Formulation Development

4.1 Introduction

Docetaxel (as generic or under the trade name Taxotere) is a clinically well-
established anti-mitotic chemotherapy medication that works by interfering with cell
division.(1-3) Docetaxel is approved by the FDA for treatment of non-small-cell lung
cancer, locally advanced or metastatic breast cancer, head and neck cancer, gastric cancer
and hormone-refractory prostate cancer. Docetaxel can be used as a single agent or in
combination with other chemotherapeutic drugs as indicated depending on specific
cancer type and stage. Docetaxel is a member of the taxane drug class, which also
includes the chemotherapeutic medication paclitaxel. Although docetaxel remains twice

as potent as paclitaxel, the two taxanes have been observed to have comparable efficacy.
“)

Nanoparticles have been extensively studied by researchers in recent years for peroral
drug delivery, for systemic effect following uptake from enteron, or to act locally in the
gastrointestinal tract. Nanoparticulate delivery systems due to colloidal properties have
the potential to improve drug stability, increase the duration of the therapeutic effect,

minimise the drug degradation and metabolism as well as cellular efflux.(5-8)

Poly (D,L-lactide-co-glycolide), is a polymer of choice for developing an array of micro
and nanoparticulate drug delivery systems as it has excellent biocompatibility and

predictable biodegradability(9—11).

PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA). It is the
best-defined biomaterial available for drug delivery with respect to design and
performance. Poly lactic acid contains an asymmetric a-carbon, which is typically
described as the D or L form in classical stereochemical terms and sometimes as R and S
form, respectively. The enantiomeric forms of the polymer PLA are poly D-lactic acid
(PDLA) and poly L-lactic acid (PLLA). PLGA is generally an acronym for poly D,L-
lactic-coglycolic acid where D- and L- lactic acid forms are in equal ratio. The drug
delivery specific vehicle, i.e., PLGA, must be able to deliver its payload with appropriate
duration, bio-distribution and concentration for the intended therapeutic effect.
Therefore, design essentials, including material, geometry and location must incorporate
mechanisms of degradation and clearance of the vehicle as well as active pharmaceutical
ingredients (API). Bio-distribution and pharmacokinetics of PLGA follows a non-linear

and dose-dependent profile. Furthermore, previous studies suggest that both blood

54



Formulation Development

clearance and uptake by the mononuclear phagocyte system (MPS) may depend on dose

and composition of PLGA carrier systems. (12—15)

Optimization of pharmaceutical process begins with an objective to find out the and
evaluate the independent wvariables that affect on the formulation response, its
determination and to establish their best response values (16—19). However, considering
the cost of drugs and polymers, it was desirable to optimize the formulation with
minimum batches and maximum desired characteristics. Optimization by changing one
variable at a time (OVAT) 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 expensive, time-consuming and often leads
to misinterpretation of results when interactions between different components are
present. While developing formulations, various formulations as well as process variables
related to effectiveness, safety and usefulness should be optimized simultaneously.
Quality by design (QBD) is based on the improvement of the quality of formulation
at designing level, planned and predefined quality of a formulation (20-23). Studies
based on factorial designs allow all the factors to be varied simultaneously, thus enabling
evaluation of the effects of each variable at each level and showing interaction among
them. It involves stepwise selection of method according to the statistical significance
and final model is used to predict relationship between the different variables and their
levels. However, such predictions are often limited to low levels, resulting in poor
estimation of optimum formulation. Therefore, it is important to understand the
complexity of pharmaceutical formulations by using established statistical tools such

as multiple regression analysis (MRA), full factorial design etc.(16,17,24,25)

The epidermal growth factor receptor (EGFR) is a member of ErbB family of receptors.
It is composed of the extracellular domains, including ligand-binding domain, a tyrosine
kinase-containing cytoplasmic region and a hydrophobic transmembrane region (26-29).
Stimulation of EGFR by the endogenous ligands, EGF or transforming growth factor-
alpha (TGF-alpha), results in to conformational change in receptor, permitting it to enter

into the dimers and other oligomers.
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Dimerization results in the activation of intracellular tyrosine kinase, protein
phosphorylation and stimulation of various cell-signaling pathways that mediate gene
transcription and cell cycle progression. The EGFR is expressed on normal human cells
but higher levels of expression of the receptor have also been shown to be correlated
with malignancy in a variety of cancers. In addition, expression of the EGFR by
malignant cells is associated with resistance to therapy and poor prognosis (28,30,31).

Cetuximab is a chimeric human-murine monoclonal antibody that binds competitively
and with high affinity to the EGFR (32-34). Binding of the antibody to the EGFR
receptor prevents stimulation of the receptor by endogenous ligands and results in
inhibition of cell proliferation, enhanced apoptosis, invasiveness, reduced angiogenesis,
and metastasis. Binding of cetuximab to the receptor also results in internalization of the
antibody-receptor complex, which leads to an overall down regulation of EGFR
expression. The EGFR is a prime target for new anticancer therapy, and other agents in
development include small molecular tyrosine kinase inhibitors and antisense therapies
(26,35,36). In clinical and preclinical studies, cetuximab has been shown to induce
response to treatment when used in combination with chemotherapy in patients
previously refractory to chemotherapy. Based on these studies, cetuximab can be added
to regimens using docetaxel, cisplatin, carboplatin, irinotecan, paclitaxel and
fluorouracil and may add to treatment efficacy (37). Phase I range finding studies
showed that saturation of cetuximab clearance occurred after administration of 400
mg/m?> as a loading dose followed by weekly infusions of 250 mg/m?. The most
commonly reported adverse event associated with cetuximab treatment is an acneiform
rash that occurs in 70-80% of patients treated with cetuximab (32,33,38). The rash is
rarely dose or treatment limiting, and may diminish in intensity with continued exposure
to cetuximab. Improvement may be seen after treatment with topical steroids or topical

retinoid and topical antibiotic preparations
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4.2 Preparation of Docetaxel-Loaded Nanoparticles by Emulsification Solvent
Evaporation Method

4.2.1 Method:

The Emulsification Solvent Evaporation method was employed for preparation of
PLGA NPs containing docetaxel. Briefly, docetaxel and PLGA were dissolved in acetone
as an organic solvent that is miscible with water. The drug-polymer solution was then
added to an aqueous phase containing 0.5% PVA (W/V). The mixture was probe
sonicated (Cole-Parmer 750-Watt Ultrasonic Homogenizer with Temp Controller) at 5
amplitudes for 60 seconds to produce an O/W emulsion. The O/W emulsion was stirred
using a magnetic stirrer for 4 hours at room temperature until the evaporation of the
organic phase was completed to generate NPs. The NPs were then collected by
ultracentrifugation for 15 min at 50,000 g. The PLGA NPs were re-suspended, washed
with water, and collected similarly.(39—41) A stepwise process is given in Figure 4.1 as a

process flow chart.

Dissolve Docetaxel and PLGA in organic phase
(Acetone)

*Various solvents like Acetone, Ethyl Acetate and DCM as
per solubility of Drug

Add it drop wise to aqueous surfactant (PVA) solution
under continuous stirring

*Stirring RPM

*Rate of Addition

Continue stirring for complete solvent evaporation

*Rate of Evaporation
*Stirring RPM

Docetaxel NP dispersion was passed through rotatory
evaporator for 1 hour

*Rate of Evaporation

*Time

Docetaxel NP Purification

*Entrapment efficiency
*% drug Loading

Figure 4.1 Process Flowchart
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4.3 Preliminary Optimization of Parameters:

In preliminary optimization, the possible parameters influencing the formation of
nanoparticles, size of nanoparticles and entrapment efficiency were identified and
optimized. The aim of this work is to optimize and characterize the formulation prepared
by emulsification solvent evaporation method for the preparation of nanoparticles in
order to identify formulation and process parameters.(16,17,19,23)

Preliminary experiments and research studies have indicated that the variables mostly
affecting the preparation of PLGA NPs by nanoprecipitation technique were the amounts
of polymer, concentration of the drug, the ratio of organic to aqueous phase. Box-
Behnken design was particularly used to statistically optimize the formulation parameters
and evaluate the main interaction effects since it requires a small number of runs in case
of three or four variables. A 3-factor, 3-level Box-Behnken design was used to optimize
NP formulation with polymer concentration (X1), drug concentration (X2) and the ratio
of organic to aqueous solvent (X3) as the independent variables with low, medium and
high concentration values presented in Table 4.1.

The Box-Behnken designs 17 experiments, including 12 factorial points, with 5
replicates at the center point for estimation of pure error sum of squares, were

employed.(19,22,42.,43)
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4.4 Optimization by Factorial Design(16,17,43)

Based on the preliminary experiments, the polymer concentration (X1), Drug
Concentration (X2) and Ratio of Solvent to Water (X3) were selected as independent
variables and particle size (PS), PDI and % Drug Loading were selected as dependent
variables. A 33 randomized full factorial design was used. In this design, three factors
were evaluated, each at 3 levels, and experimental trials were performed at all 27
possible combinations with two replicates. Replicate experimental runs were carried out
in a complete randomized manner.

Table 4.1 Variables in Box—Behnken design

Factor Levels used
Independent variables -1 0 +1
X1:Polymer Concentration (mg/ml) 5 10 15
X2:Drug Concentration (mg/ml) 0.5 1.0 2
X3:Ratio of Solvent to Water 0.1 0.3 0.5
Dependent variables Contriants
Particle Size (nm) Minimize
PDI Minimize
% Drug Loading Maximize

Table 4.2 Formulation of Docetaxel loaded nanoparticles with coded values

Batch Code X1 X2 X3
F1 -1.000 0.000 1.000
F2 0.000 0.000 0.000
F3 -1.000 -1.000 0.000
F4 1.000 1.000 0.000
F5 0.000 0.000 0.000
F6 1.000 0.000 1.000
F7 -1.000 0.000 -1.000
F8 1.000 0.000 -1.000
F9 0.000 -1.000 1.000
F10 0.000 1.000 1.000
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F11 0.000 0.000 0.000
F12 0.000 1.000 -1.000
F13 0.000 0.000 0.000
F14 1.000 -1.000 0.000
F15 0.000 -1.000 -1.000
F16 -1.000 1.000 0.000
F17 0.000 0.000 0.000

A multilinear stepwise regression analysis was performed using Microsoft Excel
software. All the statistical operations were carried out by design expert (8.0.7.1, Stat-
Ease, Inc.. Minneapolis, USA). Table 4.1 and Table 4.2 summarize experimental runs
studied, their factor combinations, and the translation of the coded levels to the
experimental units employed during the study.

Various RSM (Response Surface Methodology) computations for optimization study
were performed employing Design Expert® software (version 8.0.7.1, Stat-Ease Inc,
Minneapolis, USA). Polynomial models including interaction and quadratic terms were
generated for the response variable using multiple regression analysis (MLRA) approach.
The general form of MLRA model is represented as equation 4.1.

Y =bo + biX1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23XoX3 + b12X11 + b22X22 + b32X33

+ b123X1X2X3 (4.1)

Where bo is the intercept representing the arithmetic average of all quantitative outcomes
of 27 runs; bij are the coefficients computed from the observed experimental values of Y;
and X1, X2 and X3 are the coded levels of the independent variable(s). The terms Xi1X2
and Xiz (i =1to3) represents the interaction and quadratic terms, respectively. The main
effects (X1, X2 and X3) represent the average result of changing one factor at a time from
its low to high value. The interaction terms (X1X2X3) show how the response changes
when three factors are simultaneously changed. The polynomial terms (X12, X22 and X32)
are included to investigate nonlinearity. The polynomial equation was used to draw
conclusions after considering the magnitude of the coefficients and the mathematical sign
it carries, i.e., positive or negative. A positive sign signifies a positive interaction,
whereas a negative sign stands for negative interaction. The effects of different levels of
independent variables on the response parameters were predicted from the respective

response surface plots.
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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. The statistical validity of the polynomials was established on the
basis of ANOVA provision in the Design Expert ®software.(21) Level of significance
was considered at P<0.05. F-Statistic was applied on the results of analysis of variance
(ANOVA) of full model and reduced model to check whether the non-significant terms
can be omitted or not from the FM. The best fitting mathematical model was selected
based on the comparisons of several statistical parameters including the coefficient of
variation (CV), the multiple correlation coefficient (R2), adjusted multiple correlation
coefficient (adjusted R2). For simultaneous optimization of PS and % Drug Loading,
desirability function (multi-response optimization technique) was applied and total
desirability was calculated. A check point analysis was performed to confirm the utility
of the multiple regression analysis and established contour plots in the preparation of
Docetaxel loaded PLGA NPs. Results of desirability criteria, check point analysis and
normalized error were considered to select the formulation with lowest PS and highest %
Drug Loading.

4.5 Lyophilization of Docetaxel Loaded Nanoparticles and Optimization of
Cryoprotectant

The optimized nanoparticle formulation was lyophilized using freeze dryer. Different
cryoprotectants (Trehalose, Mannitol and Sucrose) at different ratio of Docetaxel Loaded
Nanoparticles to Cryoprotectant (1:1 w/w, 1:2 w/w, 1:3 w/w) were tried to select the
cryoprotectant which showed a minimum increment in particle size. Nanoparticulate
suspension (2 ml) was dispensed in 10 ml semi-stoppered vials with rubber closures and
frozen for 24 hours at -80°C. Thereafter, the vials are lyophilized using trehalose, sucrose
and mannitol in different concentrations. Finally, glass vials were sealed wunder
anhydrous conditions and stored until being re-hydrated. Lyophilized NPs were re-
suspended in exactly the same volume of distilled water as before lyophilization. NP
suspension was subjected to particle size measurement as described earlier. Ratio of the
final particle size and initial particle size (Si) was calculated to finalize the suitable

cryoprotectant based upon lowest Sf/Si ratio.
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4.6 Characterization of Optimized Docetaxel Loaded Nanoparticles

4.6.1 Particle Size

The size analysis and polydispersity index of the Nanoparticles were determined using a
Malvern Zetasizer Nano ZS (Malvern Instrument, UK). Each sample was diluted ten
times with distilled water to avoid multi-scattering phenomena and placed in the cuvette.
Polydispersity index was noted to determine the narrow particle size distribution.
Analysis was performed in triplicate and the results were expressed as mean size =+
SD.(8)

4.6.2 Entrapment Efficiency and Drug Loading

Drug loading in the Nanoparticles was determined after separating the Nanoparticles
present in the aqueous supernatant (containing entrapped Docetaxel) by centrifugation at
5000 rpm for 10 min. Acetonitrile was added to the Nanoparticles to dissolve the
polymer and centrifuged. The supernatant was diluted with the appropriate amount of
purified water and analyzed for entrapped drug by spectrophotometer after filtration
through 0.22 p and appropriate dilution. The precipitated drug was settled down at
centrifuge tube was removed and dissolved in acetonitrile and the drug was analyzed for
the free drug content. Drug loading was estimated by calculating amount of drug
entrapped in NPs with respect to total drug added during preparation of formulation.

The Entrapment was calculated according to following formula:

Totalamountofdrugadded - amountofentrappeddrug

- i X100
ntrapment (%) amount of entrapped drug

Drug loading was calculated as follows,

] Drug content in the Nanoparticles
Drugloading (%) = X100
Weight of Nanoparticles

4.6.3 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
distilled water and placed in a disposable cell. The electrophoretic mobility (um/sec) was
converted to zeta potential by using Helmholtz-Smoluchowski equation. An average of 3

measurements of each sample was used to derive average zeta potential.(44,45)
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4.7 Results and Discussion

4.7.1 Optimization by Factorial Design

For the purpose of nanoparticle formulation optimization, three-dimensional response
surface plots from the experimental data were drawn. All responses observed were fitted
to linear, second order and quadratic models, and were evaluated in expressions of
statistically significant coefficients p-values and R2 values. Polynomial equations
relating the major effect and interface factors were determined based on evaluation of
statistical parameters such as multiple correlation coefficient, adjusted multiple
correlation coefficient and the predicted residual sum of squares generated by Design-
was

Expert software. The statistical corroboration of the polynomial

established by ANOVA through Fisher’s test and shown by a p value below 0.05, which

equations

is provision available in the software. Therefore, the optimum values of the variables
were obtained by graphical and numerical analyses using the Design-Expert software and
based on the criterion of desirability. In order to graphically show the relationship and
interactions between the coded variables and the response, contour plots and three-
dimensional surface plots were used in this study. The optimal points were determined
by solving the equation derived from the final quadratic model and grid search of RSM
plot. NPs were organized using the optimal formulation, and resultant experimental
values of the responses were quantitatively compared with the predicted values for
calculating the percentage of the predicted error. Predicted error is the variation between
the experimental value and the predicted value per predicted value. Validation of the
optimization procedure was demonstrated for predicted errors lower than  5%.
Formulation Composition and observed responses during experimnetation are provided

in Table 4.3.

Table 4.3 Composition and observed responses in Box—Behnken design

Factor 1 Factor 2 Factor 3 Iliesp onse Izlesponse ;{esp onse
Run é(.)fr)l(éle};lrg:;ion ]é;)]ral?::itration gjli:;(t) fc)cf g?giifm) PDI (I)f)oaDdl;igg
(mg/mL) (mg/mL) Water
1 5.00 1.00 0.50 178 0.3 5.39
2 10.00 1.00 0.30 184 0.3 7.22
3 5.00 0.50 0.30 158 0.1 0.17
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4 15.00 2.00 0.30 203 0.2 3.7
5 10.00 1.00 0.30 185 0.2 8.56
6 15.00 1.00 0.50 241 0.4 1.15
7 5.00 1.00 0.10 185 0.1 2

8 15.00 1.00 0.10 214 0.2 1.46
9 10.00 0.50 0.50 186 0.2 0.4
10 10.00 2.00 0.50 207 0.25 5.04
11 10.00 1.00 0.30 218 0.15 9.03
12 10.00 2.00 0.10 206 0.12 5.23
13 10.00 1.00 0.30 243 0.16 7.71
14 15.00 0.50 0.30 224 0.2 0.15
15 10.00 0.50 0.10 180 0.12 0.14
16 |5.00 2.00 0.30 180 0.12 11.54
17 10.00 1.00 0.30 210 0.2 8.2

i. Statistical Analysis of Response Particle Size

p-value of the different models, p-value for lack of fit in the model, Adjusted R2 value

and Predicted R2 values are shown in the following Table 4.4.

Table 4.4 Summary of ANOVA results for Different Models

Sequential Lack of Fit Adjusted Predicted
Source p-value p-value R-Squared R-Squared
Linear 0.0013 0.7222 0.6167 0.4781 Suggested
2FI1 0.3792 0.7444 0.6288 0.3483
Quadratic 0.4824 0.7351 0.6188 0.1387
Cubic 0.7351 0.4993 Aliased

As it can be seen from the Table 4.4, the best model to fit the experimental results of

Particle Size in nanoparticles is linear model. The higher model (cubic model) is

significant (p<0.05) but the non-agreement between the adjusted R2 value and predicted
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R2 value and aliased structure of response prediction rules out the cubic model. Table
4.5 below shows the ANOVA analysis of the suggested linear model.
Table 4.5 ANOVA Table for Response Surface linear Model

Source Sum of | df | Mean F p-value
Squares Square | Value | Prob > F
Model 571275 | 6 | 952.13 | 5.52 | 0.0092 significant
A-Polymer 4802.00 | 1 | 4802.00 | 27.83 | 0.0004
Concentration
B-Drug 288.00 |1 |288.00 |1.67 |0.2255
Concentration
C-Ratio of Solvent | 32.00 1 |32.00 0.19 | 0.6759
to Water
AB 306.25 |1 |306.25 |1.77 |0.2124
AC 27225 |1 | 27225 | 158 |0.2377
BC 12.25 1 1225 0.071 | 0.7953
Residual 1725.72 | 10 | 172.57
Lack of Fit 794.52 |6 | 13242 |0.57 | 0.7444 not significant
Pure Error 931.20 |4 |232.80
Cor Total 7438.47 | 16

The Model F-value of 5.52 implies the model is significant. There is only a 0.01 %
chance that a "Model F-Value" this large could occur due to noise. Values of "Prob > F"
less than 0.0500 indicate model terms are significant. In this case A is significant model
term. This signifies that Polymer Concentration have significant effect on Particle Size.
Polymer Concentration shows linear effect in the response. Values greater than 0.1000
indicate the model terms are not significant. The "Lack of Fit F-value" of 0.57 implies
the Lack of Fit is not significant relative to the pure error. There is a 74.44 % chance that
a "Lack of Fit F-value" this large could occur due to noise. Non-significant lack of fit
implies that selected linear model fits the responses.

Table 4.6 Summary of ANOVA results for Quadratic Model

Std. Dev. 13.14 R-Squared 0.7680
Mean 197.82 Adj R-Squared 0.6288
CV. % 6.64 Pred R-Squared 0.3483
PRESS 4847.44 Adeq Precision 8.779
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Effect of polymer concentration, drug concentration and ratio of solvent to water on

Particle size are presented in Figure 4.2, Figure 4.3 and Figure 4.4 respectively.

Summary of ANOVA results for selected linear model is shown in Table 4.6. The "Pred
RSquared" of 0.3483 is in reasonable agreement with the "Adj R-Squared" of 0.6288.
"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable.
Here ratio of 8.779 indicates an adequate signal. This model can be used to navigate the

design space.

Design-Expert® Software
Factor Coding: Actual O ne FaCtOI’
Particle Size (nm)
e Design Points
. 95% Cl Bands

Warning! Factor involved in multiple interactions.

260 —

X1= A: Polymer Concentration
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B: Drug Concentration = 1.25

C: Ratio of Solvent to Water = 0.30

220 —|

200 —|

180 —|

Particle Size (nm)

160 —|

140 —|

5.00 7.00 9.00 11.00 13.00 15.00

A: Polymer Concentration (mg/mL)

Figure 4.2 Effect of polymer concentration on Particle size
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B: Drug Concentration (mg/mL)

Figure 4.3 Effect of drug concentration on Particle size
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Figure 4.4 Effect of ratio of solvent to water on Particle size
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Design-Expert® Software

Factor Coding: Actual
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X1= A: Polymer Concentration
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Figure 4.5 Response surface showing combined effect of drug concentration and

polymer concentration on Particle size
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Figure 4.6 Response surface showing combined effect of Ratio of Solvent to Water

and polymer concentration on Particle size
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Design-Expert® Software
Factor Coding: Actual
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Figure 4.7 Response surface showing combined effect of Ratio of Solvent to Water

and drug concentration on Particle size

Predicted response at any point of the plot can be represented by the following

equation:
Particle Size =
+135.78186
+5.34167 * Polymer Concentration
+27.83333 * Drug Concentration
-87.08333 * Ratio of Solvent to Water
-2.33333 * Polymer Concentration * Drug Concentration
+8.25000 * Polymer Concentration * Ratio of Solvent to Water

+11.66667 * Drug Concentration * Ratio of Solvent to Water
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ii. Statistical Analysis of PDI

p-value of the different models, p-value for lack of fit in the model, Adjusted R2 value

and Predicted R2 values are shown in the following Table 4.8.

Table 4.7 Summary of ANOVA results for Different Models

Sequential Lack of Fit Adjusted Predicted
Source p-value p-value R-Squared R-Squared
Linear 0.0068 0.4832 0.5028 0.2668 Suggested
2F1 0.8937 0.3415 0.3903 -0.4907
Quadratic 0.0636 0.7875 0.6728 0.3389 Suggested
Cubic 0.7875 0.5486 Aliased

As it can be seen from the Table 4.7, the best model to fit the experimental results of

PDI in nanoparticles is linear model. The higher model (Quadratic model) is significant

(p<0.05) but the non-agreement between the adjusted R2 value and predicted R2 value

and and aliased structure of response prediction rules out the Quadratic model. Table 4.8

below shows the ANOVA analysis of the suggested linear model.

Table 4.8 ANOVA Table for Response Surface linear Model

Sum of Mean F p-value
Source Squares df | Square Value Prob >
F
Model 0.084 9 | 9.348E- 4.66 0.0274 significant
003
A-Polymer 0.017 1 (0017 8.52 0.0224
Concentration
B-Drug 8.000E- 1 | 8.000E- 0.40 0.5479
Concentration 004 004
C-Ratio of Solvent to | 0.041 1 |0.041 20.23 0.0028
Water
AB 2.250E- 1 | 2.250E- 0.11 0.7476
004 004
AC 1.388E- 1 | 1.388E- 6.912E- | 1.0000
017 017 015
BC 2.025E- 1 | 2.025E- 1.01 0.3487
003 003
A2 5.568E- 1 | 5.568E- 0.28 0.6147
004 004
B™2 0.018 0.018 9.13 0.0193
cr2 5.609E- 5.609E- 2.79 0.1386
003 003
Residual 0.014 7 | 2.008E-
003
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Lack of Fit 2.975E- 3 | 9917E- 0.36 0.7875 | not
003 004 significant
Pure Error 0.011 4 | 2.770E-
003
Cor Total 0.098 16

The Model F-value of 4.66 implies the model is significant. There is only a 2.74%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than

0.0500 indicate model terms are significant.

In this case A, C, B2 are significant model terms. Values greater than 0.1000 indicate
the model terms are not significant. If there are many insignificant model terms (not
counting those required to support hierarchy), model reduction may improve your model.
The "Lack of Fit F-value" of 0.36 implies the Lack of Fit is not significant relative to the
pure error. There is a 78.75% chance that a "Lack of Fit F-value" this large could occur

due to noise. Non-significant lack of fit is good -- we want the model to fit.

Table 4.9 Summary of ANOVA results for Quadratic Model

Std. Dev. 0.045 R-Squared 0.8569
Mean 0.19 Adj R-Squared 0.6728
CV. % 23.15 Pred R-Squared 0.3389
PRESS 0.065 Adeq Precision 8.256

The "Pred R-Squared" of 0.3389 is not as close to the "Adj R-Squared" of 0.6728 as one
might normally expect; i.e. the difference is more than 0.2. This may indicate a large
block effect or a possible problem with your model and/or data. Things to consider are
model reduction, response transformation, outliers, etc. All empirical models should be
tested by doing confirmation runs. "Adeq Precision" measures the signal to noise ratio. A
ratio greater than 4 is desirable. Your ratio of 8.256 indicates an adequate signal. This

model can be used to navigate the design space.
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Predicted response at any point of the plot can be represented by the following
equation:

PDI =
-0.038000
+2.55000E-003 * Polymer Concentration
+0.28167 * Drug Concentration
-0.37875 * Ratio of Solvent to Water
-2.00000E-003 * Polymer Concentration * Drug Concentration
+5.99822E-018 * Polymer Concentration * Ratio of Solvent to Water
+0.15000 * Drug Concentration * Ratio of Solvent to Water
+4.60000E-004 * Polymer Concentration™2
-0.11733 * Drug Concentration2

+0.91250 * Ratio of Solvent to Water"2

iii. Statistical Analysis of % drug loading
p-value of the different models, p-value for lack of fit in the model, Adjusted R2 value
and Predicted R2 values are shown in the following Table 4.10.

Table 4.10 Summary of ANOVA results for Different Models

Sequential Lack of Fit Adjusted Predicted

Source p-value p-value R-Squared R-Squared

Linear 0.0145 0.0799 0.4374 0.2922

2FI 0.6013 0.0590 0.3878 0.0693
Quadratic 0.0033 0.6404 0.8636 0.6346 Suggested
Cubic 0.6404 0.8366 Aliased

As it can be seen from the Table 4.10, the best model to fit the experimental results of %
drug loading in nanoparticles is Quadratic model. Table 4.12 below shows the ANOVA

analysis of the suggested linear model.
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Table 4.11 ANOVA Table for Response Surface linear Model

Sum of Mean F p-value
Source Squares | df | Square | Value | Prob>F
Model 195.87 9 [21.76 12.25 10.0016 significant
A-Polymer Concentration | 36.89 1 |36.89 20.77 | 0.0026
B-Drug Concentration 75.95 1 7595 42.76 | 0.0003
C-Ratio of Solvent to 0.24 1 1024 0.14 0.7232
Water
AB 15.29 1 1529 8.61 0.0219
AC 0.18 1 |0.18 0.099 10.7618
BC 0.051 1 10.051 0.029 | 0.8707
A2 8.55 1 | 855 4.81 0.0643
B"2 23.40 1 |2340 13.17 | 0.0084
"2 28.73 1 |2873 16.18 | 0.0050
Residual 12.43 7 | 1.78
Lack of Fit 3.93 3 | 1.31 0.62 0.6404 not
significant
Pure Error 851 4 |2.13
Cor Total 208.30 16

The Model F-value of 12.25 implies the model is significant. There is only a 0.16%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case A, B, AB, B"2, C"2 are
significant model terms. Values greater than 0.1000 indicate the model terms are not
significant. If there are many insignificant model terms (not counting those required to
support hierarchy), model reduction may improve your model. The "Lack of Fit F-value"
of 0.62 implies the Lack of Fit is not significant relative to the pure error. There is a
64.04% chance that a "Lack of Fit F-value" this large could occur due to noise. Non-

significant lack of fit is good -- we want the model to fit.

Table 4.12 Summary of ANOVA results for Quadratic Model

Std. Dev. 1.33 R-Squared 0.9403
Mean 4.66 Adj R-Squared 0.8636
CV. % 28.58 Pred R-Squared 0.6346
PRESS 76.11 Adeq Precision 11.264

The "Pred R-Squared" of 0.6346 is not as close to the "Adj R-Squared" of 0.8636 as one
might normally expect; i.e. the difference is more than 0.2. This may indicate a large

block effect or a possible problem with your model and/or data. Things to consider are
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model reduction, response transformation, outliers, etc. All empirical models should be
tested by doing confirmation runs. "Adeq Precision" measures the signal to noise ratio. A

ratio greater than 4 is desirable. Your ratio of 11.264 indicates an adequate signal. This

model can be used to navigate the design space.
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Predicted response at any point of the plot can be represented by the following
equation:
% Drug Loading =
-17.20019
+1.29897 * Polymer Concentration
+20.02333 * Drug Concentration
+37.15250 * Ratio of Solvent to Water
-0.52133 * Polymer Concentration * Drug Concentration
+0.21000 * Polymer Concentration * Ratio of Solvent to Water
-0.75000 * Drug Concentration * Ratio of Solvent to Water
-0.056990 * Polymer Concentration”2
-4.19067 * Drug Concentration”2
-65.30625 * Ratio of Solvent to Water2
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iv. Selection of Optimized Batch:

Constraints applied to select the best formulation parameters based on the % Drug

Formulation Development

Loading, particle size and PDI are shown in the following Table 4.13.

Table 4.13 Constraints Applied for Selection of Optimized Batch

Name Goal Lower Limit Upper Limit
Particle Size Minimum 150.0 225.0

% Drug Loading Maximum 8.0 12.0

PDI Minimum 0.01 0.99

v. Point Prediction and Confirmation:
Confirmation of the response was done by carrying out the experiment using the selected
factor values in triplicate. The Table 4.14 shows and confirms that experimental and

predicted values are in good agreement concluding the suitability of the selected model

for optimization.

Table 4.14 Experimental Confirmation of the Predicted Responses*

Response Predicted Experimental
Particle Size 183.82 187.54

PDI 0.202 0.190

% Drug Loading 10.95 11.55

*Experiments were performed in triplicate.

Nanoparticulate batch optimized so was used for further modification of surface using

Cetuximab mAb.
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4.8 Lyophilization and optimization of cryoprotectant concentration

The nanoparticle dispersions have thermodynamic instability upon storage and lead to
the formation of aggregates. Freeze-drying/lyophilization is one of the best-known
methods to recover nanoparticles in the dried form and suitably redisperse them at the
time of administration. To the suspension of the nanoparticles different cryoprotectants
like sucrose, mannitol and trehalose were added in different concentrations at
nanoparticle (NP): cryoprotectant (CP) ratio of 1:1, 1:2 and 1:3 before freeze-
drying.(24,46,47)

4.9 Antibody conjugation of nanoparticles

The surface modification of Docetaxel loaded PLGA nanoparticles with antibody
Cetuximab was achieved in two steps using carbodiimide coupling method. This active
ester method yields stable amide bonds. As a prerequisite, the polymer has to contain
free carboxyl groups at the surface as represented by the H-type of PLGA which are
activated by carbodiimide/N-hydroxysuccinimide.(30,48-50) In contrast to the activation
of carboxyls with only carbodiimide, the presence of N-hydroxysuccinimide yields
Nhydroxysuccinimide esters as stable intermediates which rather acylate amino groups
of proteins than to be subject of hydrolysis in aqueous medium. Activation pH,
reaction temperature, activation time and amount of activating agents (EDC-HCI/NHS)
were optimized to achieve minimum particle size and maximum conjugation efficiency.

Briefly, in first step, to the lyophilized drug containing nanoparticles dispersed in
phosphate buffer pH adjusted to 5.0, using potassium dihydrogen phosphate was added
freshly prepared aqueous solution of EDC with continuous stirring on a magnetic stirrer
followed by an equimolar freshly prepared aqueous solution of NHS after half an hour.
Then, the mixture was allowed to stir on a magnetic stirrer for 30 minutes more. Then the
activated nanoparticles were recovered by centrifuging at 50000 rpm for 15 min, washed
with distilled water and suspended in phosphate buffer pH 7.4. The temperature was
maintained below 15°C throughout the conjugation (45,49).

In the second step, to the dispersion of activated nanoparticles was added solution of
cetuximab in phosphate buffer pH 7.4. The mixture was stirred for one hour, centrifuged
at 50000 rpm for 15 minutes at 15°C to separate Cetuximab conjugated nanoparticles and
washed twice with phosphate-buffered saline (PBS) 7.4 to remove unreacted reagents

and Cetuximab. The temperature was maintained below 15 °C throughout the
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conjugation. To saturate the free coupling sites 1.0 ml of 20 % glycine solution in 20mM
HEPES/NaOH buffer, pH 7.4 was added and incubated for 1 hr. Finally, the particles

were washed with distilled water and lyophilized for 24hrs .

4.9.1 Estimation of conjugation efficiency of antibody to the nanoparticles
(Determination of mAb on the surface of nanoparticles)

The concentration of proteins can be estimated using various methods. For estimating the
total protein in a complex protein mixture, one can use dyes that exhibit changes in their
spectral properties on binding to the proteins. Bradford is one such dye-based assay for
protein concentration estimation. (51,52)

The principle underlying Bradford assay is the binding of the Coomassie Blue G250 dye

to proteins.

Figure 4.20 Chemical structure of Coomassie Blue

Free Coomassie Blue G250 can exist in four different ionization states with pKal, pKa2,
and pKa3 of 1.15, 1.82, and 12.4. At pH 0, both the sulfate groups are negatively
charged and all three nitrogen are positively charged giving the dye +1 net charge (the
red form of the dye). Around pH 1.5, the neutral green form of the dye predominates. At
neutral pH, the dye has a net charge of +1 (the blue form of the dye). The red, green, and
blue forms of the dye absorb visible radiation with absorption maxima at 470, 650, and
590 nm, respectively. It is the anionic form of the dye that binds to the protein. Binding
of the blue form of Coomassie Blue G250 with proteins causes red-shift in its absorption
spectrum; the absorption maximum shifts from 590 to 620 nm. It, therefore, looks sensible
to record the absorption at 620 nm. The absorbance, however, is recorded at 595 nm to
avoid any contribution from the green form of the dye. The dye binds more readily to the

cationic residues, lysine and arginine. This implies that the response of the assay
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would depend on the amino acid composition of protein, the major drawback of the
assay. The original assay developed by Bradford shows such variation between different
proteins. Several modifications have been introduced into the assay to overcome this
drawback; the modified assays, however, are more susceptible to interference by other
chemicals than the original assay. The original Bradford assay, therefore, remains the
most convenient and widely used method (53).

The Bradford method with Coomassie dye was used. 300 pl of Coomassie Plus reagent
was added to 10 pl of dispersion of nanoparticles, either mAb-conjugated or non-
conjugated, and after 10 min of incubation, the absorbance was measured at 595 nm. The
results were compared to a standard curve of BSA solution in the concentration range
from 10 pg/ml to 750 pg/ml.

The % conjugation efficiency was calculated as follows:

) ] o Cetuximab added - unreacted Cetuximab
% conjugation efficiency = Cotuximab added X100

4.9.2 Optimization for conjugation of Cetuximab in Docetaxel loaded Nanoparticles
4.9.2.1 Influence of pH on conjugation efficiency

The effect of pH on the conjugation efficiency of Cetuximab to mnanoparticles was
checked by varying the pH during activation, i.e. step 1, between 5 to7 keeping pH
during antibody conjugation, i.e. step 2, at 7.4 to avoid any protein denaturation. The
weight of Cetuximab to weight of nanoparticles ratio was taken as 1:10, concentration of
EDC and NHS as 7 pM, activation time as 1 hr (first step) and reaction temperature as
15°C.

4.9.2.2 Influence of temperature on conjugation efficiency

The effect of temperature on Cetuximab conjugation to nanoparticles was tested by
varying the reaction temperature (of first step and second step) between 15-25 °C and the
results are recorded in table 4.18. The weight of Cetuximab to weight of nanoparticles
ratio was taken as 1:10, concentration of EDC and NHS as 7 uM, activation time as 1 hr
(first step) and activation pH as 5 for step 1 and 7.4 for step 2.

4.9.2.3 Influence of amount of activating agent

The influence of the amount of activating agent (EDC/NHS concentration) on
conjugation efficiency of Cetuximab to nanoparticles was assessed by varying the

amount of EDC/NHS, keeping the weight of Cetuximab to weight of nanoparticles ratio

84



Formulation Development

as 1:10, pH as 5 during activation and 7.4 during conjugation, activation time as 1 hr
(first step) and reaction temperature as 15°C.

4.9.2.4 Influence of reaction time

The influence of reaction time (activation and conjugation time i.e. time for step 1 + step
2) on conjugation efficiency of Cetuximab to nanoparticles was assessed by varying the
PLGA nanoparticles activation time, keeping the weight of Cetuximab to weight of
nanoparticles ratio as 1:10; pH as 5 during activation and 7.4 during conjugation,
concentration of EDC-HCI and NHS as 7.8 uM and reaction temperature as 15°C.

4.9.2.5 Influence of amount of antibody

The effect of amount of Cetuximab antibody on conjugation efficiency and particle size
was checked by varying the amount of antibody added to the activated nanoparticles. The
concentration of EDC and NHS was taken as 7 uM, activation pH as 5 for first step and
7.4 for second step and reaction temperature as 15°C.

4.9.3 Characterization of immunonanoparticles

4.9.3.1 Particle size and zeta potential

A 2.0 mg sample of lyophilized drug containing nanoparticles, unconjugated and
antibody conjugated, was suspended in distilled water, and the particle size and zeta
potential were measured using the principle of laser light scattering with zeta sizer.

4.9.3.3 In-vitro drug release

The invitro drug release of the Docetaxel nanoparticles was performed in pH 1.2 Acid,
phosphate-buffer pH 6.8 and pH 7.4 at 37°C using rotating bottle apparatus.
Nanoparticles equivalent to 1mg drug were suspended in 10 ml of release media in screw
capped tubes, which were placed in horizontal shaker bath maintained at 37°C and
shaken at 60 rpm. At specific time intervals following incubation samples were taken out
and centrifuged at 50000 rpm for 30 min. The residue was collected and dissolved in
acetonitrile, diluted suitably and analyzed by UV spectrophotometer for respective drug.
(8,54-56) The amount of the drug released was calculated using the following equation.
The release of drug from the unconjugated and conjugated nanoparticles is tabulated in

table 4.23 and shown graphically in figure 4.15.

_ drugaddedinformulation-amountofdruginnanoparticles
% drug released = drugadded in formulation X100
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4.9.5 Determination of residual Acetone in nanoparticles

As per USP, residual solvents are tested under General Chapter <467> "Organic Volatile
Impurities." (57)

4.10 Results and Discussion

4.10.1 Lyophilization and optimization of cryoprotectant concentration

Freeze-drying has been the most utilized drying method for nanoparticle system. Since,
freeze-drying is a highly stressful process for nanoparticles, addition of cryoprotectants
become essential. For nanoparticles carbohydrates have been perceived to be suitable
freeze-drying protectants.(46) There are considerable differences in the cryoprotective
abilities of different carbohydrates. The optimized batch of nanoparticles was lyophilized
using sucrose, mannitol and trehalose (at 1:1, 1:2 and 1:3 nanoparticle to cryoprotectant)
to select suitable cryoprotectant and its concentration.(24,46) The redispersibility of the
freeze-dried formulations and particle size of the nanoparticles before and after freeze-
drying were evaluated and recorded in Table 4.16.

Table 4.16: Effect of different cryoprotectants on the particle size and redispersion

of NG nanoparticles

Particle size (nm)
Type of NP: CP | gefore After Sf/Si | Redispersion
cryoprotectant ratio Lyophilization Lyophilization

Si St
Initial 1:0 165.23 +6.51 NA NA NA
Sucrose 1:1 -- 538.65 3.26 Poor redispersibility
Sucrose 1:2 -- 418.03 2.53 Poor redispersibility
Sucrose 1:3 -- 375.07 2.27 Poor redispersibility
Trehalose 1:1 -- 287.50 1.74 Moderate redispersibility
Trehalose 1:2 -- 224.71 1.36 Easy redispersibility
Trehalose 1:3 -- 178.45 1.08 Easy redispersibility
Mannitol 1:1 -- 383.33 2.32 Moderate redispersibility
Mannitol 1:2 -- 33542 2.03 Moderate redispersibility
Mannitol 1:3 -- 194.97 1.18 Moderate redispersibility

With the use of sucrose as cryoprotectant, the cake formed after lyophilization was found
to be of condensed and collapsed structure. Hence, the redispersibility of nanoparticles

was poor and was only possible with sonication. For the different ratios of 1:1, 1:2 and
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1:3 nanoparticle to cryoprotectant, as shown in table 4.16, increased significantly after
lyophilization.(24,58,47,59) The Sf/Si values were 3.26, 2.53 and 2.27 with 1:1, 1:2 and
1:3 nanoparticle to sucrose respectively. The increase in the particle size could have been
due to the cohesive nature of the cryoprotectant. Further, it was observed that the
lyophilized nanoparticles with sucrose had tendency to absorb moisture quickly. While,
with mannitol the lyophilized product was fluffy and snow like voluminous cake. Also,
the nanoparticle formulation showed free flowing.(24,46,59) However, the
redispersibility of nanoparticles was difficult and possible only after vigorous shaking.
The particle size, recorded in table 4.16, increased significantly after lyophilization than
the initial. The Sf/Si values were 2.32, 2.03 and 1.18 with 1:1, 1:2 and 1:3 nanoparticle to
mannitol respectively. This may be due to the low solubility of mannitol in water (0.18
parts of mannitol soluble in 1 part of water). With trehalose also, the lyophilized
nanoparticles formed fluffy and snow like voluminous cake. With trehalose as
cryoprotectant, the lyophilized nanoparticles were redispersed easily and the increase in
particle size was not significant as indicated by Sf/Si values 1.7, 1.36, and 1.08 for 1:1,
1:2 and 1:3 nanoparticle to trehalose respectively (table 4.16).(58,59) The redispersion of
the nanoparticles depends on the hydrophilicity of the surface. The easy redispersibility
could be probably due to the higher solubility of trehalose in water (0.7 parts in 1 part of
water). The cryoprotective effect may be attributed to the ability of trehalose to form a
glassy amorphous matrix around the particles, preventing the particles from sticking
together during removal of water. In addition, the property of the Tyndall effect observed
with nanoparticles was retained after redispersion of the nanoparticles lyophilized using
trehalose. Furthermore, trehalose, a non-reducing disaccharide of glucose, has previously
demonstrated satisfactory cryoprotective effects for pharmaceutical and  biological
materials. Therefore, trehalose at a ratio of 1:4 (nanoparticles: trehalose) was used as
cryoprotectant for lyophilization of optimized batch of nanoparticles for further studies.
4.10.2 Antibody conjugation to nanoparticles

The activation pH, reaction temperature, activation time, amount of activating agents
(EDC/NHS) and Cetuximab to NPs ratio were optimized to achieve minimum particle
size and maximum conjugation efficiency.

The activation pH was varied between pH 5-7 and at acidic pH 5 highest conjugation
efficiency was observed with a decrease in %EE which may be due to hydrolysis of

PLGA at this pH (Table 4.17).
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Table 4.17: Optimization of antibody-conjugation activation pH

pH | Conjugation  efficiency | Mean particle size (nm) %EE (Y%w/w)
(Yow/w)

4 2895+ 1.2 16524 + 3.5 57.5+1.8

5 36.54+ 1.5 168.55 + 5.7 5524+ 2.7

6 2772+ 1.7 164.51 £ 6.8 56.84 £ 1.5

7 12.68 + 2.1 162.84 £ 3.7 54.62 £2.2

Antibody-conjugation is generally used as a carboxyl activating agent in the pH range of
4.0-6.0 and hence a low conjugation efficiency was observed at pH 7 followed by at pH
6. Hence, taking into account the conjugation efficiency and %EE, the activation pH was
optimized as 5 for nanoparticle activation followed by antibody conjugation effected at
pH 7.4 to avoid denaturation of protein at lower pH. It was observed that the activation
pH did not significantly affect the mean particle size of  antibody-conjugated
nanoparticles.

The effect of temperature on antibody conjugation to nanoparticles was also evaluated

and the results are recorded in Table 4.18.

Table 4.18 Optimization of antibody conjugation reaction temperature

Temperature Conjugation  efficiency | Mean particle size | %EE (%w/w)
(Yow/w) (nm)

15°C 3587 +£3.2 172.54 £ 5.7 54.62 +£2.2

20°C 2444 +24 168.21 +4.1 5524 +2.7

25°C 16.65 + 2.8 15953+ 7.2 56.25+ 1.9

At a reaction temperature of 25°C both the conjugation efficiency and %EE were
observed to be the lowest which may be attributed to low glass transition temperature of
PLGA resulting in increased drug leaching from nanoparticles and availability of less
surface carboxyl group to effect conjugation. The same may explain for a low
conjugation efficiency and %EE at 20°C. In addition, carbodiimide coupling has been
reported to be efficient at room temperature. While both conjugation efficiency and %EE
were observed to be high at a temperature of 15°C and hence, was optimized as reaction

temperature.
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The effect of the amount of activating agent (EDC/NHS concentration) on conjugation

efficiency of antibody to nanoparticles was assessed and the results recorded in Table

4.19.

Table 4.19 Optimization of amount of activating agent

Amount of Conjugation Mean particle size %EE (Y%w/w)
EDC/NHS (uM) efficiency (%w/w) (nm)

6.0 27.65+2.2 171.54 £ 6.9 54.52 £ 1.7
7.5 38.50 +2.8 164.14 £ 5.7 59.14+£2.3
9.0 39.77+ 34 163.57 £ 6.1 58.62 £ 3.1

It was observed that increasing the concentration of activating agent from 6.0 to 9.0 uM
there was an increase in conjugation efficiency from 27.65 + 2.2% to 39.77 £ 3.4% with
no appreciable effect on mean particle size or %EE of antibody conjugated nanoparticles.
While, there was no significant increase in antibody conjugation efficiencies of
nanoparticles with increase in EDC/NHS concentration from 6.0 to 9.0 uyM pM
indicating nanoparticle surface saturation with unavailability of surface carboxyl groups
for more antibody attachment.(30)

The influence of reaction time (activation and conjugation time) on conjugation
efficiency of Cetuximab to nanoparticles was also checked and the results are recorded in
Table 4.20.

Table 4.20 Optimization of antibody conjugation reaction time

Reaction time Conjugation efficiency | Mean particle size | %EE (%w/w)
(Yow/w) (nm)

1 hours 2436+ 2.5 168.59 £ 5.8 61.21 +2.8

2 hours 37.77+ 1.9 165.54 £ 4.8 5522 +2.5

3 hours 3850+ 1.5 162.17 £5.2 56.82 +2.7

The conjugation efficiency of antibody to nanoparticles was observed to be significantly
low with a reaction time of 1 hr (half an hour each for activation and conjugation) with
no significant effect on particle size and %EE indicating the time to be insufficient to
achieve maximum antibody conjugation. However, there was no significant increase in
antibody conjugation, mean particle size and %EE with increase in reaction time from 2

to 3 hr. Thus, the reaction time was standardized as 2 hr.
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The amount of antibody (Cetuximab) was varied from 10ug to 500ug (Table 4.21).
Table 4.21 Optimization of amount of antibody

Antibody amount Conjugation Mean particle size | %EE (Yow/w)

(Antibody:NPs ratio) efficiency (%ow/w) | (nm)

10 pg (1:50) 19.97 + 2.8 165.16 + 7.4 58.84 + 3.1
20 pg (1:25) 2588 + 2.4 17128 + 8.7 6123+ 1.7
500 pg (1:1) 39.59 2.7 168.55+ 7.9 63.55+ 2.5

For all the three drug nanoparticles, with increase in the amount of antibody the
conjugation efficiency increased with no significant increase in particle size. This is
because by increasing the antibody concentration from 10pug to 500ug no surface
saturation was observed for PLGA nanoparticles with respect to the antibody attached as

it has not been used in molar ratios.

4.10.3 Particle size, zeta potential and drug entrapment efficiency

The particle size, zeta potential and drug entrapment efficiency (%EE) for drug loaded
unconjugated nanoparticles and antibody conjugated drug loaded nanoparticles are
measured and the particle size and zeta potential for the nanoparticles are shown

graphically in Figure 4.21.
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Figure 4.21 Particle size distributions
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Increase in the particle size after antibody conjugation may be due to antibody
conjugation to the surface of unconjugated nanoparticles. While, the increase in zeta
potential may be due to screening of the negative charge because of the antibody
conjugated to the nanoparticle surface.(8,17,24,60,61) In addition, the decrease in %EE
may be explained by the accelerated leaching of the drug from the nanoparticles being
subjected to different pH conditions during antibody conjugation.

The particle size plays a vital role in in vivo systemic circulation, tissue distribution and
its clearance from the central compartment. It has been reported that tumor possess

impaired lymphatic drainage and interstitial spaces.

4.10.4 In-vitro drug release

The release of the drug from PLGA is by the degradation of polymer by hydrolysis of its
ester linkages in the presence of water. In general the mechanism by which active agent
is released from a delivery vehicle is a combination of diffusion of the active agent from
the polymer matrices, bulk erosion of the polymer, swelling and degradation of the
polymer.(62) The degradation of PLGA is slow, therefore the release of the drugs from
the nanoparticles may depend on drug diffusion and PLGA surface and bulk erosion or
swelling. The results of in vitro drug release profiles for the drug NPs are shown

graphically in Figure 4.22.
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For the entire drug loaded unconjugated nanoparticles there was an initial burst release
for 12 hrs and then there was a lag phase and continuous zero order drug release in 48
hours. This high initial burst from unconjugated nanoparticles can be attributed to the
immediate dissociation and dissolution of drug adhered on the surface and located near
the surface of the nanoparticles.(38,60) After that, in lag phase, the release is mainly due
to the erosion of the polymer matrix and further diffusion of drug molecules through the
polymeric matrix of the nanoparticles. The matrix material would require time to erode
in the aqueous environment than the release mechanisms of surface release, resulting in
the prolonged release.

The burst effect was absent in antibody conjugated drug nanoparticles and the release
was following zero order kinetics. The absence of burst release with antibody-conjugated
nanoparticles may be due to absence of drug on the surface of conjugated nanoparticles.
4.10.5 Determination of residual acetone in nanoparticles

Residual acetone was found to be within the permissible limit for both unconjugated and
antibody-conjugated nanoparticles. Residual acetone of antibody-conjugated
nanoparticles was less than the unconjugated nanoparticles and can be due to the

evaporation/washing of surface acetone during conjugation process.
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