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4.1 Introduction

Breast cancer is the leading cause of death among women, with one million new cases in 

the world each year [McPherson et al. 2000], out of which one-third are reported to be 

hormone-dependent [Henderson and Canellos 1980; Theobald 2000]. Growth of breast 

cancer cells is often estrogen-dependent. Continuous estrogen suppression in patients 

with hormone sensitive breast cancer prevents proliferation of tumor. Aromatase is the 

key enzyme that converts androgens to estrogens both in pre- and post-menopausal 

women [Lonning 1998; Strassmer-Weippl and Goss 2003], Treatment of breast cancer 

has included efforts to decrease estrogen levels by the use of antiestrogen and 

progestational agents [Chowdhury and Ellis 2005], Anastrozole (ATZ) is a nonsteroidal 

aromatase inhibitor. The problems associated with oral delivery of ATZ are low aqueous 

solubility, short half-life and uncontrolled release [Sarkar and Yang 2008]. Exemestane 

(EXE) is a third generation, potent irreversible Type I steroidal aromatase inhibitor 

approved by the Food and Drug Administration (FDA) for the treatment of breast 

cancer [Johannessen et al. 1997]. It acts as a false substrate for the aromatase enzyme, 

and is processed to an intermediate that binds irreversibly to the active site of the 

enzyme causing its inactivation, an effect also known as suicide inhibition [Dowsett 

1998]. Although treatment with orally administered EXE has been shown to be well 

tolerated by patients, the most common adverse events consist of hot flashes, nausea, 

fatigue, dizziness, increased sweating, headache, body weight change, vaginal dryness, 

arthralgias, and myalgias [Clemett and Lamb 2000; Scott and Wiseman 1999]. The 

problem with the oral delivery of EXE is its inability to target the tumor site. This 

problem can be overcome by employing delivery systems capable of providing targeted 

drug delivery.

One of the technological resources to improve the availability of drugs at the site of 

action is by colloidal carriers like nanoparticles (NPs) prepared using biodegradable 

polymers like poly(d,l-lactic-co-glycolic acid) (PLGA) and poly caprolactone (PCL) [De 

Jong and Borm 2008]. PLGA has been studied extensively as a polymeric carrier for NPs. 

PLGA nanoparticles (NPs) are already reported to provide passive targeting of 

anticancer drugs to tumor site [Fonseca et al. 2002; Yallapu et al. 2010]. A wide variety 

of drugs ranging from small molecular-weight therapeutic agents to peptide hormones, 

antibiotics, and chemotherapeutic drugs have been formulated using PLGA [Tuncay et

Pharmacy Department, The Maharaja Sayajirao University of Baroda Page 102



FORMULATION & OPTIMIZATION OF POLYMERIC NANOPARTICLES ( Chapter 4

al. 2000]. PLGA NPs have proven to be successful targeted drug delivery systems for 

different classes of drugs, such as anticancer drugs like etoposide [Snehalatha et al 2008] 

and rapamycin [Acharya et aL 2009], proteins and peptides like insulin [Shi et aL 2009] 

and steroidal hormones like estrogen [Kwon et al. 2001]. PCL is 

biodegradable polyester and is prepared by ring opening polymerization of s- 

caprolactone. PCL is degraded by hydrolysis of its ester linkages in physiological 

conditions and has therefore received a great deal of attention for use as a biomaterial 

for sustained release drug delivery systems [Aberturas et al. 2011; Lam et al. 2008]. 

Different methods reported for preparing NPs using biodegradable polymers include 

monomer polymerization, interfacial deposition, salting out, nanoprecipitation, 

emulsification solvent evaporation, etc. [Quintanar-Guerrero et aL 1998]. Interfacial 

deposition of preformed polymer technique is based upon interfacial deposition of a 

polymer followed by diffusion of a semi polar and miscible solvent in aqueous medium 

containing surfactant [Barichello et al 1999; Fessi et aL 1989]. Moraes et al. used this 

method for preparation of PLGA nanocapsules with particle size of 123 nm and 69% 

drug loading [Moraes et al. 2009]. Formulation of NPs by this method involves many 

important factors which contribute to the outcome of experiment in terms of drug 

entrapment and particle size. Different process variables include stirring speed, 

temperature, rate of addition of organic phase to aqueous phase, etc. Different 

formulation variables include drug:polymer ratio, concentration of polymer in organic 

phase, surfactants, surfactant concentration, volume of aqueous and organic phase, 

organic solvents, etc.

Optimization of any pharmaceutical process begins with the objectives to find out and 

evaluate independent variables that affect formulation response, determine them and 

establish their best response values. However, considering the cost of the drugs and 

polymers, it is desirable to optimize the formulation development with minimum 

batches with maximum desired characteristics. While developing formulations, various 

formulations as well as process variables related to effectiveness, safety and usefulness 

should be simultaneously optimized. Polynomial non-linear regression analysis are 

widely used for establishing approximate mathematical models in which the variables 

are screened by stepwise selection method according to- statistical significance [Miller 

1984; Wagner and Shimshak 2007] and final model would be used to predict the
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relationship between different variables and their levels. But such predictions are often 

limited to low levels, resulting in poor estimation of optimum formulation [Levison et al. 

1994; Shirakura et al. 1991], Therefore, it is important to understand the complexity of 

pharmaceutical formulations by using established statistical tools such as multiple 

regression analysis (MRA), Box Behnken design (BBD), etc. Optimization by changing 

one-variable-at-a-time is a complex method to evaluate the effects of different variables 

on an experimental outcome. This approach assesses one variable at a time instead of 

all simultaneously. The method is time-consuming, expensive and often leads to 

misinterpretation of results when interactions between different components are 

present. Another approach is to accurately evaluate the impact of the independent 

variables on the dependent variables by varying all the important factors 

simultaneously in a systematic manner. This approach is known as response surface 

methodology (RSM). RSM is a statistical technique which can address the present 

scenario and can be used to establish relationships between several independent 

variables and one or more dependent variables [Myer and Montogomery 2002; Ray et 

al. 2009]. RSM optimizes multiple variables by systematic variation of all variables in a 

well-designed experiment with a minimum number of experiments. The RSM 

optimization process involves the following steps: performing statistically designed 

experiments; estimating the coefficients of a mathematical model using regression 

analysis technique; and predicting the response and checking the adequacy of the 

model. Among the available statistical design methods, a full factorial design (FFD) 

involves a large number of experiments for accurately predicting the response. At the 

same time, it is often considered unpractical due to its requirement of more number of 

experiment as compared to other designs [Box et al. 1978; Myer et al. 1989]. Fractional 

factorial design lacks the ability to accurately predict all positions of the factor space 

that are equidistant from the centre (rotatability). Based upon the desirable features of 

orthogonality and rotatability, Central Composite design (CCD) and BBD are commonly 

chosen for the purpose of response optimization [Bae and Shoda 2005; Ray 2006]. BBD 

is successfully used by Rahman et al. for optimization of risperidone loaded solid lipid 

nanoparticles [Rahman et al. 2010]. The BBD requires fewer runs than 3-factor, 3-level 

FFD and CCD when three or more variables are involved. This cubic design is 

characterized by a set of points lying at the midpoint of each edge and a replicate centre
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point of the multidimensional cube [George Box I960], The BBD technique is a three- 

level design based upon the combination of two-level factorial designs and incomplete 

block designs. BBD is a spherical design with excellent predictability within the 

spherical design space. Compared to the CCD method, the BBD technique is considered 

as the most suitable for evaluating quadratic response surfaces particularly in cases 

when prediction of response at the extreme level is not the goal of the model. In 

addition, the BBD technique is rotatable or nearly rotatable regardless of the number of 

factors under consideration [Bae and Shoda 2005; Myer and Montogomery 2002; Ray 

2006]. Also, it is very time consuming method. Hence, deriving a quantitative 

mathematical relationship between the variables to evaluate its effect on dependent 

variables is of utmost importance [Mehta et al. 2007; Seth and Misra 2002].

The number of formulations required for such studies is dependent on the number of 

independent variables selected after preliminary experiments. The dependent response 

is measured for each trial and then either simple linear equation (equation 1), or 

interactive equation (equation 2) or quadratic model (equation 3) is fitted by carrying 

out MRA and F-statistic to identify statistically significant terms.
Y = bo + biXi + b2X2 + b3X3 (1)

Y = bo + biXi + b2X2 + b3X3+ bi2XiX2 + bi3XiX3 + b23X2X3 +bi23XiX2X3 (2)

Y = bo + biXi + b2X2 + b3X3 + bi2XiX2 + bi3XiX3 + b23X2X3 + bizXn + b22X22 + b32X33 +

bi23XiX2X3 (3)

where, Y is estimated response; bo is constant; bi, b2, b3 are linear coefficients; bi2, b23, 

bi3are interaction coefficients; and bi2, b22, b32 are quadratic coefficients.

Based on the results obtained in preliminary experiments, variables which are found to 

be influencing majorly to dependent variables were selected to find the optimized 

condition required for higher PDE and lower PS using MRA. In developing the 

regression equation, the test factors were coded according to the equation 4. 

Xi=(Xi-Xix)/AXi (4)

where, Xi is the coded value of the i* independent variable, X, is the natural value of the 

ith independent variable, X,x is the natural value of the ith independent variable at the 

center point and AX, is the step change value.

Equation for quadratic model (equation 3) can be summarized as,

Y = b0 + £ biXi + XX bjjXiXj + X byXi2 (5)
i * )
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where Y is the measured response, bo is the intercept term, bi, by and bn are, respectively 

the measures of the variables Xi, X,Xj and Xi2. The variable XiXj represents the first order 

interactions between Xi and Xj (i < j). A full model (FM) was established after putting the 

values of regression coefficients in equation 5.

4.2 Materials

Anastrozole and Exemestane were received as gift sample from Sun Pharma Advanced 

Research Centre, Vadodara, India. Poly (D, L Lactide-co-Glycolide} (PLGA 50:50, 
inherent viscosity 0.2 dl/g) was received as gift sample from PURAC Biomaterials, 

Gorinchem, Netherlands. Poloxamer 188 was obtained as gift sample from BASF, 

Ludwigshafen, Germany. Capric/caprylic triglyceride (Capmul MCM, C8) was obtained 

as gift sample from Abitec Corporation, Janesville, USA. Caprolactone monomer and 

Sulpho-NHS were purchased from Sigma-Aldrich, Mumbai, India. All other chemicals 

were of analytical reagent grade and obtained commercially.

4.3 Synthesis of polymer and conjugates

4.3.1 Synthesis of PLGA-PEG conjugate

PLGA-PEG conjugate was synthesized using N-Hydroxysuccinimide (NHS) and 1-ethyl- 

3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) as an activator 

[Chaudhari et al. 2012]. Carboxylic group of PLGA (1.7 g) was activated by addition of 

NHS (240 mg} and EDC (384 mg} in dichloromethane (DCM) (free from moisture} to 

form PLGA-NHS. The reaction mixture was stirred in tightly closed flask under nitrogen 

blanket for 12 h. PLGA-NHS was then precipitated with addition of ice cold methanol. 

Reaction mixture was centrifuged at 50,000*g for 5 min to collect activated PLGA. 

Precipitation process was repeated again to remove excess EDC and NHS by dissolving 

it in small quantity of acetone and again precipitated in ice cold methanol. Residual 

methanol was then evaporated using rotary flask evaporator. Activated PLGA was 

dissolved in DCM followed by addition of amine-PEG-carboxylic acid (600 mg} which 

was allowed to react for 12 h. Reaction mixture was precipitated in double distilled 

water and centrifuged at 50,000*g for 5 min to collect PLGA-PEG. Precipitation process 

was repeated twice to remove un-reacted PEG and the product was lyophilized (Heto 

Drywinner, Allerod, Denmark}. Lyophilized product was stored under refrigeration till
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further use. Each reaction step as well as purification step were monitored by TLC using 

100% ethyl acetate as a mobile phase and iodine as a spotting reagent. Characterization 

of conjugate was done by FTIR, NMR and GPC.

4.3.2 Synthesis of cPCL

Synthesis of carboxylated PCL was carried out by ring opening polymerization of 

caprolactone monomer in presence of succinic acid as reported by Zhang et al. with 

some modifications [Zhang et al. 1994]. Reaction was carried out at room temperature 

in presence of tertiary butoxide (4 g) for 24 h instead of heating reaction mixture at 225 

°C for 3 h. Polymerization was carried out in a flask sealed with a ball filled with 

nitrogen. The reactant mixture of succinic acid (23.5 mg) and caprolactone (3.65 g) was 

added to about 15 ml of dichloromethane in the flask for initiation of polymerization 

reaction. The reaction was catalyzed using tertiary butoxide (4 g). The reaction was 

allowed to continue for 24 h. The reaction mixture was precipitated in ice cold water 

and precipitates were dissolved in acetone for re-precipitation and purification to 

remove excess succinic acid. Each reaction step as well as purification step was 

monitored by TLC using 100% ethyl acetate as a mobile phase and iodine as a spotting 

reagent. The reaction was considered to be complete when there was absence of spots 

for caprolactone monomer and succinic acid from the reaction mixture.

4.3.3 Synthesis of PCL-PEG conjugate

Caprolactone containing carboxylic acid groups was polymerized as per previous 

reported method [Kumar and Sawant 2013]. PCL-PEG conjugate was synthesized using 

NHS and EDC as an activator [Chaudhari et al. 2012]. Carboxylic group of PCL (1.75 g) 

was activated by addition of NHS (240 mg) and EDC (384 mg) in DCM (free from 

moisture) to form PCL-NHS. The reaction mixture was stirred in tightly closed flask 

under nitrogen blanket for 12 h. PCL-NHS was then precipitated with addition of ice 

cold methanol. Reaction mixture was centrifuged at 50,000xg for 5 min to collect 

activated PCL. Precipitation process was repeated again to remove excess EDC and NHS 

by dissolving it in small quantity of acetone and again precipitated in ice cold methanol. 

Residual methanol was then evaporated using rotary flask evaporator. Activated PCL 

was dissolved in DCM followed by addition of amine-PEG-carboxylic acid (600 mg) 

which was allowed to react for 12 h. Reaction mixture was precipitated in double 

distilled water and centrifuged at 50,000xg for 5 min to collect PCL-PEG. Precipitation
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process was repeated twice to remove un-reacted PEG and the product was lyophilized 

(HetoDry, Germany]. Lyophilized product was stored under refrigeration till further 

use. Each reaction step as well as purification step were monitored by TLC using 100% 

ethyl acetate as a mobile phase and iodine as a spotting reagent. Characterization of PCL 

and PCL-PEG conjugate was done by FTIR, NMR and GPC.

4.4 Characterization of polymer and conjugates

4.4.1 FTIR spectroscopy
The sample (2 mg] was finely grounded with purified potassium bromide (200 mg] (to 

remove scattering effects from large crystals]. This powder mixture was then pressed in 

a mechanical die press to form a pellet. These pellets were scanned and spectra were 

recorded on FTIR (Bruker Corporation, USA]. The scanning range was 400 - 4000 cm-1 

with the resolution of 2 cmr1.

4.4.2 NMR spectroscopy

The proton NMR spectrum of the conjugate was recorded to confirm formation of amide 

bond. Sample was dissolved in DMSO (deuterated, Merck Germany] and transferred to a 

5 mm NMR tube. NMR tube containing sample was placed in 5 mm broad band probe 

head and pulse programming was performed using Brucker 300MHz (Switzerland] and 

the NMR spectra was recorded.

4.4.3 Molecular weight determination

Gel permeation chromatography (GPC) was carried out to determine the molecular 

weight of the formed polymer [Behan et al. 2001]. The molecular weight of PCL-PEG 

polymer was determined by GPC equipped with a Waters 510 pump, 50,10-3, and 10-4 

aA Phenogel columns serially set (Phenomenex, USA) and a Waters 410 differential 

refractometer. The mobile phase was tetrahydrofuran at a flow rate of 1.0 ml/min. 50 pi 

of a 2% polymer solution in THF was injected into the system, and size exclusion 

chromatogram was recorded.

4.5 Formulation and optimization of ATZ loaded PLGA NPs

4.5.1 Preparation of ATZ loaded PLGA NPs

ATZ loaded PLGA NPs were prepared using solvent diffusion (nanoprecipitation) 

method [Fessi et al. 1989; Seju et al. 2011]. The optimized formulation was prepared by
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dissolving PLGA (100 mg) and ATZ (5 mg) in 5 ml of acetone. This organic phase was 

added at the rate of 0.5 ml/min into 10 ml of aqueous phase containing 0.25% w/v 

Poloxamer 188 with continuous stirring on magnetic stirrer at room temperature. 

Stirring was continued for 3-4 h to allow complete evaporation of organic solvent. The 

NPs suspension was centrifuged at 50,000xg for 30 min at 4 °C (3K30, Sigma Centrifuge, 

Osterode, Germany), supernatant was alienated and free drug present in supernatant 

was measured using HPLC [Mendes et al. 2007]. Based on preliminary experiments, 

variables like drug:polymer ratio (Xi), polymer concentration in organic phase (X2) and 

surfactant concentration in aqueous phase (X3) were selected as independent variables 

and percentage drug entrapment (PDE) and particle size (PS) were taken as dependent 

variables. Effect of independent variables on dependent variables was studied using 33 

factorial design.

4.5.2 Drug content and percentage drug entrapment

The drug content in the NPs was determined by dissolving 10 mg of lyophilized NPs in 

10 ml of acetonitrile. The solution was then filtered through 0.22 p, appropriately 

diluted with mobile phase and drug content in the NPs was determined by HPLC.

Drug loading was calculated as follows,

Percentage drug loading = A/B x 100

Where A is the drug content in the NPs and B is the weight of NPs.

PDE was estimated by calculating amount of drug entrapped in NPs with respect to total 

drug added during preparation of formulation.

The PDE was calculated according to following formula:

PDE (%) = (TD-FD/TD) x 100

where, TD is total amount of drug added and FD is amount of drug in supernatant

4.5.3 Particle size

The PS and polydispersity index (PDI) of the NPs were determined using a Malvern 

Zetasizer (Nano ZS, Malvern Instrument, Worcestershire, UK). Each sample was diluted 

ten times with filtered distilled water to avoid multi-scattering phenomena and placed 

in disposable sizing cuvette. PDI was studied to determine the narrowness of the 

particle size distribution. The size analysis of a sample consisted of 3 measurements, 

and the results are expressed as mean size ± SD.
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4.5.4 Preliminary optimization of ATZ loaded PLGA NPs

Different formulation parameters were optimized based on their effect on response 

parameters like PDE and PS. Some of the formulation parameters like organic solvent, 

volume of organic solvent and type of surfactant were optimized in preliminary stages, 

while drug:polymer ratio, polymer concentration in organic phase and surfactant 

concentration in aqueous phase were optimized by 33 full factorial design. All the 

experiments were performed in triplicate. Formulation parameters optimized in 

preliminary stages were selection of organic solvent, volume of organic solvent and type 

of surfactant.

4.5.4.1 Selection of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of PLGA NPs. Volume of organic phase (4 ml) and ratio of organic phase 

and aqueous phase (1:2.5) were kept constant. All other parameters were also kept 

constant in all three experiments.

4.5.4.2 Selection of volume of organic solvent

Acetone was used as organic solvent. Three different volumes of organic phase were 

selected (3, 4 and 5 ml) and their effect of different volume of organic phase was 

observed on PDE and PS. Volume of aqueous phase (10 ml) was kept constant along 

with other formulation and process variables.

4.5.4.3 Selection of surfactant

Three different surfactants were initially used for formulation development, namely 

Pluronic F-68®, Pluronic F-127® and Poly vinyl alcohol (PVA). Out of these, better one 

was selected based on resultant PDE and PS. Concentration of surfactants were kept 

constant (0.5%) for all three surfactants. All other parameters were also kept constant 

in all three formulations.

4.5.5 Optimization

4.5.5.1 Experimental design for optimization of key formulation variables 

Twenty seven batches of different combinations were prepared using 33 factorial design 

by taking values of Xi, X2 and X3 at different levels and evaluated for PDE and PS. 

Mathematical modeling was carried out by using equation 3 to obtain a second order 

polynomial equation [Armstrong and James 1996], A FM equation was established after 

putting the values of regression coefficients of PDE and PS in equation 3. The predicted
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values were calculated by using the mathematical model based on the coefficients of the 

model and the predicted values along with their observed values were recorded along 

with percentage of error obtained when predicted value and observed values were 

compared. Neglecting non-significant (p<0,05) terms from the FM, a reduced model 

(RM) was established to facilitate the optimization technique by plotting contour plots 

and response surface plots by keeping least significant independent variable constant 

and varying other two independent variables, to establish the relationship between 

independent and dependent variables. F-Statistic was applied on the results of analysis 

of variance (ANOVA) of FM and RM to check whether the non-significant terms can be 

omitted or not from the FM [Bolton 1997]. Design Expert 8.0.3 and Microsoft Excel 2007 

were used for the statistical optimization.

4.5.5.2 Contour plots

Contour plots are diagrammatic representation of the values of the responses that help 

in explaining the relationship between independent and dependent variables. Two 

dimensional contour plots were established between Xi and X2 at different levels (-1,0, 

l)ofX3forPDEandPS.

4.5.5.3 Response surface plots

To understand the main and the interaction effects of two variables, response surface 

plots were used as a function of two factors at a time maintaining all other factors at 

fixed levels [Box 1951; Mak 1995]. These plots were obtained by calculating the values 

taken by one factor where the second varies (from -1 to 1 for instance) with constraint 

of a given Y value. The yield values for different levels of variables can also be predicted 

from the respective response surface plots.

4.5.5.4 Check point analysis

A check point analysis was performed to confirm the utility of the established contour 

plots and reduced polynomial equation in the preparation of NPs. Values of independent 

variables (Xi and X2) were taken from three check points on contour plots plotted at 

fixed levels of-1, 0 and 1 of X3 and the values of PDE (Yi) and PS (Y2) were calculated by 

substituting the values in the reduced polynomial equation. ATZ loaded NPs were 

prepared experimentally by taking the amounts of the independent variables (Xi and 

X2). Each batch was prepared three times and mean values were determined. Difference
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in the predicted and mean values of experimentally obtained PDE and PS was compared 

by using student's't' test.

4.5.5.5 Desirability criteria

For simultaneous optimization of PDE and PS, desirability function (multi-response 

optimization technique) was applied and total desirability was calculated using Design 

Expert software (version 8.0.3). The desirability lies between 0 and 1 and it represents 

the closeness of a response to its ideal value (equation 6). The total desirability is 

defined as a geometric mean of the individual desirability for PDE and PS [Derringer 

and Suich 1980].

D = {dpoE x dps)1/2 (6)

Where, D is the total desirability, dpDE and dps are individual desirability for PDE and PS. 

If both the quality characteristics reach their ideal values, the individual desirability is 1 

for both. Consequently, the total desirability is also 1. Our optimization criteria included 

maximum PDE and PS of less than 200 nm.

4.5.5.6 Normalized error determination

The quantitative relationship established by MRA was confirmed by evaluating 

experimentally prepared ATZ loaded NPs. PDE and PS predicted from the MRA were 

compared with those generated from prepared batches of check point analysis using 

normalized error (NE). The equation of NE (equation 7) is expressed as follows:

NE = [E((Pre-Obs)/Obs}2]i/2 (7)

where, Pre and Obs represents predicted and observed response, respectively.

4.5.6 Lyophilization and optimization of cryoprotectant

In the present study, trehalose, sucrose and mannitol were investigated in different 

ratios and change in particle size upon re-dispersion was observed. Nanoparticulate 

suspension (2 ml) was dispensed in 10 ml semi-stoppered vials with rubber closures 

and frozen for 24 h at -60 °C. Thereafter, the vials are lyophilized (Heto Diywinner, 

Allerod, Denmark) using different cryoprotectants like trehalose, sucrose and mannitol 

in different concentrations (1:1,1:2,1:3 and 1:4). Finally, glass vials were sealed under 

anhydrous conditions and stored until being re-hydrated. Lyophilized NPs were re

dispersed in exactly the same volume of distilled water as before lyophilization. NP 

suspension was subjected to particle size measurement as described earlier. Ratio of
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final particle size (Sf) and initial particle size (Si) was calculated to finalize the suitable 

cryoprotectant based upon lowest Sr/Ss ratio.

4.6 Formulation and optimization of ATZ loaded cPCL NPs

4.6.1 Preparation of ATZ loaded cPCL NPs

ATZ loaded cPCL NPs were prepared using solvent diffusion (nanoprecipitation) 

method [Fessi et al. 1989; Seju et al. 2011]. The optimized formulation was prepared by 

dissolving cPCL (100 mg) and ATZ (5 mg) in 5 ml of acetone. This organic phase was 

added at the rate of 0.5 ml/min into 10 ml of aqueous phase containing 0.25% w/v 

Poloxamer 188 with continuous stirring on magnetic stirrer at room temperature. 

Stirring was continued for 3-4 h to allow complete evaporation of organic solvent. The 

NPs suspension was centrifuged at 50,000xg for 30 min at 4 °C (3K30, Sigma Centrifuge, 

Osterode, Germany), supernatant was alienated and free drug present in supernatant 

was measured using HPLC [Mendes et al. 2007]. Based on preliminary experiments, 

variables like drug:polymer ratio (Xi), polymer concentration in organic phase (X2) and 

surfactant concentration in aqueous phase (X3) were selected as independent variables 

and percentage drug entrapment (PDE) and particle size (PS) were taken as dependent 

variables. Effect of independent variables on dependent variables was studied using 33 

factorial design.

4.6.2 Drug content and percentage drug entrapment

The drug content in the NPs was determined by dissolving 10 mg of lyophilized NPs in 

10 ml of acetonitrile. The solution was then filtered through 0.22 p, appropriately 

diluted with mobile phase and drug content in the NPs was determined by HPLC.

Drug loading was calculated as follows,

Percentage drug loading = A/B x 100

Where A is the drug content in the NPs and B is the weight of NPs.

PDE was estimated by calculating amount of drug entrapped in NPs with respect to total 

drug added during preparation of formulation.

The PDE was calculated according to following formula:

PDE (%) = (TD-FD/TD) x 100

where, TD is total amount of drug added and FD is amount of drug in supernatant
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4.6.3 Particle size

The PS and PDI of the NPs were determined using a Malvern Zetasizer (Nano ZS, 

Malvern Instrument, Worcestershire, UK). Each sample was diluted ten times with 

filtered distilled water to avoid multi-scattering phenomena and placed in disposable 

sizing cuvette. PDI was studied to determine the narrowness of the particle size 

distribution. The size analysis of a sample consisted of 3 measurements, and the results 

are expressed as mean size ± SD.

4.6.4 Preliminary optimization of ATZ loaded cPCL NPs

Different formulation parameters were optimized based on their effect on response 

parameters like PDE and PS. Some of the formulation parameters like organic solvent, 

volume of organic solvent and type of surfactant were optimized in preliminary stages, 

while drug:polymer ratio, polymer concentration in organic phase and surfactant 

concentration in aqueous phase were optimized by 33 full factorial design. All the 

experiments were performed in triplicate. Formulation parameters optimized in 

preliminary stages were selection of organic solvent, volume of organic solvent and type 

of surfactant.

4.6.4.1 Selection of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of cPCL NPs. Volume of organic phase (4 ml) and ratio of organic phase 

and aqueous phase (1:2.5) were kept constant. All other parameters were also kept 

constant in all three experiments.

4.6.4.2 Selection of volume of organic solvent

Acetone was used as organic solvent. Three different volumes of organic phase were 

selected (3, 4 and 5 ml) and the effect of different volume of organic phase was 

observed on PDE and PS. Volume of aqueous phase (10 ml) was kept constant along 

with other formulation and process variables.

4.6.4.3 Selection of surfactant

Three different surfactants were initially used for formulation development namely 

Pluronic F-68®, Pluronic F-127® and Poly vinyl alcohol (PVA). Out of these, better one is 

selected based on resultant PDE and PS. Concentration of surfactants were kept 

constant (0.5%) for all three surfactants. All other parameters were also kept constant 

in all three formulations.
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4.6.5 Optimization

4.6.5.1 Experimental design for optimization of key formulation variables

Twenty seven batches of different combinations were prepared using 33 factorial design 

by taking values of Xi, X2 and X3 at different levels as shown in table 1 and evaluated for 

PDE and PS. Mathematical modeling was carried out by using equation 3 to obtain a 

second order polynomial equation [Armstrong and James 1996]. A FM equation was 

established after putting the values of regression coefficients of PDE and PS in equation 

3. The predicted values were calculated by using the mathematical model based on the 

coefficients of the model and the predicted values along with their observed values 

were recorded along with percentage of error obtained when predicted value and 

observed values were compared. Neglecting non-significant (p<0.05) terms from the 

FM, RM was established to facilitate the optimization technique by plotting contour 

plots and response surface plots by keeping least significant independent variable 

constant and varying other two independent variables, to establish the relationship 

between independent and dependent variables. F-Statistic was applied on the results of 

analysis of variance (ANOVA) of FM and RM to check whether the non-significant terms 

can be omitted or not from the FM [Bolton 1997]. Design Expert 8.0.3 and Microsoft 

Excel 2007 were used for the statistical optimization.

4.6.5.2 Contour plots

Contour plots are diagrammatic representation of the values of the responses that help 

in explaining the relationship between independent and dependent variables. Two 

dimensional contour plots were established between Xi and X2 at different levels (-1, 0, 

1) of X3 for PDE and PS.

4.6.5.3 Response surface plots

To understand the main and the interaction effects of two variables, response surface 

plots were used as a function of two factors at a time maintaining all other factors at 

fixed levels [Box 1951; Mak 1995]. These plots were obtained by calculating the values 

taken by one factor where the second varies (from -1 to 1 for instance) with constraint 

of a given Y value. The yield values for different levels of variables can also be predicted 

from the respective response surface plots.
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4.6.5.4 Check point analysis
A check point analysis was performed to confirm the utility of the established contour 

plots and reduced polynomial equation in the preparation of NPs. Values of independent 

variables (Xi and X2) were taken from three check points on contour plots plotted at 

fixed levels of-1, 0 and 1 of X3 and the values of PDE (Yi] and PS (Y2} were calculated by 

substituting the values in the reduced polynomial equation, ATZ loaded NPs were 

prepared experimentally by taking the amounts of the independent variables (Xi and 

X2). Each batch was prepared three times and mean values were determined. Difference 

in the predicted and mean values of experimentally obtained PDE and PS was compared 

by using student's't' test,

4.6.5.5 Desirability criteria

For simultaneous optimization of PDE and PS, desirability function (multi-response 

optimization technique} was applied and total desirability was calculated using Design 

Expert software (version 8.0.3}. The desirability lies between 0 and 1 and it represents 

the closeness of a response to its ideal value (equation 6}. The total desirability is 

defined as a geometric mean of the individual desirability for PDE and PS [Derringer 

and Suich 1980],

D = [dPDExdps) 1/2 (6)

Where, D is the total desirability, dpoE and dps are individual desirability for PDE and PS. 

If both the quality characteristics reach their ideal values, the individual desirability is 1 

for both. Consequently, the total desirability is also 1. Our optimization criteria included 

maximum PDE and PS of less than 200 nm.

4.6.5.6 Normalized error determination

The quantitative relationship established by MRA was confirmed by evaluating 

experimentally prepared ATZ loaded NPs. PDE and PS predicted from the MRA were 

compared with those generated front prepared batches of check point analysis using 

normalized error (NE}. The equation of NE (equation 7) is expressed as follows:

NE = [Z{(Pre - Obs}/Obs}2] V2 (7}

where, Pre and Obs represents predicted and observed response, respectively.

4.6.6 Lyophilization and optimization of cryoprotectant

In the present study, trehalose, sucrose and mannitol were investigated in different 

ratios and change in particle size upon re-dispersion was observed. Nanoparticulate
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suspension (2 ml) was dispensed in 10 ml semi-stoppered vials with rubber closures 

and frozen for 24 h at -60 °C. Thereafter, the vials are lyophilized (Heto Drywinner, 

Allerod, Denmark) using different cryoprotectants like trehalose, sucrose and mannitol 

in different concentrations (1:1, 1:2, 1:3 and 1:4). Finally, glass vials were sealed under 

anhydrous conditions and stored until being re-hydrated. Lyophilized NPs were re

dispersed in exactly the same volume of distilled water as before lyophilization. NP 

suspension was subjected to particle size measurement as described earlier. Ratio of 

final particle size (Sr) and initial particle size (Si) was calculated to finalize the suitable 

cryoprotectant based upon lowest Sf/Si ratio.

4.7 Formulation and optimization of EXE loaded PLGA NPs

4.7.1 Preparation of EXE loaded PLGA NPs

PLGA NPs loaded with EXE were prepared by interfacial deposition of preformed 

polymer [Fessi et al. 1989]. EXE (5 mg) was dissolved in oil (400 pi capric/caprylic 

triglyceride mixture) and added to acetone (8 ml) in which PLGA (100 mg) was 

dissolved along with sorbitan monooleate (Span 60, 0.05 ml), under moderate magnetic 

stirring. This solution was then added to an aqueous phase (40 ml distilled water) 

containing Poloxamer 188 (0.5%) with continuous stirring on magnetic stirrer at room 

temperature. Stirring was continued for 3-4 h to allow complete evaporation of organic 

solvent. The NPs suspension was centrifuged at 50,000xg for 30 min at 4 °C (3K30, 

Sigma Centrifuge, Osterode, Germany), supernatant was alienated and free drug present 

in supernatant was measured using modified HPLC method [Breda et al. 1993], 

Nanoparticulate pellet was redispersed in water (10 ml) and lyophilized (Heto 

Drywinner, Allerod, Denmark) using sucrose as cryoprotectant [NPs (1 part) and 

cryoprotectant (2 parts)]. Empty NPs were prepared by the method described above 

with the exception of adding EXE. Based on preliminary experiments, variables like 

drug:polymer ratio (Xi), amount of polymer (X2) and volume of organic phase (X3) were 

selected as independent variables and PDE and PS were taken as dependent variables. 

Effect of independent variables on dependent variables was studied using 3x3 BBD.

4.7.2 Drug content and percentage drug entrapment

The drug content in the NPs was determined by dissolving 10 mg of lyophilized NPs in 

10 ml of acetonitrile. The solution was then measured by HPLC after filtration through
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0.22 [a and appropriate dilution with mobile phase and the amount of drug entrapped in 

the NPs was determined.

Drug loading was calculated as follows,

Percentage drug loading = A/B x 100

Where A is the drug content in the NPs and B is the weight of NPs.

PDE was estimated by calculating amount of drug entrapped in NPs with respect to total 

drug added during preparation of formulation.

The PDE was calculated according to following formula:

PDE (%) = (TD-FD/TD) x 100

where, TD is total amount of drug added and FD is amount of drug in supernatant

4.7.3 Particle size

The PS and PDI of the NPs were determined using a Malvern Zetasizer Nano ZS 

(Malvern Instrument, Worcestershire, UK). Each sample was diluted ten times with 

filtered distilled water to avoid multi-scattering phenomena and placed in disposable 

sizing cuvette. Polydispersity index was noted to determine the narrowness of the 

particle size distribution. The size analysis was performed in triplicate and the results 

were expressed as mean size ± SD.

4.7.4 Preliminary optimization of EXE loaded PLGA NPs

Different formulation parameters were optimized based on their effect on response 

parameters like PDE and PS. Some of the formulation parameters like type of organic 

solvent, type of surfactant and concentration of surfactant were optimized in 

preliminary stages, while drug:polymer ratio, amount of polymer in organic phase and 

volume of organic phase were optimized using 3x3 BBD. All the experiments were 

performed in triplicate.

4.7.4.1 Type of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of EXE loaded PLGA NPs. Volume of organic phase (10 ml) and ratio of 

organic phase and aqueous phase (1:4) were kept constant. All other parameters were 

also kept constant in all three experiments.

4.7.4.2 Selection of surfactant

Three different surfactants were initially used for formulation development namely 

Pluronic F-68®, Pluronic F-127® and Poly vinyl alcohol (PVA). Out of these, better one is
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selected based on resultant PDE and PS. Concentration of surfactants were kept 

constant (0.5%) for all three surfactants. All other parameters were also kept constant 

in all three formulations.

4.7.4.3 Concentration of surfactant

Different concentration (0.5,1.0 and 1.5%) of surfactant (Pluronic F-68®) were used for 

the preparation of EXE loaded PLGA NPs. Others parameters were kept constant in all 

the three formulations.

4.7.5 Optimization

4.7.5.1 Experimental design for optimization of key formulation variables

A 3-factor, 3-level Box-Behnken statistical design was employed to optimize the process 

and formulation parameters in preparation of EXE loaded PLGA NPs and evaluate main 

effects, interaction effects and quadratic effects of the process parameters on the 

percentage drug entrapment (PDE) and particle size (PS). The independent variables 

selected were ratio of drug:polymer ratio (Xi), amount of PLGA (X2), and volume of 

organic phase (X3). A design matrix comprising of 13 experimental runs was 

constructed. The design was used to explore quadratic response surfaces and 

constructing second order polynomial models and construct contour plots to predict 

responses with Design Expert (Version 8.0.3, Stat-Ease Inc., Minneapolis, MN, USA).

4.7.5.2 Contour plots

Contour plots are diagrammatic representation of the values of the response. They are 

helpful in explaining the relationship between independent and dependent variables. 

The reduced models were used to plot two dimension contour plots. Two contour plots 

for PDE and PS were established between X2 and X3 at fixed levels (-1,0 and 1) of Xi.

4.7.5.3 Response surface plots

To understand the main and the interaction effects of two variables, response surface 

plots were used as a function of two factors at a time, maintaining the third factor at 

fixed level [Mak et al. 1995]. These plots were obtained by calculating the values 

obtained by one factor where the second varied (from -1 to 1 for instance) with 

constraint of a given Y value.

4.7.5.4 Check point analysis

A check point analysis was performed to confirm the utility of the established contour 

plots and reduced polynomial equation in the preparation of NPs. Values of independent
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variables (X2 and X3) were taken from three check points on contour plots plotted at 

fixed levels of-1, 0 and 1 of Xi and the values of PDE (Yi) and PS (Y2) were calculated by 

substituting the values in the reduced polynomial equation. EXE loaded NPs were 

prepared experimentally by taking the amounts of the independent variables (Xi and 

X2). Each batch was prepared three times and mean values were determined. Difference 

in the predicted and mean values of experimentally obtained PDE and PS was compared 

by using student’s ‘f test.

4.7.5.5 Desirability Criteria

For simultaneous optimization of PDE and PS, desirability function (multi-response 

optimization technique) was applied and total desirability was calculated using Design 

Expert software. The desirability lies between 0 and 1 and it represents the closeness of 

a response to its ideal value. The total desirability is defined as a geometric mean of the 

individual desirability for PDE and PS [Derringer and Suich 1980].

D = {dPDF.X dps)1/2 (6)

where, D is the total desirability, dpDE and dps are individual desirability for PDE and PS. 

If both the quality characteristics reach their ideal values, the individual desirability is 1 

for both. Consequently, the total desirability is also 1. Our criteria included highest 

possible PDE and PS of less than 200 nm.

4.7.5.6 Normalized error determination

The quantitative relationship established by BBD was confirmed by evaluating 

experimentally prepared EXE loaded NPs. PDE and PS predicted from the BBD were 

compared with those generated from prepared batches of check point analysis using 

normalized error (NE). The equation of NE (equation 7) is expressed as follows:

NE = p{(Pre-0bs)/0bs}2]i/2 (7)

where, Pre and Obs represents predicted and observed response, respectively.

4.7.6 Lyophilization and optimization of cryoprotectant

Lyophilization is the process in which freeze-drying is done to remove solvent from the 

formulation and therefore improve its stability upon storage. The process of freeze 

drying is stressful and hence a cryoprotectant is added in the process, which also helps 

in re-dispersibility of the freeze-dried NPs in a suitable solvent [Chacon et al. 1999]. One 

of the main challenges during the freeze-drying process is preserving or rather 

increasing the re-dispersibility of the NPs upon reconstitution with distilled water or
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buffered saline. Cryoprotectants are generally added to the NPs prior to the drying step 

and also act as re-dispersants. Cryoprotectants such as trehalose, sucrose, mannitol can 

be used to increase the physical stability of NPs during freeze-drying [Paolicelli et al 

2010]. In the present study, trehalose, sucrose and mannitol were investigated in 

different ratios (1:1,1:2,1:3 and 1:4) and change in particle size upon re-dispersion was 

observed. Nanoparticulate suspension (2 ml) was dispensed in 10 ml semi-stoppered 

glass vials with rubber closures and frozen for 24 h at -60 °C. Thereafter, the vials were 

lyophilized (Heto Drywinner, Allerod, Denmark) using different cryoprotectants like 

trehalose, sucrose and mannitol in different concentrations. Finally, vials were sealed 

under anhydrous conditions and stored until being re-hydrated. Lyophilized NPs were 

re-dispersed in exactly the same volume of distilled water as before lyophilization. NP 

suspension was subjected to particle size measurement as described earlier. Ratio of 

final particle size (Sf) and initial particle size (Si) was calculated to finalize the suitable 

cryoprotectant based on lowest Sf/Si ratio [Kashi et al. 2012].

4.8 Formulation and optimization of EXE loaded cPCL NPs

4.8.1 Preparation of EXE loaded cPCL NPs

cPCL NPs loaded with EXE were prepared by interfacial deposition of preformed 

polymer [Fessi et al. 1989], EXE (5 mg) was dissolved in oil (400 pi capric/caprylic 

triglyceride mixture) and added to acetone (8 ml) in which PCL (100 mg) was dissolved 

along with sorbitan monooleate (Span 60, 0.05 ml), under moderate magnetic stirring. 

This solution was then added to an aqueous phase (40 ml distilled water) containing 

Poloxamer 188 (0.5%) with continuous stirring on magnetic stirrer at room 

temperature. Stirring was continued for 3-4 h to allow complete evaporation of organic 

solvent. The NPs suspension was centrifuged at 50,000xg for 30 min at 4 °C (3K30, 

Sigma Centrifuge, Osterode, Germany), supernatant was alienated and nanoparticulate 

pellet was re-dispersed in water (10 ml) and lyophilized (Heto Drywinner, Allerod, 

Denmark) using sucrose as cryoprotectant [NPs (1 part) and cryoprotectant (2 parts)]. 

Empty NPs were prepared by the method described above with the exception of adding 

EXE. Based on preliminary experiments, variables like drug:polymer ratio (Xi), amount 

of polymer (X2) and volume of organic phase (X3) were selected as independent
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variables and PDE and PS were taken as dependent variables. Effect of independent 

variables on dependent variables was studied using 3x3 BBD.

4.8.2 Drug content and percentage drug entrapment

The drug content in the NPs was determined by dissolving 10 mg of lyophilized NPs in 

10 ml of acetonitrile analyzing by HPLC after filtration through 0.22 p and appropriate 

dilution with mobile phase. Drug loading was calculated as follows,

Percentage drug loading = A/B x 100

Where A is the drug content in the NPs and B is the weight of NPs.

PDE was estimated by calculating amount of drug entrapped in NPs with respect to total 

drug added during preparation of formulation.

The PDE was calculated according to following formula:

PDE (%) = (TD-FD/TD) x 100

where, TD is total amount of drug added and FD is amount of drug in supernatant

4.8.3 Particle size

The size analysis and polydispersity index of the NPs were determined using a Malvern 

Zetasizer Nano ZS (Malvern Instrument, Worcestershire, UK). Each sample was diluted 

ten times with filtered distilled water to avoid multi-scattering phenomena and placed 

in disposable sizing cuvette. Polydispersity index was noted to determine the 

narrowness of the particle size distribution. The size analysis was performed in 

triplicate and the results were expressed as mean size ± SD.

4.8.4 Preliminary optimization of EXE loaded cPCL NPs

Different formulation parameters were optimized based on their effect on response 

parameters like PDE and PS. Some of the formulation parameters like type of organic 

solvent, type of surfactant and concentration of surfactant were optimized in 

preliminary stages, while drug:polymer ratio, amount of polymer in organic phase and 

volume of organic phase were optimized using 3x3 BBD. All the experiments were 

performed in triplicate,

4.8.4.1 Type of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of EXE loaded cPCL NPs. Volume of organic phase (10 ml) and ratio of 

organic phase and aqueous phase (1:4) were kept constant. All other parameters were 

also kept constant in all three experiments.
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4.8.4.2 Selection of surfactant

Three different surfactants were initially used for formulation development namely 

Pluronic F-68®, Pluronic F-127® and Poly vinyl alcohol (PVA). Out of these, better one is 

selected based on resultant PDE and PS. Concentration of surfactants were kept 

constant (0.5%) for all three surfactants. All other parameters were also kept constant 

in all three formulations.

4.8.4.3 Concentration of surfactant

Different concentration (0.5,1.0 and 1.5%) of surfactant (Pluronic F-68®) were used for 

the preparation of EXE loaded cPCL NPs. Others parameters were kept constant in all 

the three formulations.

4.8.5 Optimization

4.8.5.1 Experimental design for optimization of key formulation variables

A 3-factor, 3-level Box-Behnken statistical design was employed to optimize the process 

and formulation parameters in preparation of EXE loaded cPCL NPs and evaluate main 

effects, interaction effects and quadratic effects of the process parameters on the 

percentage drug entrapment (PDE) and particle size (PS). The independent variables 

selected were ratio of drug:polymer ratio (Xi), amount of cPCL (X2), and volume of 

organic phase (X3). A design matrix comprising of 13 experimental runs was 

constructed. The design was used to explore quadratic response surfaces and 

constructing second order polynomial models and construct contour plots to predict 

responses with Design Expert (Version 8.0.3, Stat-Ease Inc., Minneapolis, MN, USA).

4.8.5.2 Contour plots

Contour plots are diagrammatic representation of the values of the response. They are 

helpful in explaining the relationship between independent and dependent variables. 

The reduced models were used to plot two dimension contour plots. Two contour plots 

for PDE and PS were established between X2 and X3 at fixed levels (-1,0 and 1) of Xi.

4.8.5.3 Response surface plots

To understand the main and the interaction effects of two variables, response surface 

plots were used as a function of two factors at a time, maintaining the third factor at 

fixed level [Mak et al, 1995]. These plots were obtained by calculating the values 

obtained by one factor where the second varied (from -1 to 1 for instance) with 

constraint of a given Y value.
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4.8.5.4 Check point analysis

A check point analysis was performed to confirm the utility of the established contour 

plots and reduced polynomial equation in the preparation of NPs, Values of independent 

variables (X2 and X3) were taken from three check points on contour plots plotted at 

fixed levels of-1, 0 and 1 of Xi and the values of PDE (Yi) and PS (Y2) were calculated by 

substituting the values in the reduced polynomial equation. EXE loaded NPs were 

prepared experimentally by taking the amounts of the independent variables (Xi and 

X2). Each batch was prepared three times and mean values were determined. Difference 

in the predicted and mean values of experimentally obtained PDE and PS was compared 

by using student’s't' test.

4.8.5.5 Desirability criteria

For simultaneous optimization of PDE and PS, desirability function (multi-response 
optimization technique) was applied and total desirability was calculated using Design 

Expert software. The desirability lies between 0 and 1 and it represents the closeness of 

a response to its ideal value. The total desirability is defined as a geometric mean of the 

individual desirability for PDE and PS [Derringer and Suich 1980].

D = [dpDE X dps)1'* (6)

where, D is the total desirability, dpDE andMps are individual desirability for PDE and PS. 

If both the quality characteristics reach their ideal values, the individual desirability is 1 

for both. Consequently, the total desirability is also 1. Our criteria included highest 

possible PDE and PS of less than 200 nm.

4.8.5.6 Normalized error determination

The quantitative relationship established by BBD was confirmed by evaluating 

experimentally prepared EXE loaded NPs. PDE and PS predicted from the BBD were 

compared with those generated from prepared batches of check point analysis using 

normalized error (NE). The equation of NE (equation 1) is expressed as follows:

NE = [E{(Pre - Obs)/Obs}2] V2 (7)

where, Pre and Obs represents predicted and observed response, respectively.

4.8.6 Lyophilization and optimization of cryoprotectant

Lyophilization is the process in which freeze-drying is done to remove solvent from the 

formulation and therefore improve its stability upon storage. The process of freeze 

drying is stressful and hence a cryoprotectant is added in the process, which also helps
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in re-dispersibility of the freeze-dried NPs in a suitable solvent [Chacon et al. 1999]. One 

of the main challenges during the freeze-drying process is preserving or rather 

increasing the re-dispersibility of the NPs upon reconstitution with distilled water or 

buffered saline. Cryoprotectants are generally added to the NPs prior to the drying step 

and also act as re-dispersants. Cryoprotectants such as trehalose, sucrose, mannitol can 

be used to increase the physical stability of NPs during freeze-drying [Paolicelli et al. 

2010]. In the present study, trehalose, sucrose and mannitol were investigated in 

different ratios (1:1,1:2,1:3 and 1:4) and change in particle size upon re-dispersion was 

observed. Nanoparticulate suspension (2 ml) was dispensed in 10 ml semi-stoppered 

glass vials with rubber closures and frozen for 24 h at -60 °C. Thereafter, the vials were 

lyophilized (Heto Drywinner, Allerod, Denmark) using different cryoprotectants like 

trehalose, sucrose and mannitol in different concentrations. Finally, vials were sealed 

under anhydrous conditions and stored until being re-hydrated. Lyophilized NPs were 

re-dispersed in exactly the same volume of distilled water as before lyophilization. NP 

suspension was subjected to particle size measurement as described earlier. Ratio of 

final particle size (Sf) and initial particle size (Si) was calculated to finalize the suitable 

cryoprotectant based on lowest Sf/Si ratio.

4.9 Characterization of optimized nanoparticulate formulation

4.9.1 Zeta potential

Zeta potential distribution was also measured using a Zetasizer (Nano ZS, Malvern 

instrument, Worcestershire, UK). Each sample was suitably diluted 10 times with 

filtered distilled water and placed in a disposable zeta cell. Zeta limits ranged from -200 

to +200 mV. The electrophoretic mobility (pm/sec) was converted to zeta potential by 

in-built software using Helmholtz-Smoluchowski equation. Average of 3 measurements 

of each sample was used to derive average zeta potential.

4.9.2 Transmission electron microscope (TEM) studies

A sample of NPs (0.5 mg/ml) was suspended in water and bath sonicated for 30 s. 2 pi 

of this suspension was placed over a formvar coated copper TEM grid (150 mesh) and 

negatively stained with 2 pi uranyl acetate (1%) for 10 min, allowed to diy and the 

images were visualized at 80 kV under TEM (FEI Tecnai G2 Spirit Twin, Czech Republic) 

and captured using Gatan Digital Micrograph software.
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4.9.3 Differential scanning calorimetric (DSC) studies

All the samples were dried in desiccators for 24 h before thermal analysis. DSC studies 

on pure drug, polymer, physical mixtures of drug and polymer and drug loaded NPs 

were performed in order to characterize the physical state of drug in the NPs. 

Thermograms were obtained using DSC model 2910 (TA Instruments, New Castle, USA). 

Dry nitrogen gas was used as the purge gas through the DSC cell at a flow rate of 40 

ml/min. Samples (4-8 mg) were sealed in standard aluminum pans with lids and 

heated at a rate of 10 °C /min from 20 to 300 °C. Data was analyzed using TA Universal 

Analysis 2000 software (TA Instruments, New Castle, USA).

4.9.4 In vitro drug release studies

In vitro release of drug from non-pegylated NPs and pegylated NPs were evaluated by 

the dialysis bag diffusion technique in phosphate buffered saline (PBS) (pH 7.4) [Yang et 

al. 1999]. The aqueous nanoparticulate dispersion equivalent to 2 mg of drug was 

placed in a dialysis bag (cut-off 12,000 Da; Himedia, Mumbai, India), which was 

previously soaked overnight in water, cleaned next morning and sealed at both ends. 

The dialysis bag was immersed in the receptor compartment containing 50 ml of PBS 

(pH 7.4), which was stirred at 100 rpm and maintained at 37 ± 2 °C. The receptor 

compartment was covered to prevent the evaporation of release medium. Samples (2 

ml) were withdrawn at regular time intervals, the same volume was replaced by fresh 

release medium and measured for amount of drug released using previously described 

HPLC method [Breda et al. 1993; Mendes et al. 2007]. All the experiments were 

performed in triplicate, and the average values were taken. Drug suspension prepared 

in PBS (pH 7.4) was used as a control. The kinetic analysis of the release data was done 

using Korsmeyer and Peppas equation or the Power law equation [Peppas 1985]:

Mt/Mco = kt"

Log (Mt/Ma>) = log k + n log t (8)

Where, Mt/Moo is the fractional amount of drug released, k is the release constant, n is 

the release exponent and t is the time of release.

4.9.5 Stability studies

Stability studies were conducted using the optimized batch of lyophilized NPs. The NPs 

were stored at ambient temperature and at refrigerated temperature (2-8 °C), At
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different time points, samples were withdrawn and subjected to drug content and 

particle size analysis as described previously.

4.10 Results and discussion

4.10.1 Characterization of PLGA-PEG conjugate

The infra red spectra of polymers are presented in figure 4.1 (A: PLGA; B: PEG and C: 

PLGA-PEG). The peak at 1760 cm-1 was observed corresponding to amide bond 

formation between PLGA and PEG. Peak due to N-H stretching observed in PEG at 3450 

cm-1 was retained in PLGA-PEG. PLGA-PEG also retained all other peaks present in PEG 

confirming conjugation of PEG with PLGA. The NMR spectrum (figure 4.2) showed some 

distinct peaks confirming successful conjugation of PEG with PLGA as reported by other 

authors [Song et al. 2011]. The major peaks present at 5 values 1.55 and 5.21 ppm 

showed presence of methyl (CH3) and methine (CH) protons of lactic acid. The peaks of 

methene protons in CH2 group of PEG and in terminal CH2 group of PEG were around 

3.65 and 4.32 ppm, respectively. The peak at 4.81 corresponds to methane in glycolic 

acid. Peak at 7.2 ppm is due to protons in amide linkage. Hence, we could conclude the 

successful formation of PLGA-PEG from the combined results of FTIR and NMR. The

zm 3008 2500 aooo im

Figure 4.1 FTIR spectra of polymers, A: PLGA; B: PEG and C: PLGA-PEG.
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Figure 4.2 NMR spectra of pegylated PLGA.
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Figure 4.3 Gel permeation chromatogram of pegylated PLGA,

Pharmacy Department, The Maharaja Sayajirao University of Baroda Page 128



FORMULATION & OPTIMIZATION OF POLYMERIC NANOPARTICLES J Chapter 4

molecular weight of pegylated PLGA was determined using GPC. Chromatogram of 

copolymer is shown in figure 4.3. The Mw (Weight-average molecular weight) of PLGA- 

PEG was 15949 ± 683 Da) which was found to be close to theoretically predicted 

molecular weight (17000 Da). These results confirmed that PEG reacted with PLGA and 

as a result, PLGA-PEG was produced.

4.10.2 Characterization of cPCL

Successful polymerization of caprolactone to cPCL was confirmed by FTIR spectra of 

polymer (figure 4.4). The peak at 1727.81 cm1 corresponding to carboxylic group and 

3441 cm1 for OH stretching of COOH group confirmed the conversion of caprolactone to 

cPCL [Zhang et al. 1994]. Molecular weight of cPCL was found to be 17487 ± 276 Da 

using GPC (figure 4.5) which was found to be close to theoretically predicted molecular 

weight (17814 Da).

3500 3000 2600 2000 1500 1000 500
Wavenumber ero-1

Figure 4.4 FTIR spectra of cPCL 

4.10.3 Characterization of PCL-PEG conjugate 

FTIR, NMR and GPC

The infra red spectra of polymers were presented in figure 4.6 (A: PCL; B: PEG and C: 

PCL-PEG). The peak at 1642 cnr1 was observed corresponding to C=0 str. of amide bond 

between PCL and PEG. Peak at 3444 cnr1 due to N-H str. observed in PEG is retained in 

PCL-PEG. PCL-PEG also retained all other peaks present in PEG. These results confirmed
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Figure 4.5 Gel permeation chromatogram of cPCL.

that PEG reacted with PCL and as a result, PCL-PEG was produced. The NMR spectrum 

(figure 4.7) showed some distinct peaks in PCL-PEG as reported by other researchers 

[Darbandy et al. 2011]. The major peaks are at 5 values 1.3 and 1.6 ppm showed 

presence of methene (CH2) protons of caprolactone. The peak of methene protons in 

terminal CH2 group of caprolactone polymer chain was around 2.3 ppm. The peaks of 

methene protons in CH2 group of PEG and in terminal CH2 group of PEG were around 

3.65 and 4.1 ppm, respectively. Peak at 7.2 ppm corresponds to protons in amide 

linkage. The molecular weight of pegylated PCL was determined using GPC method. 

Chromatogram of copolymer was shown in figure 4.8. The Mw (Weight-average 

molecular weight) of PCL-PEG was 22374 ± 779 Da which was found to be close to 

theoretically predicted molecular weight (22500 Da).
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Figure 4.6 FTIR spectra of polymers, A: cPCL; B: PEG and C: PGL-PEG.
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Figure 4.7 NMR spectra of pegylated PCL.
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Figure 4.8 Gel permeation chromatogram of pegylated PCL.

4.11Formulation and optimization of ATZ loaded PLGA NPs

4.11.1 Preliminary optimization of ATZ loaded PLGA NPs

4.11.1.1 Selection of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of PLGA NPs (table 4.1). NPs formulated using acetone showed PDE of 

41.21 ± 0.85% with PS of 136.2 ± 5.3 nm while NPs formulated using acetonitrile were 

of low PDE and PS. PDE was again decreased when tetrahydrofuran was used as solvent 

with no significant change in PS. Hence, acetone was selected for further studies.

Table 4.1 Selection of organic phase in preliminary optimization of ATZ loaded PLGA 

NPs

Solvents PDE (%) PS (nm)

Acetone 41.21 ±0.85 136.2 ± 5.3

Acetonitrile 35.79 ±1.16 125.3 ± 3.9

Tetra hydro furan 33.61 ±0.91 131.2 ±4.1
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4.11.1.2 Selection of volume of organic solvent

Different volumes of organic solvent (acetone) were used to dissolve polymer (50 mg) 

and results are represented in table 4.2. It was observed that as the volume of organic 

solvent was increased, PS decreases significantly with no major change in PDE. This was 

possibly due to decreased viscosity of organic phase with increase in volume of organic 

solvent which can easily dispersed in aqueous phase containing surfactant. Hence, 5 ml 

of acetone was selected as organic phase.

Table 4.2 Selection of volume of organic solvent in preliminary optimization of ATZ 

loaded PLGA NPs

Volume of organic solvent PDE (%) PS (nm)

3 ml 55.63 ± 0.91 230.1 ± 5.5

4 ml 53.32 ± 0.64 202.5 ± 7.2

5 ml 54.32 ± 1.81 180.1 ± 6.8

4.11.1.3 Selection of surfactant

Three different surfactants were initially used for formulation development namely 

Pluronic F-68® (P188), Pluronic F-127® (P127) and Polyvinyl alcohol (PVA) (table 4.3). 

Out of these, better one is selected based on resultant PDE and PS. With constant level of 

surfactant concentration (0.5%) for all three surfactants, PDE was found to be highest 

when PVA was used, but at the same time PS was found to be of larger size (332.4 ± 7.6 

nm). No significant difference in PS was observed when P188 or P127 was used, but 

PDE was higher when P188 was used as surfactant Hence, P188 was used in further 

studies.

Table 4.3 Selection of surfactant in preliminary optimization of ATZ loaded PLGA NPs

Surfactant PDE (%) PS (nm)

P188 45.99 ± 1.07 154.6 ± 6.8

P127 42.37 ± 0.89 148.2 ± 3.6

PVA 47.37 ±1.07 ' 332.4 ±7.6

4,11.2 Optimization of ATZ loaded PLGA NPs using 33 factorial design

Twenty seven batches of ATZ loaded PLGA NPs were prepared by using 33 factorial

design varying three independent variables, drug:polymer ratio (Xi), polymer

|
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concentration in organic phase (Xz) and surfactant concentration in aqueous phase (X3) 

(table 4.4). The PDE and PS were taken as dependent variables and the results were 

recorded (table 4.5). The main effects of Xi, Xz and X3 represent the average result of 

changing one variable at a time from its low to high value. The interactions (XiXz, X1X3, 

X2X3 and X1XZX3) show how the PDE and PS changes when two or more variables were 

simultaneously changed. The values for the twenty seven batches showed a wide 

variation from 36.66 to 61.65% and 117.8 to 180.15 nin for PDE and PS respectively 

(table 4.5). This is reflected by the wide range of coefficients of the terms of equation 3 

representing the individual and combined variables.

Table 4.4 Coded values of the formulation parameters of ATZ loaded PLGA NPs

Actual values of dependent variables
Coded values

Xi Xz x3
-i 1:10 0.50 % 0.25 %

0 1:15 0.75 % 0.50 %

1 1:20 1.0 % 0.75 %
XrDrug:polymer ratio 
Xz Polymer concentration (% w/v) 
X3 Surfactant concentration (% w/v)

Yi = 51.08 + 0.69 Xi + 8.12 Xz - 0.87 X3 + 0.64 XiXz - 0.32 X1X3 - 0.67 X2X3 - 2.32 X12 - 0.86

Xz2 + 0.444 Xs2 -1.51 XiXzXs (9)

Yz = 137.62 + 1.53 Xi + 10.22 Xz + 10.41 X3 - 1.46 XiXz + 2.05 X1X3 + 1.05 X2X3 + 15.37 

Xi2 +3.91 Xz2 - 0.74 X32 + 1.01 XiXzX3 (10)

Yi = 50.8011 + 8.115 X2 - 2.3188 Xi2 (11)

Yz = 137.1293 + 10.2183 Xz + 10.41 X3 + 15.3727 Xi2 + 3.906 Xz2 (12)

The significance of each coefficient of equation 9 and 10 were determined by student's 

't' test and p-value, which are listed in table 4.6 and 4.7 respectively. The larger the 

magnitude of the ‘t’ value and the smaller the p-value, the more significant is the 

corresponding coefficient [Adinarayana and Ellaiah 2002; Akhnazarova 1982]. Small 

values of the coefficients of the terms Xi, X3, X22, X32, X1X2, X2X3, XxX3l and X1X2X3 in 

equation 9 and Xi, X32, X1X2, X2X3, X1X3, and XiXzX3 in equation 10 for PDE and PS 

respectively implied that all these terms were least contributing in the preparation of 
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Table 4.5 Layout of 33 full factorial design for ATZ loaded PLGA NPs

Sr. No. Xi x2 x3 Yi* (PDE, in %) Y2* (PS, in nm)

1 -1 -1 -1 41.21 ± 0.8 136.3 ± 5.3

2 -1 -1 0 37.61 ± 0.6 145.2 ± 3.8

3 -1 -1 1 39.55 ± 0.9 153.3 ± 4.9

4 -1 0 -1 50.53 ± 0.9 139.5 ± 5.5

5 -1 0 0 45.99 ±1.1 154.6 ± 6.8

6 -1 0 1 47.87 ± 0.9 158.1 ±4.7

7 -1 1 -1 56.75 ± 1.9 158.7 ± 6.3

8 -1 1 0 53.26 ± 1.2 161.7 ± 4.4

9 -1 1 1 57.38 ±1.8 174.9 ± 6.6

10 0 -1 -1 43.29 ± 0.9 117.8 ± 3.3

11 0 -1 0 44.66 ± 1.2 129.2 ± 5.4

12 0 -1 1 42.42 ± 1.3 131.4 ±5.2

13 0 0 -1 54.82 ± 0.9 127.0 ± 3.3

14 0 0 0 48.66 ± 1.3 140.7 ± 4.1

15 0 0 1 52.66 ± 1.8 152.7 ± 4.0

16 0 1 -1 58.52 ± 2.0 141.4 ±3.3

17 0 1 0 55.04 ±1.3 156.3 ± 3.7

18 0 1 1 57.14 ± 2.2 161.2 ± 7.0

19 1 -1 -1 36.66 ± 1.2 143.7 ±3.8

20 1 -1 0 43.18 ±1.0 149.4 ±4.1

21 1 -1 1 39.11 ± 1.1 163.4 ± 5.2

22 1 0 -1 49.03 ± 2.7 136.4 ± 3.5

23 1 0 0 52.53 ± 2.3 151.5 ± 4.1

24 1 0 1 46.35 ± 1.0 166.3 ± 6.1

25 1 1 -1 61.65 ± 2.6 153.7 ±4.4

26 1 1 0 59.7 ± 1.7 165.9 ±3.5

27 1 1 1 54.32 ± 1.8 180.1 ± 6.8
*values are represented as mean ± s.d.

equations (equation 11 and 12, for PDE and PS respectively) were obtained following 

MRA of PDE and PS. Based on their p-value, it implied that the quadratic main effects of 
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Table 4.6 Model coefficients estimated by multiple regression analysis for PDE of ATZ 

loaded PLGA NPs

Factor Coefficients tStat p-value

Intercept 51.08 38.9531 < 0.0001*

Xi 0.69 1.1331 0.2731

x2 8.11 ' 13.3695 < 0.0001*

x3 -0.87 -1.4716 0.1703
X1X2 0.64 0.8632 0.4000
X1X3 -0.32 -0.3639 0.6697
X2X3 -0.67 -0.8968 0.3823

Xiz -2.32 -2.2057 0.0421*
X22 -0.86 -0.8154 0.4260
X32 0.44 0.4227 0.6776

X1X2X3 -1.51 -1.6571 0.1164
* Significant at p < 0.05

Table 4.7 Model coefficients estimated by multiple regression analysis for PS of ATZ 

loaded PLGA NPs

Factor Coefficients tStat p-value

Intercept 137.62 60.5771 < 0.0001*

Xi 1.53 1.4585 0.1477

x2 10.22 9.7162 < 0.0001*

x3 10.41 9.9540 < 0.0001*

XiX2 -1.46 -1.1367 0.2530
X1X3 2.05 1.1145 0.1159
X2X3 1.05 0.8120 0.4095

Xi2 15.37 8.4394 < 0.0001*

X22 3.91 2.1444 0.0399*
X32 -0.74 -0.4075 0.6765

XiX2X3 1.01 0.6379 0.5153
* Significant at p < 0.05

the ATZ loaded PLGA NPs by nanoprecipitation method. The small values of coefficients 

were not-significant (p>0.05) and hence neglected from the FM. Reduced polynomial 
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polymer concentration in organic phase (X2) was significant for both PDE and PS, and 

surfactant concentration in aqueous phase (X3) for PS only. The second order main 

effects of drug:polymer ratio (Xi] for PDE, and drugrpolymer ratio (Xi] and polymer 

concentration in organic phase (X2) for PS were found to be significant, as is evident 

from their p-values. The interactions between XxX2> X2X3, XjX3 and X^Xg were not 

found to be significant for both PDE and PS from their p-values [table 4.6 and 4.7]. The 

results of ANOVA of the second order polynomial equation of PDE and PS are given in 

table 4.8 and 4.9 respectively. Since the calculated F value was less than the tabulated F 

value for PDE and for PS [Bolton 1997], it was concluded that the neglected terms did 

not significantly contribute in the prediction of PDE and PS. Hence, F-Statistic of the 

results of ANOVA of full and reduced model justified the omission of non-significant 

terms of equation 9 and 10. 9

Table 4.8 ANOVA of full and reduced models for PDE of ATZ loaded PLGA NPs

df SS MS F R Rz Adjusted R2

Regression FM 10 1274.7 127.5 19.22 0.9608 0.9231 0.8751

RM 2 1217.6 608.8 89.53 0.9390 0.8818 0.8719

Residual FM 16 106.1 6.6

RM 24 163.2 6.8 ■
SSE2 - SSE1 =163.201 - 106.106 = 57.0958

No. of parameters omitted = 8 

MS of error (full model] = 6.6316

F calculated = (SSE2 - SSE1 / No. of parameters omitted] / MS of error [FM] 

= (57.0958 / 8] / 6.6318 = 1.0761

F tabulated = 2.59

Table 4.9 ANOVA of full and reduced models for PS of ATZ loaded PLGA NPs

df SS MS F R R2 Adjusted R2

Regression FM 10 5456.9 545.7 27.41 0.9720 0.9448 0.9104

RM 4 5339.6 1334.9 67.38 0.9615 0.9245 0.9108

Residual FM 16 318.5 19.9

RM 22 435.9 19.8
SSE2-SSE1 = 435.872 -318.535 = 117.337

No. of parameters omitted = 6
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MS of error (full model) = 19.908
F calculated = (SSE2 - SSE1 / No. of parameters omitted) / MS of error (FM)

= (117.337 / 6) / 19.908 = 0.9823 

F tabulated =2.74

When the coefficients of the three independent variables in equation 9 and 10 were 

compared, the value for the variable X2 (bi = 8.12 for PDE and bi = 10.22 for PS) was 

found to be maximum and hence X2 was considered to be a major contributing variable 

affecting the PDE and PS of the NPs. The Fisher F test with a very low probability value 

(Pmodei > F = 0.000001) demonstrated a very high significance for the regression model. 

The goodness of fit of the model was checked by the determination coefficient (R2). In 

this case, the values of the determination coefficients (R2 = 0.9232 and 0.9448 for FM 

and 0.8818 and 0.9245 for RM for PDE and PS respectively) indicated that over 88% of 

the total variations were explained by the model. High R2 values of FM as compared to 

RM were due to the large number of factors included. More the number of factors more 

is the R2 value [Montgomery 2004]. The values of adjusted R2 (0.8751 and 0.9104 for 

FM and 0.8719 and 0.9108 for RM for PDE and PS respectively) were similar for FM and 

RM for both PDE and PS, indicating the suitability of reducing the model. Moreover, the 

high values of correlation coefficients (R = 0.9608 and 0.9720 for FM and 0.9390 and 

0.9615 for RM for PDE and PS respectively) signifies an excellent correlation between 

the independent variables [Box et al. 1978]. All the above considerations indicated an 

excellent adequacy of the developed regression model [Adinarayana and Ellaiah 2002; 

Akhnazarova 1982; Box et al. 1978; Yee and Blanch 1993].

4.11.2.1 Contour plots

Contour plots were established between Xi vs X2, Xi vs X3 and X2 vs X3 at fixed level (-1) 

of third variable as shown in figure 4.9 and 4.10 for each PDE and PS respectively. The 

plots showed that PDE was greatly dependent on drug:polymer ratio and polymer 

concentration (figure 4.9A). When both these variables were at their maximum levels, 

PDE was found to be maximum. However, the contour of drug:poIymer ratio vs 

surfactant concentration (figure 4.9B) showed PDE between 40 to 42.5% in the whole 

range (-1 to 1) of both variables indicating negligible interaction between them. PDE 

was found to increase linearly with increase in polymer concentration (figure 4.9C). 

Also, the parallel lines of the contour plot with respect to Xi implies that the surfactant
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concentration in aqueous phase has negligible influence on PDE at constant levels of X2 

and Xs.Lowest PS of about 120 nm was observed at -1 level of polymer and surfactant 

concentration and 0 level of drug:polymer ratio (figure 4.10A). Relationship between 

drug:polymer ratio vs surfactant concentration was found to be non-linear (figure 

4.10B]. PS was found to show maximum variation at low level (-1) of drug:polymer 

ratio. It increased from 135 to 175 nm linearly with increase in both the variables i.e., 

polymer and surfactant concentration (figure 4.10C). It was concluded from the 

contours that low concentration of surfactant but high concentration of PLGA and high 

drug:polymer ratio was required for highest PDE and lowest PS in preparation of ATZ 

loaded PLGA NPs.

4,11.2.2 Response surface plots

Response surface plots, which are very helpful in learning about both the main and 

interaction effects of the independent variables, were plotted between Xi vs X2, Xi vs X3 

and X2 vs X3 at fixed level (-1) of third variable as shown in figure 4.11 and 4.12 for each 

PDE and PS respectively. PDE was not significantly affected when drug:polymer ratio 

was varied alone, but was increased upon simultaneous increase in drug:polymer ratio 

with polymer concentration (figure 4.11A). However, PDE was unaffected by 

simultaneous variation of Xi and X3. This may be because, increase in PDE due to 

increase in drug:polymer ratio was negated by increase in surfactant concentration 

(figure 4.11B), PDE was found to increase linearly with increase in polymer 

concentration, but no significant change was observed when surfactant concentration 

was varied. When both the variables were increased from -1 to 1 level, PDE increased 

linearly (figure 4.11C).

Response surface plot of drug:polymer ratio vs polymer concentration showed non

linear behaviour (figure 4.12A). With decrease in drug:polymer ratio from 1 to 0 level, 

PS first decreased and then increased. Response surface plot between drug:polymer 

ratio and surfactant concentration showed almost similar trends as observed in surface 

plot between drug:polymer ratio vs polymer concentration (figure 4.12 B). Plot between 

polymer concentration and surfactant concentration showed linear relationship, with 

both the variables showing positive effect on PS, as simultaneous increase in levels of 

both the variables resulted into increase in PS (figure 4.12C).
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4.11.2.3 Desirability criteria

From the results, the optimum levels of independent variables were screened by 

multiple regression analysis. Since PDE and PS were taken into consideration 

simultaneously, the batch with smallest PS of 120 nm exhibited only 42.5% PDE (at Xi = 

0, X2 = -0.6 to -1.0, X3 = -0.6 to -1.0) while that with highest PDE of 60% produced 

particle size of 155 nm (at Xi = 1, X2 = 0.6 to 1.0, X3 = -0.4 to -1.0). Hence, desirability 

criteria obtained using Design Expert software (version 8.0.3) was used to find out 

optimized formulation parameters. Our criteria included maximum PDE and PS not 

more than 200 nm. The optimum formulation offered by the software based on 

desirability was found at 0.68,1, and -1 level of Xi, X2 and X3 respectively. The results of 

dependent variables from the software were found to be 61.39% for PDE and 144.68 

nm for PS (figure 4.13) at these levels which is as per our desired criteria. The 

calculated desirability factor for offered formulations was 0.990, which was near to 1 

and indicates suitability of the designed factorial model.
Results

Z-Averaga {d.nm}: 142.9 
Pclh 0.080 

Intercept 0.958 

Result quality: Good

Size

Peak 1: 161.9

Peak 2: 0.09G

Peak3: 0.000

% Intensity Width (d.nm): 
100.0 38.05

0.0 0.000

0.0 0.000

Figure 4.13 Particle size distribution of ATZ loaded PLGA NPs 

4.11.2.4 Checkpoint analysis and normalized error

Three batches were prepared for check point analysis and results of both PDE and PS 

(table 4.10) indicated that the measured response was more accurately predicted by 

regression analysis which was proven by lower NE value of regression analysis 

(0.07022 for PDE and 0.04754 for PS). Data analysis using student's t test revealed that
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there was no statistically significant difference (p<0.05) between experimentally 

obtained values and predicted values by MRA.

Table 4.10 Check point analysis, t test analysis and normalized error determination

Checkpoint batches with their predicted and measured values of PDE and PS

Batch Xi X2 Yo,
PDE PS

No. A3
Observed Predicted Observed Predicted

1 -1 0.7
(1:10) (92.5 mg)

0.1
(52.5 mg) 52.74 54.163 161.4 162.609

2 0 -0.8 
(1:15) (55 mg)

0.8
(70 mg) 42.88 44.309 134.6 139.782

3 1 -0.3
(1:20) (67.5 mg)

-0.5
(37.5 mg) 48.76 46.048 140.8 144.583

tcalcuiated

ttabulated

0.97608

2.9199

0.10031

2.9199

Normalized Error 0.070229 0.04754

4.11.3 Lyophilization and optimization of cryoprotectants

In this study, different cryoprotectants (trehalose, sucrose and mannitol] were used in 

different ratios (1:1,1:2,1:3,1:4) and PS was recorded as shown in table 4.11. Initial PS 

Table 4.11 Effect of cryoprotectants and their concentration on PS of lyophilized NPs 

after re-dispersion in distilled water

Cryoprotectant Ratio Final Avg. PS (nm) Sf/Si

Trehalose 1:1 252.8 1.57*

1:2 243.3 1.51*

1:3 260.1 1.62*

1:4 355.7 2.21

Sucrose 1:1 216.8 1.35*

1:2 213.9 1.33*

1:3 233.3 1.45*

1:4 250.3 1.56

Mannitol 1:1 239.1 1.49

1:2 304.7 1.89

1:3 278 1.73

1:4 277.1 1.72

*indicates good re-dispersibility
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of NPs was found to be 160,9 nm. The ratio of PS (after lyophilization, Sr and before 

lyophilization, Si) was found to be lowest (1.33) for sucrose in 1:2 ratio. Trehalose also 

showed less increase in PS after re-dispersion (Sf/Si ratio of 1.51). Batches prepared 

with trehalose and sucrose at 1:1,1:2 and 1:3 ratio showed good re-dispersibility with 

PDI less than 0.2. PDI is a measure of dispersion homogeneity and usually ranges from 0 

to 1, Values close to 0 indicate a homogeneous dispersion while those greater than 0.3 

indicate high heterogeneity [Ahlin et al. 2002J.

4.12Formulation and optimization of ATZ loaded cPCL NPs

4.12.1 Preliminary optimization of ATZ loaded cPCL NPs

4.12.1.1 Selection of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of cPCL NPs (table 4.12). NPs formulated using acetone showed PDE of 

49.63 ± 1.15% with PS of 138.2 ± 4.9 nm while NPs formulated using acetonitrile were 

of low PDE and PS. PDE was again decreased when tetrahydrofuran was used as solvent 

with no significant change in PS. Hence, acetone was selected for further studies.

Table 4.12 Selection of organic phase in preliminary optimization of ATZ loaded cPCL 

NPs

Solvents PDE (%) PS (nm)

Acetone 49.63 ± 1.15 138.2 ± 4.9

Acetonitrile 43.45 ± 1.64 130.6 ±4.6

Tetra hydro furan 44.67 ± 1.12 150.6 ±6.7

4.12.1.2 Selection of volume of organic solvent

Different volumes of organic solvent (acetone) were used to dissolve polymer (50 mg) 

and results are represented in table 4.13. It was observed that as the volume of organic 

Table 4.13 Selection of volume of organic solvent in preliminary optimization of ATZ 

loaded cPCL NPs

Volume of organic solvent PDE (%) PS (nm)

3 ml 56.35 ± 1.82 235.2 ±7.1

4 ml 53.68 ±1.12 205.4 ± 4.7

5 ml 55.38 ±2.23 190.6 ± 5.1
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solvent was increased, PS decreases significantly with no major change in PDE. This was 

possibly due to decreased viscosity of organic phase with increase in volume of organic 

solvent which can easily dispersed in aqueous phase containing surfactant. Hence, 5 ml 

of acetone was selected as organic phase.

4.12.1.3 Selection of surfactant

Three different surfactants were initially used for formulation development namely 

Pluronic F-68® (P188), Pluronic F-127® (P127) and Poly vinyl alcohol (PVA) (table 

4.14). Out of these, better one is selected based on resultant PDE and PS. With constant 

level of surfactant concentration (0.5%) for all three surfactants, PDE was found to be 

highest when PVA was used, but at the same time PS was found to be of larger size 

(332.4 ± 7.6 nm). No significant difference in PS was observed when P188 or P127 was 

used, but PDE was higher when P188 was used. Hence, P188 was used in further 

studies.

Table 4.14 Selection of surfactant in preliminary optimization of ATZ loaded cPCL NPs

Surfactant PDE (%) PS (nm)

P188 52.45 ±0.42 175.9 ± 2.4

P127 50.6 ± 0.96 170.1 ±3.9

PVA 54.36 ± 1.05 404.1 ± 8.63

4.12.2 Optimization of ATZ loaded cPCL NPs using 33 factorial design 

Twenty seven batches of ATZ loaded cPCL NPs were prepared by using 33 factorial 

design varying three independent variables, drug:polymer ratio (Xi), polymer 

concentration in organic phase (X2) and surfactant concentration in aqueous phase (X3) 

(Table 4.15). The PDE and PS were taken as dependent variables and the results were 

recorded (Table 4.16). The main effects of Xi, X2 and X3 represent the average result of 

changing one variable at a time from its low to high value. The interactions (X1X2, X1X3, 

X2X3 and X1X2X3) show how the PDE and PS changes when two or more variables were 

simultaneously changed. The values for the twenty seven batches showed a wide 

variation from 39.4 ± 1.9 to 72.5 ± 1.7% and 138.2 ± 4.9 to 241.6 ± 3.1 nm for PDE and 

PS respectively (Table 4.16). This is reflected by the wide range of coefficients of the 

terms of equation 3 representing the individual and combined variables.
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Table 4.15 Coded values of the formulation parameters of ATZ loaded ePCL NPs

Actual values of dependent variables
Coded Values

Xi x2 x3

-1 1:10 0.50 % 0.25 %

0 1:15 0.75 % 0.50 %

1 1:20 1.0 % 0.75 %
Xi Drugrpolymer ratio 
X2 Polymer concentration (% w/v)
X3 Surfactant concentration (% w/v)

Yi = 55.92 + 6.23 Xi + 4.34 X2 - 4.33 X3 - 0.53 X1X2 + 0.04 X1X3 - 0.34 X2X3 + 0.70 X32 - 

0.32 X22 +0.25 X32-O.44X1X2X3 (13)

Y2 = 192.82 + 17.29 Xi + 16.31 X2 + 17.69 X3 - 0.7 X1X2 + 0.32 X1X3 + 0.50 X2X3 + 1.03 Xi2 

+ 2.02 X22 - 4.19 X32 + 1.11 X1X2X3 (14)

Yi = 56.34 + 6.23 Xi + 4.34 X2 - 4.33 X3 (15)

Y2 = 194.86 + 17.29 Xi + 16.31 X2 + 17.65 X3 - 4.19 X32 (16)

The significance of each coefficient of equation 13 and 14 were determined by student's 

't' test and p-value, which are listed in table 4.17 and 4.18 respectively. The larger the 

magnitude of the 't' value and the smaller the p-value, the more significant is the 

corresponding coefficient [Adinarayana and Ellaiah 2002; Akhnazarova 1982]. Small 

values of the coefficients of the terms Xi2, X22, X32, X1X2, X2X3, X1X3, and X1X2X3 in 

equation 13 and Xi2, X22, X1X2, X2X3, X1X3, and X1X2X3 in equation 14 for PDE and PS 

respectively implied that all these terms were least contributing in the preparation of 

the ATZ loaded cPCL NPs.

The small values of coefficients were not-significant (p>0.05) and hence neglected from 

the FM. Reduced polynomial equations (equation 15 and 16, for PDE and PS resp.) were 

obtained following MRA of PDE and PS. Based on their p-value, it implied that the 

second order effects of drug:polymer ratio (Xi) and polymer concentration in organic 

phase (X2) were not found to be significant for both PDE and PS. The interactions 

between XxX2i X2X3, XxX3 and XxX2X3 were also not found to be significant for both PDE 

and PS as evident from their p-values (p-values>0.05 in all cases) (table 4.17 and 4.18).
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Table 4.16 Layout of 33 full factorial design for ATZ loaded cPCL NPs

Sr. No. Xi x2 x3 Yi* (PDE, in %) Y2* (PS, in nm)

1 -1 -1 -1 49.6 ±1.15 138.2 ± 4.9
2 -1 -1 0 44.2 ± 1.87 164,6 ± 6.6
3 -1 -1 1 39.4 ±1.89 178.0 ± 3.6
4 -1 0 -1 55.3 ± 1.18 157.1 ± 1.9
5 -1 0 0 52.5 ± 0.42 175.9 ± 2.4

6 -1 0 1 47.7 ± 1.76 187.9 ± 2.5

7 -1 1 -1 59.4 ± 0.6 174.8 ± 2.5

8 -1 1 0 54.3 ± 1.43 191.7 ±4.7

9 -1 1 1 50.8 ± 0.96 207.8 ± 2.9

10 0 -1 -1 56.2 ± 2.35 156.3 ± 4.6

11 0 -1 0 51.9 ± 1.8 175.1 ± 4.3

12 0 -1 1 48.34 ±1.72 188.6 ± 4.5

13 0 0 -1 60.7 ± 0.92 170.3 ± 1.2

14 0 0 0 5.1.4 ±2.2 190.6 ±5.1

15 0 0 1 52. ± 2.3 206.3 ± 5.7

16 0 1 -1 65.63 ± 2.08 188.5 ±2.8

17 0 1 0 58.82 ± 0.79 215.2 ±3.6

18 0 1 1 53.99 ± 1.28 231.5 ±3.8

19 1 -1 -1 62.94 ±2.10 175.9 ± 2.9

20 1 -1 0 59.3 ± 1.68 200.3 ± 5.9

21 1 -1 1 55.17 ± 1.78 210.7 ±3.9

22 1 0 -1 64.72 ± 3.10 191.1 ±6.7

23 1 0 0 62.31 ± 3.07 214.8 ± 4.4

24 1 0 1 58.53 ± 3.45 222.5 ± 2.7

25 1 1 -1 72.49 ± 1.71 204.8 ±4.3

26 1 1 0 66.88 ± 1.45 225.5 ±2.7

27 1 1 1 62.85 ± 0.51 241.6 ±3.1
*values are represented as mean ± s.d.

The results of ANOVA of the second order polynomial equation of PDE and PS are given 

in table 4.19 and 4.20 respectively. Since the calculated F value was less than the 
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Table 4.17 Model coefficients estimated by multiple regression analysis for PDE of ATZ 

loaded cPCL NPs.

Factor Coefficients tStat p-value

Intercept 55.92 83.798 < 0.0001*

Xi 6.23 20.165 < 0,0001*

x2 4.34 14.042 < 0.0001*
X3 -4.33 -13.863 < 0.0001*

Xi2 0.70 1.306 0.2098
X22 -0.32 -0.608 0.5519

X3Z 0.25 0.469 0.6449

XiX2 -0.53 -1.408 0.1782
X1X3 0.04 0.089 0.9302

x2x3 -0.34 -0.892 0.3855

XiX2X3 -0.44 -0.946 0.3580
* Significant at p < 0.05

Table 4.18 Model coefficients estimated by multiple regression analysis for PS of ATZ 

loaded cPCL NPs

Factor Coefficients tStat p-value

Intercept 192.82 115.068 < 0.0001*

Xi 17.29 22.293 < 0.0001*

x2 16.31 21.025 < 0.0001*

x3 17.69 22.547 < 0.0001*

Xi2 1.03 0.769 0.453

X22 2.02 1.501 0.153

X32 -4.19 -3.118 0.0066*

XiX2 -0.7 -0.737 0.472
X1X3 0.32 0.305 0.764

X2X3 0.49 0.523 0.608

XiX2X3 1.11 0.956 0.353
* Significant at p < 0.05

tabulated F value for PDE and for PS [Bolton 1997], it was concluded that the neglected 

terms did not significantly contribute in the prediction of PDE and PS. Hence, F-Statistic 
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of the results of ANOVA of full and reduced model justified the omission of non

significant terms of equation 9 and 10.

Table 4.19 ANOVA of full and reduced models for PDE of ATZ loaded cPCL NPs

df SS MS F R R2 Adjusted R2

Regression FM 10 1385.7 138.6 80.7 0.9902 0.9805 0.9684

RM 3 1375.4 458.5 279.3 0.9865 0.9733 0.9698

Residual FM 16 27.5 1.71

RM 23 37.8 1.64
SSE2 - SSE1 = 37.8 - 27.5 = 10.3

No. of parameters omitted = 7

MS of error (full model) = 1.71

F calculated = (SSE2 -:SSE1 / No. of parameters omitted) / MS of error (FM)

= (10.3 / 7) / 1.71

= 0.8605

F tabulated = 2.6572

Table 4.20 ANOVA of full and reduced models for PS of ATZ loaded cPCL NPs

df SS MS F R R2 Adjusted R2

Regression FM 10 15934.9 1593.5 147.1 0.9946 0.9892 0.9825

RM 4 15884.3 3971.1 390.3 0.9930 0.9861 0.9836

Residual FM 16 173.3 10.83

RM 22 223.9 10.18
SSE2 - SSE1 = 223.9 -173.3 = 50.6

No. of parameters omitted =6 

MS of error (full model) = 10.83

F calculated = (SSE2 - SSE1 / No. of parameters omitted) / MS of error (FM)

= (50.6 / 6) / 10.83 

= 0.7787 '

F tabulated =2.7413

When the coefficients of the three independent variables in equation 13 and 14 were 

compared, the value for the variable Xi (bi = 6.23) for PDE and X3 (b3 = 17.69) for PS 

was considered to be a major contributing variable affecting the PDE and PS of the NPs. 

The Fisher F test with a very low probability value (Pmodei > F = 0.000001) demonstrated
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a very high significance for the regression model. The goodness of fit of the model was 

checked by the determination coefficient (R2). In this case, the values of the 

determination coefficients (R2 = 0.9805 and 0.9892 for FM and 0.9733 and 0.9861 for 

RM for PDE and PS respectively) indicated that over 97% of the total variations were 

explained by the model. High R2 values of FM as compared to RM were due to the large 

number of factors included. R2 value is more if the number of factors are more 

[Montgomery 2004], The values of adjusted R2 (0.9684 and 0.9825 for FM and 0.9698 

and 0.9836 for RM for PDE and PS respectively) were similar for FM and RM for both 

PDE and PS, indicating the suitability of reducing the model. Moreover, the high values 

of correlation coefficients (R = 0.9902 and 0.9946 for FM and 0.9865 and 0.9930 for RM 

for PDE and PS respectively) signifies an excellent correlation between the independent 

variables [Box et al. 1978]. All the above considerations indicated an excellent adequacy 

of the developed regression model [Adinarayana and Ellaiah 2002; Akhnazarova 1982; 

Box et al. 1978; Yee and Blanch 1993].

4.12.2.1 Contour plots

Contour plots were established between Xi vs X2, Xi vs X3 and X2 vs X3 at fixed level (-1) 

of third variable as shown in figure 4.14 and 4.15 for PDE and PS respectively. The plots 

showed that PDE was greatly dependent on drugipolymer ratio and polymer 

concentration (figure 4.14A). When both these variables were at their maximum levels, 

PDE was found to be maximum (>65%). However, the contour of drug:polymer ratio vs 

surfactant concentration (figure 4.14B) showed increase in PDE with increase in 

drug:polymer ratio and decrease in surfactant cone. PDE was found to increase linearly 

with increase in polymer concentration and simultaneous decrease in surfactant cone, 

(figure 4.14C). Also, the parallel lines in all the three contour plots implies the linear 

increase or decrease in PDE with change in any two independent variables at constant 

level of third variable. PS was found to increase with increase in both drugipolymer 

ratio and polymer cone, (figure 4.15A) and was maximum at +1 level of Xi and X2 at 0 

level of X3. Similar observations were observed when counter of drugipolymer ratio was 

plotted with surfactant cone, at fixed level (-1) of polymer cone. PS was found to 

increase with simultaneous increase in both the variables (figure 4.15B). Lowest PS of 

about 160 nm was observed at -1 level of polymer and surfactant concentration and 0 

level of drugipolymer ratio (figure 4.15C). PS was found to be maximum at high level
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(+1) of polymer cone, and high level of surfactant cone. It increased from 160 to 220 nm 

linearly with increase in both the variables i.e., polymer and surfactant concentration 

(figure 4.15C). It was concluded from the contours that NPs with smallest PS can be 

prepared at low levels (-1) of all the three variables.

4.12.2.2 Response surface plots

Three dimensional response surface plots are very helpful in learning about both the 

main and interaction effects of the independent variables. These were plotted between 

Xi vs X2, Xi vs X3 and X2 vs X3 at fixed level (-1) of third variable as shown in figure 4.16 
and 4.17 for each PDE and PS respectively. PDE was not significantly affected when 

polymer cone, was varied alone, but was increased upon simultaneous increase in 

drug:polymer ratio with polymer concentration showing interactive effect between the 

two variables (figure 4.16A). However, PDE was found to increase with decrease in 

surfactant cone, and increase in drug:polymer ratio and found to be highest at -1 level of 

X3 and +1 level of Xi (figure 4.16B). Similar trend was observed in response surface plot 

of polymer cone, and surfactant cone, (figure 4.16C). It can be concluded from the 

response surface plots that increase in drug:polymer ratio and polymer cone, increases 

PDE, whereas increase in surfactant cone, causes decrease in PDE. Response surface 

plot of drug:polymer ratio vs polymer concentration showed increase in PS with 

increase in drug:polymer ratio and increase in polymer cone, possibly due to increased 

viscosity of organic phase with increase in polymer cone, (figure 4.17A). Response 

surface plot of drug:polymer ratio and surfactant cone, also showed similar trends and 

NPs of the PS more than 220 nm was formed at +1 level of both the variables at 0 level 

of polymer cone, (figure 4.17B). Interaction effect of polymer cone, and surfactant cone, 

showed increase in PS with increase in both the variables (figure 4.17C).

4.12.2.3 Desirability criteria

From the results, the optimum levels of independent variables were screened by 

multiple regression analysis. Since PDE and PS were taken into consideration 

simultaneously, the batch with smallest particle size of 138.2 ± 4.9 nm exhibited only 

49.63 ± 1.15% PDE while that with highest PDE of 72.49 ± 1.71% produced particle size 

of 204.8 ± 4.3 nm (at Xi = 1, X2 = 0.6 to 1.0, X3 = -0.4 to -1.0). Hence, desirability criteria 

obtained using Design Expert software (version 8.0.3) was used to find out optimized 

formulation parameters. Our criteria included maximum PDE and PS not more
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than 200 nm. The optimum formulation offered by the software based on desirability 

was found at 1.0, 0.69, and -1.0 level of Xi, X2 and X3 respectively. The results of 

dependent variables from the software were found to be 70.21% for PDE and 200 nm 

for PS (figure 4.18) at these levels which is as per our desired criteria. The calculated 

desirability factor for offered formulations was 0.965, which was near to 1 and indicates 

suitability of the designed factorial model.
Results

2-Averaga f&nm): 1S3.7 

P<£f: 0.047

Intercept: 0.951 

Result quality:

Sfcte (d.rtm): 

Peak 1: 192,7

Peak 2; 0.000

Peak 3: 0.990

% Intensity Width (d.r?m):
100.0 41 >34
0.0 0.000

0.0 0.009

Figure 4.18 Particle size distribution of ATZ loaded cPCL NPs 

4.12.2.4 Checkpoint analysis and normalized error

Table 4.21 Check point analysis, t test analysis and normalized error determination

Checkpoint batches with their predicted and measured values of PDE and PS

Batch
No.

PDE PS
Xi X2 X3 Observed

favg.) Predicted Observed
_ Cav&L- Predicted

1

2

3

-1
(1:10)

-0.2
(92.5 mg)

0.1
(52.5 mg) 47.93 48.81 173.8 176.02

0
(1:15)

0.7
(55 mg)

-0.8
(70 mg) 63.51 62.84 192.9 189.47

1
(1:20)

-0.8
(67.5 mg)

-0.3
(37.5 mg) 59.58 60.39 195.4 193.43

tcalculated 0.5681 0.024
ttabulated 2.9199 2.9199

Normalized Error 0.0252 0.0431
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Three batches were prepared for check point analysis and results of both PDE and PS 

(table 4.21) indicated that the measured response was more accurately predicted by 

regression analysis which was proven by lower NE value of regression analysis (0.0252 

for PDE and 0,0431 for PS). Data analysis using student's t test revealed that there was 

no statistically significant difference (p<0.05) between experimentally obtained values 

and predicted values by MRA.

4.12.3 Lyophilization and optimization of cryoprotectants

In this study, different cryoprotectants (trehalose, sucrose and mannitol) were used in 

different ratios (1:1,1:2,1:3,1:4) and PS was recorded as shown in table 4.22. Initial PS 

of NPs was found to be 194.7 nm. The ratio of PS (after lyophilization, Sf and before 

lyophilization, Si) was found to be lowest (1.24) for sucrose in 1:2 ratio. Trehalose also 

showed less increase in PS after re-dispersion (Sr/Si ratio of 1.41). Batches prepared 

with trehalose and sucrose at 1:1 and 1:2 ratio showed good re-dispersibility with PDI 

less than 0.2. PDI is a measure of dispersion homogeneity and usually ranges from 0 to 

1. Values close to 0 indicate a homogeneous dispersion while those greater than 0.3 

indicate high heterogeneity [Ahlin et al. 2002].

Table 4.22 Effect of cryoprotectants and their concentration on PS of lyophilized NPs 

after re-dispersion in distilled water

Cryoprotectant Ratio Final Avg. PS (nm) Sf/Si

Trehalose 1:1 280.3 1.44*

1:2 275.1 1.41*

1:3 297.1 1.53

1:4 342.1 1.76

Sucrose 1:1 254.9 1.31*

1:2 241.5 1.24*

1:3 272 1.40*

1:4 302.3 1.55

Mannitol 1:1 282.9 1.45*

1:2 326.1 1.67

1:3 341.2 1.75

1:4 332.8 1.71
*indicates good re-dispersibility
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4.13 Formulation and optimization of EXE loaded PLGA NPs

4.13.1 Preliminary optimization of EXE loaded PLGA NPs

4.13.1.1 Selection of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of PLGA NPs (table 4.23). NPs formulated using acetone showed PDE of 

73.2 ± 2.0% with PS of 195.1 ± 3.6 nm while NPs formulated using acetonitrile were of 

low PDE and high PS. No significant change in PDE was observed when tetrahydrofuran 

was used as solvent with increase in PS. Hence, acetone was selected for further studies. 

Table 4,23 Selection of organic phase in preliminary optimization of EXE loaded PLGA 

NPs

’Solvents PDE (%) PS (nm)

Acetone 73.2 ± 2.0 195.113.6

Acetonitrile 71.6 ± 1.3 211.314.1

Tetra hydro furan 72.711.1 245.7 1 4.1
4.13.1.2 Selection of surfactant phase

Three different surfactants were initially used for formulation development namely 

Pluronic F-68® (P188), Pluromc F-127® (P127) and Poly vinyl alcohol (PVA) (table 

4.24). Out of these, better one is selected based on resultant PDE and PS. With constant 

level of surfactant concentration (0.5%) for all three surfactants, no significant change 

in PDE was. observed, but at the same time PS was found to be of larger size (229.8 ± 4.2 

nm) using PVA as surfactant. No significant difference in PS was observed when P188 or 

P127 was used, but PDE was higher when P188 was used as surfactant. Hence, P188 

was used in further studies.

Table 4.24 Selection of surfactant phase in preliminary optimization of EXE loaded 

PLGA NPs

Surfactant PDE (%) PS (nm)

P188 51.2 + 2.0 203.7 1 2.7

P127 50.7 i 1.1 217.615.4

PVA 51.6 11.8 229.8 t 4.2
4.13.1.3 Selection of surfactant concentration

Different concentrations (0.5, 1.0, 1.5%) of surfactant (P188) were used in aqueous 

phase and results are represented in table 4.25. It was observed that as the
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concentration was increased, PS increases significantly with no major change in PDE 

(50.8 - 52.4%). This was possibly due to coating of surfactant on NPs after precipitation. 

Hence, 0.5% of P188 was selected as surfactant concentration.

Table 4.25 Selection of surfactant concentration in preliminary optimization of EXE 

loaded PLGA NPs

Surfactant
concentration

PDE (%) PS (nm)

0.5% 51.2 ± 2.0 203,7 + 2.7

1.0% 50.8 ± 1.4 218.6 ± 4.1

1.5%. 52.4 ± 1.5 240.1 ± 3.9

4.13.2 Optimization of EXE loaded PLGA NPs using BBD

Using BBD, thirteen batches of EXE loaded PLGA NPs were prepared with drug:polymer 

ratio (Xi), amount of polymer (Xz) and volume of organic phase (X3) as three 

independent variables. Coded values and actual values of the three independent 

variables are represented in table 4.26. Batches prepared using BBD were evaluated for 

PDE and PS as the dependent variables and recorded in table 4.27.

Table 4.26 Coded values of the formulation parameters of EXE loaded PLGA NPs

Coded values
Xi

Actual values

Xz X3

-1 1:15 50 mg 6 ml

0 1:20 100 mg 8 ml

1 1:25 150 mg 10 ml
Xi Drug:polymer ratio 
X2 Amount of polymer (mg) 
X3 Volume of organic phase

The obtained PDE and PS were subjected to multiple regression to yield second order 

polynomial equations (equation 17 and 18, for PDE and PS respectively). Linear 

coefficients (bi, b2 and b3 of Xi, Xz and X3, respectively) represent extent of effect by 

changing individual variable. Positive or negative sign in equation against different 

coefficients indicate increase or decrease in individual dependent response. The value 

of coefficients against interactions terms (X1X2, X1X3 and X2X3) shows how the PDE and
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Table 4.27 Box Behnken experimental design with measured responses for EXE loaded 

PLGA NPs

5r Box Behnken experimental design with measured responses
No. Xi x2 x3 Yi* (PDE ± SD) Y2* (PS ± SD)

1 0 -1 -1 51.2 ±2.0 203.7 ± 2.7

2 0 -1 1 66.7 ± 1.7 150.7 ± 4.9

3 0 1 -1 21.8 ±2.5 239.7 ± 6.8

4 0 1 1 66.3 ± 0.8 187.5 ± 8.1

5 -1 0 -1 52.7 ±0.1 258.9 ± 5.8

6 -1 0 1 58.8 ± 1.7 192.5 ± 2.7

7 1 0 -1 44.3 ± 2.1 293.3 ± 0.6

8 1 0 1 73.2 ± 2.0 195.1 ± 3.6

9 -1 -1 0 64.5 ± 0.6 169.1 ±3.8

10 -1 1 0 49.9 ± 1.8 345.9 ± 22.1

11 1 -1 0 68.1 ± 2.2 214.4 ± 7.1

12 1 1 0 62.7 ± 0.9 384.1 ± 10.9

13 0 0 0 75.49 188.55

14 0 0 0 76.15 190.4

15 0 0 0 73.84 186.7
*values are represented as mean i: S.d.

75.16 + 2.79X1- 6.22 X2 + 11.88 X3 + 2.28 XiX2 + 5.69 X1X3 + 7.25 X2X3 - 4.06 Xi2

9.81 X22-13.87 X32 • (17)

Y2 = 188.55 + 13.81 Xi + 52.4 X2 - 33.98 X3 -1.78 X1X2 - 8.46 X1X3 + 0.2 X2X3 + 64.39 X12 + 

25.38 X22- 18.51 X32 (18)

Yi = 72.66 - 6.22 X2 + 11.88 X3 + 7.25 X2X3 - 9.49 X22 - 13.56 X32 (19)

Y2 = 192.48 + 52.4 X2 + 63.9 X12 (20)

PS changes when two variables were simultaneously changed. The values of all the 13 

batches showed wide variation of 21.8 ± 2.5 to 76.2 ± 1.2% and 150.7 ± 4.9 to 384.1 ± 

10.9 nm for PDE and PS, respectively as shown in table 4.27. This variation is reflected 

by the wide range of coefficients of the terms representing the individual and combined 

variables.
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Table 4.28 Model coefficients estimated by multiple regression analysis for PDE of 

EXE loaded PLGANPs

Factor Coefficients tStat P-value

Intercept 75.16 28.21 1.05E-06*

Xi 2.79 1.71 0.1477

x2 -6.22 -3.81 0.0125*

x3 11.88 7.28 0.0008*

X1X2 2.28 0.99 0.3687

XiXs 7.25 2.46 0.0569

X2X3 5.69 3.14 0.0256*

Xi* -4.06 -1.69 0.1519

X22 -9.81 -4.08 0.0095*

X32 -13.87 -5.77 0.0021*
* Significant at p < 0.05

Table 4.29 Model coefficients estimated by multiple regression analysis for

EXE loaded PLGA NPs

Factor Coefficients tStat P-value

Intercept 188.55 7.25 0.0008*

Xi 14.81 0.93 0.3952

x2 52.40 3.29 0.0217*

x3 -33.98 -2.13 0.0860

X1X2 -1.78 -0.08 0.9402

XiX3 -8.46 -0.38 0.7225

x2x3 0.20 0.01 0.9933

Xl2 64.39 2.75 0.0405*

X22 25.38 1.08 0.3283

X32 -18.51 -0.79 0.4656
* Significant at p < 0.05

The significance of each coefficient of equations 17 and 18 were determined by 

student’s't’ test and p-value, which are listed in table 4.28 and 4.29 respectively. The 

larger the magnitude of the't’ value and the smaller the p-value, the more significant is 

the corresponding coefficient [Adinarayana and Ellaiah 2002; Akhnazarova 1982]. Small
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values of the coefficients of the terms Xi, X1X2, X1X3 and X12 in equation 17 and Xi, X3, 

X1X2, X1X3, X2X3, X22 and X32 in equation 18 implied that all these terms were least 

contributing in the preparation of EXE loaded PLGA NPs. These small values of 

coefficients had p>0.05. Hence, these terms were neglected from the FM considering 

non-significance and reduced polynomial equations (equation 19 and 20, for PDE and 

PS respectively) were obtained following regression analysis of PDE and PS. From RM, it 

was evident that drug:polymer ratio did not affect any of the dependent variables 

significantly (p>0.05). For PDE, the quadratic effect of drug:polymer ratio and 

interaction effects of X1X2 and X1X3 were found to be non-significant (p>0.05). For PS, all 

factors other than linear effect of amount of polymer and quadratic effect of 

drug:polymer ratio were found to be non-significant (p>0.05) (table 4.28 and 4.29).

The results of ANOVA of the second order polynomial equation of PDE and PS are given 

in table 4.30 and 4.31 respectively. Since the calculated F value (3.2077) is less than the 

tabulated F value (5.1922) (a = 0.05, Vi = 4 and V2 = 5) [Bolton 1997] for PDE, and 

calculated F value (1.0719) is less than the tabulated F value (4.8759) (a = 0.05, Vi = 7 

and V2 = 5) [Bolton 1997] for PS, it was concluded that the neglected terms did not 

significantly contribute in the prediction of PDE and PS. Thus, the results of ANOVA of 

full and reduced model justified the omission of non-significant terms of equation 17 

and 18. When the coefficients of the three independent variables in equation 17 and 18 

were compared, the values for the variables X3 (11.88) for PDE and X2 (52.4) for PS were 

Table 4.30 ANOVA of full and reduced models for PDE of EXE loaded PLGA NPs

df SS MS F R R2 Adjusted R2

Regression FM 10 2876.2 287.6 15.01 0.9820 0.9643 0.7000

RM 6 2602.9 433.8 12.34 0.9342 0.8727 0.6908

Residual FM 5 106.5 21.3

RM 9 379.8 42.2
SSE2 - SSE1 = 379.8 -106.5 = 273.3

No. of parameters omitted = 4 

MS of error (full model) = 21.3

F calculated = (SSE2 - SSE1 / No. of parameters omitted) / MS of error (FM) 

= (273.3/4)/21.3 

= 3.2077

Pharmacy Department, The Maharaja Sayajirao University of Baroda Page 160



FORMULATION & OPTIMIZATION OF POLYMERIC NANOPARTICLES I Chapter 4

found to be maximum and hence these variables were considered to be major 

contributing variables affecting the PDE and PS of the NPs. The Fisher F test with a very 

low probability value (Pmodei > F ■= 0.000001] demonstrated a very high significance for 

the derived regression model.

Table 4.31 ANOVA of full and reduced models for PS of EXE loaded PLGA NPs

df SS MS F R R2 Adjusted R2

Regression FM 10 52435.4 5243.5 2.87 0.9154 0.8379 0.3461

RM 3 37211.3 12403.8 8.80 0.7711 0.5946 0.4437

Residual FM 5 10144.3 2028.9

RM 12 25368.4 2114.0
SSE2 - SSE1 = 25368.4 - 10144.3 = 15224.1

No. of parameters omitted = 7 

MS of error (full model) = 2028.9

F calculated = (SSE2 - SSE1 / No. of parameters omitted) / MS of error (FM)

= (15224.1 / 7) / 2028.9 

= 1.0719 

4.13.2.1 Contour plots

Values of Xi, Xz and X3 were computed for PDE and PS and contour plots were 

established between Xi vs X2, Xi vs X3 and X2 vs X3 at fixed level (+1) of third variable as 

shown in figure 4.19 and 4.20 for each PDE and PS respectively. Contour plots showed 

that PDE was greatly dependent on drug-.polymer ratio and amount of polymer (figure 

4.19A). PDE was found to be more than 75% in the range of -0.25 to +0.75 for Xi and - 

0.7 to 0 level of X2 at +1 level of X3. Contour plot of drug:polymer ratio vs volume of 

organic phase showed maximum PDE of more than 75% at -0.4 to +1.0 value of Xi and 

0.0 to +1.0 value of X3 at +1 level of X2 (figure 4.19B). PDE was found to be below 55% 

when formulations prepared at a'ny level of Xi (-1.0 to +1.0) and -0.75 to -1 level of X3 at 

+1 level of X2. Contour plot of amount of polymer vs volume of organic phase at +1 level 

of drug:polymer ratio indicated PDE of more than 75% when X2 varied from -0.75 to 

0.25 level and X3 from 0 to +0.75 level (figure 4.19C). Lowest PS of about 180 nm was 

observed at -0.7 to 0.4 level of drug:poIymer ratio, -0.4 to -1.0 level of amount of 

polymer and at +1 level of volume of organic phase (figure 4.20A). When drug:poIymer 

ratio was varied with volume of organic phase, PS was first found to decrease and then
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it increases as drug:polymer ratio increases. PS of less than 160 nm can be obtained at - 

0.5 to 0.5 level ofXi, 0.7 to 1.0 level of X3 and 1.0 level ofX2 (figure 4.20B). From figure 

4.20C, it can be concluded that PS increases as amount of polymer increases (from -1.0 

to 1.0] and volume of organic solvent decreases. It was concluded from the contours 

that mid level of drug:polymer ratio, low amount of polymer and highest volume of 

organic phase are required for preparation of EXE NPs with highest PDE and lowest PS. 

4.13.2.2 Response surface plots

Response surface plot is a very important tool when interaction effects of independent 

variables needs to be evaluated. Response surface plots were plotted between Xi vs X2, 

Xi vs X3 and X2 vs X3 at fixed level (+1) of third variable as shown in figure 4.21 and 4.22 

for PDE and PS respectively. PDE was found to first increase with decrease in amount of 

polymer, and further decrease caused decrease in PDE (figure 4.21 A). Drugtpolymer 

ratio does not have significant effect on PDE, with increase in drug:polymer ratio, PDE 

first increases marginally and then decreases. No increase or decrease in PDE was 

observed when both the variables varied simultaneously. In response surface plot of 

drug:polymer ratio vs volume of organic phase, PDE increases with increase in volume 

of organic phase from -1.0 to 0.5 level and then decreases. Simultaneous increase in 

both the variable results into increase in PDE and was found to be maximum at 0.5 level 

of X3 and 1.0 level of Xi (figure 4.21B]. In response surface plot of volume of organic 

phase vs amount of polymer, PDE was found to increase with increase in volume of 

organic phase and found to be maximum at mid level (0) of X2 and 1.0 level of X3 (figure 

4.21C). Response surface plot of drug:polymer ratio vs amount of polymer showed 

increase in PS with increase in X2. PS first decreases upto 0 level of Xiand then 

increases. Smallest particles were formed at 0 level of Xi and -1 level of X2 (figure 

4.22A). In response surface plot of drug:polymer ratio vs volume of organic phase, PS 

was found to be maximum at high level of Xi and low level of X3 (figure 4.22B). 

Response surface plot of amount of polymer vs volume of organic phase depicts that as 

volume of organic phase increases and amount of polymer decreases, PS increases. Both 

the variables together showed interactive effect with decreases in PS as X3 increases 

and X2 decreases (figure 4.22C).
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4.13.2.3 Desirability criteria

From the results of experiments performed as per Box-Behnken design, the optimum 

levels of independent variables were screened out by regression analysis. Formulation 

was optimized on the basis of PDE and PS and as both these dependent variables were 

taken into consideration simultaneously, the results were unable to attend both the 

dependent variables at a time. The batch with smallest particle size of 150.7 ± 4,9 nm 

exhibited only about 66.7 ± 1.7% while that with highest PDE of 73.2 ± 2.0% had 

particle size close to 200 nm. Hence, desirability criteria were used to find out formula 

with desired parameters. The desirability criteria were obtained using Design Expert 

software [version 8.0.3). Our criteria included maximum PDE and PS not more than 200 

nm. The optimum formulation offered by the Design Expert 8.0.3 software based on 

desirability was found at 0.41, -0.09 and 0.75 levels of Xi, X2 and X3 respectively. The 

calculated desirability factor for offered formulations was 1, which indicated suitability 

of the designed factorial model. The results of dependent variables from the software 

were found to yield 78.37% PDE and 162.28 nm PS [figure 4.23) at these levels.

4.13.2.4 Checkpoint analysis and normalized error

Check point analysis was performed to check the predictability of the results from the 

generated algorithm. Three batches with random levels were prepared for check point 

analysis and evaluated for PDE and PS as shown in table 4.32. Results indicated that the 

measured response was more accurately predicted by reduced model of regression 

analysis which was proved by lower normalized error value of regression analysis

Table 4.32 Check point analysis, t test analysis and normalized error determination

Batch Xi X2 x3
PDE PS

No. Observed Predicted Observed Predicted

1

2

3

-1
(1:15)

0
[1:20)

1
(1:25)

-0.3 
[85 mg)

0.2
(110 mg) 

-0.7 
(65 mg)

0.5
(9 ml) 
-0.8 

(6.4 ml) 
0.8

(9.6 mil

56.91

75.26

52.72

57.53

74.62

53.46

305.2

204.1

242

298.3

199.76

239.51

tcaiculated 0.6411 0.0699
ttabulated 2.9199 2.9199

Normalized Error 0.0197 0.0327
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FORMULATION & OPTIMIZATION OF POLYMERIC NANOPARTICLES Chapter 4

(0.0197 for PDE and 0.0327 for PS). Data analysis using student's't' test was performed 

to check the difference in the observed and predicted responses. Calculated t value 

(tcaicuiated) for PDE and PS was found to be 0.6411 and 0.0699, respectively which was 

less than the tabulated't' value of 2.9199 which indicates that there was no statistically 

significant difference (p<0.05) between experimentally obtained values and predicted 

values by regression analysis and hence confirms the utility of the established contour 

plots and reduced polynomial equations in the preparation of NPs.

Results
Z-Averap 184.0

PiU: 0.333

intercept: 0.955 

Result quality: Good

Size (d.nm): 

Peak t: 1T1.1

Peak 2: 0.0QD

Peak 3: 0.000

% Intensity Width (d.nm): 
100.0 35.55

0.0 0.000

0.0 0.000

Figure 4.23 Particle size of EXE loaded PLGA NPs 

4.13.3 Lyophilization and optimization of cryoprotectants

In this study, different cryoprotectants (trehalose, sucrose and mannitol) were used in 

different ratios (1:1,1:2,1:3,1:4) and PS was recorded as shown in table 4.33. Initial PS 

of NPs was found to be 174.8 nm. The ratio of PS (after lyophilization, Sf and before 

lyophilization, Si) was found to be lowest (1.25) for sucrose in 1:2 ratio. Trehalose also 

showed less increase in PS after re-dispersion (Sf/Si ratio of 1.39). Trehalose at 1:2 and 

sucrose 1:1 and 1:2 ratio showed less Sr/Sj ratio indicating good re-dispersibility with 

PDI less than 0.2. PDI is a measure of dispersion homogeneity and usually ranges from 0 

to 1. Values close to 0 indicate a homogeneous dispersion while those greater than 0.3 

indicate high heterogeneity [Ahlin et al. 2002].
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Table 4.33 Effect of cryoprotectants and their concentration on PS of lyophilized NPs 

after re-dispersion in distilled water

Cryoprotectant Ratio Final Avg. PS (nm) Sr/Si

Trehalose 1:1 252.5 1.44

1:2 237.3 1.36*

1:3 281.3 1.61

1:4 324.3 1.86

Sucrose 1:1 229.6 1.31*

1:2 218.2 1.25*

1:3 260.2 1.49

1:4 304.3 1.74

Mannitol 1:1 264.9 1.52

1:2 289.9 1.66

1:3 320.2 1.83

1:4 332.8 1.90
indicates good re-dispersibility 

4.14FormuIation and optimization of EXE loaded cPCL NPs

4.14.1 Preliminary optimization of EXE loaded cPCL NPs

4.14.1.1 Selection of organic solvent

Three different organic solvents (acetone, acetonitrile and tetrahydrofuran) were used 

for preparation of cPCL NPs (table 4.34}. NPs formulated using acetone showed PDE of 

82.0 ± 1.1% with PS of 212.4 ± 3.1 nm while NPs formulated using acetonitrile were of 

low PDE and high PS. No significant change in PDE was observed when tetrahydrofuran 

was used as solvent with significant increase in PS. Hence, acetone was selected for 

further studies.

Table 4.34 Selection of organic phase in preliminary optimization of EXE loaded cPCL 

NPs

Solvents PDE (%) PS (nm)

Acetone 82.0 ± 1.1 212.4 ± 3.1

Acetonitrile 80.6 + 2.3 227.6 ± 5.2

Tetra hydro furan 82.3 ± 1.7 255.1 ± 4.7
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4.14.1.2 Selection of surfactant

Three different surfactants were initially used for formulation development namely 

Pluronic F-68® (P188), Pluronic F-127® (P127) and Poly vinyl alcohol (PVA) (table 

4.35). Out of these, better one is selected based on resultant PDE and PS. With constant 

level of surfactant concentration (0.5%) for all three surfactants, no significant change 

in PDE was observed, but at the same time PS was found to be of larger size (251.1 ± 5.3 

nm) using PVA as surfactant. No significant difference in PS was observed when P188 or 

P127 was used, but PDE was higher when P188 was used as surfactant. Hence, P188 

was used in further studies.

Table 4.35 Selection of surfactant in preliminary optimization of EXE loaded cPCL NPs

Surfactant PDE (%) PS (nm)

P188 56.32 ± 1.74 224.1 ± 7.2

P127 55.98 ±2.12 214.6 ± 3.7 ,

PVA 56.67 ±1.89 251.1 ± 5.3

4.14.1.3 Selection of surfactant concentration

Different concentrations (0.5, 1.0, 1.5%) of surfactant (P188) were used in aqueous 

phase and results are represented in table 4.36. It was observed that as the 

concentration was increased, PS increases significantly with no major change in PDE 

(55.86 - 56.97%). This was possibly due to coating of surfactant on NPs after 

precipitation. Hence, 0.5% of P188 was selected as surfactant concentration.

Table 4.36 Selection of surfactant concentration in preliminary optimization of EXE 

loaded cPCL NPs

Surfactant concentration PDE (%) PS (nm)

0.5% 56.32 ± 1.74 224.1 ± 7.2

1.0% 55.86 ± 1.41 232.5 ± 2.9

1.5% 56.97 ± 1.64 258.1 ±4.6

4.14.2 Optimization of EXE loaded cPCL NPs using BBD

Thirteen batches of EXE loaded cPCL NPs were prepared as per BBD changing three 

independent variables, drug:polymer ratio (Xi), amount of polymer (X2) and volume of 

organic phase (X3). Coded values and actual values of the three independent variables,
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drugipolymer ratio (XJ, surfactant concentration (X2) and volume of organic phase (X3) 

are represented in table 4.37. Batches prepared using BBD were evaluated for PDE and 

PS as the dependent variables and recorded in table 4.38.

Table 4.37 Coded values of the formulation parameters of EXE loaded cPCL NPs

Coded Values
Xx

Actual values

X2 X3

-1 1:15 50 mg 6 ml

0 1:20 100 mg 8 ml

1 1:25 150 mg 10 ml
Xi Drug:polymer ratio 
X2 Amount of polymer (mg)
X3 Volume of organic phase (ml)

Table 4.38 Box Behnken experimental design with measured responses for EXE loaded 

cPCL NPs

Sr. No. Xx x2 x3 Yi (PDE, mean ± S.D.) Y2 (PS, mean ± S.D.)

1 0 -1 -1 56.32 ± 1.74 224.1 ± 7.2

2 0 -1 1 73.36 ± 2.08 115.0 ±3.6

3 0 1 -1 23.94 ± 1.25 263.7 ± 4.5

4 0 1 1 72.89 ± 1.44 256.3 ± 5.4

5 -1 0 -1 57.93 ± 1.73 284.8 ± 4.9

6 -1 0 1 64.68 ± 1.92 185.0 ± 4.4

7 1 0 -1 48.71 ± 0.71 302.6 ± 2.9

8 1 0 1 82.00 + 1.10 212.4 ±3.1

9 -1 -1 0 70.91 ± 1.79 185.9 ± 3.5

10 -1 1 0 54.94 ± 1.81 340.4 ± 8.3

11 1 -1 0 74.89 ± 2.64 235.8 ± 6.8

12 1 1 0 68.95 ± 3.21 350.0 ± 7.2

13 0 0 0 82.67 ±1.31 207.4 ± 2.0
*values are represented as mean ± s.d.
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Yi = 82.68 + 3.26 Xi - 6.84 X2 + 13.25 X3 + 2.51 X1X2 + 6.63 X1X3 + 7.98 X2X3 - 4.27 Xi2 -

Y2 = 207.41 + 13.08 Xi + 56.19 X2 - 38.32 X3 -10.06 XiX2 + 2.38 X1X3 + 25.42 X2X3 + 51.04

The obtained PDE and PS were subjected to multiple regression to yield second order 

polynomial equations (equation 21 and 22, for PDE and PS respectively). Linear 

coefficients (bi, b2 and b3 of Xi, X2 and X3, respectively) represents extent of effect by 

changing individual variable. Positive or negative sign in equation against different 

coefficients indicate increase or decrease in individual dependent response. The value 

of coefficients against interactions terms (XiX2, XiX3 and X2X3) shows how the PDE and 

PS changes when two variables were simultaneously changed. The values of all the 13 

batches showed wide variation of 23.94 ± 1.25 to 82.68 ± 1.31% and 115.03 ± 3.60 to 

350.03 ± 7.21 nm for PDE and PS, respectively as shown in table 4.38. This variation is 

reflected by the wide range of coefficients of the terms representing the individual and 

combined variables. The significance of each coefficient of equations 21 and 22 were 

determined by student's't' test and p-value, which are listed in table 4.39 and 4.40 

respectively. The larger the magnitude of the't' value and the smaller the p-value, the 

more significant is the corresponding coefficient [Adinarayana and Ellaiah 2002; 

Akhnazarova 1982]. Small values of the coefficients of the terms Xi, X1X2, XiX3 andXi2 in 

equation 21 and Xi, XiX2, XiX3, X22 and X32 in equation 22 implied that all these terms 

were least contributing in the preparation of EXE loaded cPCL NPs. These small values 

of coefficients had p>0.05. Hence, these terms were neglected from the full model 

considering non-significance and reduced polynomial equations (equation 23 and 24, 

for PDE and PS respectively) were obtained following regression analysis of PDE and PS. 

From reduced model, it was evident that drugrpolymer ratio did not affect any of the 

dependent variables significantly (p>0.05). The interaction effects of XiX2 and XiX3 was 

also found to be non-significant (p>0.05) for both PDE and PS. For PDE, the quadratic 

effect of drug:polymer ratio, while for PS the quadratic effect of amount of polymer and 

volume of organic phase were insignificant (table 4.39 and 4.40).

10.98 X22 -15.07 X32 (21)

Xi2 + 19.61 X22 - 12.25 X32

Yi = 77.79 - 6.84 X2 + 13.25 X3 + 7.98 X2X3 - 9.14 X22 - 13.23 X32 

Yz = 213.29 + 56.19 X2 - 38.32 X3 + 25.42 X2X3 + 48.83 Xi2

(22)

(23)

(24)
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Table 4,39 Model coefficients estimated by multiple regression analysis for PDE of 

EXE loaded cPCL NPs

Factor Coefficients tStat P-value

Intercept 82.67 13.5711 0.0009*

Xi 3.2596 1.5135 0.2274

X2 -6.8440 -3.1777 0.0482*

X3 13.2531 6.1536 0.0086*

XiX2 2.5067 0.8230 0.4708

X1X3 6.6334 2.1779 0.1176

X2X3 7.9769 2.6190 0.0491*

Xi2 -4.2709 -1.0600 0.3669

X22 -10.9755 -2.7240 0.0423*

X32 -15.0662 -3.7392 0.0334*
* Significant at p < 0.05

Table 4.40 Model coefficients estimated by multiple regression analysis for PS of 

EXE loaded cPCL NPs

Factor Coefficients tStat P-value

Intercept 207.4 8.7941 0.0031*

Xi 13.0775 1.5684 0.2148

x2 56.1863 6.7384 0.0067*

x3 -38.3225 -4.5960 0.0194*

XiX2 -10.0588 -0.8530 0.4563

XiX3 2.3788 0.2017 0.8530

X2Xs 25.4188 2.1556 0.0301*

Xi2 51.0381 3.2718 0.0467*

X22 19.6131 1.2573 0.2976

X32 -12.2444 -0.7849 0.4898
* Significant at p < 0.05

The results of ANOVA of the second order polynomial equation of PDE and PS are given 

in table 4.41 and 4.42 respectively. Since the calculated F value (1.3911) is less than the 

tabulated F value (9.0135) (a = 0.05, Vi = 5 and V2 = 3) [Bolton 1997] for PDE, and 

calculated F value (2.2086) is less than the tabulated F value (9.1172) (a = 0.05, Vi = 4
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and V2 = 3) [Bolton 1997] for PS, it was concluded that the neglected terms did not 

significantly contribute in the prediction of PDE and PS. Thus, the results of ANOVA of 

full and reduced model justified the omission of non-significant terms of equation 21 

and 22. When the coefficients of the three independent variables in equation 23 and 24 

were compared, the values for the variables X3 (13.25) for PDE and X2 (56.19) for PS 

were found to be maximum and hence these variables were considered to be major 

contributing variables affecting the PDE and PS of the NPs. The Fisher F test with a very 

low probability value (Pmodei > F = 0,000001) demonstrated a very high significance for 

the derived regression model.

Table 4.41 ANOVA of full and reduced models for PDE of EXE loaded cPCL NPs

df SS MS F R R2 Adjusted R2
Regression FM 9 50793.0 5643.7 10.1466 0.9839 0.9681 0.8727

RM 4 46924.3 11731.1 16.9481 0.9457 0.8944 0.8416
Residual FM 3 1668.6 556.2

RM 8 5537.4 692.2
SSE2 - SSE1 =5537.387 - 1668.632 = 3868.755

No. of parameters omitted = 5

MS of error (full model) = 556.2107

F calculated = (SSE2 - SSE1 / No. of parameters omitted) / MS of error (FM) 

= (3868.755 / 5) / 556.2107 

= 1.3911

Table 4.42 ANOVA of full and reduced models for PS of EXE loaded cPCL NPs

df SS MS F R R2 Adjusted R2

Regression FM 9 2935.15 326.13 8.7886 0.9815 0.9634 0.8538

RM 5 2607.32 521.46 8.3118 0.9251 0.8558 0.7528

Residual FM 3 111.32 37.ll

RM 7 439.16 62.74
SSE2 - SSE1 = 439.1605 -111.3241 = 327.8364

No. of parameters omitted = 4 

MS of error (full model) = 37.1080

F calculated = (SSE2 - SSE1 / No. of parameters omitted) / MS of error (FM)

= (327.8364/4)/37.1080 

= 2.2086
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The goodness of fit of the model was checked by the determination coefficient (R2). In 

this case, the values of the determination coefficients (R2 = 0.9681 and 0.9634 for PDE 

and PS, respectively] indicated that over 96% of the total variations were explained by 

the model. After reducing the equation, the values of the determination coefficients (R2 

= 0.8944 and 0.8558 for PDE and PS, respectively) indicated that over 85% of the total 

variations were explained by the model. High R2 values of full model as compared to 

reduced model is possibly due to the number of factors included. More the number of 

factors, more is the R2 value, even if the factors are not significant [Montgomery 2004]. 

The values of adjusted determination coefficients (adj R2 = 0.8727 and 0.8538 for PDE 

and PS respectively) were also very high (>85%) indicating high significance of the 

model. Moreover, the high values of correlation coefficients (R = 0.9839 and 0.9815 for 

PDE and PS, respectively) signify an excellent correlation between the independent 

variables [Box et al. 1978]. All the above considerations indicate an excellent adequacy 

of the derived regression model [Adinarayana and Ellaiah 2002; Akhnazarova 1982; 

Box et al. 1978; Yee and Blanch 1993],

4.14.2.1 Contour plots

Values of Xi, X2 and X3 were computed for PDE and PS and contour plots were 

established between Xi vs X2, Xi vs X3 and X2VS X3 at fixed level (+1) of third variable as 

shown in figure 4.24 and 4.25 for each PDE and PS respectively. Contour plots showed 

that PDE was greatly dependent on drug:polymer ratio and amount of polymer (figure 

4.24A). PDE was found to be maximum at high level of Xi and mid to high level of X2. 

PDE was found to be more than 60% in the whole range of -1 to +1 for both Xi and X2 at 

+1 level of X3. Contour plot of drug:polymer ratio vs volume of organic phase showed 

maximum PDE of more than 70% at 0 to +1 value of Xi and +0.1 to +1.0 value ofX3 at +1 

level of X2 (figure 4.24B). PDE remained to be less than 80% in the whole range (-1 to 

+1) of both variables. Contour plot of amount of polymer vs volume of organic phase at 

+1 level of drug:polymer ratio indicated PDE of more than 80% when X2 varied from - 

0.5 to 0.9 level and X3 from 0 to +1.0 level (figure 4.24C). Lowest PS of about 175 nm 

was observed at -0.5 to 0 level of drug:polymer ratio, -0.8 to -1.0 level of amount of 

polymer at +1 level of volume of organic phase (figure 4.2 5 A). When drug:polymer ratio 

was varied with volume of organic phase, PS was less than 275 nm at "0.5 to 0.5 level of 

Xi and 0.5 to 1.0 level of X3 at +1 level of X2 (figure 4.25B). From figure 4.25C, it is
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evident that at highest level of drug:polymer ratio (+1.0), PS increased as the amount of 

polymer increased (-1.0 to +1.0) and volume of organic phase decreased (+1.0 to -1.0), 

PS increases. It was concluded from the contours that high drug:polymer ratio, low 

amount of polymer and highest volume of organic phase were required for preparation 

of EXE NPs with highest PDE and lowest PS.

4.14.2.2 Response surface plots

Response surface plots are very important tools in learning both the main and 

interaction effects of the independent variables. Response surface plots were plotted 

between Xi vs X2, Xi vs X3 and X2 vs X3 at fixed level (+1) of third variable as shown in 

figure 4.26 and 4.27 for PDE and PS respectively. PDE was found to first increase with 

increase in amount of polymer, and further increase caused decrease in PDE. PDE was 

maximum at highest level of drug:polymer ratio and mid level of amount of polymer 

(figure 4.26A). The volume of organic phase had more significant effect on the outcome 

of PDE. PDE decreased sharply with decrease in volume of organic phase. However, PDE 

was not found to be much influenced by changing the drug:polymer ratio (figure 4.26B). 

PDE was found to decrease with increase in amount of polymer. Decrease in volume of 

organic phase and increase in amount of polymer resulted in overall decrease in PDE 

(figure 4.26C). Response surface plot of drug:polymer ratio vs amount of polymer 

showed non-linear behavior. With decrease in drug:polymer ratio, no significant change 

in PS was observed. Simultaneous increase in both drug:polymer ratio as well as 

polymer concentration showed increased PS. Increase in PS was more influenced by 

change in amount of polymer than drug.-polymer ratio (figure 4.27A). Response surface 

plot between drug:polymer ratio and volume of organic phase showed no significant 

change in PS (figure 4.27B). Plot between amount of polymer and volume of organic 

phase showed increase in PS when amount of polymer increased and volume of organic 

phase decreased at the same time (figure 4.27C).

4.14.2.3 Desirability criteria

From the results, the optimum levels of independent variables were screened out by 

regression analysis. Since PDE and PS were taken into consideration simultaneously, the 

results were unable to attend both the dependent variables at a time. The batch with 

smallest particle size of less than 175 nm exhibited only about 69-71% PDE (at Xi = -0.5 

to 0, X2 = -0.8 to -1.0, X3 = +1.0) while that with highest PDE of more than 80% had
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PS of 210 to 300 nm (at Xi = +1, Xa = -0.5 to 0.9, X3 = 0 to +1.0) (figure 4.23 and 4.24). 

Hence, desirability criteria were used to find out optimized formulation parameters. 

The desirability criteria were obtained using Design Expert software (version 8.0.3). 

Our criteria included maximum PDE and PS not more than 200 nm. The optimum 

formulation offered by the Design Expert 8.0.3 software based on desirability was found 

at 0.43, -0.68, and 0.27 level of Xi, Xz and X3 respectively. The calculated desirability 

factor for offered formulations was 1, which indicated suitability of the designed 

factorial model. The results of dependent variables from the software were found to 

yield 83.96% PDE and 180.51 nm PS (figure 4.28) at these levels.

Size (dnro):

Z-Avfiji1CS.9 Peak 1; 195.3

Pdtt 0.038 Peak 2: 0.OO0

intercept 0.342 Peak 3: 0.S00

Result quality; Refer to Quality report

% Intensity Width (d.nm)i 

100.0 41.03

0.0 0.000

0.0 0.000

Figure 4.28 Particle size distribution of EXE loaded cPCL NPs 

4.14.2.4 Checkpoint analysis and Normalized error

Three batches were prepared for check point analysis and evaluated for PDE and PS as 

shown in table 4.43. Results indicated that the measured response was more accurately 

predicted by regression analysis which was proved by lower normalized error value of 

regression analysis (0.04167 for PDE and 0.02591 for PS). Data analysis using student's 

'f test revealed that there was no statistically significant difference (p<0.05) between 

experimentally obtained values and predicted values by regression analysis and hence, 

it confirms the utility of the established contour plots and reduced polynomial equation 

in the preparation of NPs.

Pharmacy Department, The Maharaja Sayajirao University of Baroda j Page 177

irt
ie

us
sy

 [%
)

3 
3



FORMULATION & OPTIMIZATION OF POLYMERIC NANOPARTiCLES [ Chapter 4

Table 4.43 Check point analysis, t test analysis and normalized error determination

Batch Xi X2 x3
PDE PS

No. Observed „ ,. ^ ,
, , Predicted___(avg-)_____________

Observed „ .; , Predicted___(avg-)_____________

1 -1 -0.3 0.5 84.14 85.93 225.6 222.29

2

(1:15)
0

(1:20)

(85 mg)
0.2

(110 mg)

(9 ml) 
-0.8 

(6.4 ml) 58.63 57.08 256.4 251.12

3 1
(1:25)

-0.7 
(65 mg)

0.8
(9.6 ml) 65.72 64.13 176.9 177.9

tcalculated

tabulated

0.7267

2.9199

0.3057

2.9199

Normalized Error 0.04167 0.02591

4.14.3 Lyophilization and optimization of cryoprotectants

In this study, different cryoprotectants (trehalose, sucrose and mannitol) were used in 

different ratios (1:1,1:2,1:3,1:4) and PS was recorded as shown in table 4.44. Initial PS 

of NPs was found to be 180.5 nm. The ratio of PS (after lyophilization, Sr and before 

Table 4.44 Effect of cryoprotectants and their concentration on PS of lyophilized NPs 

after re-dispersion in distilled water

Cryoprotectant Ratio Final Avg. PS (nm) Sr/Si

Trehalose 1:1 254!0 1.41*

1:2 250.6 1.39*

1:3 288.4 1.60*

1:4 315.9 1.75

Sucrose 1:1 232.4 1.29*

1:2 220.7 1.22*

1:3 273.5 1.52*

1:4 298.1 1.65

Mannitol 1:1 275.9 1.53

1:2 290.2 1.61

1:3 318.0 1.76

1:4 348.5 1.93
^indicates good re-dispersibility
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lyophilization, Si) was found to be lowest (1.22) for sucrose in 1:2 ratio. Trehalose also 

showed less increase in PS after re-dispersion (Sf/Si ratio of 1.39). Trehalose and 

sucrose at 1:1,1:2 and 1:3 ratio showed less Sf/Si ratio indicating good re-dispersibility 

with PDI less than 0.2. PDI is a measure of dispersion homogeneity and usually ranges 

from 0 to 1. Values close to 0 indicate a homogeneous dispersion while those greater 

than 0.3 indicate high heterogeneity [Ahlin et al, 2002].

4.15 Characterization of ATZ loaded PLGA NPs

4.15.1 Zeta potential

Zeta potential gives information to predict the storage stability of colloidal dispersions 

[Thode et al. 2000]. The zeta potential values ranged between -21.5 to -34.4 mV for all 

27 formulations. Highly negative values of the zeta potential indicate that the 

electrostatic repulsion between particles will prevent their aggregation and thereby 

stabilize the nanoparticulate dispersion [Feng and Huang 2001; Joshi et al. 2010]. The 

surfactant concentration affected the charge on the particle. It was seen that as the 

surfactant concentration was increased from 0.25 to 0.75%, there was a decrease in the 

zeta potential value. This is possibly because the surfactant is non- ionic and with 

increase in its concentration, total charge on the particle decreases due to increased 

surfactant coating which also results in increased PS [Redhead et al. 2001].
Results

Mean (mV) Area (%) Width (mV)

Zeta Potential <raV): -20.6 Peak 1: -23,3 100.0 4.41

Zeta Deviation (mV): 4.4 i Peak 2: 0.C0 0.0 0.00

Conductivity (mS/em); 0.036? Peak 3: 0.00 0.0 0.00

Result quality: Saoii

Zeta OrsV^Kilios

&S
2oK

450300

300000

200000

100200

0

..........I
. . . . . . . . . . . It
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'200 *100 200

Zeta Pctenti3!(.,n'v'}

Figure 4.29 Zeta potential of ATZ loaded PLGA NPs
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4.15.2 Transmission electron microscopy (TEM)

TEM image of ATZ loaded PLGA NPs is shown in figure 4.30 which reveals discrete, 

round and uniformly shaped NPs. The mean diameters of NPs were in the range of 80 - 

100 nm. The higher hydrodynamic diameter of NPs achieved by DLS analysis as 

compared to the size obtained by TEM analysis may be contributed by the hydration of 

the surface associated Poloxamer [Das and Sahoo 2012; Misra and Sahoo 2010].

Figure 4.30 TEM image of ATZ loaded PLGA NPs 

4.15.3 Differential scanning calorimetry (DSC)

In the absence of any interaction, the thermogram of a formulation will show patterns 

corresponding to those of the individual components. In the event that an interaction 

occurs, there may be disappearance of one or more peaks, the appearance of One or 

more new peaks corresponding to those of the components [Nanjwade et al. 2009] or 

shift in peaks [Jain and Ram 2011]. DSC thermograms of pure ATZ (A), PLGA polymer 

(B) and ATZ loaded PLGA NPs (C) are shown in figure 4.31. Pure ATZ showed an 

endothermic melting peak at 84.7 °C indicating its crystalline nature while PLGA 

showed endothermic peak at 51.99 °C corresponding to its glass transition temperature 

[Montgomery] [Chaudhari et al. 2010; Lacoulonche et al. 1999]. There was no peak of 

ATZ in the thermogram of NPs indicating that ATZ may be in an amorphous phase in the 

polymer matrix [Kashi et al. 2012].
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A
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C
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100 200 300

Temperature (°C)

Figure 4.31 DSC thermogram of ATZ (A), ATZ loaded PLGA NPs (B), Sucrose (C), PLGA 

(D) and Physical mixture (E).

4.15.4 In vitro drug release studies

The in vitro drug release studies from different nanoparticulate formulations were 

performed in PBS pH 7.4. Pegylated NPs showed faster release as compared with non- 

pegylated NPs. In vitro release of ATZ from drug suspension and NPs is shown in figure 

4.32. Within 3 h, 82.56 ± 0.623% drug release occurred from plain drug suspension, 

whereas only 24.14 ± 0.316% and 28.90 ± 1.03% drug released from PLGA and 

pegylated PLGA NPs, reaching 48.02 ± 0.566% and 60.29 ± 0.85% after 120 h and 64.9 ± 

0.249% and 83.04 ± 0.55% after 240 h from PLGA and pegylated PLGA NPs, respectively 

indicative of sustained release. The drug release from NPs followed biphasic release 

model with an initial burst release for about 3 h followed by sustained release for more 

than 240 h. This biphasic release may be attributed to the drug molecules entrapped 

near particle surface causing initial burst release [Seju et al. 2011]. This initial fast 

release may also have been mediated by the presence of the surfactant molecules which 

are known to facilitate drug release. Also, particles of nano size range leads to a shorter
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average diffusion path for the matrix entrapped drug molecules, thereby causing faster 

diffusion [Mainardes and Evangelista 2005; Shah et al. 2009]. After initial burst release, 

the release rate decreased, reflecting the release of drug entrapped in the strong 

polymer matrix. The release rate in the second phase is assumed to be controlled by 

diffusion rate of drug across the polymer matrix [Corrigan and Li 2009]. Pegylated PLGA 

NPs showed faster release of drug when compared to PLGA NPs as reported by 

Derakhshandeh et al. [Derakhshandeh et al. 2010],

The regression coefficient of the plot of log Mt/Moo versus log t for PLGA and pegylated 

PLGA NPs was found to be 0.948 and 0.956 with value of release exponent (n) as 0.255 

and 0.264, respectively. The n value is the release exponent which characterizes the 

transport mechanism and if its value is less than 0.5, it indicates Fickian release. Hence, 

it can be concluded that the release of ATZ from NPs was by Fickian diffusion.

Figure 4.32 Drug release profile of ATZ from plain drug suspension, PLGA NPs and 

pegylated PLGA NPs across semi-permeable membrane using the dialysis bag diffusion 

technique in phosphate buffered saline (pH 7.4). The values represent mean ± S.D. of 

three batches.
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4.15.5 Stability studies

Total drug content after different time intervals showed change in case of the NPs 

stored at room temperature to that of the NPs stored at refrigerator temperature. After 

different time intervals, increase in PS was observed for NPs stored at room 

temperature as compared to NPs stored at refrigerator temperature, which may 

attributed to the aggregation of polymeric particles (table 4.45). Also, drug content was 

found to decrease with increase in time as well as storage temperature (figure 4.33). 

Thus, it was concluded that the optimum temperature condition for storage of the ATZ 

loaded PLGA NPs would be refrigerated condition (2-8 °C).

Table 4.45 Stability data of ATZ loaded PLGA NPs stored at different temperature 

conditions

Storage time
% Drug content Particle size (nm)

Room temp. Refrigerator 
temp. (2-8 °C) Room temp. Refrigerator 

temp. (2-8 °C)
Initial 100 100 157.8 ± 2.3 157.8 ±2.3

1 month 99.78 ± 0.29 99.85 ± 0.34 160.2 ± 1.4 159.7 ± 1.1

2 months 99.41 ± 0.58 99.57 ± 0.41 165.7 ± 2.9 160.2 ± 2.7

3 months 98.79 ± 0.61 99.14 ± 0.43 171.6 ±3.8 165.9 ± 4.2
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4.16 Characterization of ATZ loaded cPCL NPs

4.16.1 Zeta potential

Zeta potential gives information to predict the storage stability of colloidal dispersions 

[Thode et al. 2000]. The zeta potential values ranged between -23.7 to -35.1 mV for all 

27 formulations. Highly negative values of the zeta potential indicate that the 

electrostatic repulsion between particles will prevent their aggregation and thereby 

stabilize the nanoparticulate dispersion [Feng and Huang 2001; Joshi et al. 2010], Zeta 

potential was found to be affected by surfactant concentration, as the surfactant 

concentration was increased from 0.25 to 0.75%, the decrease in the zeta potential 

values were observed which is possibly because with increase in concentration of non

ionic surfactant, total charge on the particle decreases due to increased surfactant 

coating which also resulted into increased particle size [Redhead et al. 2001]. Polymer 

concentration had no significant effect on zeta potential values. The optimized batch of 

ATZ loaded cPCL NPs was found to have zeta potential of -32.1 ± 1.1 mV (figure 4.34). 

Zeta potential values in the -15 to -30 mV are common for well stabilized NPs [Musumeci 

et al. 2006]. Hence it was concluded that the NPs would remain physically stable.

Mean (mV) Area (%) Width (mV)

Zeta Potential (mV): -32.1 Peak 1; -32.6 96.0 6.0 ?

Zeta Deviation (mV): 6,73 Peak 2: *14.3 4.0 2.74

Conductivity (mS/cm): 0.0223 Peak 3: 0.00 0.0 0,00

Result quality: GomS

Figure 4.34 Zeta potential of ATZ loaded cPCL NPs

4.16.2 Transmission electron microscopy (TEM)

TEM image of ATZ loaded cPCL NPs is shown in figure 4.35 which reveals discrete, 

round and uniformly shaped NPs. The NPs were found with mean diameters in the 

range of 80 - 100 nm. The higher hydrodynamic diameter of NPs observed by DLS

To
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l C
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s
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analysis as compared to the size obtained by TEM analysis is possible due to the 

hydration of the surface associated Poloxamer [Das and Sahoo 2012; Misra and Sahoo 

2010],

Figure 4.35 TEM image of ATZ loaded cPCL NPs

4.16,3 Differential scanning calorimetry (DSC)

In the absence of any interaction, the thermogram of a formulation will show patterns 

corresponding to those of the individual components. In the event that an interaction 

occurs, there may be disappearance of one or more peaks, the appearance of one or 

more new peaks corresponding to those of the components [Nanjwade et al. 2009] or 

shift in peaks [Jain and Ram 2011]. DSC thermograms of pure ATZ (A), cPCL polymer 

(B) and ATZ loaded cPCL NPs (C) are shown in figure 4.36. Pure ATZ showed an 

endothermic melting peak at 84.7 °C indicating its crystalline nature while cPCL showed 

endothermic peak at 47.65 °C corresponding to its melting temperature [Chaudhari et 

al. 2010; Lacoulonche et al. 1999]. There was no peak of ATZ in the thermogram of NPs 

indicating that ATZ may be in an amorphous phase in the polymer matrix [Kashi et al. 

2012].
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Figure 4.36 DSC thermogram of ATZ (A), ATZ loaded cPCL NPs (B), Sucrose (C), cPCL 

(D) and Physical mixture (E).

4.16.4 In vitro drug release studies

In vitro release of ATZ from plain drug suspension and NPs is shown in figure 4.37. In 3 

h, 82.56 ± 0.62% drug released from plain drug suspension, whereas only 21.36 ± 0.41% 

and 26.57 ± 1.81% drug release occurred from cPCL NPs and pegylated PCL NPs, 

reaching 44.14 ± 0.69% and 56.71± 0.67% after 120 h and 58.22 ± 0.99% and 82.21 ± 

0.74% after 240 h from cPCL and pegylated PCL NPs, respectively indicative of sustained 

release. The drug release from NPs followed biphasic release model with an initial burst
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4.16.5 Stability studies

Total drug content after different time intervals showed change in case of the NPs 

stored at room temperature to that of the NPs stored at refrigerator temperature. After 

different time intervals, increase in PS was observed for NPs stored at room 

temperature as compared to NPs stored at refrigerator temperature, which may 

attributed to the aggregation of polymeric particles (table 4.46). Also, drug content was 

found to decrease with increase in time as well as storage temperature (figure 4.38). 

Thus, it was concluded that the optimum temperature condition for storage of the ATZ 

loaded cPCL NPs would be refrigerated condition (2-8 °C).

Table 4.46 Stability data of ATZ loaded cPCL NPs stored at different temperature 

conditions

Storage time
% Drug content Particle size (nm)

Room temp. Refrigerator 
temp. (2-8 °C) Room temp. Refrigerator 

temp. (2-8 °C)
Initial 100 100 198.4 ± 3.7 198.4 ± 3.7

1 month 99.81 ± 0.25 99.91 ± 0.21 200.5 ± 2.2 200.1 ± 1.8

2 months 99.38 ± 0.64 99.62 ± 0.18 207.1 ± 4.1 204.5 ± 2.5

3 months 99.01 ± 0.49 99.24 + 0.37 215.0 ±3.8 211.2 ±3.1

220

215 —-x—- Drug content

210
g
5—•©•— Room temp.

33
205 '1

acx,

200

195

■©— Particle size

— Refrigerator 
temp.
(2-8 °C)

Time interval (in months)

Figure 4.38 Effect of different storage conditions on drug content and PS of ATZ loaded 

cPCL NPs.
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4.17 Characterization of EXE loaded PLGA NPs

4.17.1 Zeta potential

The zeta potential values ranged between -21.2 to -31.9 mV for all 13 formulations. The 

surfactant concentration affected the charge on the particle. It was seen that as the 

surfactant concentration was increased from 0.25 to 0.75%, there was a decrease in the 

zeta potential value. This is possibly because with increase in concentration of non-ionic 

surfactant, total charge on the particle decreases due to increased amount of surfactant 

coating which also resulted in increased particle size [Redhead et al. 2001]. However, 

change in polymer concentration had no effect on zeta potential values. The optimized 

batch of EXE loaded cPCL NPs was found to have zeta potential of -29.5 ± 1.4 mV (figure 

4.39). Zeta potential values in the -15 mV to -30 mV are common for well stabilized NPs 

[Musumeci et al. 2006]. Hence it was concluded that the NPs would remain physically 

stable.

Results
Mean (mV) Area (e/>) Width (mV)

Zeta Potential (mV)i -29.0 Peakl: *29.8 100.0 4.41
Zete Deviation (mV): 4.41 Peak 2: G.C9 0.0 0.00

Conductivity (mS/emj: 0.0367 Peak 3: 0.00 0.0 0,00
Result quality: Csood

Zeis Potential Distribution

'400002

300000

,o

100000

0*290 *100 0
Zeta Potential (mV)

500 203

US9: ij

Figure 4.39 Zeta potential of EXE loaded PLGA NPs

4.17.2 Transmission electron microscopy (TEM)

TEM image of EXE loaded PLGA NPs is shown in figure 4.40. The image reveals that the 

particles were discrete, round and uniform in shape with diameters in the range of 80- 

100 nm. The higher hydrodynamic diameter of NPs achieved by DLS analysis as
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compared to the size obtained by TEM analysis may be contributed by the hydration of 

the surface associated Poloxamer [Das and Sahoo 2012; Misra and Sahoo 2010].

Figure 4.40 TEM image of EXE loaded PLGA NPs

4.17.3 Differential scanning calorimetry (DSC)

DSC thermograms of pure EXE, PLGA polymer, sucrose, physical mixture and EXE 

loaded PLGA NPs are shown in figure 4.41. Pure EXE showed an endothermic melting 

peak at 182.56 °C indicating its crystalline nature while PLGA showed endothermic 

peak at 51.9 °C corresponding to its glass transition temperature [Chaudhari et al. 2010; 

Lacoulonche et al. 1999]. In the absence of any interaction, the thermogram of a 

formulation will show patterns corresponding to those of the individual components. In 

the event that an interaction occurs, there may be disappearance of one or more peaks, 

the appearance of one or more new peaks corresponding to those of the components 

[Nanjwade et al. 2009] or shift in peaks [Jain and Ram 2011]. There was no peak of EXE 

in the thermogram of NPs indicating that EXE may be in an amorphous phase in the 

polymer matrix [Kashi et al. 2012].
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Figure 4.41 DSC thermogram of EXE loaded PLGA NPs [A), EXE (B), Sucrose (C), PLGA 

(D) and Physical mixture (E).

4.17.4 In vitro drug release studies

The in vitro drug release studies from different nanoparticulate formulations were 

performed in PBS pH 7.4. Pegylated PLGA NPs showed faster release as compared with 

non-pegylated NPs. In vitro release of EXE from drug suspension and NPs is shown in 

figure 4.42. Within 3 h, 71.36 ± 1.23% drug release occurred from plain drug 

suspension, whereas only 25.18 ± 0.56% and 20.21 ± 0.23% drug released from PLGA 

and pegylated PLGA NPs, reaching 48.05 ± 0.94% and 54.25 ± 0.23% after 120 h and

71.4 ± 1.23% and 73.9 ±0.86% after 240 h from PLGA and pegylated PLGA NPs, 

respectively indicative of sustained release. The drug release from NPs followed 

biphasic release model with an initial burst release for about 3 h followed by sustained 

release for more than 240 h. Pegylated PLGA NPs showed faster release when compared 

to PLGA NPs as reported by Derakhshandeh et al. [Derakhshandeh et al. 2010]. The
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burst release may be attributed to the drug molecules associated near particle surface 

[Seju et al. 2011]. Also, particles of nano size range lead to a shorter average diffusion 

path for the matrix entrapped drug molecules, thereby causing faster diffusion 

[Mainardes and Evangelista 2005; Shah et al. 2009]. After initial burst release, the 

release rate decreased, reflecting the release of drug entrapped in the polymer matrix. 

The release rate in the second phase was assumed to be controlled by diffusion rate of 

drug across the polymer matrix [Corrigan and Li 2009]. The data obtained from in vitro 

drug release studies was fitted to Korsmeyer - Peppas model.

The regression coefficient of the plot of log Mt/Moo versus log t for PLGA and pegylated 

PLGA NPs was found to be 0.935 and 0.984 with value of release exponent (n) as 0.271 

and 0.312, respectively. The n value is the release exponent which characterizes the 

transport mechanism and if its value is less than 0.5, it indicates Fickian release. Hence, 

it can be concluded that the release of EXE from NPs was by Fickian diffusion.

Figure 4.42 Drug release profile of EXE from plain drug suspension, PLGA NPs and 

pegylated PLGA NPs across semi-permeable membrane using the dialysis bag diffusion 

technique in phosphate buffered saline (pH 7.4). The values represent mean ± S.D. of 

three batches.
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Figure 4.43 Effect of different storage conditions on drug content and PS of EXE loaded 

PLGA NPs.
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4.17.5 Stability studies

Total drug content after different time intervals showed change in case of the NPs 

stored at room temperature to that of the NPs stored at refrigerator temperature. After 

different time intervals, increase in PS was observed for NPs stored at room 

temperature as compared to NPs stored at refrigerator temperature, which may 

attributed to the aggregation of polymeric particles (table 4.47). Also, drug content was 

found to decrease with increase in time as well as storage temperature (figure 4,43). 

Thus, it was concluded that the optimum temperature condition for storage of the EXE 

loaded PLGA NPs would be refrigerated condition (2-8 °C).

Table 4.47 Stability data of EXE loaded PLGA NPs stored at different temperature 

conditions

Storage time
% Drug content Particle size (nm)

Room temp. Refrigerator 
temp. (2-8 °C) Room temp. Refrigerator 

temp. (2-8 °C)
Initial 100 100 179.8 ± 2.8 179.8 ± 2.8

1 month 99.54 + 0.52 99.67 ±0.38 181.3 ± 2.4 180.1 ± 3.4

2 months 99.09 ± 0.64 99.24 ±0.41 186.7 ± 2.9 186.4 ± 1.7

3 months 98.79 ± 0.75 98.96 ± 0.66 195.4 ± 4.1 188.6 ±2.3
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4.18 Characterization of EXE loaded cPCL NPs

4.18.1 Zeta potential

The zeta potential values ranged between -19.6 to -34.0 mV for all 13 formulations. The 

surfactant concentration affected the charge on the particle. It was seen that as the 

surfactant concentration was increased from 0.25 to 0.75%, there was a decrease in the 

zeta potential value. This is possibly because with increase in concentration of non-ionic 

surfactant, total charge on the particle decreases due to increased amount of surfactant 

coating which also resulted in increased particle size [Redhead et al. 2001]. However, 

change in polymer concentration had no effect on zeta potential values. The optimized 

batch of EXE loaded cPCL NPs was found to have zeta potential of -33.8 ± 2.1 mV (figure 

4.44). Zeta potential values in the -15 mV to -30 mV are common for well stabilized NPs 

[Musumeci et al. 2006]. Hence it was concluded that the NPs would remain physically 

stable.
Results

Zeta Potential (mVlt -33.? 

Zeta Deviation (mV): 7.29 

Conductivity (mS/em): 0.0S1S 

Result quality: Good

Mean (mV) 

Peak 1: -33.7 

Peak 2: 0.00 

Peak 3: 0.00

Area (%}

100:0

0.0
0.0

Width (mV)

7.29

0.00
0.00

Figure 4.44 Zeta potential of EXE loaded cPCL NPs

4.18.2 Transmission electron microscopy (TEM)

TEM image of EXE loaded cPCL NPs is shown in figure 4.45. The image reveals that the 

particles were discrete, round and uniform in shape with diameters in the range of 80- 

100 nm. The higher hydrodynamic diameter of NPs achieved by DLS analysis as 

compared to the size obtained by TEM analysis may be contributed by the hydration of 

the surface associated Poloxamer [Das and Sahoo 2012; Misra and Sahoo 2010],
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Figure 4.45 TEM image of EXE loaded cPCL NPs 

4.18.3 Differential scanning calorimetry (DSC)

DSC thermograms of pure EXE, cPCL polymer, sucrose, physical mixture and EXE loaded 

cPCL NPs are shown in figure 4.46. Pure EXE showed an endothermic melting peak at 

182.56 °C indicating its crystalline nature. cPCL showed endothermic peak at 47.65 °C, 

which was lower than the reported melting point of PCL (60 °C). It has been reported 

that modifications in polymer or polymer structure will change its melting point 

(Orozco-Castellanos et al. 2011). Thus, the lowering of melting point of PCL in cPCL can 

be taken as an indication of its carboxylation, which was also confirmed by FTIR and 

GPC. There was no peak of EXE in the thermogram of NPs indicating that EXE may be 

existing as a molecular dispersion or in an amorphous phase in the polymer matrix 

[Kashi et al. 2012]. It is reported that no detectable endotherm will be observed if the 

drug is present in a molecular dispersion or solid solution state in the polymeric NPs 

[Dubernet 1995]. However, as the drug is crystalline, total disappearance of its peak in 

the thermogram of the NPs indicate towards its existence as a molecular dispersion 

rather than amorphous form.
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Figure 4.46 DSC thermogram of EXE loaded cPCL NPs (A), EXE (B), cPCL (C), Sucrose (D) 

and Physical mixture [E).

4.18.4 In vitro drug release studies

The in vitro drug release studies from different nanoparticulate formulations were 

performed in PBS pH 7.4. Pegylated PCL NPs showed faster release as compared with 

non-pegylated NPs. In vitro release of EXE from drug suspension and NPs is shown in 

figure 4.47. Within 3 h, 71.36 ± 1.23% drug release occurred from plain drug 

suspension, whereas only 20.06 ± 1.31% and 24.88 ± 1.13% drug released from cPCL 

and pegylated PCL NPs, reaching 44.89 ± 1.3% and 52.22 ± 3.1% after 120 h and 70.67 ± 

1.76% and 83.26 ± 0.85% after 240 h from cPCL and pegylated PCL NPs, respectively 

indicative of sustained release. The drug release from NPs followed biphasic release 

model with an initial burst release for about 3 h followed by sustained release for more 

than 240 h. Pegylated PCL NPs showed faster release when compared to cPCL NPs as 

reported by Derakhshandeh et al. [Derakhshandeh et al. 2010]. The burst release may 
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be attributed to the drug molecules associated near particle surface [Seju et al. 2011], 

Also, particles of nano size range lead to a shorter average diffusion path for the matrix 

entrapped drug molecules, thereby causing faster diffusion [Mainardes and Evangelista 

2005; Shah et al. 2009]. After initial burst release, the release rate decreased, reflecting 

the release of drug entrapped in the polymer matrix. The release rate in the second 

phase was assumed to be controlled by diffusion rate of drug across the polymer matrix 

[Corrigan and Li 2009]. The data obtained from in vitro drug release studies was fitted 

to Korsmeyer - Peppas model. The regression coefficient of the plot of log Mt/Moo versus 

log t for cPCL and pegylated PCL NPs was found to be 0.942 and 0.952 with value of 

release exponent (n) as 0.303 and 0.306, respectively. The n value is the release 

exponent which characterizes the transport mechanism and if its value is less than 0.5, 

it indicates Fickian release. Hence, it can be concluded that the release of EXE from NPs 

was by Fickian diffusion.

Figure 4.47 Drug release profile of EXE from plain drug suspension, cPCL NPs and 

pegylated PCL NPs across semi-permeable membrane using the dialysis bag 

diffusion technique in phosphate buffered saline (pH 7.4], The values represent 

mean ± S.D. of three batches.
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4.18.5 Stability studies

Total drug content after different time intervals showed change in case of the NPs 

stored at room temperature to that of the NPs stored at refrigerator temperature. After 

different time intervals, increase in PS was observed for NPs stored at room 

temperature as compared to NPs stored at refrigerator temperature, which may 

attributed to the aggregation of polymeric particles (table 4.48). Also, drug content was 

found to decrease with increase in time as well as storage temperature (figure 4.48). 

Thus, it was concluded that the optimum temperature condition for storage of the EXE 

loaded cPCL NPs would be refrigerated condition (2-8 °C).

Table 4.48 Stability data of EXE loaded cPCL NPs stored at different temperature

conditions

Storage time
% Drug content Particle size (nm)

Room temp. Refrigerator 
temp. (2-8 °C) Room temp. Refrigerator 

temp. (2-8 °C)
Initial 100 100 182.6 ± 2.9 182.6 ± 2.9

1 month 99.50 ± 0.53 99.71 ±0.27 185.1 ± 1.9 184.5 ± 2.4

2 months 99.11 + 0.28 99.32 ± 0.41 192.7 ± 3.8 189.4 ± 1.7

3 months 98.87 ± 0.33 99.04 ±0.19 200.4 ±5.4 196.4 ±3.8

—-X-— Drug content

s —O— Room temp.
<D

w —q— Particle size

o*■£3

jjg —*— Refrigerator 
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Figure 4.48 Effect of different storage conditions on drug content and PS of EXE loaded 

cPCL NPs.
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