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Abstract

The aim of present study was to use QbD approaches to evaluate the effect of independent product
variables and their interaction on particle size of sodium fluoride and then obtain the optimized
experimental condition for predefined particle size of sodium fluoride. The sodium fluoride is
mainly used in dental preparation for delivering the fluoride ion to the tooth enamel for that na-
no-particle size is required. Nowadays the milling process is used to reduce the particle size. But
that process has some limitations due to crystalline nature of sodium fluoride; for overcoming
those limitations, lyophilization method is used. A 43 level full factorial design was used to study
the significant influence of process and product variables i.e. 1) Concentration of sodium fluoride,
2) Concentration of PVP, 3) Sample volume, 4) Drying surface, on particle size of sodium fluoride.
The experimental design result shows that independent product variables significantly modify the
structure and improve particle size reduction of sodium fluoride.

Keywords

QbD, PAT, Lyophilization, Particle Size

1. Introduction

Sodium fluoride is important API in oral care, and it is mainly used in prevention of tooth decay and dental car-
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ries. The action of sodium fluoride is depending upon how it delivered the fluoride ion to tooth enamel, for that
minimum particle size is required. For achieving the required minimum particle size nowadays milling process
is used. But milling process has some limitations to produce homogeneous particle size because of crystalline
nature of sodium fluoride. For overcoming the problem of nature of sodium fluoride, the lyophilization process
is used to obtain the desired particle size. Lyophilization is a drying process which is widely used to develop the
powders with improved solubility properties

The application of quality by design (QbD) [1] on Lyopbhilization for particle size reduction of sodium fluo-
ride is giving opportunity to set the goal and obtain the predetermined product quality. For implementation of
QbD principles on lyophilization process, first understanding of process is necessary [2].

The goal of this study was to demonstrate how statistical design of experiments (DoE) principles can effi-
ciently screen and optimize formulation variables and identify the desired combination of variables within the
design space for Sodium Fluoride.

Lyophilization is dehydration process by which the water is removed from a product. The term lyophilization
is also called the freeze-drying process. The lyophilization process is widely used to dry the biological products
which could not be stable at room temperature or extend the shelf life of product or make the material more
convenient for transport. Lyophilization works by freezing the material then reducing the pressure and adding
heat to allow the frozen water in material to sublimate [3].

1.1. Advantages of Lyophilization

Lyophilized products are multifold Lyophilized cakes, and have a high internal surface area which makes fast
and complete reconstitution of the dried product possibly use in emergency medicine. It is much easier to
achieve sterility assurance and freedom of particles than using other drying methods or handling of dry powders
[4]. Pharmaceutical freeze-drying is not limited to products for parental and biological products use, but can also
be used for e.g. fast dissolving tablets.

Nowadays the lyophilization is mostly used for the modification of the bulk properties such as flow properties,
particle size and particle size distribution, so the present study is carried out for particle size reduction of sodium
fluoride.

The process of lyophilization consists of three steps
= Freezing;
= Primary drying;
= Secondary drying.

For identifying the process variables, the process must be understood.

1.2. Freezing

First, the product solution is filled into container, mostly tray used on the temperature controlled shelves of the
Iyophilizer. The shelf temperature is reduced to a temperature between —30°C to —50°C, resulting in formation
of ice nuclei and subsequent growth of ice crystals after nucleation, the remaining solution is continuously con-
centrated until the maximally freeze-concentrated solute is obtained. At this point, both concentration and vis-
cosity of the solution have substantially increased, resulting in an elastic amorphous state that is a discrete phase
adjacent to the crystalline ice. The most important characteristic of this concentrated elastic solute phase is the
temperature of transformation to a glassy state with substantially elevated rigidity and viscosity, the so-called
glass transition temperature of the maximally freeze-concentrated solute, Tg’ [5]. The product temperature needs
to be reduced below this temperature during the freezing step and maintained lower throughout the primary dry-
ing phase to prevent loss of the dried cake structure. If the solute is crystallizable, formation of a discrete crys-
talline solute phase may take place during the freezing or the drying phase [6]. In this case, the product temper-
ature needs to be maintained below the eutectic temperature of the crystalline mixture, TE [7].

Upon completion of the freezing step, the solution is completely solidified, i.e. the most of water has been se-
parated from the solute and is bound in ice crystals, and the solute has formed a glass or crystallized.

1.3. Primary Drying

After the freezing step has been completed, the pressure within the lyophilizer is reduced using a vacuum pump.
Typical chamber pressures in the lyophilization of pharmaceuticals range from 0.200 to 1 mBar and depend on
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the desired product temperature and the characteristics of the container system. The chamber pressure needs to
be lower than the vapor pressure of ice at the sublimation interface in the product to start the sublimation of ice
and transport of water vapor to the condenser where it is deposited as ice [8]. Very high chamber pressures de-
crease the sublimation rate by reducing the pressure gradient between sublimation interface and chamber, there
by mitigating the driving force for sublimation and continuing removal of ice. If the chamber pressure exceeds
the vapor pressure at the sublimation interface, no mass transfer is possible [9]. On the other hand, very low
pressures (<50 mBar) are also applied for fast sublimation rates since they greatly limit the rate of heat transfer
to the product. The ice at the sublimation interface shows a vapor pressure that is directly correlated to the
product temperature [10].

1.4. Secondary Drying

In the area where the ice has already been removed, desorption of water from the cake occurs; this process is
called as secondary drying and already starts in the primary drying phase. Once all ice has been removed from
all product containers, the shelf temperature is elevated and typically maintained at a temperature between 20°C
and 40°C for several hours. The rate of desorption and the obtainable moisture level is controlled by diffusion
within the solute phase and desorption from the surface and therefore depend mostly on product temperature;
further reduction of chamber pressure is not required [11].

The ramp rate to the secondary drying temperature needs to be moderate (0.1°C/min to 0.3°C/min) for
amorphous substances to avoid surpassing the glass transition of the. Lyophilized cake and cake shrinkage Sec-
ondary drying times are usually designed to achieve a reduction of moisture content within the cake to less than
1%. For most lyophilized API’s the stability increases with the reduction of moisture, so it is beneficial to re-
duce the residual moisture as much as possible [12].

1.5. Critical Variables Parameter of Lyophilization Cycle

A critical parameter is defined as follows:

“A process control variable that: when operating beyond its acceptance range, has a major effect on Product
safety or efficacy, or is likely to operate beyond a narrow range and have an impact on process consistency.”

Following are steps of lyophilization and critical parameters of it:

e Freezing
e RAMP
e Freezing temperature and time
e Annealing
e Primary drying
e RAMP
e Target product temperature
e Shelf temperature
e Primary drying end point
e Chamber pressure
e Secondary drying
e Heating rate
e Chamber pressure
e Shelf temperature

The critical factors affect the particle sizes of the product are explained by the ishikawa diagram which
showing the root causes of the critical factors in that are the effect of the process variables, sample variables, in-
strumental variables or capability of instrument.

The ishikawa diagram (Figure 1) explains the root causes which will be helpful in controlling the variables.
According to QbD approach the identification of root causes of variables play important role in the controlling
the product quality.

Design of experiment is powerful tool for identifying the critical process parameter to optimize the respective
condition. Critical factors in the lyophilization are optimized using Doe.

In present study we optimize the process parameters by using the Process analytical technology tool (PAT)
[13]. The lyophilization cycle was optimized using the temperature sensors [14]. The temperature sensors are the
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Figure 1. Ishikawa diagram for lyophilization.

inline tool for monitoring the temperature of product and shelf on basis of that the lyophilization cycle is opti-
mized.

The 4° full factorial design is applied to the product parameters to optimize the experimental condition for
getting the minimum particle size. In that the 4 numerical parameter 1) Concentration of NaF, 2) Concentration
of PVP, 3) Sample volume, 4) Drying surface area are taken. The 3 level designs were to make to study the in-
fluence on the particle size.

The presented work was carried out to establish a better understanding of factors influencing the particle size
reduction effectiveness. The first objective is identification of influence of the variables on powder morphology
and solid state characterization and another objective is to establish the process and product parameter to get
smaller particle size. The particle size and the polydisparcity index were investigated as responses which de-
scribing the quality of product.

2. Material and Methods
2.1. Materials

API: Micronized sodium fluoride,

Additive: Polyvinylpyrrolidone,

Solvent; HPLC grade water,

Glassware: Petri plates of different surface area.

2.2. Methods

2.2.1. Characterization of Sodium Fluoride

For using the sodium fluoride as active pharmaceutical ingrident we carried out the following characterization
1) Nature,
2) Solubility,
3) Particle size.

2.2.2. Fractional Factorial Screening Design
A 4° fractional factorial design (Table 1) was applied to evaluate the main effects of experiments, Concentration
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Table 1. Design levels.

Variable Level
-1 0 +1
Concentration of sodium fluoride, %w/v 1% wiv 2% wiv 3% wiv
Concentration of PVP, %w/v 0 1 2
Volume of sample solution, mL 10 mL 20 mL 30 mL
Drying surface area, cm? 38 cm? 79 cm? 143 cm?

of sodium fluoride, Concentration of polyvinylpyrrolidone, VVolume of sample solution, drying surface area [15].
Preliminary experiments were conducted to optimize the lyophilization drying cycle for Sodium fluoride.
And to establish a surface response model with respect to particle size and polydisparcity ratio.

2.2.3. Confirmation of Design Space Experiments

To confirm the formulation design space, four different variables and their low, center-points or high levels were
selected. Sodium fluoride at those concentrations was analyzed and their observed responses studied. A desira-
bility function was then applied based on the responses to obtain the optimum variables conditions to yield an
optimum particle size with desired QTPP.

2.2.4. Statistical Analyses
Al results were analyzed using the statistical software package Design-Expert® Software Version 8.

2.2.5. Lyophilization
For lyophilization the LABCONCO tray freeze dryer is used during this study.

Firstly the lyophilization cycle for the sodium fluoride is optimized using the temperature sensors, The API
solution were prepared according to the factorial design at different concentration of APl and Additive are made
and kept that in tray dryer in different Petri plates and different volume according to the DoE.

2.2.6. Particle Size Analysis by Laser Diffraction

The laser diffraction study was performed with Delsa Nano particle analyzer (Beckman Coulter, Inc., CA, USA)
to examine the particle size and particle size distribution of sodium fluoride. The sample was given directly in
equipment with isopropyl alcohol as solvent.

2.2.7. Characterization of Pre-Lyophilized and Lyophilized Formulations

1) Appearance and reconstitution

The lyophilized formulations were visually inspected for cake appearance. The reconstitution time of the
lyophilized cakes was determined by adding 5 mL of sterile water to the cakes and recording the time taken for
the cake to dissolve into a clear solution. Samples were inspected post reconstitution for particulate matter, color
and clarity.

3. Result and Discussion

Characterization of Sodium fluoride:

1) Nature: Crystalline,

2) Solubility: Water (3%),

3) Particle size: 800 to 1000 nm.

All prepared formulations were lyophilized to yield solid cakes. The lyophilization cycles consisted of three
distinct stages; freezing, primary drying below the presumed glass transition temperature to remove the frozen
water from the sample by sublimation, and secondary drying in which water was removed from the solute phase
by desorption (Tang and Pikal, 2004). The application of Temperature sensor monitoring technology during
lyophilization ensured that the primary drying endpoint predicted by product and shelf temperature measure-
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The effectiveness of the lyophilization process was determined by visual inspection of the lyophilized prod-
ucts for cake appearance as well as reconstitution time of the product, clarity and absence of particulates in the
reconstituted liquid. There was no visible shrinkage or macroscopic collapse of the cake structure (product qual-
ity criteria).

3.1. Optimization of Lyophilization Cycle

The lyophilization cycle (Figure 2) is optimized by using the temperature sensors [16]. The optimization is done
on basis of the recording of shelf and product temperature. The monitoring or temperature gives the information
about the temperature input and output of temperature.

Lyophilization Cycle

30

20
10

-10 1 1 2 25 3 35 40 45
-20
G
-30
L
-40

Product temp Run 1 Product temp Run 1

Product temp Run 1 Shelf tempRun 1

Figure 2. Graph of temperature vs. time for optimization of lyophilization cycle.

The above graph (Figure 2) explains that the temperature recording of trial runs. In that the run in which the
product and shelf temperature are similar that run is selected for the experimental runs.

1) Data analysis

Factorial design

As the resolution of factorial design the two responses are recorded and the data is calculated by using the
Design Expert (Table 2).

2) Design summary

Table 2. Doe design summary.

Study Type Factorial Runs 81
Initial Design Full Factorial
. Blocks No Blocks
Design Model 2FI

Response 1: Diameter
3) Model fit summary (Table 3)

Table 3. Table for fit summary.

Source Std. Dev. R-Squared Adj R-Squared Pred R-Squared PRESS
Linear 824.28 0.317 0.281 0.216 5.93E+07
2FI 780.02 0.437 0.356 0.228 5.84E+07
Quadratic 663.56 0.616 0.5346 0.400 4.54E+07 Suggested
Cubic 599.55 0.762 0.62 0.285 5.41E+07 Aliased

ANOVA: The Model F-value of 7.56 implies the model is significant. There is only a 0.01% chance that a “Model F-Value” this large could occur

due to noise.
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After calculation of data the following result are obtained (Table 4).

Table 4. Table for statistical data.

Std. Dev. 663.56 R-Squared 0.616
Mean 1277.11 Adj R-Squared 0.5346
CV.% 51.96 Pred R-Squared 0.4001
PRESS 4.54E+07 Adeq Precision 10.843

4) Final equation in terms of actual factors: for diameter

Diameter = 2314.51861 — 252.23768 * Concentration — 2158.77276 * PVP concentration — 74.76847 * Vo-
lume — 0.36216 * Surface area + 270.30278 * Concentration * PVP concentration + 7.90028 * Concentration *
Volume — 1.69055 * Concentration * Surface area — 37.23083 * PVP concentration * Volume + 2.81577 * PVP
concentration * Surface area — 0.06131 * Volume * Surface area + 57.97222 * Concentration? + 800.78889 *
PV/P concentration® + 3.26894 * VVolume? + 6.28E—03 * Surface area’

5) 3D response obtained for diameter (Figure 3)

Design-Expert® Software
Diameter
5403.9
369.1
X1 = A: Concentration
X2 = B: PVP concentration

Actual Factors
C: Volume = 20.00
D: Surface area = 90.50

Diameter

. '100 §/\/z = : 1.50 o . i
B: PVP concentration \J(F o A: Concentration
Figure 3. Graph for 3D surface.
6) Response 2: PDI (Table 5)
Table 5. Model summary statistics.
Std. Adj Pred
Source Dev. R-Squared R-Squared R-Squared PRESS
Linear 1.098 0.203 0.161 0.0682 107.263 Suggested
2FI 1.075 0.297 0.196 -0.072 123.477
Quadratic 1.045 0.373 0.240 —0.046 120.495
Cubic 0.971 0.590 0.344 -0.312 151.143 Aliased
7) ANOVA for PDI

The Model F-value of 2.81 implies the model is significant. There is only a 0.25% 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 B, AB, B? are signifi-
cant model terms. Values greater than 0.1000 indicate the model terms are not significant.

After calculation of data the following result are obtained.

Statistical data for PDI (Table 6)

Table 6. Statistical data for PDI.

Std. Dev. 1.045 R-Squared 0.373
Mean 0.786 Adj R-Squared 0.240
CV.% 133.031 Pred R-Squared —0.046
PRESS 120.495 Adeq Precision 7.102
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8) Final equation in terms of actual factors: for PDI

PDI = 6.330076 — 1.7099 * Concentration — 2.46014 * PVP concentration — 0.11796 * Volume — 0.04396 *
Surface area + 0.366278 * Concentration * PVP concentration + 0.006939 * Concentration * Volume +
0.003833 * Concentration * Surface area — 0.01878 * PVP concentration * Volume + 0.004999 * PVVP concen-
tration * Surface area + 0.000158 * VVolume * Surface area + 0.209 * Concentration? + 0.541278 * PV/P concen-
tration? + 0.002928 * Volume? + 0.000129 * Surface area’

9) 3D surface for PDI (Figure 4)

Design-Expert® Software
PDI
8.689
0.008
X1 = A: Concentration
X2 = B: PVP concentration
Actual Factors

C: Volume = 20.00
D: Surface area = 90.50

PDI

2.00

\

1.50 "

Figure 4. 3D surface for PDI.

3.1.1. Numerical Optimization

Numerical optimization gives correlation of optimized results with respect to Concentration of Active material,
concentration of PVP, Volume of solution used in lyophilization and Surface area exposed to drying process.
The optimization gives guideline to design the experiment for obtaining the significant results with respect to
particle size and polydispersity ratio (Table 7).

Table 7. Table for numerical optimization.

Constraints Lower Upper Lower Upper

Name Gioel Limit Limit Weight Weight iy PO
Concentration is in range 1 3 1 1 3
PVP concentration is in range 0 2 1 1 3
Volume is in range 10 30 1 1 3
Surface area is in range 38 143 1 1 3
Diameter is in range 369.1 1000 1 1 3
PDI is in range 0.008 0.299 1 1 3

3.1.2. Graphical Optimization
It shows the optimization for the particles size and polydispersity ratio (Figure 5).

Design-Expert® Software Overlay Plot

Overlay Plot [PoLozes]|

Diameter
PDI

[Diameter: 369.1]

X1=A: Concentration
X2 = B: PVP concentration

Actual Factors
C: Volume = 28.50
D: Surface area = 71.88

B: PVP concentration

A: Concentration

Figure 5. Overlay plot.
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4. Conclusions

The experiment shows significant effect on the particle size and polydispersity ratio of the sodium fluoride. Va-
riables in experiment show a great influence on the particle size and PDI. The influence of factor 1 concentration
of sodium fluoride is effect on particle size at lowest level as the minimum concentration of sodium fluoride i.e.
the minimum amount of solute on the sample shows reduced partial size; the factor 2 concentration of PVP is
effect on the particle growth of the sodium fluoride at level below 1%, at which the particle size is reduced, as
the PVP has binder in nature; the concentration is affective at minimum level.

The factor 3 sample volume shows effect on particle size at the volume range of 15 mL - 20 mL that will be
changed according to the capacity of the glassware. The factor 4 drying surface area shows effect at area of dry-
ing surface in the range of sample volume; the drying area affects the particle size by resistance to mass transfer
ratio to the water vapors.

The graphical (Figures 3-5) and numerical optimization (Tables 3-7) shows that all factors are in range and
the graphical optimization shows the investigation of design space for particle size reduction in lyophilization.

Concentration of Sodium fluoride:

The variable concentration of solute affects the particle size at the freezing step of lyophilization process. In
freezing step, the sample is freezing and the solute and solvent present in sample are separated in that phase.
Both are in the same phase i.e. in solids phase that they create pressure during the ice nucleation process [17].
The growth of the particle size during freezing is affected by the concentration of solute in solvent.

The quantity of solute affects the rate of evaporation by more mass resistance transfer rate.

1) Concentration of PVP

The additives are necessary to use in the lyophilization process for stabilizing the sodium fluoride because the
sodium fluoride is crystalline in nature and during the lyophilization process the crystalline nature affects the
particle size growth. The PVP achieves the reduction in particle size by the surface modification [18].

2) Volume of sample

The volume of sample affects on the rate of drying, as the more the volume of sample, the slower the rate of
mass transfer.

3) Drying surface area

The drying surface area affects the particle size of the sodium fluoride, as the more the drying surface area
exposed to the process, the slower the rate of freezing and drying affected.
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