel formulation was significantly higher as compared to the 

commercial eye drops. On comparing the NPs and In-situ gels, the T1/2 value in respect of 

In-situ gel was significantly higher as evident from the p values given in Table 3.30 and 

Table 3.31. 

 

Figure 3.41: Aqueous humour concentration of both the drugs [MXP &DS] combination 

in nanoparticles and NPs laden thermoreversible in-situ gel 

0.00

0.50

1.00

1.50

2.00

2.50

0 2 4 6 8 10 12

C
o
n

c 
(u

g
/m

l)
 

Time (hr) 

Moxifloxacini NPs

Dexamethasone NPs

Moxifloxacin NPs laden Insitu gel

Dexamethasone NPs laden Insitu gel



 

Chapter. 3  Results & Discussion 

 201 

Table 3.27: Table showing the pharmacokinetics of both the drugs [MX&DS] combination in nanoparticles and in NPs laden 

thermoreversible in-situ gel 

 

  

Formulations Commercial eye drops NPs combination NPs laden in-situ gel 
PK 

parameters 
Units

 MX 

Mean ± SD 

DS 

Mean ± SD 

MX 

Mean ± SD 
p-Value 

DS 

Mean ± SD 
p-Value 

MX 

Mean ± SD 
p-Value 

DS 

Mean ± SD 
p-Value 

C max ng/mL 1510 ± 59.41 1045±68.9 2225±52.3 0.001 1696±74.8 0.131 2856.0±87.4 0.000 1960.0±53.7 0.000 

T max Hr 1.0 1.0 1.0 --- 1.0 --- 2 --- 2 --- 

E Half life Hr 0.43 ± 0.03 0.53±0.03 1.99±0.05 0.000 2.38±0.1 0.000 3.27±0.06 0.000 2.12±0.1 0.000 

AUC 0-t µg-hr/mL 2640 ± 52.6 1630.5±100.7 8105.8±143.6 0.000 3460.0±161.4 0.006 12294.5 ±178.1 0.000 9316±51.7 0.000 

AUC 0- ∞ µg-hr/mL 2770.8 ± 66.5 1751.6±69.6 8998.8±94.61 0.000 4029.7±166 0.003 13573.0±104.2 0.000 9937.7±46.4 0.000 

AUMC 0-∞ 
µg-

hr*hr/mL 
3989.1 ± 95.5 2696.8±72.16 34575.7±153.6 0.000 12793.2±111.5 0.000 79528.9±173.5 0.000 52456.2±155.2 0.000 

MRT Hr 1.44 ± 0.04 1.59±0.4 3.8 ±0.4 0.009 3.2±0.5 0.019 5.8±0.13 0.004 5.3±0.2 0.001 

Vd mL/kg 15.41 ± 0.5 21.8±2.4 21.8±1.9 0.010 11.7±2.6 0.003 23.4±2.59 0.002 4.2±1.6 0.003 

CL mL/hr/kg 24.60 ± 3.2 38.9±4.1 7.5±0.5 0.015 3.39±2.0 0.021 4.96±0.4 0.005 3.01±1.3 0.000 

Half life from 

Vd to CL 
Hr 0.43 ± 0.03 0.53±0.03 2.0±0.05 0.000 2.4±0.08 0.000 3.27±0.06 0.000 2.12±0.1 0.000 
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Table 3.28: Statistical Comparison between IV-Vivo Data of nanoparticles and NPs 

laden in-situ gels of Moxifloxacin Hydrochloride 

PK 

Parameters Units 

Nanoparticles In-situ gel 

p-Value 

Mean ± SD Mean ± SD 

C max ng/mL 2525±52.3 2856.0±87.4 0.006 

E Half life Hr 1.99±0.05 3.27±0.06 3.36E-06 

AUC 0-t 
µg-hr/mL 8105.8±143.6 12294.5 ±178.1 2.23E-06 

AUC 0- ∞ µg-hr/mL 8998.8±94.61 13573.0±104.2 1.5E-07 

AUMC 0-∞ 
µg-

hr*hr/mL 34575.7±153.6 79528.9±173.5 1.47E-10 

MRT Hr 3.8 ±0.4 5.8±0.13 0.000 

Vd mL/kg 21.8±1.9 23.4±2.59 0.23 

CL mL/hr/kg 7.5±0.5 4.96±0.4 0.000 

 

Table 3.29: Statistical Comparison between IV-Vivo Data of nanoparticles and NPs 

laden in-situ gels of Dexamethasone sodium phosphate 

PK 

Parameters Units 

Nanoparticles In-situ gel 

p-Value 

Mean ± SD Mean ± SD 

C max ng/mL 1696±74.8 1960.0±53.7 0.004 

E Half life Hr 2.38±0.1 2.12±0.1 0.000 

AUC 0-t 
µg-hr/mL 3460.0±161.4 9316±51.7 1.03E-05 

AUC 0- ∞ µg-hr/mL 4029.7±166 9937.7±46.4 2.72E-05 

AUMC 0-∞ 
µg-

hr*hr/mL 12793.2±111.5 52456.2±155.2 7.65E-09 

MRT Hr 3.2±0.5 5.3±0.2 0.001 

Vd mL/kg 11.7±2.6 4.2±1.6 0.0003 

CL mL/hr/kg 3.39±2.0 3.01±1.3 0.01 
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Table 3.30:  Statistical comparison of commercial formulation, nanoparticles and in-situ 

gel of Moxifloxacin hydrochloride using Two-way AVOVA 

 

Table 3.31: Statistical comparison of commercial formulation, nanoparticles and in-situ 

gel of Dexamethasone sodium phosphate using Two-way AVOVA 

 

PK 

Parameters 
Units 

Commercial Nanoparticles In situ Gel 
F value p-Value 

Mean ± SD Mean ± SD Mean ± SD 

C max ng/mL 1810±59.4 2525±52.3 2856.0±87.4 288.4774 4.74E-05 

E Half life Hr 0.43 ± 0.03 1.99±0.05 3.27±0.06 2132.313 8.78E-07 

AUC 0-t 
µg-hr/mL 2640 ± 52.6 8105.8±143.6 12294.5 ±178.1 6126.007 1.07E-07 

AUC 0- ∞ µg-hr/mL 2770.8 ± 66.5 8998.8±94.61 13573.0±104.2 15074.15 1.76E-08 

AUMC 0-∞ 
µg-

hr*hr/mL 3989.1 ± 95.5 34575.7±153.6 79528.9±173.5 148923.7 1.8E-10 

MRT Hr 1.44 ± 0.04 3.8 ±0.4 5.8±0.13 303.9166 4.27E-05 

Vd mL/kg 15.41 ± 0.5 21.8±1.9 23.4±2.59 36.43579 0.002708 

CL mL/hr/kg 24.60 ± 3.2 7.5±0.5 4.96±0.4 78.09448 0.000624 

PK 

Parameters 
Units 

Commercial Nanoparticles In situ Gel 
F value p-Value 

Mean ± SD Mean ± SD Mean ± SD 

C max ng/mL 1045±68.9 1696±74.8 1960.0±53.7 113.8367 0.000298 

E Half life Hr 0.53±0.03 2.38±0.1 2.12±0.1 1005.107 3.94E-06 

AUC 0-t 
µg-hr/mL 1630.5±100.7 3460.0±161.4 9316±51.7 1137.991 3.08E-06 

AUC 0- ∞ µg-hr/mL 1751.6±69.6 4029.7±166 9937.7±46.4 1082.742 3.4E-06 

AUMC 0-∞ 
µg-

hr*hr/mL 2696.8±72.16 12793.2±111.5 52456.2±155.2 36541.68 3E-09 

MRT Hr 1.59±0.4 3.2±0.5 5.3±0.2 62.97468 0.000947 

Vd mL/kg 21.8±2.4 11.7±2.6 4.2±1.6 125.925 0.000244 

CL mL/hr/kg 38.9±4.1 3.39±2.0 3.01±1.3 64.9799 0.000892 
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As clear from the Figure 3.41, no drug was detected in the aqueous humour after 8
th

 hour 

of the instillation in case of commercial formulations and drug loaded nanoparticles for 

both the drugs but in case of NPs laden in-situ gel, the drug was detected till 12
th

hr in the 

aqueous humour. The p-values given in Table 3.27 indicates that Cmax, AUC0-t, AUC0- ∞, 

AUMC0- ∞, MRT and Vd of both the drugs obtained after administration of nanoparticles 

and NPs laden in-situ gels were significantly high as compared to the commercial 

formulation while clearance of both drugs was significantly low as compare to 

commercial eye drops. On comparing the pharmacokinetic parameters of nanoparticles 

and NPs laden in-situ gels of both the drugs, it was observed that Cmax, AUC0-t, AUC0- ∞, 

AUMC0- ∞ and MRT of NPs laden in-situ gels is significantly higher than that of 

nanoparticles, p-values are given in Table 3.28 and 3.29. 

By applying Two-way ANOVA to the pharmacokinetic data of all three delivery systems 

of both the drugs, the calculated p-values were 0.005 which rejects the null hypothesis 

and it is concluded that there is a significant difference in these delivery systems, data 

given in Tables 3.30 and 3.31. 

From these results its can be concluded that NPs laden thermoreversible in-situ gel 

sustained the drug release for longer time compared with drug loaded nanoparticles and 

commercial eye drops.  



 

 

 

 

 

 

CHAPTER 4 

CONCLUSION 

 



Chapter. 4  Conclusion 

204 

4. Conclusion 

This thesis presents the development and evaluation of sustained release polymeric 

nanoformulations for the ophthalmic delivery of moxifloxacin hydrochloride and 

dexamethasone sodium phosphate. Polymer PLGA RG 752H in different concentrations 

along with other excipients was used to obtain stable formulations. More than fifty 

formulations were prepared and evaluated. 

No interaction/incompatibility was observed between the drugs and excipients in physical 

mixture. 

Nanoparticles were prepared using modified double emulsion-solvent evaporation 

technique. This formulation technique was found to be suitable to formulate hydrophilic 

drugs in nanoparticles. The nanoparticles obtained for both the drugs were suitable for 

ophthalmic administration as their particle size was below600 nm and good 

polydispersity index and drug encapsulation. It was observed that encapsulation 

efficiency increased with increasing the concentration of polymer. Based upon particle 

size, PDI and encapsulation efficiency, total of eleven formulations five for moxifloxacin 

Hydrochloride and six for dexamethasone sodium phosphate (MX 10, MX 14, MX 15, 

MX 19, MX 20, DS 9, DS 10, DS 14, DS 15, DS 19, DS 20) were selected to carry out 

in-vitro drug release, stability studies and in-vivo evaluation. 

Lyophilization was carried out using three different cryoprotectants; mannitol (5%), 

glucose (5%) and sucrose (5%), among the cryoprotectants mannitol (5%) was the most 

suitable. Stability studies indicated that the selected nanoformulations were stable at 4°C 

for two months while at 25 °C, changes were observed in particle size and %EE. 
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All the formulations released the drug in biphasic manner; i.e. initial burst release for first 

4 hrs followed by a sustained drug release. In-vitro release kinetics showed that Higuchi 

model equation best fit the release data of MX formulations while in case of DS 

formulations; Peppas and Sahlin model fits the release data for the formulations DS 9, DS 

10, DS 14 and DS 19and for DS 15 and DS 20 was Higuchi model was the best fit model. 

On the basis of in-vitro release profile, six formulations; MX 10, MX 15, MX 20, DS 9, 

DS 14 and DS 19 were subjected to in-vivo evaluation. Ocular tolerance studies showed 

that the developed nanoformulations were non-irritant, biocompatible and safe for ocular 

instillation. In-vivo pharmacokinetics of both the drugs demonstrated significant increase 

in Cmax, AUC, MRT and decrease in clearance of nanoparticles compared with 

commercial eye drops. 

In subsequent study, two nanoformulations; MX 20 and DS 19 were incorporated into 

poloxamer-407 solution to get nanoparticles laden in-situ gels. These gels were clear, 

possessed a viscosity of 135.3 ± 0.7 cps and 436 ± 6.3 cps at 25 °C and 37 °C 

respectively, gelation temperature of 32.9 ± 0.3 °C and a pH of 7.34 ± 0.4. Ocular 

tolerance studies indicated that nanoparticles laden in-situ gels were tolerable, safe and 

free from any harmful effects to the eyes. Statistical evaluation of pharmacokinetic data 

showed that nanoparticles laden in-situ gels have significantly higher (p<0.005) Cmax, 

MRT, AUC0-t, and T1/2 and low clearance as compared to the commercial eye drops and 

nanoparticles formulations. The NPs laden in-situ gel preparation sustained the drug for 

12 hours in the aqueous humour as compared with the drug loaded nanoparticles and 
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commercial eye drops which could maintain the drug level only for eight and three hours 

respectively.  

From this research it can be concluded that nanoparticles and nanoparticles laden in-situ 

gels have the potential to sustain the drug at the ocular surface and thus increase the 

bioavailability of the drug in the aqueous humour.  

Recommendations for future work 

The following recommended research work can be carried out to further advance this 

project; 

1. To explore other routes of delivery for these nanoformulations of both the drugs. 

2. To study the organ distribution and body clearance of these nanoformulations. 

3. Formulate both these drugs in polymeric nanoparticles using various other 

available stabilizers/polymers. 

4.  To study the detailed release mechanism based on drug polymer interaction. 

5. Incorporation of these developed nanoparticles in pH and ion sensitive in-situ gels 

and their further study. 
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