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FORMULATION DEVELOPMENT OF
PACLITAXEL & CYCLOPHOSPHAMIDE LOADED
NANOSTRUCTURED LIPID CARRIERS (NLCs)

51 METHOD FOR NLCS MANUFACTURING

Lipid phase was prepared by heating solid lipid and liquid lipid in a jacketed vessel preset to
55+2°C followed by addition of Paclitaxel and Acetone (Solvent). After Paclitaxel was
dissolved, Cremophor EL was added followed by addition of Cyclophosphamide. Aqueous
phase was prepared by dissolving Soluplus in water for injection and further heating the
solution to 55+2°C. Aqueous phase was added to lipid phase at elevated temperature under
continuous stirring to evaporate the solvent and further cooled at 5 + 3°C under continuous
stirring to form NLCs [1-3]. The schematic representation of the manufacturing process is as

presented in Figure 5.1.

[ Manufacturing of NLCs
Preparation of Phase A (Lipid Phase) Preparation of Phase B (AqueousPhase)

( . . « . . e . . \
Step Al Addition of Solid lipid and liquid Step Bl: Collected water for injection in a
lipid to jacketed vessel presetto 55+2°C jacketed vessel

- . J/

. v

T g A
Step A2 Addition of Paclitaxel ] Step B2: Addition of Soluplus to step Bl

- J/

( * s i B
Step A3 Addition of solvent ] Step B3: Heating to 55+2°C

- \

) v
Step A4: Addition of Cremophor EL ]

.

3 v
Step A5 Addition of Cyclophosphamide ]

\

‘ \

Step Cl: Addition of aqueous phase to lipid phase

v

Step C2: Evaporation of solvent at 55+£2°C

v

Step C3: Cooling to 5+3°C to form NLCs and removal of unentrapped drug

¥

Step C4: Addition of cryoprotectant, filtration through 0.2p filter, and lyophilization

(T (G ) (o)
J

Figure 5.1: Manufacturing process of Paclitaxel and Cyclophosphamide loaded NLCs
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As a part of formulation development studies, quality by design (QbD) approach was adopted
for the development of Paclitaxel and Cyclophosphamide loaded NLCs. Formulation

development contains following elements delineated in ICH Q8 (R2):

[A] Quality Target Product Profile (QTPP)
[B] Critical Quality Attributes (CQASs) of the drug product
[C] Qualitative risk assessment using Ishikawa diagram

The formulation development emphasizes a science and risk based approach to product,
process development, and presents findings as a knowledge-based report, where relevant,
supporting data have been summarized in appropriate tables or illustrations. Quality by
Design is “A systematic approach to development that begins with predefined objectives and
emphasizes product & process understanding and process control, based on sound science

and quality risk management”.

The scientific approach for pharmaceutical development begins with identification of desired
dosage form and performance attributes through the QTPP. From this QTPP, a list of
potential drug product CQAs was derived. A risk assessment was performed to identify the

variables and unit operations which are most likely to impact the CQAs.

[A] Quality Target Product Profile (QTPP)

Quality Target Product Profile (QTPP) forms the basis of design for the development of a
drug product. For development of Paclitaxel and Cyclophosphamide loaded NLCs, QTPP
was defined based on prior knowledge and literature review as presented in Table 5.1.

Table 5.1: QTPP for development of Paclitaxel and Cyclophosphamide loaded NLCs

Sr.

No. | QTPP Element Target Justification

Pharmaceutical equivalence: Same
dosage form as per Innovator TAXOL
(Paclitaxel Injection) and CYTOXAN
(Cyclophosphamide Injection).

1 | Dosage Form Injectable

Pharmaceutical equivalence: Same
5 Route of Injection, Intravenous dosage form as per Innovator TAXOL
administration ’ (Paclitaxel Injection) and CYTOXAN

(Cyclophosphamide Injection)
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’ig QTPP Element Target Justification
At least 6 Months at ICH Q1A (R2) mandates to ensure
3 | Stability refrigerated condition that product maintains identity,
(5£3°C) quality, and purity upon storage.
As per ICH Q6A, “A qualitative
Clear transparent to | description of the dosage form should
Product translucent liquid with | be provided. If any of these
4 | Description after blue tint. Free from any | characteristics change during
reconstitution visible particulate | manufacture or storage, this change
matter. should be investigated and
appropriate action taken”.
5 | Assay of Paclitaxel | 90.0 to 110.0 % According to ICH Q6A, A specific,
stability-indicating assay to determine
5 Assay of . 90.0 to 110.0 % strength (content) should”be included
Cyclophosphamide for all new drug products”.
The dosage form is intended to be
- . delivered by intravenous injection.
7| Sterility Should be sterile Sterility of injectable is important for
patient safety.
. . Z-average <150nm | Particle size distribution is a critical
Particle size . ) .
8 | distribution quality attribute particular to a NLC
PDI <0.2 drug product.
9 | Zeta Potential To be reported To_ensure NLCs sta_blllty needed for
patient safety and efficacy.

- To ensure complete reconstituted
Reconstitution : L
time of _ product is clear to _trgnslucent_llqmd

10 . Not more than 1 minute | free from any visible particulate

Lyophilized dissolved Ivophilized

roduct matter or any undissolved lyophilize

P mass which is need for patient safety.

11 | % water content Not more than 2.0 % To y!e!d a stab_le produqt by
minimizing hydrolytic degradation.

Entrapment 0 Higher entrapment efficiency is

12 efficiency Not less than 90% needed for patient safety and efficacy.

Filterability ensures particulate matter

13 | Filterability Not less than 100 % free product which is required for

patient safety.

[B] Critical Quality Attributes (CQASs) of the drug product

Based on the QTPP, prior knowledge, literature review, and various guidance documents,
drug product Critical Quality Attributes (CQAs) were defined. The list of CQAs identified is
tabulated in Table 5.2.
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Table 5.2: CQAs for development of Paclitaxel and Cyclophosphamide loaded NLCs

Sr.
No.

Critical Quality
Attributes

Target

Is this
a
CQA?
(Y/IN)

Justification

Product
Description after
reconstitution

Clear transparent to
translucent liquid
with blue tint. Free
from any visible
particulate matter.

Yes

Description is an indicator of
physical stability of dosage
form. Hence, it was monitored
throughout the drug product
development.

Assay of Paclitaxel

90.0to 110.0 %

Yes

Assay of
Cyclophosphamide

90.0 to 110.0 %

Yes

Formulation parameters and
process parameters may impact
the assay of the drug substance.
Also, there may be impact of
storage conditions on the drug
substance assay. Hence, this
CQA was assessed throughout
the drug product development.

Sterility

Should be sterile

Yes*

The dosage form is intended to
be delivered by intravenous
injection. Sterility of injectable
is important for patient safety.
However, this CQA was
assessed  for  the  final
formulation developed at the
end of drug product
development.

Particle size
distribution

Z-average | <150nm

PDI <0.2

Yes

Formulation parameters and
process parameters may impact
the particle size distribution.
Also, there may be impact of
storage conditions on the
particle size distribution. Hence,
this CQA was  assessed
throughout the drug product
development.

Zeta Potential

To be reported

Yes*

This CQA will be assessed for
final formulation developed at
the end of drug product
development. Also, there may
be impact of storage conditions
on the zeta potential. Hence,
this CQA was assessed during
the stability study.
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Sr.
No.

Critical Quality
Attributes

Target

Is this
a
CQA?
(Y/IN)

Justification

Reconstitution time
of Lyophilized
product

Not more than
1 minute

Yes*

Reconstitution time may get
impacted by lyophilization
process. Further it will impact
safety, quality and ease of
administration of drug product.
Hence it was evaluated during
lyophilization cycle
development.

% water content

Not more than 2.0 %

Yes

Water in formulation may
impact safety of formulation.
High Water content may cause
hydrolytic degradation of drug
product. Hence, This parameter
was evaluated during
lyophilization cycle
development.

Entrapment
efficiency

Not less than 90%

Yes

Formulation parameters and
process parameters may impact
the entrapment efficiency. Also,
there may be impact of storage
conditions on the drug
substance assay. Hence, this
CQA was assessed throughout
the drug product development.

10

Filterability

Not less than 100 %

Yes

Formulation parameters and
process parameters may impact
the filterability. Hence, this
CQA was assessed throughout
the drug product development.

* Shall be assessed as and when required during the characterization of optimized product
and stability analysis.

[C] Qualitative risk assessment using Ishikawa diagram

All possible variables which were linked with the development of Paclitaxel and

Cyclophosphamide loaded NLCs were demonstrated with the help of Ishikawa diagram.

These factors were considered as ‘low, moderate, and high risk’ based on their predicted

effect on the Critical Quality Attributes derive from the Quality Target Product Profile.

Ishikawa diagram is presented in Figure 5.2.
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Environment Materials Equipments

Liquid Lipid \¢— Nano ZS Zetasizer

Surfactant Weighing Balance —»

Circulating

lvent
Solve Water bath

HPLC

Temperature —» Cyclophosphamide Magnetic Stirrer —»

Temperature
of Phases

Selection of
Surfactants

Total Lipid

4— Mixing Speed .
Concentration

Drug Substance

Mixing Time —» .
Concentration

Lyophilization Selection of
Cycle Cryoprotectant
Method of Solid Lipid: Liquid Lipid
sterilization Concentration
Process Formulation
Parameters Parameters

Figure 5.2: Ishikawa diagram of Paclitaxel and Cyclophosphamide loaded NLCs

Based on the above Ishikawa diagram of Paclitaxel and Cyclophosphamide loaded NLCs, the
initial qualitative risk assessment is presented in Table 5.4, and justification for initial risk
assessment is presented in Table 5.5. Risk assessment was performed to identify and rank
parameters with potential to have an impact on the drug product CQAs. The relative risk that

each attribute presents was ranked as high, medium, or low. The high risk attributes
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warranted further investigation whereas the low risk attributes required no further
investigation. The medium risk is considered acceptable based on current knowledge. Further

investigation for medium risk may be needed in order to reduce the risk.

Table 5.3: Overview of Risk Ranking System

Broadly acceptable risk. No further investigation is needed.

. Risk is acceptable. Further investigation may be needed or can be justified based
Medium ; . . : .
on the literature review or prior knowledge in order to reduce risk.

Risk is unacceptable. Further investigation is needed to reduce the risk.

Table 5.4: Initial Risk Assessment

Drug Product Factor

CQAs Process Formulation
Parameters | Parameters

Environment | Materials | EQuipments

Product
Description after
reconstitution

Assay of Paclitaxel Medium

Assay of '
Cyclophosphamide Medium

Particle size
distribution

Reconstitution
time of
Lyophilized
product

% water content

Entrapment
efficiency

Filterability
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Table 5.5: Justification for Initial Risk Assessment

Drug Product

COAs Factor Justification
Environment condition does not impact the product
description after reconstitution. Hence, the risk is Low.
Materials used do not impact the product description
Product after reconstitution. Hence, the risk is Low.

Equipments used do not impact the product description

Description after after reconstitution. Hence, the risk is Low.

reconstitution PO
econstitutio Process parameters (Lyophilization cycle) and

formulation parameters (Selection of cryoprotectant)
directly impact the product description after
reconstitution. Hence, the risk is High.

Environment Based on literature review, Paclitaxel is sensitive to
light conditions. Hence, the risk is medium.

Hence, the risk is Low.

Equipments used do not impact the assay of Paclitaxel.

Materials used do not impact the assay of Paclitaxel.
Hence, the risk is Low.

Assay of Paclitaxel - —
Process parameters viz. temperature of phases, mixing

speed, mixing time, and formulation parameters viz.

selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration directly impact the assay of Paclitaxel.
Hence, the risk is High.

Environment Based on literature review, Cyclophosphamide is
sensitive to light conditions. Hence, the risk is medium.

Materials used do not impact the assay of
Cyclophosphamide. Hence, the risk is Low.

Equipments used do not impact the assay of

Assay of Cyclophosphamide. Hence, the risk is Low.

Cyclophosphamide Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration  directly impact the assay of

Cyclophosphamide. Hence, the risk is High.

Environment condition does not impact the product
sterility. Hence, the risk is Low.

Materials used do not impact the product sterility.
Hence, the risk is Low.

Equipments used do not impact the product sterility.
Hence, the risk is Low.

Sterility

Process parameters (selection of method of
sterilization) impact the sterility of drug product.
Hence, the risk is Medium.

Process
Parameters

Formulation parameters do not impact the sterility of
product. Hence, the risk is Low.
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Drug Product
CQAs

Particle size
distribution

Justification

Environment condition does not impact the particle size
distribution. Hence, the risk is Low.

Materials used do not impact the particle size
distribution. Hence, the risk is Low.

Equipments used do not impact the particle size
distribution. Hence, the risk is Low.

Zeta Potential

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration directly impact the particle size
distribution. Hence, the risk is High.

Environment condition does not impact the zeta
potential. Hence, the risk is Low.

Materials used do not impact the zeta potential. Hence,
the risk is Low.

Factor

Equipments used do not impact the zeta potential.
Hence, the risk is Low.

Process
Parameters

Formulation
Parameters

Reconstitution
time of
Lyophilized
product

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration impacts the final formulation which in
turn may impact the zeta potential during product
storage. Hence, the risk is Medium.

Environment condition does not impact the
reconstitution time of lyophilized product. Hence, the
risk is Low.

Materials used do not impact the reconstitution time of
lyophilized product. Hence, the risk is Low.

Equipments used do not impact the reconstitution time
of lyophilized product. Hence, the risk is Low.

% water content

Process parameters (Lyophilization cycle) and
formulation parameters (Selection of Cryoprotectant)
directly impacts the reconstitution time of lyophilized
product. Hence, the risk is High.

Environment condition does not impact the water
content. Hence, the risk is Low.

Materials used do not impact the water content. Hence,
the risk is Low.

Equipments used do not impact the water content.
Hence, the risk is Low.

Process parameters (Lyophilization cycle) and
formulation parameters (selection of Cryoprotectant)
directly impact the water content of Ilyophilized
product. Hence, the risk is High.
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Drug Product

COAs Factor Justification
Environment condition does not impact the entrapment
efficiency. Hence, the risk is Low.
Materials used do not impact the entrapment efficiency.
Hence, the risk is Low.
Equipments used do not impact the particle size
Entrapment distribution. Hence, the risk is Low.
efficiency Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration  directly impact the entrapment
efficiency. Hence, the risk is High.
Environment condition does not impact the filterability.
Hence, the risk is Low.
Materials used do not impact the filterability. Hence,
the risk is Low.
Equipments used do not impact the filterability. Hence,
Filterability the risk is Low.

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration directly impact the filterability. Hence,
the risk is High.

Based on the above initial risk assessment, process parameters and formulation parameters
were observed to have HIGH risk and hence were optimized using OFAT (One Factor At a

Time) technique. The parameters studied were:

1. Formulation Parameters 2. Process Parameters
[A] Selection of surfactants [A] Mixing time
[B] Total lipid concentration [B] Mixing speed
[C] Solid lipid: liquid lipid concentration [C] Temperature of phases

[D] Drug Substance concentration

The Critical Quality Attributes (Particle size distribution — Z-average and PDI, Entrapment
efficiency and filterability) were selected as criteria for optimization of formulation and

process parameters.
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52 OPTIMIZATION OF FORMULATION AND PROCESS PARAMETERS
The optimization of nanostructured lipid carriers (NLCs) heavily relies on the formulation
parameters. The stability, drug loading capacity, physicochemical characteristics, and general

performance of NLCs are all influenced by these factors.

Selection of Surfactants

The stability of the NLC dispersion is ensured by the surfactants, which form a stabilizing
layer around lipid nanoparticles, preventing coalescence and aggregation. Surfactants
minimize the interfacial tension between the lipid phase and the aqueous phase, thereby
effectively preventing the undesirable aggregation of lipid particles. Surfactants are essential
for achieving smaller particle sizes by efficiently lowering surface tension. Surfactants have
the ability to enhance the solubility of hydrophobic drugs, thereby increasing their loading
capacity within the lipid matrix thereby improving the encapsulation efficiency of drugs

within NLCs by stabilizing the lipid matrix.
Various surfactants which can be used for i.v. route viz. Polysorbate 20, Polysorbate 80,
Poloxamer 188, Soluplus, and Cremophor EL were tried for preparation of NLCs as per

Table 5.6. Five surfactants were screened to select the best surfactant [4-17].

Table 5.6: Surfactants, type, HLB value, and maximum allowable concentration

S Tvoe of Maximum allowable
' Surfactant yp HLB Value Concentration for i.v.
No. Surfactant . .
administration

1 | Polysorbate 20 Hydrophilic 16.7 1.00 %

2 | Polysorbate 80 Hydrophilic 15 69.33 %

3 | Poloxamer 188 Hydrophilic 29 2.0%

4 | Soluplus Amphiphilic 14 75.0%

5 | Cremophor EL Amphiphilic 13 65.0 %

Based on the literature review, it was concluded that optimization of formulation parameters
and process parameters is critical for the development of NLCs. The critical formulation and
process parameters evaluated to achieve optimized NLCs along with their levels are

presented in Table 5.7.
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Table 5.7: Formulation and Process parameters to be optimized

Sr. Levels
Parameter
No. L1 L2 L3
1 Total Lipid Concentration 2% 4% 6%
2 | Formulation | Ratio of solid lipid to liquid lipid 11 1:2 1:3
3 | parameters | Drug Paclitaxel 01% | 02% | 03%
substance -
concentration | Cyclophosphamide | 0.875% | 1.75% | 2.625 %
4 Mixing speed (RPM) 250 500 1000
5 Process Mixing time (Minutes) 5 15 30
parameters
6 Temperature of Phases 50£2°C | 70+2°C | 90£2°C

5.3 LYOPHILIZATION OF NLCs

5.3.1 Selection of Cryoprotectant

Mannitol, Lactose Monohydrate and Dextrose Monohydrate were evaluated as
cryoprotectants. The ultimate cryoprotectant was chosen based on a freeze-thaw investigation
in which nanostructured lipid carriers (NLCs) containing 4% wi/v of each cryoprotectant were
frozen at a rate of 0.1°C per minute and subsequently returned to ambient temperature (25°C)
at the same heating rate of 0.1°C per minute. After freeze thaw, each sample was analyzed for
average particle size distribution, and % entrapment efficiency of Paclitaxel and
Cyclophosphamide of the formulated NLCs. Further, the selected cryoprotectant was studied
at 3 different concentrations of 2%wi/v, 4%w/v, and 6% w/v to optimize its concentration [18-
24].

5.3.2 Freeze Drying Microscopy

The freezing temperature and collapse temperature of the formulated NLCs was determined
by using LYOSTATS Freeze drying Microscope. Briefly, Silicone oil was put on the
temperature-controlled element of the freeze-drying Cryo-stage, and a quartz cover slip was
placed on it. A drop of the sample was placed in the middle on the quartz cover slip, a
metallic spacer was placed around the drop, and a glass cover slip was placed overlapping the
sample and spacer. Sample was frozen for up to -45°C at the freezing rate of 2.5°C/minute
and held for 5 minutes at -45°C. Further, the sample was dried at the drying rate of
2.5°C/minute and collapse temperature was determined [25, 26].
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5.3.3 SMART™ Lyophilization Cycle Development

SMART™ cycle was executed using Lyostar Il Lyophilizer of SP Scientific, USA.
SMART™ Freeze-Dryer technology eliminates the trial-and-error approach normally
involved in developing new lyophilisation cycles. Based on manometric temperature
measurement equation and heat and mass transfer theory, pressure rise data is analyzed by an
algorithm and converted to a number of critical process parameters. Lyophilization
parameters were selected by using SMART™ Programme of Lyostar-3 Lyophilizer (SP

™

Scientific). Parameters required to be fed in the SMAR program are tabulated in Table

5.8 along with explanation of each parameter [27-33].

Table 5.8: Parameters and Explanation of SMART™ Lyophilization Programme

Sr. Parameter Explanation Parameter

No. P selected
Number of vials Total number of vials loaded in the

1 25 Nos.

loaded in lyophilizer | lyophilizer is to be entered.

The surface area of the inner bottom surface
of the vial in square centimetres (cm?).This
information can be obtained from the vial
2 | Vial Inner area (Ap) | supplier or calculated from vial drawings 20.9 cm?
using the formula A=n*r?, where r = the inner
vial radius. All the vials used should have the
same surface area.

The fill volume of the solution in one vial in
3 | Fill volume cubic centimetres. The fill volume should be 60 cm®
the same for each vial in the batch.

The net weight in grams of product filled in
4 | Fill weight single vial. The fill weight should be the 62 gram
same for each vial in the batch.

The formulation’s collapse temperature (Tc),
glass transition temperature (T4’), or eutectic
temperature (Teu) should be entered
depending on the nature of the product.
5 | Tc, Tg or Teu Where more than one value exists, the lowest 0.0°C
value should be used for the safest cycle.
Freeze-drying microscopy (FDM) is the best
known method of obtaining a product’s Tc,
Tg’ or Teu value.

Concentration of The amount of solute per unit amount of

solution solution (g/g). 0.1dfg
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S Parameter Explanation Parameter
No. P selected

This value shall determine how often the
Isolation Valve is closed during Drying to

7 | MTM Interval (min) | perform the pressure rise measurements and G(C)Dr:;gjlgs
manometric ~ temperature ~ measurements
(MTM).
For information only, select either protein or
Nature of Drug small mole_cu!e deper!ding _on the type (_Jf small
8 Product product. Thlsﬂlvrllformatlf_)n will bg included in molecule
the SMART' ™ data file that is generated
during the cycle.
Enter the type of glass vials being used (e.g.
Tubing or moulded).Tubing vials are
9 | Type of Vials generally recommended for lyophilization Moulded

applications. This parameter will help
determine the heat transfer coefficient used
by the program.

Select the appropriate value according to the
type of bulking agent being used (e.g. none,
unsure, crystalline, or amorphous). This
selection will determine the default freezing | Crystalline
program, default upper shelf point limit in
drying, ramp rates, and shelf set points during
the last step(s) of drying.

Type of Bulking

10 Agent

54 CHARACTERIZATION OF PAC-CYC NLCs

5.4.1 Description, Redispersibility and Reconstitution of Lyophilized NLCs

In a glass vial containing 100mg of lyophilized NLCs, 10mL of sterile water for injection and
phosphate buffer pH 7.4 respectively and shaken vigorously for 10 times to check the

Redispersibility and time required for reconstitution [34-36].

5.4.2 Particle size distribution and Zeta Potential

Particle size distribution (Z-Average) and Zeta potential were obtained using Malvern
Zetasizer (Nano ZS) for Paclitaxel-Cyclophosphamide loaded NLCs. The temperature for
sample testing was selected as 25°C and equilibrium time of 60 seconds was given to each
sample. [37-38].
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5.4.3 Assay of Paclitaxel

HPLC method from USP 43 NF 38 was adopted for determination of Paclitaxel wherein
Shimadzu Chromatograph, Prominence-1 LC2030C plus was used. The quantitation of
Paclitaxel was done using (250 x 4.6) mm, 5um column with flow rate of 1.5mL/minute, and
Injection volume of 100uL in isocratic mode with column oven temperature of 5°C and
detection wavelength of 195nm. Water and Acetonitrile in the ratio of 30:70 was used as

mobile phase with run time of 15minutes [39].

5.4.4 Assay of Cyclophosphamide

HPLC method from USP 43 NF 38 was adopted for determination of Cyclophosphamide
wherein Shimadzu Chromatograph, Prominence-1 LC2030C plus was used. The quantitation
of Cyclophosphamide was done using (250 x 4.6) mm, 5um, L43 column with flow rate of
2.0mL/minute, Injection volume of 100uL in isocratic mode with column oven temperature
of 25°C and detection wavelength of 227nm. Water and Acetonitrile in the ratio of 5.5:4.5
was used as mobile phase with run time of 15minutes [40].

5.4.5 Entrapment efficiency

Dilution of NLCs was done with pH 7.4 phosphate buffer (PBS) containing 2 % w/v Tween
80 by adding 1.5mL of Tween 80-buffer system to the NLCs. Tween 80 was added to PBS to
avoid the precipitation of drugs in PBS alone. The mixture was then vortexed for 5 minutes.
The dispersion was centrifuged for 30 minutes at 15000 RPM (Centrifuge model 2-16P,
Sigma, Germany), supernatant was suitably diluted, and the amount of the free PAC and
CYC in the dispersion medium was estimated by HPLC. The entrapment efficiency was

calculated using following equation:

. N I/Vtotal' I/Vfree
% Entrapment efficiency= ————x100

total

Here, the Wi is the weight of total drug added and Wree is the free drug obtained upon
centrifugation [41, 42].
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5.4.6 Water content

Water content of lyophilized product was determined using Karl Fisher Coulometer
(Metrohm). The instrument was conditioned by setting the temperature of the Thermo prep
oven at 100°C, flow set to 80 mL/min. The water content of the product vial was determined

against the blank empty vial and reported as percentage [43].

5.4.7 FTIR Spectroscopy

IR-spectrum of Paclitaxel pure drug, Cyclophosphamide pure drug, Lyophilized Placebo
NLCs and Lyophilized PAC-CYC NLCs were measured in the solid state by preparing a
Potassium Bromide (KBr) pellet. The pure drug was previously ground individually and
mixed thoroughly with KBr separately, an infrared transparent matrix at 1:100 (sample KBr)
ratio. The pellets were then scanned over a wavelength range of 4000-400 cm-1 and a

spectrum was obtained by using a Spectrum —Il FTIR spectrometer (PerkinElmer, USA) [44].

5.4.8 Differential Scanning Calorimetry

TA Instruments Discovery DSC Trios V4.2.1.36612 was used for the DSC analysis of
Paclitaxel pure drug, Cyclophosphamide pure drug, Lyophilized Placebo NLCs and
Lyophilized PAC-CYC NLCs by loading the sample to DSC pan and cycle was run to
cooling up to -50°C with ramp 1°C/min followed by heating up to +10°C with ramp
1°C/minutes [45-47].

5.4.9 X-ray Diffraction study

X-ray diffraction (XRD) is a pivotal technique primarily used for the structural analysis of
crystalline materials. It plays a crucial role by providing detailed insights into the molecular
structure of active pharmaceutical ingredients (APIs) and their polymorphic forms. The
technique is also employed in the characterization of drug substances and products, helping to
identify and quantify different physical forms and phase transformations during processing
and storage. XRD is a powerful non-destructive technique that yields insights into structures,
phases, preferred crystal orientations (texture), and various structural parameters, including

average grain size, crystallinity, strain, and crystal defects within the material.

XRD peaks arise from the constructive interference of a monochromatic X-ray beam that is

scattered at specific angles by each set of lattice planes within a sample. The peak intensities
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are dictated by the arrangement of atoms within the lattice. As a result, the XRD pattern
serves as a distinctive identifier of the periodic atomic arrangements within a specific
material. XRD patterns of Pure Paclitaxel, Pure Cyclophosphamide, and PAC-CYC NLCs
were obtained on Nano-viewer (Rigaku, Japan). The instrument utilized Cu-Ka X-rays
operated at 45 kV and 60 mA [48, 49].

5.4.10 Morphology by Transmission Electron Microscopy

The PAC-CYC NLCs were analyzed for their shapes prior to lyophilization and following the
SMART™ lyophilization process using JEM-2100 TEM. A single drop from each sample
was deposited onto a carbon film-coated copper grid (200-mesh). After a span of five
minutes, a filter paper positioned at the periphery of the copper grid was employed to
eliminate any surplus liquid that remained. Samples were air-dried at room temperature and

subsequently examined at 200 kV power. [50].

5.4.11 In-Vitro release studies

The evaluation of the in-vitro release of pure Paclitaxel, pure Cyclophosphamide, and
nanocarriers loaded with Paclitaxel & Cyclophosphamide was conducted using the dialysis
method. INTAXEL contained Paclitaxel dissolved in a mixture of Ethanol and Cremophor
EL (1:1), while ENDOXAN (Cyclophosphamide) was dissolved in Ethanol for the in-vitro
release studies. The dialysis membrane underwent a soaking period of 24 hours in the release
medium, which consisted of phosphate buffer at pH 7.4, supplemented with Tween-80 to
inhibit drug precipitation prior to the experiment. Precisely quantified nanocarriers were
positioned within the dialysis membrane, which was meticulously secured to avert any drug
leakage. The dialysis membrane was placed in a beaker with a fixed volume of the release
medium, which was continuously stirred at 200 RPM, while maintaining the temperature of
the release medium at 37.5+2.0°C. At specific time intervals, a consistent volume of release
medium samples was extracted and substituted with an equal volume of fresh release media.
The samples underwent immediate analysis through the HPLC method to quantify Paclitaxel
and Cyclophosphamide [51, 52].

5.4.12 Filterability
% filterability test is to monitor flow decay and gradual pore plugging caused by the product

and to determine the maximum volume of product that can be filtered through a 0.2y filter.

Vankani Ankit K., The M. S. University of Baroda Page No. 119



Chapter 5 Formulation Development - NLCs

Fixed volume of NLCs/ microemulsion was filtered through 0.2um PES filter and the %

volume filtered was recorded [53].

5.4.13 Sterility

Membrane Filtration Method was used to determine the sterility of optimized NLCs as it is a
regulatory method of choice for filterable pharmaceutical products. The reconstituted NLCs
were passed through the membrane filter of pore size 0.45um under aseptic conditions. Once
the filtration is complete, filter was added to the culture media and kept for 14 days
incubation. Two types of growth media i.e. Fluid Thioglycolate Medium (FTM) and Soybean
casein digest medium (SCDM) were used in tests. Sterile water for injection was used as
negative controlled whereas growth media exposed to atmospheric conditions was used as

positive control [54].

55  STABILITY STUDIES

Drug product of Paclitaxel and Cyclophosphamide loaded NLCs were manufactured as per
the optimized process and lyophilized vials were loaded in stability for 12 months at 2 to 8°C
and for 15 days at 25+2°C/60+5%RH. Batches were evaluated for time required for
reconstitution, particle size distribution, PDI, zeta potential, entrapment efficiency, water

content, and sterility. Sterility was evaluated only at the end of 12 months stability.
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RESULTS AND DISCUSSION

5.6 OPTIMIZATION OF FORMULATION PARAMETERS

5.6.1 Selection of Surfactants

Out of all 5 surfactants, Polysorbate 20 has the lowest allowable concentration of 1 % for
intravenous administration. Formulated NLCs shall be administered through intravenous
infusion. Elevated concentrations of surfactants may lead to hemolysis, resulting in damage
to erythrocytes, as well as other adverse toxicological responses. Consequently, employing
them at reduced concentrations mitigates this risk while preserving their efficacy as
solubilizers and stabilizers. Surfactants have the potential to influence the functionality of cell
membranes and biological barriers, which may result in the disruption of normal
physiological processes and the emergence of complications [55-58]. Therefore, all the 5
surfactants were initially evaluated at concentration of 1 %. The results of impact of

surfactants are presented in Table 5.9.

Table 5.9: Results of selection of surfactants

% Entrapment efficiency
Sr. Z-Average %
Surfactant PDI . -
No. (nm) Filterability
PAC CcYC
1 Polysorbate 80 4275+66.1 | 0.400 £ 0.020 765+1.2 60.0+2.1 70.0+£5.0
2 Polysorbate 20 509.7+19.4 | 0.511+0.082 724+£20 63.1+£15 65.0£ 3.0
3 Poloxamer 188 468.1 +25.7 | 0.445+0.036 49.2+0.6 65.5+0.9 50.0+6.0
4 Soluplus 177.7+36.2 | 0.187+£0.010 97.0+0.2 97.5+0.3 95.0+4.0
5 Cremophor ELP 250.6 +11.8 | 0.200 +0.015 955+0.3 95.4+04 95.0+£3.0

The critical micelle concentration (CMC) value of Poloxamer 188 is 0.41mg/mL and
therefore higher concentration is required for the stabilization of a formulation. Due to higher
CMC value, Poloxamer 188 is not able to stabilize the formulation upon dilution. This was
confirmed by Han J. Et Al wherein Paclitaxel emulsion manufactured using Poloxamer 188

as surfactant precipitated upon dilution [59].

Even Polysorbate 20 and Polysorbate 80 were not able to stabilize the NLCs at 1%

concentration. Polysorbate 20 and Polysorbate 80 at 1% concentrations were insufficient to

Vankani Ankit K., The M. S. University of Baroda Page No. 121



Chapter 5 Formulation Development - NLCs

stabilize the NLCs, leading to large particle sizes, poor homogeneity (high PDI), reduced
drug encapsulation efficiency, and poor filterability. A higher concentration of these
surfactants, likely in the range of 2-15%, could improve the overall stability of the
formulation, decrease particle size, narrow the PDI, and increase both the entrapment
efficiency and filterability of the NLCs. Polysorbate 80 is typically used in concentrations
ranging from 5% to 15% by weight in the formulation of NLCs. This range is effective in
stabilizing the lipid nanoparticles and maintaining their structural integrity as researched by
Wadsater et al. [60-63].

Cremophor EL and Soluplus are amphiphilic surfactants that are acceptable for the
intravenous route at concentrations as high as 65% and 75% respectively. Z-Average, %
Entrapment efficiency, and Filterability were found to be acceptable for both surfactants i.e.
Cremophor EL and Soluplus. However, there was a need to increase the filterability to 100%
as sterilization by filtration is the only possible approach to achieve sterile NLCs for
intravenous infusion and to decrease Z-average with better PDI to achieve better efficacy of

the formulated carriers.

This research intends to develop NLCs containing combination of two drugs — Paclitaxel and
Cyclophosphamide. Cremophor EL enhances the solubility of poorly water-soluble drugs,
which is a critical factor in improving their bioavailability. This is particularly beneficial in
NLC formulations, where the solubility of the drug in the lipid matrix is a limiting factor
[64].

Soluplus® is an amphiphilic copolymer that forms stable nanomicelles, which significantly
enhance the solubility of poorly water-soluble drugs. This property is particularly beneficial
in NLC formulations, where solubility enhancement is crucial for drug efficacy [65, 66]. The
polymeric nature of Soluplus® allows it to form micelles with a small diameter and narrow
size distribution, which are essential for maintaining the physical stability of the drug in
aqueous media [65].The critical micelle concentration (CMC) of Soluplus® is low, allowing it
to form micelles at relatively low concentrations, which is advantageous for maintaining the
stability and bioavailability of the drug within NLCs [67]. The combination of Cremophor EL
and Soluplus in NLCs provides a synergistic effect that enhances the overall performance of

the drug delivery system. This combination allows for the formulation of NLCs with high
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drug loading capacity, improved encapsulation efficiency, and reduced cytotoxicity, as

demonstrated in studies involving various drugs by Pittella et al. and Di et al. [68, 69].

Therefore, additional experiments with combination of Soluplus and Cremophor EL were

executed. The results are presented in Table 5.10.

Table 5.10: Results of optimization of concentration of Soluplus and Cremophor EL

Surfactant % Entrapment efficienc
Sr. Concentration (%) Z-Average 50| 0 p y %
No. nm Filterabilit
Soluplus Cremophor (hm) PAC cYycC 4
ELP
1 1 177.7+36.2 | 0.187+0.010 | 97.0+0.2 97.5+0.3 95.0+ 4.0
2 1 250.6 +11.8 | 0.200+0.015 | 95.5+0.3 95.4+0.4 95.0+ 3.0
3 1 1 158.2+10.1 | 0.116 +0.010 | 98.9+0.2 96.5+ 0.3 100.0 £0.0
4 1 2 142.7+145 | 0.123+0.010 | 99.0+0.5 99.6 + 0.3 100.0 £0.0
5 1 4 120.2+4.2 | 0.138+0.009 | 100.1+0.7 99.7+£0.7 100.0 £0.0

There was a significant improvement observed in Z-average, PDI, % entrapment efficiency,
and filterability due to combine effect of Soluplus and Cremophor ELP. NLCs containing
Soluplus at 1% and Cremophor ELP at 4% showed the smallest particle size with very good
PDI value. Lower particle size facilitates the co-delivery of multiple drugs, enhancing
synergistic effects in cancer treatment. Smaller NLCs (< 200nm) exhibit improved
penetration into tumor tissues, which is essential for effective drug delivery and facilitated

enhanced cellular uptake and synergistic anticancer effects in breast cancer cells [70, 71].

5.6.2 Optimization of total lipid concentration

The total lipid concentration is an essential part in optimization in NLCs. The total lipid
concentration directly impacts the particle size of NLCs. Lipid concentration higher than the
optimized level lead to larger particle size due to the increased amount of lipid available to
form the core. However, the lipid matrix needs to solubilise the drug effectively. An
optimized lipid concentration ensures sufficient entrapment efficiency, maximizing the

amount of drug loaded into the NLCs as it aids in retaining the drug within the carrier,
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preventing premature burst or sudden release and degradation. Optimized lipid concentration
helps maintain the structural integrity of NLCs, preventing aggregation or fusion of particles
and thus plays role in enhancing its stability. The lipid matrix controls the release profile of
the encapsulated drug ensuring a sustained and/or controlled release, improving therapeutic
outcomes. The total lipid concentration is a pivotal parameter in the formulation of
nanostructured lipid carriers. It affects critical attributes such as particle size, drug loading
capacity, stability, and release kinetics [72-76]. The results of optimization of lipid

concentration are presented in Table 5.11.

Table 5.11: Results of optimization of total lipid concentration

% Entrapment

Total Z-Average ffici
Level | Lipid o) g PDI etriciency Filterability (%)
Cconc. (%) PAC cYcC
1 2 1142433 | 0.147+0.010 | 99.2+0.6 | 99.9+0.7 |  100.00 % 0.00
2 4 147.7+12.0 | 017540013 | 98.9+0.6 | 97.9+0.7 |  83.33%3.06
3 6 267.4+352 | 031820019 | 99.1+0.5 | 982+06 | 76.67+6.11

NLCs containing 2% and 4% of total lipid concentration produced NLCs with Z-average
below 200nm and very good PDI of below 0.2. At all the 3 levels of total lipid concentration,
% entrapment efficiency was observed to be more than 95% which is much desired one,
however the filterability was observed to be reduced at 4% and 6%. The filterability of
nanostructured lipid carriers (NLCs) is significantly impacted by the total lipid concentration
due to the complex interplay between lipid composition, particle size, and the
physicochemical properties of the NLCs. The crystallization behaviour of lipids within NLCs
is influenced by the total lipid concentration, affecting the morphology and filterability of the
particles. Previous studies have demonstrated that higher lipid concentrations can lead to
more crystalline structures, which may hinder filterability due to increased rigidity and
particle aggregation [77, 78]. The stability of NLCs is closely linked to lipid concentration,
with higher lipid content often resulting in increased viscosity. This can negatively impact

filterability by creating a more resistant medium for filtration processes [79].
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5.6.3 Ratio of Solid lipid to liquid lipid

The ratio of solid to liquid lipids influences the particle size of NLCs. A higher solid lipid
content typically results in smaller particles due to the higher melting point and lower
fluidity. This ratio affects the morphology of the particles, contributing to the formation of
spherical or irregularly shaped NLCs. The ratio determines the ability of NLCs to encapsulate
and retain drugs. An optimal balance ensures maximum drug loading by providing an
appropriate matrix structure. Solid lipids provide a rigid matrix, while liquid lipids offer
flexibility, together creating a stable environment for drug encapsulation.

The solid lipid component helps in forming a stable crystal structure, while the liquid lipid
disrupts the perfect crystalline order, preventing premature drug expulsion. A balanced ratio
contributes to the long-term stability of NLCs, preventing particle aggregation and ensuring
consistent drug release over time. The solid lipid offers a more controlled release due to its
rigidity, whereas the liquid lipid can facilitate a faster release. Achieving an optimal balance
between solid and liquid lipids is essential for the effective design and application of NLCs in
drug delivery systems [72-76]. The results of optimization of ratio of solid lipid to liquid lipid

are presented in Table 5.12.

Table 5.12: Results of optimization of solid lipid: liquid lipid ratio

. .. 0,
Love | Tuidipa | 2808 | pp, " ifcency Fieraby
Ratio PAC CyC
1 11 1142+33 | 0.147+0.010 | 99.2+0.6 | 99.9+07 | 100.00+0.00
2 1:2 16424119 | 0208+0022 | 100104 | 99.1+07 | 8250+ 1.90
3 13 1978491 | 0.212+0.057 [ 100.040.2 | 985+0.4 | 60.14+6.65

Increase in Z-average and PDI, and decrease in the filterability of formulated NLCs was
observed with increase in the amount of liquid lipid in solid lipid to liquid lipid ratio. When
the proportion of liquid lipid is increased, the miscibility between the solid and liquid lipids
can lead to a less ordered structure, which results in larger particle sizes. This is because the
liquid lipid disrupts the crystalline structure of the solid lipid, leading to a more amorphous

and expanded matrix [80, 81]. The presence of liquid lipids creates an imperfect matrix,
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which is beneficial for drug loading but can also lead to increased particle size due to the less
compact arrangement of lipid molecules. This imperfect matrix is a result of the liquid lipid's
ability to reduce the order of the solid lipid structure, thereby increasing the overall volume of
the lipid matrix [82, 83].

Studies have shown that as the liquid lipid content increases, the particle size of NLCs tends
to increase. This is attributed to the fact that liquid lipids, being less dense than solid lipids,
contribute to a larger hydrodynamic diameter of the particles. The increased particle size can
hinder the filterability of NLCs, as larger particles are more likely to clog filters and reduce
the efficiency of filtration processes [84, 85]. The increase in particle size with higher liquid
lipid content is also linked to the reduced stability of the lipid matrix. The less ordered
structure can lead to phase separation and aggregation, further contributing to larger particle
sizes and reduced filterability [81, 86].

5.6.4 Drug substance concentration

Referring to O Pagani Et Al, the dose of Paclitaxel is 200mg/m? and dose of
Cyclophosphamide is 1750mg/m? for the treatment of breast cancer which conveys that for
1mg of the Paclitaxel, 8.75mg of Cyclophosphamide is dosed. Therefore, ratio of Paclitaxel
and Cyclophosphamide in ratio of 1: 8.75 was added during compounding of NLCs [87].
Ratio was increased proportionately for all the 3 levels.

The drug concentration in nanostructured lipid carriers (NLCs) is a critical factor influencing
overall effectiveness in drug delivery. The amount of drug substance loaded directly affects
the entrapment efficiency. An optimal amount of drug loading ensures maximum
encapsulation without exceeding the carrier's capacity. Higher drug loading may result in
larger particles size, potentially leading to aggregation and instability. Optimal drug
concentration ensures a uniform distribution of the drug substance within the lipid matrix,
contributing to consistent particle size and stability preventing issues such as drug
crystallization, particle aggregation, or phase separation [72-76]. The results of optimization

of drug substance concentration are presented in Table 5.13.
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Table 5.13: Results of optimization of drug substance concentration

Drug substqnce % Entrapment
concentration Z-Average efficiency Filterability
Level (mg/mL) (nm) PDI (%)
PAC | CYC PAC CcycC
1 1 8.75 1142+33 | 0.147+0.010 | 99.2+0.6 | 99.9+0.7 | 100.00 + 0.00
2 2 17.5 153.5+8.2 | 0.179+0.018 | 88.3+0.6 | 89.0+1.1 | 100.00 + 0.00
3 3 26.25 | 279.0+25.0 | 0.328+0.017 | 67.5+2.3 | 63.5+26 | 88.67+231

Based on above results, there was proportionate increase in Z-average and PDI values,
significant decrease in entrapment efficiency with increased drug concentrations. At Level 3,
where Paclitaxel was 3mg/mL and Cyclophosphamide at 26.25mg/mL, entrapment efficiency

was reduced to almost half and even the filterability was reduced.

As the drug concentration increases, the lipid matrix of the NLCs can become saturated,
leading to an increase in particle size. This is because the excess drug may not be efficiently
incorporated into the lipid matrix, causing aggregation and growth of the particles [88, 89].
The incorporation of higher drug concentrations can disrupt the crystalline structure of the
solid lipids in the NLCs. This disruption can lead to an increase in particle size and PDI as
the ordered structure of the lipid matrix is altered [90]. The presence of liquid lipids in the
NLCs is intended to reduce crystallinity and improve drug loading. However, at higher drug
concentrations, the balance between solid and liquid lipids may be disturbed, leading to less
stable NLCs with increased particle size and PDI [90, 91]. The ratio of drug to lipid is a
critical parameter. An increase in drug concentration without a corresponding increase in
lipid content can lead to a decrease in entrapment efficiency due to insufficient lipid to

encapsulate the drug [89, 92].

Based on the above results, total lipid concentration was finalized as 2%, solid lipid: liquid
lipid ratio as 1:1, drug concentration for Paclitaxel as 1mg/mL and Cyclophosphamide as
8.75mg/mL.
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57 OPTIMIZATION OF PROCESS PARAMETERS
5.7.1 Optimization of Mixing Speed

The results of mixing speed are presented in Table 5.14.

Table 5.14: Results of mixing speed

.. 0 -
Mixing Z-Average Yo Entrapment efficiency %
Levels | Speed (nm) PDI Filterabilit
(RPM) PAC cYC y
1 250 461.4+17.0 | 0.243+0.05 85.5+0.2 92.8+0.7 75.00 £ 5.00
2 500 152.1 £ 3.8 0.200 £ 0.01 99.6+0.4 100.0+£0.2 | 100.00£0.00
3 1000 176.2+11.6 | 0.194+0.02 941+04 99.2+0.8 100.00 + 0.00

At lower mixing speed, the Z-average was observed to be much higher (> 400nm) and %
entrapment efficiency was observed to be reduced significantly. Whereas, mixing speed of
500 to 1000 RPM showed Z-average below 200nm with 100% filterability. However, there
was insignificant increase in particle size and minor drop in the entrapment efficiency of
Paclitaxel at1000 RPM. The relationship between shear intensity and particle size is well-

documented, with optimal conditions leading to reduced size and improved uniformity [93].

Lower mixing speeds result in larger particle sizes because the energy input is inadequate to
break down lipid aggregates effectively [94]. Entrapment efficiency (EE) is negatively
impacted at lower speeds, as inadequate mixing fails to create stable NLCs, leading to drug
leakage and lower loading capacity [95]. Filterability is compromised at lower mixing speeds
due to larger particle sizes, which can clog filters and hinder the purification process. The
Polydispersity index increases, indicating a broader size distribution that complicates
filtration [96].

5.7.2 Optimization of mixing time
The results of mixing time are presented in Table 5.15.
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Table 5.15: Results of mixing time

Mixing | > Average % Entrapment efficiency %
Levels time PDI Filterabili
(Minutes) (nm) PAC cYC ilterability
1 5 4952+ 159 | 0.336+0.05 96.2+0.1 98.1+0.6 60.00 + 2.50
2 15 152.1+3.8 | 0.200+0.01 99.6 +0.4 100.0+ 0.2 | 100.00 + 0.00
3 30 173.1+7.1 | 0.204+0.02 98.4+0.6 99.3+0.1 100.00 £ 0.00

At lower mixing time, the Z-average was observed to be much higher (> 450nm) and %
filterability was observed to be reduced significantly. Whereas, mixing time of 15 to
30minutes showed Z-average below 200nm with 100% filterability. However, there was
slight decrease in the entrapment efficiency of Paclitaxel at mixing time of 5Sminutes and
30minutes.Mixing intensity and energy are crucial in determining the final particle size
distribution. Lower mixing times often correlate with insufficient energy input, which is

necessary to achieve the desired particle size reduction and uniformity [97].

The liquid lipids which are a part of NLCs can generate imperfections in the lipid matrix,
which may contribute to increased particle size and PDI if not adequately mixed [98]. The
decrease in filterability at lower mixing times can be attributed to the larger particle sizes and
higher PDI, which result in a more heterogeneous suspension that is difficult to filter [99].
The formation of larger particles and aggregates can lead to clogging of filters, reducing the
efficiency of the filtration process [100].

5.7.3 Optimization of temperature of Phases
The results for selection of temperature of phases are presented in Table 5.16.

Table 5.16: Results of temperature of phases

% Entrapment efficiency

Levels Tempphearsaeture Z-A(\r\]/ﬁqr)age PDI PAC oYe % Filterability
1 40 £ 2°C 427.6 + 22.7 0.390 £ 0.023 62.8+1.3 75.1+£1.0 55.0£2.00
2 50+ 2°C 1521+ 3.8 0.200 £0.01 99.6+0.4 100.0+£ 0.2 100.00 £ 0.00
3 60 £ 2°C 217.1+11.0 0.232 £0.010 100.1+£0.5 89.6+1.1 100.00 £ 0.00
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At 40+2°C, the Z-average and PDI were observed to be very high whereas entrapment
efficiency and filterability were observed to be significantly on lower side. At 50+2°C, Z-
average was below 200nm with PDI 0.2 and entrapment efficiency and filterability was
observed to 100%.The melting point of the PEG-100 stearate is reported as 47-50°C.

At temperatures below the melting point, lipids are in a solid state, which can lead to
increased particle size and heterogeneity. This is because the solid state of lipids can cause
aggregation and incomplete crystallization, resulting in a higher Z-average and PDI [101].
The solid state of lipids below their melting point can also hinder the encapsulation process,
as the rigidity of the lipid matrix may not allow for efficient entrapment of the active
compounds, leading to lower entrapment efficiency [102]. Due to higher Z-value of NLCs,
the overall filterability was reduced due to the increased resistance and reduced permeability
of the filter [103, 104].

At 60+2°C, the Z-average was observed to be more than 200nm with PDI above 0.2 and there
was significant decrease in the entrapment efficiency of Cyclophosphamide. The increase in
Z-average size and PDI of NLCs at elevated temperatures can be attributed to the thermal
effects on the lipid matrix. Higher temperatures can cause the lipid components to transition
from a solid to a more fluid state, leading to aggregation or fusion of particles, thereby
increasing the size and heterogeneity of the NLCs [105]. This structural change can also
affect the encapsulation efficiency of cyclophosphamide, as the drug may be released or not
properly incorporated into the altered lipid matrix. The interaction between
cyclophosphamide and the lipid components of NLCs can be influenced by temperature. At
higher temperatures, the increased molecular motion can disrupt the interactions that stabilize

the drug within the lipid matrix, leading to decreased entrapment efficiency [106].

Based on the results of optimization of formulation parameters and process parameters,
finalized levels are mentioned in Table 5.17 and finalized formulation composition is

mentioned in table 5.18.
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Table 5.17: Levels optimized for formulation parameters and process parameters

Iflg Parameters Level Optimized
1 . Cremophor ELP 4%
Selection of Surfactant
2 Soluplus 1%
3 | Formulation Total lipid concentration 2%
4 | Parameters Ratio of solid lipid to liquid lipid 1:1
5 ) Paclitaxel 1mg/mL
Drug Substance concentration -
6 Cyclophosphamide | 8.75mg/mL
7 Mixing speed 500 RPM
8 Process Mixing time 15minutes
Parameters
9 Temperature of Phases 70£2°C
Table 5.18: Finalized formulation composition for NLCs
Sr. No. Ingredient Name Functional role Quantity
1 Paclitaxel Active Ingredient 0.1%
2 Cyclophosphamide Active Ingredient 0.875 %
3 PEG-100 Stearate Solid Lipid 1%
4 PEG-8 Caprylic/Capric Glycerides Liquid Lipid 1%
5 Cremophor ELP Surfactant 4%
6 Soluplus Surfactant 1%
7 Water for Injection Vehicle g.s. to 100 %

58 LYOPHILIZATION OF NLCs

5.8.1 Selection of Cryoprotectants

Freeze-thaw studies serve as a predictive tool for evaluating the effectiveness of
cryoprotectants. They simulate the stress conditions that nanoparticles undergo during
freezing and thawing, allowing researchers to assess which cryoprotectants can best preserve
the structural integrity and functionality of NLCs [107].These studies help determine the
optimal concentration and type of cryoprotectant needed to prevent agglomeration and
maintain particle size, polydispersity index, and zeta potential [107, 108].Cryoprotectants like
mannitol interact with the lipid matrix of NLCs, preventing ice crystal formation and
minimizing mechanical stress during freezing. This interaction is crucial for maintaining the

nanoparticles' size and preventing aggregation [108, 109].
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The NLCs were formulated with different cryoprotectants as mentioned in Table 5.19 and
evaluated for particle size distribution (Average particle size & PDI), and % entrapment

efficiency, before and after freeze thaw cycle.

Table 5.19: Compositions containing various cryoprotectants

Sr. Batch No.
Cryoprotectant Name
No. TO1 T02 T03 T04
1 | Mannitol _ 4 % - -
2 | Dextrose monohydrate Without - 4% -
cryoprotectant
3 | Lactose monohydrate - - 4%

The results of freeze-thaw studies with different cryoprotectants and without addition of

cryoprotectant are presented in Table 5.20.

Table 5.20: Results of before and after freeze thaw with different cryoprotectants

Batch No. TO1 TO2 TO3 T04
Cryoprotectant Without Mannitol Dextrose Lactose
Name cryoprotectant monohydrate Monohydrate
Results (£S.D.) [n=3]
Sr. Test Before | After Before | After Before | After Before | After
No. Freeze Freeze Freeze Freeze Freeze Freeze Freeze Freeze
Thaw Thaw Thaw Thaw Thaw Thaw Thaw Thaw
. Qvi.r alges. 82.9 215.2 73.5 80.3 105.9 | 287.4 95.8 135.1
(:r;;c € olze +34 | +186 | 4.1 +6.8 +83 | +10.7 | 7.2 | 125
2 PDI 0.090 0.307 0.120 0.150 0.230 0.415 0.195 0.241
+0.02 +0.09 +0.04 +0.03 +0.16 +0.10 +0.09 +0.13
0
5 /]i’f.Er.‘”apmi”t 1001 | 835 | 1000 | 99.8+ | 1000 | 938 | 1000 | 955
etriciency o +0.3 +0.8 +0.1 0.2 +0.2 +1.0 +0.2 +0.5
PAC
)
. ;‘;’firi‘;acp”;im 995+ | 893+ | 998+ | 990+ | 990+ | 914+ | 993+ | 947+
cYe y 0.3 0.9 0.4 0.5 0.2 0.3 0.5 0.6

NLCs containing no cryoprotectant showed significant increase in the average particle size
and PDI after freeze thaw and significant drop in the entrapment efficiency. NLCs containing
Mannitol as cryoprotectant showed minimum change in particle size, PDI, and % entrapment
efficiency followed by Lactose monohydrate whereas Dextrose monohydrate containing
NLCs shows significant increase in the particle size as well as the PDI and significant
decrease in % entrapment efficiency. Mannitol is a readily crystallizing excipient, which

facilitates the formation of a homogenous freeze-concentrate. This property is crucial for
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maintaining the stability of NLCs during freeze-drying, as it prevents the heterogeneity that
can lead to destabilization [110]. The crystallization of mannitol during lyophilization results
in a stable lyophilized product with a single glass transition temperature which is beneficial
for the structural integrity of NLCs [111].

Mannitol's ability to crystallize effectively during the freeze-drying process also contributes
to its role as a bulking agent, providing structural support to the lyophilized cake [112]. The
use of mannitol as a cryoprotectant has been associated with stable particle sizes and PDIs
even under accelerated stability conditions, indicating its robustness in preserving NLC
characteristics over time [109]. Compared to lactose, mannitol provides a more consistent and
reliable stabilization effect due to its crystallization properties. Lactose, while increasing the
glass transition temperature, does not offer the same level of structural support as mannitol
[113]. Dextrose monohydrate, on the other hand, ranks lower in effectiveness as a
cryoprotectant for NLCs, as indicated by its inferior performance in maintaining particle size

and stability compared to mannitol [109].

Thus, mannitol was found to be suitable cryoprotectant for the formulated NLCs as there was
no significant change in the Average particle size, PDI, % entrapment efficiency after freeze
thaw. Mannitol was further evaluated at 3 concentrations of 2%wi/v, 4%w/v, and 6%w/v by

means of freeze-thaw study and the results are presented in Table 5.21.

Table 5.21: Results of Freeze Thaw study with different concentrations of Mannitol

Batch No. LO1 L02 L03
Mannitol Concentration 2% w/v 4%w/v 6%w/v
Results (£S.D.) [n=3]
SI. Test Before After Before After Before After
No.
Freeze Freeze Freeze Freeze Freeze Freeze
Thaw Thaw Thaw Thaw Thaw Thaw
. . 829 100.3 73.5 80.3 125.8 152.5
1| Average Particle Size ("m) | 159 +9.8 +4.1 +6.8 +7.2 +8.3
2 PDI 0.095 0.152 0.120 0.150 0.195 0.141
+0.06 +0.05 +0.04 +0.03 +0.09 +0.087
0,
3 | “ Entrapment 100.040.2 | 96.940.5 | 100.0+0.1 | 99.8+0.2 | 100.0+0.2 | 99.9+0.2
efficiency of PAC
0,
4 | Yo Entrapment 99.740.5 | 97.9+05 | 99.8+0.4 | 99.0405 | 99.7+05 | 99.3+0.7
efficiency of CYC
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Mannitol at 4% concentration has been identified as the optimal cryoprotectant for the
stabilization of nanostructured lipid carriers (NLCs) compared to 2% and 6% concentrations.
This conclusion is based on its ability to balance the cryoprotective efficacy and the physical
stability of the NLCs during freeze-drying. At 4%, mannitol provides an optimal balance
between cryoprotection and the prevention of excessive crystallization, which can occur at
higher concentrations. This concentration is sufficient to inhibit the crystallization of water,
thereby protecting the structural integrity of the NLCs without causing adverse effects
associated with higher concentrations [111, 112].

Higher concentrations, such as 6%, may lead to excessive crystallization, which can
compromise the stability and functionality of the NLCs. Conversely, lower concentrations,
like 2%, may not provide sufficient cryoprotection, leading to increased aggregation and
particle size [114]. Studies have demonstrated that mannitol at 4% concentration results in a
more stable lyophilized product, with less aggregation and better reconstitution properties

compared to lower or higher concentrations [115, 116].

5.8.2 Freeze Drying Microscopy

Freeze drying microscopy (FDM) is a specialized technique used to study the freeze-drying
process, particularly focusing on the sublimation kinetics and critical temperature parameters
of products. This method is crucial in optimizing the freeze-drying process, which is widely
used in the pharmaceutical and food industries to preserve heat-sensitive materials by
removing water through sublimation at low temperatures and pressures. FDM allows for the
direct visualization of sublimation fronts and helps in identifying critical process parameters,
such as the collapse temperature, which is essential for maintaining product quality and
stability during freeze-drying. FDM is used to determine the collapse temperature (Tc) of
products, which is the temperature just below which the product must be maintained to avoid
structural collapse during freeze-drying. This is crucial for ensuring the quality of the freeze-
dried cake [117, 118]. By accurately determining critical temperatures and visualizing
sublimation, FDM can lead to more efficient lyophilization cycles, reducing drying times and
costs [118, 119].

Based on the Freeze Drying Microscopy, PAC-CYC NLCs were observed to be completely

frozen at -19.5°C, Onset of collapse was observed at 0.5°C and complete collapse was
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observed at 1.5°C. Therefore, 0.5°C at which the collapse initiation was observed in FDM
was the collapse temperature (Tc) considered for SMART™ lyophilization cycle. The figure
5.3 depicts the complete freezing, onset of collapse and complete collapse of PAC-CYC

NLCs containing 4%w/v mannitol.

Complete Freezing of NLCs

- “i & =

Collapse of Frozen NLCs

Figure 5.3: Freeze drying microscopy of Optimized NLCs [5.3A] Completion of
Freezing at -19.5°C [5.3B] Onset of collapse at 0.5°C [5.3C] Complete collapse at 1.5°C

5.8.3 SMART™ Lyophilization cycle Development

SMART™ Freeze-Dryer technology eliminates the trial-and-error approach normally
involved in developing new lyophilisation cycles. Based on manometric temperature
measurement equation and heat and mass transfer theory, pressure rise data is analyzed by an

algorithm and converted to a number of critical process parameters.
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SMART™ is advanced programme in freeze drying technology and it designed the cycle

with aid of in-put parameters mentioned in Table 5.22. SMART™ cycle was executed using

Lyostar 111 Lyophilizer.

Table 5.22: Parameters for SMART ™ Cycle

Sr. No. Parameter Input value
1 Number of Vials 25 Nos.
2 Vial Inner area (Ap) 20.9 cm’
3 Fill Volume 60 cm®
4 Fill Weight 62 g
5 Tc, Ty, Teu 0.0 °C
6 Concentration of solution 0.1 a/g
7 Nature of Drug Product Small Molecule
8 Type of Vials Moulded
9 Type of bulking agent Amorphous
10 MTM Interval 60 minutes (Default)
Based on above mentioned input parameters, SMART™ programme developed

Lyophilization cycle. The screenshot of the representative SMAR

T™

programme is

- - - - - ™™ ag= - - -
presented in Figure 5.4. The final optimized SMART ™ Lyophilization cycle is presented in
Table 5.23.

FTS Syst: f . {8 SUPERVISOR (7 X 7]
SPECIENTIC A PO ®
Cycle Status 2 == None Active
SMART / AutoMTM: Drying Options:
16 17 Final
Mode SMART | (7 ) Shelf Setpoint [ 400 ][ 400|250 ]C
Hold Time min
Number of Vials 16, 1102000 Ramp Rate piimin
Vial Inner Area (Ap) 20:90./ 0.01 to 9999.00 cm2
Fill Volume 60:00. 1.00 to 1000.00 cm3 Reposting:
Fill Weight 61:00.. 1.00 to 100.00 g
Tc, Tg', Teu 0.0 -40.0 to 0.0 °C File Name:
Concentration of Solution 0.08 0.01 to 0.30 g/g
MTM Interval 60 30 to 120 min
Nature of Drug Product
Type of Vials
Type of Bulking Agent
End Point Pressure Sensitivity 10 1to 20 mTorr
Upper Shelf Limit 25.0 °C:
Lowest Pressure SP 0 0 to 900 mTorr
Last Step for MTM Collection [ 3 ]
Save Recipe Load Recipe Delete Recipe
l Synoptic Freeze Dry SMART J Leak Test LFunction TestL Semi-Auto L [ L L l

Figure 5.4: Screenshot of Representative SMART ™ programme
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Table 5.23: SMART™ Lyophilization Cycle (Final Optimized Cycle)

Cycle Step Step | Temperature(°C) | Vacuum (mTorr) | step time (minutes)
Ramp 5 22
Hold 5 30
Ramp -5 10
Hold -5 30
Freezing Ramp 0 Not Applicable 3
Hold -40 120
Ramp -22 18
Hold -22 180
Ramp -40 18
Hold -40 120
Total freezing time 583 minutes
Ramp -15 150 50
Primary Hold -15 150 31
Drying Ramp 25 150 80
Hold 25 150 3488
Total primary drying time 3649 minutes
Secondary Ramp 40 150 50
Drying Hold 40 150 360
Total secondary drying time 410 minutes
Total Cycle time ?76;' %én r:gﬂtrii

Lyophilization was performed for NLCs with and without Mannitol using SMART™

Iyophilization cycle and the results were compared with the NLCs with and without
Mannitol before lyophilization. The results for NLCs lyophilized without cryoprotectant was
evaluated against NLCs lyophilized with Mannitol. The critical quality attributes viz.
product description, reconstitution time, particle size (average), PDI, Zeta potential, % water
content, % entrapment efficiency, were studied and results are tabulated in Table 5.24.
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Table 5.24: Results of the before vs. after lyophilization and with Mannitol vs. without
Mannitol

- ) Before Lyophilization After Lyophilization
Critical Quality

Attribute NLCs w/o NLCs with NLCs w/o NLCs with

Mannitol Mannitol Mannitol Mannitol
Clear
Produpt . Clear . Clear . Milky with blue transparent
Description after | transparent with | transparent with . LS
- . . tint liquid with blue

reconstitution blue tint blue tint tint
tFiQr?]c:nstltutlon Not Applicable | Not Applicable 118 seconds 45 seconds
Particle size 69.6:+8.1nm 58.6+4.2nm | 389.2+51.7nm | 59.5%3.6nm
(Average)
PDI 0.09+0.02 0.08+0.01 0.38+0.10 0.08+0.06
Zeta Potential 14403 3.440.3 Cannot be .3.0403
(mV) measured
% water content Not Applicable | Not Applicable 1.7+0.3 0.8+0.4
% Entrapment
efficiency of 100.0+0.5 100.2+0.3 85.2+2.7 100.0+0.4
PAC
% Entrapment
efficiency of 99.31+0.2 99.5+0.5 88.4+1.0 99.0+0.8
CYC

NLCs lyophilized without any cryoprotectant exhibited milky appearance after reconstitution
with water for injection whereas NLCs lyophilized with Mannitol produced clear transparent
liquid with blue tint. Without cryoprotectants, NLCs tend to form a milky dispersion due to
particle aggregation and scattering of light. In contrast, the presence of Mannitol as a
cryoprotectant resulted in a clear liquid with a blue tint, indicating better particle dispersion
and stability [115, 120]. This difference is primarily due to the role of cryoprotectants in
preventing aggregation during the freeze-drying and reconstitution processes. Without
cryoprotectants, NLCs are prone to aggregation due to the formation of ice crystals during
freeze-drying, leading to a milky appearance upon reconstitution [115]. The lack of a
stabilizing agent like Mannitol results in increased particle size and polydispersity, which

contributes to the scattering of light and the milky appearance [120].

Based on the above results, no significant change in particle size, PDI and zeta potential of

mannitol containing NLCs was observed before and after lyophilization whereas there was
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significant increase in particle size and PDI for the reconstituted NLCs in absence of a
cryoprotectant and also it was not possible to measure the zeta potential for these NLCs.
Mannitol, in particular, has been shown to be effective in maintaining small particle sizes and
low PDI values, as it provides a stabilizing effect that prevents the collapse of the
nanoparticle structure during the removal of water[109, 121]. Without cryoprotectants, NLCs
experienced significant aggregation, resulting in larger particle sizes (>400 nm) and higher
PDI (>0.3), indicating a broad size distribution [122, 123].

The presence of Mannitol resulted in no significant change in particle size and PDI,
reflecting a more uniform and stable nanoparticle population [109, 115]. Cryoprotectants like
Mannitol work by replacing water molecules and forming hydrogen bonds with the lipid
components of NLCs, thus preserving their structure during freeze-drying [115,121]. Zeta-
potential measurementwithout cryoprotectant after lyophilization was challenging due to the
destabilization and aggregation of particles. This aggregation led to unmeasurable zeta
potential values, as the particles no longer maintained their original dispersion state. The
destabilization of the electric double layer due to aggregation results in a loss of the distinct

charge separation necessary for accurate zeta potential determination [124].

The drop in entrapment efficiency for lyophilized nanostructured lipid carriers (NLCs)
without cryoprotectant, compared to those containing mannitol, can be attributed to the
protective role cryoprotectants play during the freeze-drying process. The absence of a
protective matrix results in structural changes that can compromise the stability and
functionality of the nanoparticles [125]. Cryoprotectants like mannitol help maintain the
structural integrity of nanoparticles by preventing aggregation and preserving particle size,
which are crucial for maintaining entrapment efficiency. Without cryoprotectants,
nanoparticles are prone to aggregation and increased particle size during lyophilization,
leading to a significant drop in entrapment efficiency [126]. Studies have shown that
formulations without cryoprotectants exhibit increased particle size and reduced stability,

which negatively impacts entrapment efficiency [126].
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59 CHARACTERIZATION OF LYOPHILIZED NLCs

5.9.1 Description, Redispersibility and Reconstitution of Lyophilized NLCs

The lyophilized NLCs were found to be readily redispersible in sterile water for injection and
phosphate buffer pH 7.4 as dispersion was observed within 2 times of shaking. The time
required to reconstitute in sterile water for injection was 69 seconds and for phosphate buffer
pH 7.4 was 74 seconds [127-129]. The product description after reconstitution was observed

to be clear translucent liquid with blue tint and free from any visible particulate matter.

Mannitol as cryoprotectant prevented aggregation of NLCs during freeze-drying, maintaining
their stability and size, which is crucial for rapid redispersion [115, 121]. It acts as a bulking
agent in the final lyophilized product, ensuring that the nanoparticles remain evenly
distributed, and easily rehydrated [111]. Mannitol's ability to inhibit crystallization in frozen
systems contributes to the preservation of the nanoparticle structure, facilitating quick
reconstitution [111]. The preserved particle size and structure due to mannitol's
cryoprotective properties allow for rapid reconstitution in aqueous solutions [121]. The
reconstitution time of not more than 120 seconds is achieved due to the efficient dispersion of
nanoparticles facilitated by mannitol [115]. The lyophilized product's ability to dissolve

quickly and readily is crucial for its use in injectable formulations [115].

5.9.2 Particle size distribution and zeta potential

The particle size distribution of the optimized NLCs revealed that the average Z-average was
53.9 + 2.0nm with PDI of 0.125 + 0.018. The graph of particle size distribution is presented
in Figure 5.5. The zeta potential of the NLCs was observed to be -5.3 £ 2.7 mV. The graph of
zeta potential is presented in Figure 5.6.

The particle size achieved was below 100nm with PDI less than 0.1 confirms that optimized
process and product parameters along with optimized lyophilization process were suitable for
the development of Paclitaxel and Cyclophosphamide loaded NLCs. Particle size below 100
nm is crucial for nanostructured lipid carriers (NLCs) containing anticancer drugs due to its
significant impact on drug delivery efficiency and therapeutic efficacy [130]. Smaller
particles enhance cellular uptake, improve tumor penetration, and facilitate sustained drug

release, which are essential for effective cancer treatment [130-132].
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The enhanced permeability and retention (EPR) effect, a phenomenon where nanoparticles
preferentially accumulate in tumor tissue, is more pronounced with sub-100 nm particles,
leading to improved drug delivery to cancer cells [131, 133]. Sub-100 nm particles are more
readily internalized by cancer cells, leading to higher intracellular concentrations of the drug.
This is due to their ability to penetrate cellular membranes more efficiently than larger
particles [130, 131]. This size-dependent accumulation leads to higher drug concentrations at
the tumor site, enhancing the overall antitumor efficacy [130-133]. A PDI below 0.1 indicates
that the particles are nearly monodisperse, meaning they have a uniform size. This uniformity
is crucial for ensuring that the NLCs behave predictably in biological systems, which is
essential for effective drug delivery [134]. NLCs with a low PDI are more stable over time,
reducing the risk of aggregation or separation, which can compromise the efficacy of the drug
delivery system [134].

The graph of Zeta potential is show in Figure 5.5 revealed that there is no significant charge
on the manufactured NLCs. Paclitaxel and Cyclophosphamide are neutral compounds in its
pure form, meaning they does not possess an inherent charge. The charge properties of
Paclitaxel and Cyclophosphamide are primarily influenced by the formulation and delivery
systems used, rather than the active pharmaceutical ingredient (API) itself [135-139].
Cremophor EL is a polyethoxylated castor oil, which is a non-ionic surfactant, meaning it
does not carry a net charge [140, 141].

The non-ionic nature is due to the ethoxylation process, where ethylene oxide is reacted with
castor oil, resulting in a compound that is neutral in charge [141]. Solid lipid and liquid lipid
used in formulating NLCs does not have any charge on them. PEG-100 stearate specifically
has been shown to reduce zeta potential from more negative values to near zero [142].
However, Soluplus solutions possess charge which is typically neutral to slightly negative
[143]. Thus, no other components possess charge by themselves and the observed zeta
potential can be attributed to the use of Soluplus as surfactant in formulation of NLCs.
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Size Distribution by Intensity
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Figure 5.5: Graph of Particle size distribution of NLCs

Zeta Potential Distribution

400000

300000

200000

Total Counts

100000

-100 0 100 200
Apparent Zeta Potential (mV)

Figure 5.6: Graph of Zeta Potential of NLCs

5.9.3 Entrapment efficiency, Assay of Paclitaxel, and Assay of Cyclophosphamide

The entrapment efficiency of Paclitaxel was obtained as 100.0+0.4 % whereas for
Cyclophosphamide it was obtained as 99.0+0.8 %. Assay of Paclitaxel in NLCs was
determined as 99.5 + 0.6 % and assay of Cyclophosphamide in NLCs was reported as 100.2 +
0.1 %. As per the USP monograph of Paclitaxel Injection and Cyclophosphamide Injection,
the acceptable specification for assay is 90.0 to 110.0 % and reported results adhere to the

specification limit.

NLCs are made from a combination of solid and liquid lipids, which creates an imperfect
matrix that enhances drug loading capacity and stability [144, 145]. The presence of liquid

lipids reduces the ordered structure of solid lipids, increasing the entrapment efficiency of
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drugs within the NLCs [145]. The stability of NLCs is enhanced by their ability to maintain
particle size and drug content over time, which is crucial for achieving very good entrapment
efficiency [146].

5.9.4 Water content

The water content of lyophilized NLCs was observed to be 0.5+ 0.1 %. The water content of
Iyophilized Nanostructured Lipid Carriers (NLCs) below 1% indicates a high level of
stability and quality in the lyophilized product. Low moisture content is crucial for
maintaining the structural integrity and prolonging the shelf life of lyophilized products [147-
149]. It prevents issues such as cake collapse, product degradation, and reduced shelf life,
which are common problems associated with higher moisture levels in lyophilized
formulations [147, 148]. Low water content is a marker of successful lyophilization,
indicating that the process was conducted under optimal conditions to remove moisture
effectively [147-149].

5.9.5 FTIR Spectroscopy
The Paclitaxel and Cyclophosphamide loaded NLCs were characterized by FTIR spectra.
FTIR spectra of Paclitaxel, Cyclophosphamide, and Paclitaxel & Cyclophosphamide loaded

NLCs are presented in Figure 5.7. The peaks characteristic to Paclitaxel and
Cyclophosphamide are presented in Table 5.25.
Table 5.25: Characteristic peaks of Paclitaxel and Cyclophosphamide
Peak
Characteristic Peak observed F_>eak observed observed in
Drug Name . in PAC-CYC
peak in pure drug NLCs Placebo
NLCs
Carbonyl (C-0) 1733.96 1735.73 No peak
. stretching
Paclitaxel Stretching of ester
C_O at 1244 cm 1244.39 1249.26 No peak
Paclitaxel and C-O stretchingof | PAC | 1646.90
Cyclophosphamide Amide group CYC |1651.58 163142 No peak
Cyclophosphamide | C-Cl stretching 844.64 839.02 No peak

The shift in the amide bond peak from 1646.90 cm ™ in pure Paclitaxel and 1651.58 cm™* in
Cyclophosphamide to 1631.42 cm™ in Paclitaxel-Cyclophosphamide loaded NLCs and
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Stretching of ester C-O from 1733.96 cm and 1244.39 cm* in pure Paclitaxel to 1735.73
cm * and 1249.26 cmtin Paclitaxel-Cyclophosphamide loaded NLCs can be attributed to the
interaction between Paclitaxel and the lipid matrix of the NLCs. This shift is a common
occurrence when drugs are encapsulated in nanocarriers, as the drug's environment changes,
affecting its vibrational frequencies [150, 151]. The encapsulation in NLCs involves
interactions with lipids, which can alter the chemical environment around the drug molecules,
leading to shifts in FTIR peaks. The shift in the amide bond peak suggests a change in the
chemical environment due to encapsulation [151]. Such shifts are typical when drugs are
encapsulated in lipid-based carriers, as the lipid matrix can influence the drug's vibrational
properties [152]. The shift does not indicate a change in the chemical structure of Paclitaxel

but rather a change in its interaction environment [151].
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Figure 5.7: FTIR Spectra of [A] Paclitaxel pure drug [B] Cyclophosphamide pure drug
[C] Paclitaxel and Cyclophosphamide loaded NLCs [D] Placebo NLCs

The slight shift in the C-Cl stretching from 844.64.09cm™ in pure Cyclophosphamide to
839.02cm ! in Paclitaxel-Cyclophosphamide loaded NLCs can be attributed to the interaction
between the drug and the lipid matrix of the NLCs. The lipid matrix in NLCs can interact
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with Cyclophosphamide, altering its molecular environment and affecting vibrational
frequencies [153, 154]. The presence of solid and liquid lipids in NLCs can lead to changes in
the drug's conformation, impacting the C-Cl vibrational mode [155, 156]. Cyclophosphamide
is molecularly dispersed within the NLCs, which can lead to changes in its vibrational
spectrum due to altered intermolecular interactions [157]. The stability of the drug within the
NLCs can also contribute to the shift in vibrational frequencies, as the lipid matrix provides a

stable environment that can influence the drug's molecular vibrations [158].

5.9.6 Differential scanning calorimetry

Paclitaxel, Cyclophosphamide, Paclitaxel-Cyclophosphamide loaded NLCs, and Placebo
NLCs were analyzed by DSC (Refer Figure 5.8). Thermogram of NLCs did not show the
melting peak of Paclitaxel and Cyclophosphamide suggesting that Paclitaxel and

Cyclophosphamide were present in the NLCs either in amorphous form or molecularly
dispersed.
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Figure 5.8: DSC Thermograms [A] Pure Paclitaxel [B] Pure Cyclophosphamide [C]
Paclitaxel & Cyclophosphamide loaded NLCs [D] Placebo NLCs
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Pure Paclitaxel showed sharp exothermic peak at 245.29°C and pure Cyclophosphamide
showed sharp endothermic peak at 50.31°C, whereas Paclitaxel-Cyclophosphamide loaded
NLCs containing Mannitol as cryoprotectant showed a small endothermic peak at 50°C and
sharp endothermic peak at 154.69°C. No sharp exothermic peak was observed at 245.29°C
and no sharp endothermic peak at 50.31°C was observed. The observed thermal behaviour of
Paclitaxel-Cyclophosphamide loaded NLCs with Mannitol as a cryoprotectant can be
attributed to the interactions and modifications in the physical state of the drugs when
incorporated into NLCs. The absence of the sharp exothermic peak at 245.29°C for Paclitaxel
and the endothermic peak at 50.31°C for Cyclophosphamide indicates a change in the
crystalline structure of these drugs when encapsulated in NLCs. This encapsulation leads to
improved solubility and stability, which is a key advantage of using NLCs for drug delivery
[152, 159]. The encapsulation of drugs in NLCs can lead to the formation of amorphous or
less crystalline forms, which do not exhibit the same thermal transitions as the pure drugs
[160]. The use of Mannitol as a cryoprotectant helped stabilize the NLCs during freeze-
drying, which can further influence the thermal behaviour of the encapsulated drugs [161].
The absence of the original thermal peaks suggests that the drugs are in a more stable form
within the NLCs, possibly due to the formation of a solid solution or a different crystalline
structure [162].

A sharp endothermic peak at 154.69°C in Paclitaxel-Cyclophosphamide loaded NLCs is
attributed to different polymorphic forms of mannitol [163]. The presence of an endothermic
peak around 50°C is associated with the transformation of mannitol's supercooled liquid
(SCL) to a low-energy amorphous phase, known as Phase X, which is facilitated by stronger
hydrogen bonds [164, 165]. Two melting peaks have been observed in Placebo NLCs, at
155°C and 166°C, which are also attributed to different polymorphic forms of mannitol
[163].

5.9.7 X-Ray Diffraction study

Paclitaxel, Cyclophosphamide, Paclitaxel & Cyclophosphamide loaded NLCs and Placebo
NLCs were analyzed by XRD, and XRD graphs are provided in Figure 5.9. XRD is a crucial
analytical technique for characterizing lyophilized NLCs due to its ability to provide detailed

insights into the crystallinity and structural properties of these systems.
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Figure 5.9: XRD graph [A] Pure Paclitaxel [B] Pure Cyclophosphamide
[C] Paclitaxel and Cyclophosphamide loaded NLCs [D] Placebo NLCs

XRD spectrum of pure Paclitaxel exhibited crystalline behaviour with several peaks at 26
values of 5.64°, 9.02°, and 12.34°. Also, XRD spectrum of pure Cyclophosphamide exhibited
crystalline behaviour with several peaks at 20 values of 7.03°, 14.04°, and 28.24°. However,
the XRD spectrum of PAC-CYC NLCs exhibited amorphous behaviour with no significant
peaks at any of the above mentioned 2O values suggesting that Paclitaxel and
Cyclophosphamide were present in the NLCs either in amorphous form or molecularly
dispersed [166, 167].

The amorphous behaviour of PAC-CYC NLCs in XRD spectra, as opposed to the crystalline
nature of pure Paclitaxel and Cyclophosphamide, can be attributed to the molecular
dispersion or amorphous form of these drugs within the nanostructured lipid carriers (NLCs).
This transformation is often a result of the encapsulation process, which alters the molecular
arrangement and prevents the formation of a crystalline lattice. The absence of distinct peaks
in the XRD spectrum indicates a lack of long-range order, which is characteristic of

amorphous materials [166, 167].

5.9.8 Morphology by Transmission Electron Microscopy

The images obtained by TEM (shown in Figure 5.10) revealed that the PAC-CYC NLCs
were discrete spherical lipid carriers. Based on the images obtained from TEM, it is clearly
understood that there is no significant difference observed between the formulated NLCs
before and after lyophilization. The particle size based on TEM was observed as 45.95 +
7.98nm.
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Figure 5.10: TEM Images of PAC-CYC loaded NLCs [A]: Before lyophilization

[B & C]: After SMART ™ lyophilization

5.9.9 In-vitro release study

The graph of % cumulative release versus time in hours is presented in Figure 5.11.
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Figure 5.11: Graph of % cumulative drug release vs. time in hours for Paclitaxel &
Cyclophosphamide loaded NLCs, INTAXEL, and ENDOXAN
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Cumulative drug release of 98.27 £ 0.75 % and 96.87 + 0.50 % was observed for both the
INTAXEL and ENDOXAN within 3 hours respectively whereas, Paclitaxel and
Cyclophosphamide loaded in NLCs required 24 hours for cumulative drug release of 96.07
0.70 % and 98.37 = 0.35 % respectively. NLCs are composed of a blend of solid and liquid
lipids, which create a matrix that encapsulates the drug, leading to a slower release rate as
compared to pure drugs. This matrix structure is responsible for the extended release profile
observed in the study as compared to pure drugs in the in-vitro release media. The regression
coefficients for various drug release models are presented in Table 5.26.

Table 5.26: Regression coefficients for various drug release models

Iig Drug Release model INTAXEL | ENDOXAN P,\f‘fcisn C|\|Y|_Ccisn
1 Higuchi Model 0.975 0.954 0.994 0.986
2 Korsmeyer- Peppas Model 0.964 0.938 0.974 0.983
3 Hixson Crowell Model 0.986 0.951 0.993 0.991
4 Zero Order 0.847 0.805 0.868 0.833
5 First Order 0.987 0.984 0.983 0.969

The First order drug release model best describes the release profile for INTAXEL and
ENDOXAN indicating that the drug release rate is proportional to the remaining
concentration of the drug. The First Order model suggests that the rate of drug release is
concentration-dependent. This implies that the release rate decreases exponentially with time
as the drug concentration in the formulation decreases. The release of Cyclophosphamide
also follows a pattern where the rate decreases over time as the drug is released from the

formulation.

The Higuchi and Hixson Crowell models are the most appropriate for Paclitaxel and
Cyclophosphamide loaded in PAC-CYC NLCs. The Higuchi model is based on the diffusion
of the drug through a porous matrix, which is a common characteristic of NLCs. This model
assumes that the drug release rate is proportional to the square root of time, which is typical
for systems where the drug is dispersed in a solid matrix and diffuses out over time [70]. In
the case of Paclitaxel and Cyclophosphamide loaded NLCs, the lipid matrix provides a

controlled environment where the drug can diffuse slowly, aligning with the assumptions of
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the Higuchi model [168]. The Hixson-Crowell model considers the change in surface area
and particle size as the drug is released, which is relevant for NLCs as the lipid matrix erodes
over time. This model is particularly useful for systems where the dissolution of the carrier
affects the release rate [169]. For Paclitaxel and Cyclophosphamide encapsulated in NLCs,
the erosion of the lipid matrix leads to a change in surface area, which is captured by the

Hixson-Crowell model, providing a more accurate description of the release kinetics [170].

5.9.10 Sterility

At the end of incubation period of 14 days, the test tube containing negative control, positive
control, and test sample (NLCs) were observed for any signs of microbial growth. No growth
was observed in Negative control and test sample, whereas growth was observed for Positive

control. Therefore, the optimized NLCs passed the test for sterility.
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Figure 5.12: Sterility testing [A] Negative Control (Water for Injection) [B] Positive
Control for Soybean casein digest medium (SCDM) [C] Test NLCs in SCDM [D]
Positive control for Fluid Thioglycolate Medium (FTM) [E] Test NLCs in FTM
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510 STABILITY STUDIES

Stability testing is a critical component in the pharmaceutical industry, ensuring that drug
products maintain their safety, efficacy, and quality throughout their shelf life. This process
involves evaluating how various environmental factors such as temperature, humidity, and

light affect a drug's chemical and physical properties over time [171].

Results and Discussion:

The results of stability studies are presented in Table 5.27.

Table 5.27: Results of Stability study batch 01 for PAC-CYC NLCs

N - j 25+2°C/
lir_ Stability Condition 2t08°C 60+5%RH
0 Tests Initial 3 Months | 6 Months | 12 Months 15 days
1 | Reconstitution time 69 seconds | 76 seconds | 71 seconds | 79 seconds | 83 seconds
2 Z-average (nm) 743+37 | 840+14 | 709+2.7 | 80.4+0.9 86.1+1.5
3 PDI 0.072 = 0.100 % 0.065 + 0.081 + 0.085 +

0.004 0.002 0.007 0.005 0.006
4 Zeta potential (mV) 53+27 -48+1.9 -6.0+0.5 50+1.2 -43+2.2
5 | Entrapmentefficiency of | 40,04 | 994404 | 989407 | 99.1%02 | 98.1%0.8
Paclitaxel (%)
g | Entrapmentefficiency of | og .08 | 937403 | 974503 | 96.9+05 | 97.0+1.1
Cyclophosphamide (%)
7 | Water content (%) 0.5+ 0.1 0.6+0.0 0.5+0.2 0.4+ 0.2 0.3+ 0.1
8 | Sterility Sterile NA NA Sterile NA

PAC-CYC loaded NLCs were observed to be stable for 12 months when stored at 2 to 8°C
and stable for 15 days when stored at 25+2°C/60+5%RH. There was no significant change
observed in the reconstitution time, water content, particle size (Z-average), PDI, and Zeta
potential during the storage. Entrapment efficiency of Paclitaxel and Cyclophosphamide was
observed to be constant during 12 months storage. Sterility of the product was maintained

even after 12 months storage at 2 to 8°C.
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Updated Risk Assessment

Based on the optimization of various factors impacting the formulation development and
characterization of PAC-CYC NLCs, the updated risk assessment is presented in Table 5.28
and justification for updated risk assessment is presented in Table 5.29.

Table 5.28: Updated Risk Assessment

Drug Product Factor

CQAs Process Formulation
Parameters | Parameters

Environment | Materials | Equipments

Product
Description after
reconstitution

Assay of Paclitaxel

Assay of
Cyclophosphamide

Sterility

Particle size
distribution

Zeta Potential

Reconstitution
time of
Lyophilized
product

% water content

Entrapment
efficiency

Filterability

**The level of risk was not reduced from the initial risk assessment

Table 5.29: Justification for Updated Risk Assessment

Drug Product

COAs Factor Justification
Mannitol was selected as cryoprotectant at 4%wi/v
Product concentration and lyophilization cycle for PAC-CYC

NLCs was developed through SMART™
lyophilization cycle development. Product description
after reconstitution was achieved as per the QTPP.
Hence, the risk is assessed to be Low.

Description after
reconstitution
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Drug Product
CQAs

Factor

Assay of Paclitaxel

Assay of
Cyclophosphamide

Sterility

Particle size
distribution

Justification

All the development studies and characterization of
PAC-CYC NLCs was executed at controlled room
temperature (25+5°C) with relative humidity below
55%RH and either sodium vapor light or no light
condition to ensure minimal exposure of room light. No
separate experimentation was required as necessary
precaution was in place throughout the development
and stability. Hence, the risk is assessed to be Low.

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration were optimized during development
studies to achieve the assay of Paclitaxel in the range of
90.0 to 110.0% for optimized PAC-CYC NLCs. Hence,
the risk is assessed to be Low.

All the development studies and characterization of
PAC-CYC NLCs was executed at controlled room
temperature (25+5°C) with relative humidity below
55%RH and either sodium vapor light or no light
condition to ensure minimal exposure of room light. No
separate experimentation was required as necessary
precaution was in place throughout the development
and stability. Hence, the risk is assessed to be Low.

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration were optimized during development
studies to achieve the assay of Cyclophosphamide in
the range of 90.0 to 110.0% for optimized PAC-CYC
NLCs. Hence, the risk is assessed to be Low.

Sterilization of PAC-CYC NLCs was ensured using
sterile filtration technique. The filterability of
developed product was observed to be 100% when
filtered through 0.2 pore size sterile PES filters. Drug
product was observed to be sterile upon tested for
sterility testing. Hence, the risk is assessed to be Low.

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration were optimized during development
studies to achieve Z-average below 150nm and PDI
below 0.2 for the optimized formulation. Hence, the
risk is assessed to be Low.
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Drug Product
CQAs

Factor

Zeta Potential

Justification

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration impacts the final formulation were
optimized during development studies which led to zeta
potential in between -10mV and + 10mV for final
optimized product. The zeta potential was also
observed to remain stable during storage stability of
optimized product. Hence, the risk is assessed to be

Low.

Reconstitution
time of
Lyophilized
product

% water content

Entrapment
efficiency

Filterability

Mannitol was selected as cryoprotectant at 4%wi/v
concentration and lyophilization cycle for PAC-CYC
NLCs was developed through SMART™

S e .. lyophilization cycle development. Reconstitution time

of lyophilized product was achieved as not more than 1
minute as per the QTPP. Hence, the risk is assessed to
be Low.

Mannitol was selected as cryoprotectant at 4%wi/v
concentration and lyophilization cycle for PAC-CYC
NLCs was developed through SMART™
Iyophilization cycle development. Water content of
optimized lyophilized product was achieved as not
more than 2.0%. Hence, the risk is assessed to be Low.

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration were optimized during development
studies to achieve the entrapment efficiency of not less
than 90.0%. Hence, the risk is assessed to be Low.

Process parameters viz. temperature of phases, mixing
speed, mixing time, and formulation parameters viz.
selection of surfactant, total lipid concentration, drug
substance concentration, and Solid lipid: liquid lipid
concentration were optimized during development
studies to achieve the filterability of 100% for the
optimized PAC-CYC NLCs. 100% filterability also
ensure that filtration achieved sterile drug product
suitable for intravenous administration. Hence, the risk
is assessed to be Low.

Vankani Ankit K., The M. S. University of Baroda Page No. 156




Chapter 5 Formulation Development - NLCs

REFERENCES

1. Chinsriwongkul, A., Chareanputtakhun, P., Ngawhirunpat, T., Rojanarata, T., Sila-on,
W., Ruktanonchai, U., &Opanasopit, P. (2011). Nanostructured Lipid Carriers (NLC) for
Parenteral Delivery of an Anticancer Drug. AAPS PharmSciTech, 13(1), 150-158.
d0i:10.1208/s12249-011-9733-8

2. Kaur, Kamaldeep & Nautiyal, Ujjwal & Singh, Devendra. (2015). Nanostructured
lipid carrier for bioavailability enhancement. International Journal of Recent Advances in
Science and Technology. 2. 10.30750/ijrast.211.

3. Li, Q., Cai, T., Huang, Y., Xia, X., Cole, S., & Cai, Y. (2017). A Review of the
Structure, Preparation, and Application of NLCs, PNPs, and PLNs. Nanomaterials, 7(6), 122.
d0i:10.3390/nan07060122

4. Sharma, A., & Baldi, A. (2018). Nanostructured Lipid Carriers: A Review. Journal of
Developing Drugs, 7 (2), 1-12.D0I:10.4172/2329-6631.1000191

5. Wang W, Chen L, Huang X, Shao A. Preparation and Characterization of Minoxidil
Loaded Nanostructured Lipid Carriers. AAPS PharmSciTech. 2017 Feb;18(2):509-516. doi:
10.1208/512249-016-0519-x. Epub 2016 Apr 27. PMID: 27120090.

6. Shah KA, Date AA, Joshi MD, Patravale VB. Solid lipid nanoparticles (SLN) of
tretinoin: potential in topical delivery. Int J Pharm. 2007 Dec 10;345(1-2):163-71. doi:
10.1016/j.ijpharm.2007.05.061. Epub 2007 Jun 2. PMID: 17644288.

7. Fernandes, A. V., Pydi, C. R., Verma, R., Jose, J., & Kumar, L.. (2020). Design,
preparation and in vitro characterizations of fluconazole loaded nanostructured lipid carriers.
Brazilian Journal of Pharmaceutical Sciences, 56, €18069. https://doi.org/10.1590/s2175-
97902019000318069

8. L Kiss E, Berkd S, Gacsi A, Kovacs A, Katona G, Soo6s J, Csanyi E, Grof |, Harazin
A, Deli MA, Budai-Sziics M. Design and Optimization of Nanostructured Lipid Carrier
Containing Dexamethasone for Ophthalmic Use. Pharmaceutics. 2019 Dec 14;11(12):679.
doi: 10.3390/pharmaceutics11120679. PMID: 31847336; PMCID: PMC6955972.

9. Pavoni L, Perinelli DR, Bonacucina G, Cespi M, Palmieri GF. An Overview of
Micro- and Nanoemulsions as Vehicles for Essential Oils: Formulation, Preparation and
Stability. Nanomaterials (Basel). 2020 Jan 12;10(1):135. doi: 10.3390/nan010010135. PMID:
31940900; PMCID: PMC7023169.

Vankani Ankit K., The M. S. University of Baroda Page No. 157



Chapter 5 Formulation Development - NLCs

10. Qu J,Wan Y, Tian M, Lv W. Microemulsions Based on Diverse Surfactant Molecular
Structure: Comparative Analysis and Mechanistic Study. Processes. 2023; 11(12):3409.
https://doi.org/10.3390/pr11123409

11. Hu H, Zhang Q, Tian M, Li Y, Han X, Guo R. Review: Microemulsions for the
Sustainable Development of EOR. Sustainability. 2024; 16(2):6209.
https://doi.org/10.3390/su16020629

12.  Ahmed Bashir, Amin Sharifi Haddad, Roozbeh Rafati,A review of fluid displacement
mechanisms in surfactant-based chemical enhanced oil recovery processes: Analyses of key
influencing factors, Petroleum Science, Volume 19, Issue 3, 2022, Pages 1211-1235, ISSN
1995-8226,https://doi.org/10.1016/j.petsci.2021.11.021.

13. USFDA, Center for Drug Evaluation and Research. (2020, April 23). Retrieved from
Inactive Ingredient Search forApproved Drug Products:
https://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm?event=BasicSearch.page

14.  AkhoondZardini A, Mohebbi M, Farhoosh R, Bolurian S. Production and
characterization of nanostructured lipid carriers and solid lipid nanoparticles containing
lycopene for food fortification. J Food Sci Technol. 2018 Jan;55(1):287-298. doi:
10.1007/s13197-017-2937-5. Epub 2017 Oct 30. PMID: 29358821; PMCID: PMC5756214.
15. Ding, X., Xu, X., Zhao, Y., Zhang, L., Yu, Y., Huang, F., Huang, H. (2017). Tumor
targeted nanostructured lipid carrier co-delivering paclitaxel and indocyanine green for laser
triggered synergetic therapy of cancer. RSC Advances, 7(56), 35086—35095.
d0i:10.1039/c7ra06119f

16. Emami, J., Rezazadeh, M., Varshosaz, J., Tabbakhian, M., & Aslani, A. (2012).
Formulation of LDL Targeted Nanostructured Lipid Carriers Loaded with Paclitaxel: A
Detailed Study of Preparation, Freeze Drying Condition, and In Vitro Cytotoxicity. Journal of
Nanomaterials, 2012, 1-10.

17. Bhuptani, R. S. & Jain, A. S. & Makhija, D. T. & Jagtap, Aarti & Hassan,
Puthusserickal & Nagarsenker, Mangal. (2016). Soluplus based polymeric micelles and
mixed micelles of lornoxicam: Design, characterization and In vivo efficacy studies in rats.
Indian Journal of Pharmaceutical Education and Research. 50. 277-286. 10.5530/ijper.50.2.8.
18.  Wenzel T, Gieseler M, Abdul-Fattah AM, Gieseler H. Cycle Development in a Mini-
Freeze Dryer: Evaluation of Manometric Temperature Measurement in Small-Scale
Equipment. AAPS PharmSciTech. 2021 Apr 26; 22(4):143. doi: 10.1208/s12249-021-02014-
w. PMID: 33903988; PMCID: PMC8076153.

Vankani Ankit K., The M. S. University of Baroda Page No. 158



Chapter 5 Formulation Development - NLCs

19. Bhambere Deepak, Gaidhani A Kunal, Harwalkar Mallinath, Nirgude S Pallavi.
(2015) Lyophilization/ freeze drying — A Review. World Journal of Pharmaceutical Research.
4A(4), 516-543.

20. Khairnar Sandip, Kivi Rajesh, Harwalkar Mallinath, Salunkhe Kishor. (2013) A
Review on Freeze Drying Process of Pharmaceuticals, International journal of Research in
Pharmacy. 4(1), 76-94.

21. G R. Nireesha, L Divya, C Sowmya, N Venkateshan, Niranjan Babu, V Lavakumar.
(2013). Lyophilization/ Freeze Drying-An Review. International Journal of Novel Trends in
Pharmaceutical Sciences. 3(4), 87-98.

22.  Jadhav R Tushar, Moon R S. (2015). Review on lyophilization technique. World
Journal of Pharmaceutical Sciences. 2015, 4(5), 1906-1928.

23. Bisht Deepak, Dr. Igbal Zeenat. (2015). Lyophilization-Process and Optimization for
Pharmaceutics. International Journal of Drug Regulatory Affairs, 3(1), 30-40.

24.  Shukla Soham. (2011). Freeze Drying Process: A Review. International Journal of
Pharmaceutical Sciences and Research. 3(2), 3061-3068.

25. Ward, K. R., & Matejtschuk, P. (2018). Characterization of Formulations for Freeze-
Drying. Lyophilization of Pharmaceuticals and Biologicals, 1-32. doi:10.1007/978-1-4939-
8928-7_1

26. Kett, Vicky & Mcmahon, Debra & Ward, Kevin. (2005). Thermoanalytical
Techniques for the Investigation of the Freeze Drying Process and Freeze-Dried Products.
Current pharmaceutical biotechnology. 6. 239-50. 10.2174/1389201054022850.

27.  Wenzel T, Gieseler M, Abdul-Fattah AM, Gieseler H. Cycle Development in a Mini-
Freeze Dryer: Evaluation of Manometric Temperature Measurement in Small-Scale
Equipment. AAPS PharmSciTech. 2021 Apr 26;22(4):143. doi: 10.1208/s12249-021-02014-
w. PMID: 33903988; PMCID: PMC8076153.

28. Bhambere Deepak, Gaidhani A Kunal, HarwalkarMallinath, Nirgude S Pallavi.
(2015) Lyophilization/ freeze drying — A Review. World Journal of Pharmaceutical Research.
4(4), 516-543.

29. Khairnar Sandip, Kivi Rajesh, HarwalkarMallinath, Salunkhe Kishor. (2013) A
Review on Freeze Drying Process of Pharmaceuticals, International journal of Research in
Pharmacy. 4(1),76-94.

Vankani Ankit K., The M. S. University of Baroda Page No. 159



Chapter 5 Formulation Development - NLCs

30. G R. Nireesha, L Divya, C Sowmya, N Venkateshan, Niranjan Babu, VV Lavakumar.
(2013). Lyophilization/Freeze Drying-An Review. International Journal of Novel Trends in
Pharmaceutical Sciences. 3(4), 87-98.

31. Jadhav R Tushar, Moon R S. (2015). Review on lyophilization technique. World
Journal of Pharmaceutical Sciences. 2015,4(5),1906-1928.

32. Bisht Deepak, Dr. IgbalZeenat. (2015). Lyophilization-Process and Optimization for
Pharmaceutics. International Journal of Drug Regulatory Affairs, 3(1), 30-40.

33.  Shukla Soham. (2011). Freeze Drying Process: A Review. International Journal of
Pharmaceutical Sciences and Research. 3(2), 3061-3068.

34.  Javed, S., Mangla, B., Almoshari, Y., Sultan, M. & Ahsan, W. (2022). Nanostructured
lipid carrier system: A compendium of their formulation development approaches,
optimization strategies by quality by design, and recent applications in drug delivery.
Nanotechnology Reviews, 11(1), 1744-1777. https://doi.org/10.1515/ntrev-2022-0109

35.  Alhalmi A, Amin S, Khan Z, Beg S, Al Kamaly O, Saleh A, Kohli K. Nanostructured
Lipid Carrier-Based Codelivery of Raloxifene and Naringin: Formulation, Optimization, In
Vitro, Ex Vivo, In Vivo Assessment, and Acute Toxicity Studies. Pharmaceutics. 2022 Aug
25;14(9):1771. doi: 10.3390/pharmaceutics14091771. PMID: 36145519; PMCID:
PMC9500671.

36. Piazzini V, Lemmi B, D’ Ambrosio M, Cinci L, Luceri C, Bilia AR, Bergonzi MC.
Nanostructured Lipid Carriers as Promising Delivery Systems for Plant Extracts: The Case of
Silymarin. Applied Sciences. 2018; 8(7):1163. https://doi.org/10.3390/app8071163

37.  Yiyin Chen, Xiaomin Yang, Lin Zhao, LaszI6Almasy, Vasil M. Garamus, Regine
Willumeit, Aihua Zou, Preparation and characterization of a nanostructured lipid carrier for a
poorly soluble drug, Colloids and Surfaces A: Physicochemical and Engineering Aspects,
Volume 455, 2014, Pages 36-43, ISSN 0927-7757,
https://doi.org/10.1016/j.colsurfa.2014.04.032.

38.  Ustiindag-Okur, Neslihan; Gokge, Evren Homan; Egrilmez, Sait; Ozer, Ozgen; Ertan,
Gokhan (2014). Novel Ofloxacin-Loaded Microemulsion Formulations for Ocular Delivery.
Journal of  Ocular  Pharmacology and  Therapeutics, 30(4), 319-332.
d0i:10.1089/jop.2013.0114

39. USP 43 NF 38, Monograph of Paclitaxel Injection

40.  USP 43 NF 38, Monograph of Cyclophosphamide for Injection

Vankani Ankit K., The M. S. University of Baroda Page No. 160



Chapter 5 Formulation Development - NLCs

41.  Prabhjot Kaur, Tarun Garg, Goutam Rath, R. S. Rayasa Murthy & Amit K.
Goyal (2016) Development, optimization and evaluation of surfactant-based pulmonary
nanolipid carrier system of paclitaxel for the management of drug resistance lung cancer
using Box-Behnken design, Drug Delivery, 23:6, 1912-
1925, DOI: 10.3109/10717544.2014.993486

42.  Swidan, Shady & Ghonaim, Hassan & Ahmed, Ahmed & Ghorab, Mamdouh. (2016).
Comparative study of solid lipid nanoparticles and nanostructured lipid carriers for in vitro
Paclitaxel delivery. Journal of Chemical and Pharmaceutical Research. 2016. 482-493.

43. Muzzio, Cristian Rodrigo; Dini, Nicolas Gabriel; Simionato, Laura Daniela (2011).
Determination of moisture content in lyophilized mannitol through intact glass vials using
NIR micro-spectrometers. Brazilian Journal of Pharmaceutical Sciences, 47(2), 289-297.
d0i:10.1590/51984-82502011000200010

44, Gorniak A, Ziocinska A, Trojan M, Pgcak A, Karolewicz B. Preformulation Studies
of Ezetimibe-Simvastatin Solid Dispersions in the Development of Fixed-Dose
Combinations. Pharmaceutics. 2022 Apr 22;14(5):912. doi: 10.3390/pharmaceutics14050912.
PMID: 35631498; PMCID: PMC9147300.

45, Bhambere, Deepak &Gaidhani, Kunal &Harwalkar, Mallinath&Nirgude, Pallavi.
(2015). LYOPHILIZATION / FREEZE DRYING - A REVIEW. World Journal of
Pharmaceutical Research. 4. 516-543.

46.  Wenzel T, Gieseler M, Abdul-Fattah AM, Gieseler H. Cycle Development in a Mini-
Freeze Dryer: Evaluation of Manometric Temperature Measurement in Small-Scale
Equipment. AAPS PharmSciTech. 2021 Apr 26;22(4):143. doi: 10.1208/s12249-021-02014-
w. PMID: 33903988; PMCID: PMC8076153.

47.  Verdonck, E., Schaap, K., & Thomas, L. C. (1999). A discussion of the principles and
applications of Modulated Temperature DSC (MTDSC). International Journal of
Pharmaceutics, 192(1), 3-20. doi:10.1016/s0378-5173(99)00267-7

48. Khan AA, Mudassir J, Akhtar S, Murugaiyah V, Darwis Y. Freeze-Dried Lopinavir-
Loaded Nanostructured Lipid Carriers for Enhanced Cellular Uptake and Bioavailability:
Statistical Optimization, in Vitro and in Vivo Evaluations. Pharmaceutics. 2019 Feb
25;11(2):97. doi:  10.3390/pharmaceutics11020097. PMID: 30823545; PMCID:
PMC6410192.

49.  Agrawal, Y., Patil, K., Mahajan, H., Potdar, M., Joshi, P., Nakhate, K., Ojha, S.

(2022). In vitro and invivo characterization of Entacapone-loaded nanostructured lipid

Vankani Ankit K., The M. S. University of Baroda Page No. 161



Chapter 5 Formulation Development - NLCs

carriers developed by quality-by-design approach. Drug Delivery, 29(1), 1112-1121.
https://doi.org/10.1080/10717544.2022.2058651

50.  Valicherla, Guru R.; Dave, Kandarp M.; Syed, Anees A.; Riyazuddin, Mohammed,;
Gupta, Anand P.; Singh, Akhilesh; Wahajuddin, ; Mitra, Kalyan; Datta, Dipak; Gayen, Jiaur
R. (2016). Formulation optimization of Docetaxel loaded self-emulsifying drug delivery
system to enhance bioavailability and anti-tumor activity. Scientific Reports, 6, 26895—
doi:10.1038/srep26895

51.  Swidan, Shady & Ghonaim, Hassan & Ahmed, Ahmed & Ghorab, Mamdouh. (2016).
Comparative study of solid lipid nanoparticles and nanostructured lipid carriers for in vitro
Paclitaxel delivery. Journal of Chemical and Pharmaceutical Research. 2016. 482-493.

52. Emami J., Rezazadeh M., Varshosaz J., Tabbakhian M., & Aslani A.
(2012). Formulation of LDL Targeted Nanostructured Lipid Carriers Loaded with Paclitaxel:
A Detailed Study of Preparation, Freeze Drying Condition, and In-Vitro Cytotoxicity. Journal
of Nanomaterials, 2012, 1-10. doi:10.1155/2012/358782

53. Royce J, Wilkins R. Considerations for Sizing and Selecting Sterile Buffer Filters.
Merck Millipore Application Note. 2006

54, USP <71> Sterility Tests

55. Rebello, S., Asok, A.K., Mundayoor, S. et al. Surfactants: toxicity, remediation and
green surfactants. Environ Chem Lett 12, 275-287 (2014). https://doi.org/10.1007/s10311-
014-0466-2

56.  Joshua S. Katz, Danny K. Chou, Twinkle R. Christian, Tapan K. Das, Mayank Patel,
Shubhadra N. Singh, Yi Wen, Emerging Challenges and Innovations in Surfactant-mediated
Stabilization of Biologic Formulations, Journal of Pharmaceutical Sciences,Volume 111,
Issue 4, 2022, Pages 919-932, ISSN 0022-3549, https://doi.org/10.1016/j.xphs.2021.12.002.
57. Rebello, S., Asok, A.K., Mundayoor, S., Jisha, M.S. (2013). Surfactants: Chemistry,
Toxicity and Remediation. In: Lichtfouse, E., Schwarzbauer, J., Robert, D. (eds) Pollutant
Diseases, Remediation and Recycling. Environmental Chemistry for a Sustainable World, vol
4. Springer, Cham. https://doi.org/10.1007/978-3-319-02387-8 5

58. Salarpour, S., Rajaee, M., Mohajeri, E. et al. A Thermodynamic Micellization and
Hemolysis Evaluation of Polysorbate Surfactants in Combination with Short-Chain
Alcohols. J Clust Sci 33, 729-737 (2022). https://doi.org/10.1007/s10876-021-02012-9

59. Han J, Davis SS, Papandreou C, Melia CD, Washington C. Design and evaluation of

an emulsion vehicle for paclitaxel. I. Physicochemical properties and plasma stability. Pharm

Vankani Ankit K., The M. S. University of Baroda Page No. 162



Chapter 5 Formulation Development - NLCs

Res. 2004 Sep;21(9):1573-80. doi: 10.1023/b:pham.0000041451.70367.21. PMID:
15497682.

60. Tian Z, Yi Y., Yuan H., Han J., Zhang X. Solidification of nanostructured lipid
carriers (NLCs) onto pellets by fluid-bed coating: Preparation, in vitro characterization and
bioavailability in dogs. Powder Technol. 2013;247:120-127.
doi: 10.1016/j.powtec.2013.07.010.

61.  Tran T.H., Ramasamy T., Truong D.H., Choi H.G., Yong C.S., Kim J.O. Preparation
and characterization of fenofibrate-loaded nanostructured lipid carriers for oral bioavailability
enhancement. AAPS PharmSciTech. 2014;15:1509-1515. doi: 10.1208/s12249-014-0175-y.
62. Li Q, Cai T, Huang Y, Xia X, Cole SPC, Cai Y. A Review of the Structure,
Preparation, and Application of NLCs, PNPs, and PLNs. Nanomaterials (Basel). 2017 May
27;7(6):122. doi: 10.3390/nan07060122. PMID: 28554993; PMCID: PMC5485769.

63.  Wadséter, Maria & Barauskas, Justas & Rogers, Sarah & Skoda, Maximilian &
Thomas, Robert &Tiberg, Fredrik &Nylander, Tommy. (2014). Structural effects of the
dispersing agent Polysorbate 80 on liquid crystalline nanoparticles of soy
phosphatidylcholine and glycerol dioleate. Soft Matter. 11. 10.1039/C4SM02296C.

64.  Pallavi, S. Kandalkar., Abhijeet, D, Kulkarni, Snehal, S. Jagtap, Ankita, A, Gorhe. "2.
Nanostructured Lipid carrier: A Novel Approach to enhance Solubility, Bioavailability,
Stability, and Permeability of Drug.” Journal of emerging technologies and innovative
research, undefined (2020).

65.  Pignatello, Rosario.,Corsaro, Roberta. (2019). 3. Polymeric Nanomicelles of
Soluplus® as a Strategy for Enhancing the Solubility, Bioavailability and Efficacy of Poorly
Soluble Active Compounds. doi: 10.2174/2468187309666190314152451

66. Rosario, Pignatello., Robert, D., Corsaro., Angela, Bonaccorso., Elide, Zingale.,
Claudia, Carbone., Teresa, Musumeci. (2022). 8. Soluplus® polymeric nanomicelles improve
solubility of BCS-class Il drugs. Drug Delivery and Translational Research, doi:
10.1007/s13346-022-01182-x

67. Ronak, Subodhkumar, Bhuptani, Ankitkumar, S., Jain, Dinesh, T., Makhija, Aarti, G.,
Jagtap, Puthusserickal, A., Hassan, Mangal, S., Nagarsenker. (2016). 9. Soluplus Based
Polymeric Micelles and Mixed Micelles of Lornoxicam: Design, Characterization, and In
vivo Efficacy Studies in Rats. Indian Journal of Pharmaceutical Education and Research

68. Frederico, Pittella., M., G.S., Palmieri., Kézia, Cristine, Barbosa, Ferreira., Ana,

Beatriz, Caribé, dos, Santos, Valle., D., T., Aleixo., Guilherme, Diniz, Tavares., José, Otavio,

Vankani Ankit K., The M. S. University of Baroda Page No. 163



Chapter 5 Formulation Development - NLCs

do, Amaral, Corréa. (2020). 4. Development of nanostructured lipid carriers containing
finasteride. doi: 10.29327/226760.2.1-3

69. Huifeng, Di., Haiyan, Wu., Ying, Gao., Weihua, Li., Dongna, Zou., Chuanhai, Dong.
(2016). 10. Doxorubicin- and cisplatin-loaded nanostructured lipid carriers for breast cancer
combination chemotherapy. Drug Development and Industrial Pharmacy, doi:
10.1080/03639045.2016.1190743

70.  Aiswarya, Chaudhuri., Dulla, Naveen, Kumar., Saurabh, Kumar, Srivastava., Dinesh,
Kumar., Umesh, Kumar, Patil., Avanish, Singh, Parmar., Sanjay, Kumar, Singh., Ashish,
Kumar, Agrawal. (2024). 1. Combinatorial Delivery of Docetaxel- and Erlotinib-Loaded
Functionalized Nanostructured Lipid Carriers for the Treatment of Triple-Negative Breast
Cancer Using Quality-by-Design Approach. Pharmaceutics, doi:
10.3390/pharmaceutics16070926

71.  Zhe, Ma.Jiaxin, Pi., Ying, Zhang., Huan, Qin., Bing, Zhang., Nan, Li., Zheng, Li.,
Zhidong, Liu. (2021). 9. Enhanced Anticancer Efficacy of Dual Drug-Loaded Self-
Assembled Nanostructured Lipid Carriers Mediated by pH-Responsive Folic Acid and
Human-Derived  Cell  Penetrating  Peptide = dNP2..  Pharmaceutics, doi:
10.3390/PHARMACEUTICS13050600

72. Elmowafy M, Al-Sanea MM. Nanostructured lipid carriers (NLCs) as drug delivery
platform: Advances in formulation and delivery strategies. Saudi Pharm J. 2021
Sep;29(9):999-1012. doi: 10.1016/j.jsps.2021.07.015. Epub 2021 Jul 21. PMID: 34588846;
PMCID: PMC8463508.

73.  Ghasemiyeh P, Mohammadi-Samani S. Solid lipid nanoparticles and nanostructured
lipid carriers as novel drug delivery systems: applications, advantages and disadvantages. Res
Pharm Sci. 2018 Aug;13(4):288-303. doi: 10.4103/1735-5362.235156. PMID: 30065762;
PMCID: PMC6040163.

74. Garg, J., Pathania, K., Sah, S.P. et al. Nanostructured lipid carriers: a promising drug
carrier for targeting brain tumours. Futur J Pharm Sci8, 25 (2022).
https://doi.org/10.1186/s43094-022-00414-8

75.  Van Hong Nguyen, Vy Nguyen Thuy, Toi Vo Van, Anh Hoang Dao, Beom-Jin Lee,
Nanostructured lipid carriers and their potential applications for versatile drug delivery via
oral administration, Open Nano, Volume 8, 2022, 100064, ISSN 2352-9520,
https://doi.org/10.1016/j.0nan0.2022.100064.

Vankani Ankit K., The M. S. University of Baroda Page No. 164



Chapter 5 Formulation Development - NLCs

76.  Pagani O, Sessa C, Martinelli G, Cerny T, de Jong J, Goldhirsch A, Zimatore M,
Cavalli F. Dose-finding study of paclitaxel and cyclophosphamide in advanced breast cancer.
Ann Oncol. 1997 Jul;8(7):655-61. doi: 10.1023/a:1008211629858. PMID: 9296218.

77. Mahesh, Kharat., David, Julian, McClements. (2019). 3. Fabrication and
characterization of nanostructured lipid carriers (NLC) using a plant-based emulsifier:
Quillajasaponin.. Food Research International, doi: 10.1016/J.FOODRES.2019.108601

78. Han-Choi, Yew.,Misni, Misran. (2019). 4. Characterization of fatty acid based
nanostructured lipid carrier (NLC) and their sustained release properties. doi:
10.36877/PDDBS.A0000022

79. C.H., Loo., Mahiran, Basri., Rosnah, Ismail., H., L, N, Lau., Bimo, Ario, Tejo.,
Kanthimathi., Hazimah, Abu, Hassan., Yuen, May, Choo. (2012). 8. Effect of compositions
in nanostructured lipid carriers (NLC) on skin hydration and occlusion..International Journal
of Nanomedicine, doi: 10.2147/1JN.S35648

80. Maria, Apostolou.,Sulaf, Assi., Amos, A., Fatokun., Iftikhar, Ahmed, Khan. (2021). 1.
The Effects of Solid and Liquid Lipids on the Physicochemical Properties of Nanostructured
Lipid Carriers.. Journal of Pharmaceutical Sciences, doi: 10.1016/J.XPHS.2021.04.012

81. Hery, Mitsutake.,Ligia, Nunes, de, Morais, Ribeiro., Gustavo, Henrique, Rodrigues,
da, Silva., Simone, R., Castro., Eneida, de, Paula., Ronei, J., Poppi., Marcia, Cristina,
Breitkreitz. (2019). 8. Evaluation of miscibility and polymorphism of synthetic and natural
lipids for nanostructured lipid carrier (NLC) formulations by Raman mapping and
multivariate curve resolution (MCR).. European Journal of Pharmaceutical Sciences, doi:
10.1016/J.EJPS.2019.05.002

82. Anisha, A., D’Souza., Ranjita, Shegokar. (2021). 7. Nanostructured Lipid Carriers
(NLCs) for Drug Delivery: Role of Liquid Lipid (Oil). Current Drug Delivery, doi:
10.2174/1567201817666200423083807

83. Xiaohong, Lin., Xinwei, Li., Ligiang, Zheng., Li, Yu., Qiging, Zhang., Weichang,
Liu. (2007). 9. Preparation and characterization of monocaprate nanostructured lipid carriers.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, doi:
10.1016/J.COLSURFA.2007.06.003

84. Shweta, Agarwal., S.L., Hari, Kumar., Rajeev, Garg. (2019). 3. Investigative Study on
Impact of Solid: Liquid Lipid Ratio and Stabilizer Amount on Some Characteristics of
Nanostructure Lipid Carriers of Quetiapine Fumarate. International journal of pharmaceutical
investigation, doi: 10.5530/1JP1.2019.2.10

Vankani Ankit K., The M. S. University of Baroda Page No. 165



Chapter 5 Formulation Development - NLCs

85.  Aihua, Song.,Xiaoshu, Zhang., Yanting, Li., Xinjuan, Mao., Fei, Han. (2016). 4.
Effect of liquid-to-solid lipid ratio on characterizations of flurbiprofen-loaded solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) for transdermal
administration.. Drug Development and Industrial Pharmacy, doi:
10.3109/03639045.2015.1132226

86. Nawal, A., Rajab., Mohammad, Jawad. (2023). 6. Impact of Lipid Type and Ratio in
Rizatriptan Benzoate Nanostructured Lipid Carrier. International journal of drug delivery
technology, doi: 10.25258/ijddt.13.1.17

87.  Pagani O, Sessa C, Martinelli G, Cerny T, de Jong J, Goldhirsch A, Zimatore M,
Cavalli F. Dose-finding study of paclitaxel and cyclophosphamide in advanced breast cancer.
Ann Oncol. 1997 Jul;8(7):655-61. doi: 10.1023/a:1008211629858. PMID: 9296218.

88. A., P, Gorle.,, Tushar, Janardan, Pawar., Jayesh, Mahhirao. (2023). 2. Design,
Development and Characterization of Nanostructure Lipid Carriers (NLCs) by HPH Method
Loaded with Anticancer Drug. Journal of Drug Delivery and Therapeutics, doi:
10.22270/jddt.v13i3.5762

89.  Ramaiyan, Velmurugan., S., Selvamuthukumar. (2014). 9. Unsatisfied processing
conditions in making ifosfamide nanostructured lipid carriers: Effects of various formulation
parameters on particle size, entrapment efficiency, and drug loading capacity. Journal of
Pharmaceutical Negative Results, doi: 10.4103/0976-9234.136775

90. Han-Choi, Yew.,Misni, Misran. (2019). 8. Characterization of fatty acid based
nanostructured lipid carrier (NLC) and their sustained release properties. doi:
10.36877/PDDBS.A0000022

91. Mona, Qushawy., Hind, M., Alatwi., Shemah, S., Alhwiti., Khwlah, A., Alsharif.,
Shayma, S., Albalawi., Shroug, M., Abusaleh., Ghada, K., Sror. (2023). 4. Nanostructured
lipid carriers (NLCs) as effective drug delivery systems: Methods of preparation and their
therapeutic applications. Recent Patents on Nanotechnology, doi:
10.2174/1872210517666230120142439

92. Ameeduzzafar, Zafar., Syed, Sarim, Imam., Mohd, Yasir., Nabil, K., Alruwaili.,
Omar, Awad, Alsaidan., Musarrat, Husain, Warsi., Shehla, Nasar, Mir, Najib, Ullah., Sultan,
Alshehri., Mohamed, M., Ghoneim. (2022). 3. Preparation of NLCs-Based Topical
Erythromycin Gel: In Vitro Characterization and Antibacterial Assessment. Gels, doi:
10.3390/gels8020116

Vankani Ankit K., The M. S. University of Baroda Page No. 166



Chapter 5 Formulation Development - NLCs

93.  Andréa, Arruda, Martins, Shimojo., Andréa, Arruda, Martins, Shimojo., Ana, R.,
Fernandes., Nuno, R., Ferreira., Elena, Sanchez-Lopez., Elena, Sanchez-Ldpez., Elena,
Sanchez-Lbpez., Maria, Helena, Andrade, Santana., Eliana, B., Souto., Eliana, B., Souto.
(2019). 2. Evaluation of the Influence of Process Parameters on the Properties of Resveratrol-
Loaded NLC Using 2 2 Full Factorial Design. Antioxidants, doi: 10.3390/ANTIOX8080272
94.  Ahmed, R., Gardouh., Samar, H., Faheim., Ahmed, T., Noah., Mamdouh, M., Ghorab.
(2018). 1. Influence of formulation factors on the size of nanostructured lipid carriers and
nanoemulsions prepared by high shear homogenization. International Journal of Pharmacy
and Pharmaceutical Sciences, doi: 10.22159/1JPPS.2018V1014.23142

95. Ramaiyan, Velmurugan., S., Selvamuthukumar. (2014). 4. Unsatisfied processing
conditions in making ifosfamide nanostructured lipid carriers: Effects of various formulation
parameters on particle size, entrapment efficiency, and drug loading capacity. Journal of
Pharmaceutical Negative Results, doi: 10.4103/0976-9234.136775

96.  Jessica, Silva., Maria, Mendes., Téania, F.G.G., Cova., Jodo, Sousa., Alberto, A., C.,
C., Pais., Carla, Vitorino. (2018). 3. Unstructured Formulation Data Analysis for the
Optimization of Lipid Nanoparticle Drug Delivery Vehicles. AapsPharmscitech, doi:
10.1208/S12249-018-1078-0

97. Rajat, K., Chakraborti., Joseph, F., Atkinson., Jagjit, Kaur. (2009). 6. Effect of Mixing
on Suspended Particle-Size Distribution. Journal of Environmental Engineering, doi:
10.1061/(ASCE)0733-9372(2009)135:5(306)

98.  Andrea, C., Ortiz., Osvaldo, Yafiez., Edison, Salas-Huenuleo., Javier, O., Morales.
(2021). 3. Development of a Nanostructured Lipid Carrier (NLC) by a Low-Energy Method,
Comparison of Release Kinetics and Molecular Dynamics Simulation.. Pharmaceutics, doi:
10.3390/PHARMACEUTICS13040531

99. Modesto, Torres. (2013). 4. A Novel Predictive Model for Determining Filtration
Volume vs. Time for Nano Compounds with Multi-modal Particle Size Distribution. doi:
10.21236/ADA594774

100. Xiao-Hao, Dong.,Jinsheng, Sun., Xianbin, Huang., Kaihe, Lv., Zhishi, Zhou.,
Chongyang, Gao. (2022). 7. Nano-laponite/polymer composite as filtration reducer on water-
based drilling fluid and mechanism study. Royal Society Open Science, doi:
10.1098/rs0s.220385

101. Songran, Gao., David, Julian, McClements. (2016). 2. Formation and stability of solid

lipid nanoparticles fabricated using phase inversion temperature method. Colloids and

Vankani Ankit K., The M. S. University of Baroda Page No. 167



Chapter 5 Formulation Development - NLCs

Surfaces A: Physicochemical and Engineering Aspects, doi:
10.1016/J.COLSURFA.2016.03.065

102. K., Vivek., Harivardhan, Reddy., Ramachandra, S., R., Murthy. (2007). 4.
Investigations of the effect of the lipid matrix on drug entrapment, in vitro release, and
physical stability of olanzapine-loaded solid lipid nanoparticles..AapsPharmscitech, doi:
10.1208/PT0804083

103. Richard, J., Wakeman. (2007). 3. The influence of particle properties on filtration.
Separation and Purification Technology, doi: 10.1016/J.SEPPUR.2007.03.018

104. Jeppe, Lindegaard, Hjorth. (2022). 4. Filterability of oil slurries as a function of
particle-size distribution. doi: 10.21748/ulra3041

105. P., S., Uttekar., V., V., Chopade. (2017). 5. Translocation of Cyclophosphamide by
Using Multi-Walled Carbon Nanotubes Into Mammalian Cancer Cells. International Journal
of Scientific Research in Science and Technology, doi: 10.32628/1JSRST1731026

106. Z., Felegari. (2014). 9. Structural and stability investigation of the anticancer drug
Cyclophosphamide via quantum chemical calculations :A nanotube drug delivery. Oriental
journal of chemistry, doi: 10.13005/0JC/300447

107. Praveen, V., Date., Abdul, Samad., Padma, V., Devarajan. (2010). 4. Freeze thaw: a
simple approach for prediction of optimal cryoprotectant for freeze drying.
AapsPharmscitech, doi: 10.1208/S12249-010-9382-3

108. Timothy, M, Amis.,Jwala, Renukuntla., Pradeep, Kumar, Bolla., Bradley, A., Clark.
(2020). 1. Selection of Cryoprotectant in Lyophilization of Progesterone-Loaded Stearic Acid
Solid Lipid Nanoparticles. Pharmaceutics, doi: 10.3390/PHARMACEUTICS12090892

109. Lalit, Kumar., Meka, Sreenivasa, Reddy., Ruchi, Verma., KB, Koteshwara. (2016). 6.
Selection of cryoprotective agent for freeze drying of valsartan solid lipid nanoparticles.
Latin American Journal of Pharmacy

110. Jayesh, Sonje., Carly, Fleagle, Chisholm., Raj, Suryanarayanan. (2022). 2. Frozen
Storage of Proteins: Use of Mannitol to Generate a Homogenous Freeze-concentrate..
International Journal of Pharmaceutics, doi: 10.1016/j.ijpharm.2022.121995

111. Jayesh, Sonje., Seema, Thakral., Raj, Suryanarayanan. (2020). 4. t-Butanol Enables
Dual Functionality of Mannitol: A Cryoprotectant in Frozen Systems and Bulking Agent in
Freeze-Dried Formulations.. Molecular Pharmaceutics, doi:
10.1021/ACS.MOLPHARMACEUT.0C00492

Vankani Ankit K., The M. S. University of Baroda Page No. 168



Chapter 5 Formulation Development - NLCs

112. Seema, Thakral., Jayesh, Sonje., Bhushan, Munjal., Bakul, Bhatnagar., Raj,
Suryanarayanan. (2022). 5. Mannitol as an excipient for lyophilized injectable formulations..
Journal of Pharmaceutical Sciences, doi: 10.1016/j.xphs.2022.08.029

113. Maria, José, de, Jesus, Valle.,Andreia, Alves., Paula, Coutinho., Maximiano, P.,
Ribeiro., Cristina, Maderuelo., Amparo, Sanchez, Navarro. (2021). 1. Lyoprotective Effects
of Mannitol and Lactose Compared to Sucrose and Trehalose: Sildenafil Citrate Liposomes
as a Case Study.. Pharmaceutics, doi: 10.3390/PHARMACEUTICS13081164

114. 1., Lacatusu., M.N., Badea., A., M., Manea., Aurelia, Meghea. (2012). 8.
Cryoprotector effect on main properties of lipid nanoparticles loaded with bio-active
compounds.

115. R., M., Chandira.,Palanisamy, Pethappachetty., Gokulnath, Lakhshmanan., Dominic,
Antony, Samy. (2022). 2. Design and Evaluation of Solid Lipid Nanoparticles of an
Antibiotic-mannitol as Cryoprotectant. Asian journal of biological and life sciences, doi:
10.5530/ajbls.2022.11.51

116. Amit, R., Bukkawar., Amit, Jain., Vivekanand, K., Chatap. (2023). 9. Formulation
Development and Evaluation of Freeze-dried Aviptadil Injection using Mannitol as
Cryoprotectant. International journal of pharmaceutical quality assurance, doi:
10.25258/ijpga.14.3.13

117. Lubica, Vetrakova.,Vilem, Nedela., Jiti, Runstuk. (2018). 2. In-situ Observation of
Lyophilization Process in Environmental Scanning Electron Microscope. Microscopy and
Microanalysis, doi: 10.1017/S1431927618007511

118. Maxwell, Korang-Yeboah., Charudharshini, Srinivasan., Akhtar, Siddiqui., David,
Awotwe-Otoo., Celia, N., Cruz., Ashraf, Muhammad. (2018). 3. Application of Optical
Coherence Tomography Freeze-Drying Microscopy for Designing Lyophilization Process
and Its Impact on Process Efficiency and Product Quality..AapsPharmscitech, doi:
10.1208/S12249-017-0848-4

119. Camila, Figueiredo, Borgognoni., Joyce, da, Silva, Bevilacqua., Ronaldo, Nogueira,
de, Moraes, Pitombo. (2012). 9. Freeze-drying microscopy in mathematical modeling of a
biomaterial freeze-drying. Brazilian Journal of Pharmaceutical Sciences, doi:
10.1590/S1984-82502012000200003

120. Helena, Rouco., Patricia, Diaz-Rodriguez., Patricia, Diaz-Rodriguez., Alba, Guillin.,
Carmen, Remufan-Lopez., Mariana, Landin. (2021). 5. A Traffic Light System to Maximize

Vankani Ankit K., The M. S. University of Baroda Page No. 169



Chapter 5 Formulation Development - NLCs

Carbohydrate Cryoprotectants’ Effectivity in Nanostructured Lipid Carriers’ Lyophilization.
Pharmaceutics, doi: 10.3390/PHARMACEUTICS13091330

121. Faezeh, Alihosseini.,Solmaz, Ghaffari., Ali, Reza, Dabirsiaghi., Setareh, Haghighat.
(2015). 8. Freeze-drying of ampicillin solid lipid nanoparticles using mannitol as
cryoprotectant. Brazilian Journal of Pharmaceutical Sciences, doi: 10.1590/S1984-
82502015000400005

122. Iskra, Karakash.,Jovana, Vasileska., Dushko, Shalabalija., Ljubica, Mihailova.,
Marija, Glavas, Dodov., Renata, Slaveska, Raicki., Maja, Simonoska, Crcarevska. (2020). 1.
Freeze-drying of nanostructured lipid carriers loaded with Salvia off. extract for Alzheimer’s
disease treatment. doi: 10.33320/MACED.PHARM.BULL.2020.66.03.109

123. Abdulaziz, Almalik., Ibrahim, Alradwan., Mohd, Abul, Kalam., Aws, Alshamsan.,
Aws, Alshamsan. (2017). 10. Effect of cryoprotection on particle size stability and
preservation of chitosan nanoparticles with and without hyaluronate or alginate coating..
Journal of The Saudi Pharmaceutical Society, doi: 10.1016/J.JSPS.2016.12.008

124.  Andrew, W., Lloyd., Ken, J., Rutt.,, Cedric, J., Olliff. (2011). 5. The effect of
cryoprotective additives on the zeta potential of liposomes. Journal of Pharmacy and
Pharmacology, doi: 10.1111/J.2042-7158.1990.TB14516.X

125.  Shivraj, Popat, Jadhav., NULL, AUTHOR_ID., Tanvi, Gupta., Ritu, Gilhotra. (2024).
8. Effect of Lyophilization on Characteristics of lloperidone Nanosuspension. International
journal of drug delivery technology, doi: 10.25258/ijddt.14.2.65

126. Ri, Hua, Li., Seung-Yong, Seo., Jae-Soon, Eun., Mi-Kyung, Lee. (2010). 6.
Preparation and Evaluation of Freeze-dried Solid Lipid Nanoparticles with Various
Cryoprotectants. Journal of Korean Pharmaceutical Sciences, doi:
10.4333/KPS.2010.40.1.039

127. Melissa, D., Howard., Xiuling, Lu., Michael, Jay., Thomas, D., Dziubla. (2012). 1.
Optimization of the lyophilization process for long-term stability of solid—lipid nanoparticles.
Drug Development and Industrial Pharmacy, doi: 10.3109/03639045.2011.645835

128. Xiaozhang, Zhang., Ningning, Zhou., Chunsheng, Yang., Zhaowei, Jin., Jeremy, Guo.
(2023). 2. Multiple approaches to reduce reconstitution time of lyophilized drug products
with high protein concentration. Antibody therapeutics, doi: 10.1093/abt/tbad031

129. Yuto, Suzuki., Kazuaki, Taguchi., Wataru, Okamoto., Yuki, Enoki., Teruyuki,
Komatsu., Kazuaki, Matsumoto. (2023). 7. Pharmaceutical Integrity of Lyophilized

Vankani Ankit K., The M. S. University of Baroda Page No. 170



Chapter 5 Formulation Development - NLCs

Methemoglobin-Albumin  Clusters after  Reconstitution. ACS omega, doi:
10.1021/acsomega.3c01054

130. Sooho, Yeo., Huigiang, Wu., Il, Yoon., Woo, Kyoung, Lee., Sung-Joo, Hwang.
(2024). 1. Design of smart chemotherapy of doxorubicin hydrochloride using nanostructured
lipid carriers and solid lipid nanoparticles for improved anticancer efficacy. International
Journal of Pharmaceutics, doi: 10.1016/j.ijpharm.2024.124048

131. Li, Tang., Nathan, P., Gabrielson., Fatih, M., Uckun., Fatih, M., Uckun., Timothy, M.,
Fan., Jianjun, Cheng. (2013). 3. Size-dependent tumor penetration and in vivo efficacy of
monodisperse  drug-silica  nanoconjugates.  Molecular ~ Pharmaceutics, doi:
10.1021/MP300684A

132. Marco, Biondi., Daniela, Guarnieri., Hui, Yu., Valentina, Belli., Paolo, A., Netti.
(2013). 4. Sub-100 nm biodegradable nanoparticles: in vitro release features and toxicity
testing in 2D and 3D cell cultures. Nanotechnology, doi: 10.1088/0957-4484/24/4/045101
133. Meng, Gao., Yue, Chen., Chenghu, Wu. (2021). 6. Size-dependent chemosensitization
of doxorubicin-loaded polymeric nanoparticles for malignant glioma chemotherapy.
Bioengineered bugs, doi: 10.1080/21655979.2021.2006568

134. Jingya, Lv., Yang, Wang., Tianhui, Meng., Cheng-Zhong, Xu. (2020). 9. NLC: An
Efficient Caching Algorithm Based on Non-critical Path Least Counts for In-Memory
Computing. doi: 10.1007/978-3-030-59635-4_6

135. Richard, J., Hill. (1996). 1. Manufacturer's labeling for paclitaxel.. Cancer
Investigation, doi: 10.3109/07357909609076911

136. Anja, Henningsson., Alex, Sparreboom., Walter, J., Loos., Jaap, Verweij., Mats,
Silvander., Mats, O., Karlsson. (2005). 5. Population Pharmacokinetic Model for Cremophor
EL.

137.  Luo, Cheng. (2013). 7. Pharmaceutical composition of paclitaxel compound.

138. Hong, Liu.,Hongchun, Pan. (2012). 8. Paclitaxel pharmaceutical composition and
preparation method thereof.

139. K, Siddappa., Prashant, C., Hanamshetty. (2015). 6. Application of Charge Transfer
Reactions for the Quantitative Spectrophotometric Determination of Cyclophosphamide in
Pure and Pharmaceutical Formulation. Current Pharmaceutical Analysis, doi:
10.2174/1573412910666141024215724

140. David, M., Woodcock., Sara, Jefferson., Martha, E., Linsenmeyer., Penelope, J.,

Crowther., Grace, M., Chojnowski., Brenda, Williams., Ivan, Bertoncello. (1990). 1. Reversal

Vankani Ankit K., The M. S. University of Baroda Page No. 171



Chapter 5 Formulation Development - NLCs

of the multidrug resistance phenotype with cremophor EL, a common vehicle for water-
insoluble vitamins and drugs.. Cancer Research

141. Tom, Cull. (2018). 4. The Development and Validation of a Quantitative Liquid
Chromatography-Tandem Mass Spectrometry Method for the Detection of Cremophor EL in
Human Plasma.

142. Soheila, Kashanian.,Elham, Rostami. (2014). 1. PEG-stearate coated solid lipid
nanoparticles as levothyroxine carriers for oral administration. Journal of Nanoparticle
Research, doi: 10.1007/S11051-014-2293-6

143. Rosario, Pignatello., Robert, D., Corsaro., Angela, Bonaccorso., Elide, Zingale.,
Claudia, Carbone., Teresa, Musumeci. (2022). 1. Soluplus® polymeric nanomicelles improve
solubility of BCS-class Il drugs. Drug Delivery and Translational Research, doi:
10.1007/s13346-022-01182-x

144.  Anisha, A., D’Souza., Ranjita, Shegokar. (2021). 5. Nanostructured Lipid Carriers
(NLCs) for Drug Delivery: Role of Liquid Lipid (Oil). Current Drug Delivery, doi:
10.2174/1567201817666200423083807

145.  Mona, Qushawy., Hind, M., Alatwi., Shemah, S., Alhwiti., Khwlah, A., Alsharif.,
Shayma, S., Albalawi., Shroug, M., Abusaleh., Ghada, K., Sror. (2023). 8. Nanostructured
lipid carriers (NLCs) as effective drug delivery systems: Methods of preparation and their
therapeutic applications. Recent Patents on Nanotechnology, doi:
10.2174/1872210517666230120142439

146. A., P., Gorle., Tushar, Janardan, Pawar., Jayesh, Mahhirao. (2023). 3. Design,
Development and Characterization of Nanostructure Lipid Carriers (NLCs) by HPH Method
Loaded with Anticancer Drug. Journal of Drug Delivery and Therapeutics, doi:
10.22270/jddt.v13i3.5762

147.  Anuji, Abraham., Omar, Elkassabany., Mary, Elizabeth, Krause., Andrew, Ott.
(2019). 2. A nondestructive and noninvasive method to determine water content in
lyophilized proteins using low-field time-domain NMR. Magnetic Resonance in Chemistry,
doi: 10.1002/MRC.4864

148. Akira, Terakita.,Hirokazu, Matsunaga., Tetsuro, Handa. (2009). 9. The influence of
water on the stability of lyophilized formulations with inositol and mannitol as excipients.
Chemical & Pharmaceutical Bulletin, doi: 10.1248/CPB.57.459

Vankani Ankit K., The M. S. University of Baroda Page No. 172



Chapter 5 Formulation Development - NLCs

149. Hilda, Amekyeh.,Nashiru, Billa. (2021). 9. Lyophilized Drug-Loaded Solid Lipid
Nanoparticles Formulated with Beeswax and Theobroma Oil.. Molecules, doi:
10.3390/MOLECULES26040908

150. Jing, Miao., Yong-Zhong, Du., Hong, Yuan., Xingguo, Zhang., Qian, Li., Yuefeng,
Rao., Meng-Dan, Zhao., Fugiang, Hu. (2015). 1. Improved cytotoxicity of paclitaxel loaded
in nanosized lipid carriers by intracellular delivery. Journal of Nanoparticle Research, doi:
10.1007/S11051-014-2852-X

151. T., S, Renuga, Devi., S., Gayathri. (2010). 2. Ftir and ft-raman spectral analysis of
paclitaxel drugs.

152. J., Jyoti.,Rishikesh, Gupta., Alok, Mahor. (2022). 4. Fabrication and Characterization
of Paclitaxel Loaded ATO-5 Nano-Lipid Carriers (NLC’s) for Extended Drug Release.
Research journal of pharmacy and technology, doi: 10.52711/0974-360x.2022.00407

153. A., P., Gorle., Tushar, Janardan, Pawar., Jayesh, Mahhirao. (2023). 3. Design,
Development and Characterization of Nanostructure Lipid Carriers (NLCs) by HPH Method
Loaded with Anticancer Drug. Journal of Drug Delivery and Therapeutics, doi:
10.22270/jddt.v13i3.5762

154.  Jan, Sobczynski., Gabriela, Bielecka. (2019). 7. Nanostructure lipid carriers. doi:
10.1016/B978-0-12-816504-1.00006-5

155. R.C.Doijad., S.V.Salve., Patil, Anup. (2019). 5. Different Methodology for
Preparation of NLCs — A Review. doi: 10.28933/JPRR-2019-1905

156. Binita, Palaria., Varsha, Tiwari., Abhishek, R., Tiwari., Ramsa, Aslam., Ashok,
Kumar., Biswa, Mohan, Sahoo., Manish, Kumar., Sunil, Singh., Suresh, Kumar. (2022). 10.
Nanostructured Lipid Carriers: A Promising Carrier in Targeted Drug Delivery System.
Current nanomaterials, doi: 10.2174/2405461507666220221094925

157. A, Salgueiro., F., Gamisans., Marta, Espina., X., Alcober., M., L., Garcia., M.A.,

Egea. (2002). 1. Cyclophosphamide-loaded nanospheres: analysis of the matrix structure by

thermal and spectroscopic methods.. Journal of Microencapsulation, doi:
10.1080/02652040110081352
158. Akhayacatra, Chinsriwongkul., Ponwanit, Chareanputtakhun.,  Tanasait,

Ngawhirunpat., Theerasak, Rojanarata., Warisada, Sila-on., Uracha, Ruktanonchai., Praneet,
Opanasopit. (2012). 9. Nanostructured Lipid Carriers (NLC) for Parenteral Delivery of an
Anticancer Drug. AapsPharmscitech, doi: 10.1208/S12249-011-9733-8

Vankani Ankit K., The M. S. University of Baroda Page No. 173



Chapter 5 Formulation Development - NLCs

159. Harshita.,, Abul, Barkat., Rizwanullah., Sarwar, Beg., Faheem, Hyder, Pottoo.,
Sahabjada, Siddiqui., Farhan, Jalees, Ahmad. (2019). 6. Paclitaxel-loaded Nanolipidic
Carriers with Improved Oral Bioavailability and Anticancer Activity against Human Liver
Carcinoma. AapsPharmscitech, doi: 10.1208/S12249-019-1304-42

160. Shady, Swidan., Hassan, M., Ghonaim., Ahmed, Mahmoud, Samy., Mamdouh, M.,
Ghorab. (2016). 8. Efficacy and In Vitro Cytotoxicity of Nanostructured Lipid Carriers for
Paclitaxel ~ Delivery. journal of applied pharmaceutical science, doi:
10.7324/JAPS.2016.60903

161. Douglas, Dourado. (2019). 5. Thermal Analysis as a Useful Tool in Drug-Excipient
Compatibility Studies: The Impact in Pharmaceuticals Products. Biomedical Journal of
Scientific and Technical Research, doi: 10.26717/BJSTR.2019.22.003745

162. Marek, Wesolowski., Edyta, Leyk. (2023). 3. Coupled and Simultaneous Thermal
Analysis  Techniques in the Study of Pharmaceuticals. Pharmaceutics, doi:
10.3390/pharmaceutics15061596

163. Camila, Barreneche., Camila, Barreneche., Antoni, Gil., Falguni, K., Sheth., A., Inés,
Fernandez., Luisa, F., Cabeza. (2013). 2. Effect of d-mannitol polymorphism in its thermal
energy storage capacity when it is wused as PCM. Solar Energy, doi:
10.1016/J.SOLENER.2013.05.023

164. Men, Zhu., Jun-Qiang, Wang., John, H., Perepezko., Lian, Yu. (2015). 2. Possible
existence of two amorphous phases of d-mannitol related by a first-order transition. Journal
of Chemical Physics, doi: 10.1063/1.4922543

165. Men, Zhu., Jun-Qiang, Wang., John, H., Perepezko., Lian, Yu. (2016). 3. Possible
Existence of Two Amorphous Phases of D-Mannitol Related by a First-Order Transition.
Bulletin of the American Physical Society

166. Katherine, Y., Bang.,Preshita, Desai. (2024). 1. Abstract 5755: Development of
paclitaxel-loaded nanoparticles with high charge density. Cancer Research, doi:
10.1158/1538-7445.am2024-5755

167. Zhenxuan, Chen.,Haichen, Nie., Chris, J., Benmore., Pamela, A, Smith., Yong, Du.,
Stephen, Byrn., Allen, C, Templeton., Yong-Xiang, Su. (2023). 2. Probing Molecular
Packing of Amorphous Pharmaceutical Solids Using X-ray Atomic Pair Distribution
Function and Solid-State NMR.. Molecular Pharmaceutics, doi:
10.1021/acs.molpharmaceut.3c00628

Vankani Ankit K., The M. S. University of Baroda Page No. 174



Chapter 5 Formulation Development - NLCs

168. Khadijeh, Hamidian., Mahmood, Barani., Mahboubeh, Adeli-Sardou., Mina, Sarani.,
Saba, Daliran., Ali, Raza, Oveisi. (2022). 4. Evaluation of cytotoxicity, loading, and release
activity of paclitaxel loaded-porphyrin based metal-organic framework (PCN-600). Heliyon,
doi: 10.1016/j.heliyon.2022.e12634

169. Xueping, Li., Qi, Zhan., Hongzhao, Qi., Donglin, Han., YaoYao, Qin., Ning, Chen.,
Lixia, Long., Jin, Zhao., Xin, Hou., Xubo, Yuan., Xianjin, Yang. (2019). 8. Paclitaxel
formulation with stable sustained-release behavior and its biological safety evaluation.
Science China-technological Sciences, doi: 10.1007/S11431-018-9334-6

170. Nikolaos, D, Bikiaris., Nina, Maria, Ainali.,, Evi, Christodoulou., Margaritis,
Kostoglou., Thomas, Kehagias., Emilia, Papasouli., Emmanuel, N., Koukaras., Stavroula,
Nanaki. (2020). 10. Dissolution Enhancement and Controlled Release of Paclitaxel Drug via
a Hybrid Nanocarrier Based on mPEG-PCL Amphiphilic Copolymer and Fe-BTC Porous
Metal-Organic Framework. Nanomaterials, doi: 10.3390/NAN010122490

171. ICH Harmonised Tripartite Guideline, STABILITY TESTING OF NEW DRUG
SUBSTANCES AND PRODUCTS Q1A(R2), 6 Feb 2003

Vankani Ankit K., The M. S. University of Baroda Page No. 175



