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Abstract

Nano-drug delivery carriers have fascinated
researchers worldwide for the last two to three
decades. The nanoformulations are preferred
over conventional dosage forms as they pro-
vide improved drug solubility, bioavailability,
drug stability under adverse external or physi-
ological conditions, controlled drug release
for prolonged action and target specificity
using ligand binding and many more. Multiple
essential aspects must be carefully studied and
implemented for the development of efficient
drug delivery vehicles. These aspects include
rationale of nanoparticle preparation; use of
polymeric or lipid nanoparticle; selection of
polymer, lipid and excipients; method of prep-
aration; screening of critical formulation or
process parameters that affect the critical

quality attributes; optimization of process to
obtain the desired formulation characteristics;
characterization of nanoparticles; strategy to
improve the low entrapment efficiency and
stability, etc. This chapter comprehensively
summarizes all these aspects of nanoformula-
tion development and proposes solutions for
these challenges. Although a variety of nano-
formulations have been described in literature,
this chapter is restricted to discuss in detail the
liposomes and polymeric and lipid
nanoparticles.
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Introduction

Nanotechnology, a multifaceted development in
science, has emerged as a breakthrough provid-
ing superiority over conventional technology due
to robustness, accuracy and higher efficiency
over the conventional approaches. Specifically, in
medical science, researchers have explored sev-
eral applications of nanotechnology including
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drug delivery, etc. For the past few decades,
extensive research conducted worldwide has
directed us to learn the broader and multiple
applications of nanotechnology in drug delivery.
The delivery system, with improved pharmaceu-
tical aspects, encapsulating the drug within the
nanostructured matrix ranging from 50 to
500 nm, is generally considered as a nano-drug
delivery carrier. Nano-drug delivery system com-
mendably overcomes the limitation of conven-
tional dosage forms (tablets, capsules, powders,
gels, etc.) such as low solubility, low bioavail-
ability, frequent dosing, high dose, low stability,
toxicity, low permeation across the skin and
many more (Jain et al. 2014a, b, c; Kaler et al.
2014; Uchechi et al. 2014; Agrawal et al. 2017a,
b).

Mostly, the nanoparticle matrix is either poly-
meric or lipid-based (solid lipid nanoparticle,
nanostructured lipid carrier), and the optimiza-
tion process of nanoparticles involves the consid-
eration of several critical issues. Interestingly, the
rationale of nanoformulation; the selection of
polymer, lipid and excipients; solvent system;
and method of preparation further depend upon
the drug’s physicochemical properties, applica-
tion purpose and route of administration.
Moreover, the optimization of nanoformulations
with desired characteristics, improvement of
drug encapsulation within the matrix and produc-
tion of stable formulation are the most challeng-
ing tasks while preparing the nano-drug delivery
system. This chapter covers all such aspects pre-
cisely and elaborates on the importance of each
step during the preparation of nanoformulations.

3.2 Rationale

of Nanoformulations

Nanoformulations possess several advantages
over the conventional delivery systems and thus
were found to have several applications depend-
ing upon the need. Examples of various nanopar-

ticles developed in contemporary research with
various objectives/rationales are listed in
Table 3.1. A list of marketed nanoformulation has
also been provided in Table 3.2.

The rational of developing nanoformulations
has been illustrated in Fig. 3.1 and described in
the following sections.

3.2.1 Increase the Solubility
of Poorly Soluble Drugs
Several studies based on nanotechnology

approaches to improve the solubility and thus the
absorption and bioavailability of drugs, which
ultimately reduces the required dose, have been
reported (Jain et al. 2013a, b; Rai et al. 2016).
Approximately, 40% of the available drugs in the
market are either weak acid or weak base and
mostly suffer from low solubility in water or
physiological fluids (Lipinski 2002). Even
though the lipophilic drugs show higher diffu-
sion coefficient and absorbance from the gut, the
drug with low water solubility (lipophilic) pos-
sesses low bioavailability (dissolution is an
essential criterion for absorption, and only solu-
bilized or molecularly dispersed drug can diffuse
across the biological membranes; thus, insoluble
drugs impede the diffusion of drug across the
biological membrane). The nanoparticles have
proven to improve the water solubility of the
entrapped drug by enhancing the surface area-to-
volume ratio and thereby offer the higher surface
area for dissolution in vitro or in vivo. Thus,
improving the dissolution rate ultimately
improves diffusion and bioavailability (Chen
et al. 2011). Apart from that, a drug with low
water solubility requires a higher dose to meet
the therapeutic need and concentration in blood.
The nanoparticle efficiently reduces the dose by
improving solubility, permeation and bioavail-
ability (Hu et al. 2004).

The dissolution phenomenon can be easily
understood by Noyes-Whitney equation:

dC _ Diffusion coefficient of the drugin solution x Surface area

3.1)

dr

thickness of diffusion layer

x(C,-C)
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Table 3.1 A summary of different applications of nanoparticles to overcome the challenges of drug delivery
Drug ‘ Nanoformulation and objective ‘ References
Nanoparticle for improving the solubility and bioavailability
Cyclosporine Solid lipid nanoparticles of cyclosporine developed successfully and El-Shabouri
demonstrated improved water solubility and oral bioavailability (2002), Potta
et al. (2010)
Raloxifene Raloxifene loaded HPMC nanoparticles was optimized to improve the Suthar et al.
water solubility (2011)
Risperidone Spray-dried polymeric nanoparticles of risperidone is fabricated which Nair et al.
claimed to improve the solubility of drug and its bioavailability (2019)
Vinpocetine Solid lipid nanoparticles of vinpocetine is developed and exhibited Luo et al.
improved oral bioavailability (2006)
Insulin Dextran sulphate/chitosan nanoparticle enriched with insulin shown to Sarmento et al.
improve oral bioavailability due to improved stability (2007)
Curcumin Oral bioavailability of curcumin was improved multiple-fold when Shaikh et al.
encapsulated in the biodegradable polymeric nanoparticles (2009)
Doxorubicin The doxorubicin was efficiently encapsulated in the dendrimers to increase | Ke et al. (2008)

its oral bioavailability

Nanoparticle reduces the toxicity of drugs

Temozolomide The cardiac toxicity and nephrotoxicity of temozolomide is significantly Huang et al.
minimized when loaded in the solid lipid nanoparticles. Moreover, the dose | (2008)
was also reduced

Doxorubicin The polyalkylcyanoacrylate nanoparticles of doxorubicin considerably Couvreur et al.
reduced the systemic toxicity induced by doxorubicin (1982)

Amphotericin B Gelatin nanoparticles of amphotericin B with the objective to reduce the Nabhar et al.
dosing frequency and severe nephrotoxicity side effects and toxicity (2008)

Imaging and diagnosis

Temozolomide Temozolomide-entrapped PLGA superparamagnetic nanoparticles were Ling et al.
developed successfully for MRI and malignant glioma therapy (2012)

Docetaxel The polymeric nanoparticles simultaneously encapsulating the docetaxel Ling et al.
and superparamagnetic iron oxide were developed to improve cancer (2011)

targeting and tracking of nanoparticle distribution and aggregation
simultaneously

Brain targeting

Doxorubicin This study efficiently improved the brain fluid concentration up to 60 times | Gulyaev et al.
when administered in the form of polysorbate 80-coated biodegradable (1999)
poly(butyl cyanoacrylate) nanoparticles. Polysorbate 80-coated
nanoparticles proved to achieve the higher brain targeting due to
endocytosis by the brain blood vessel endothelial cells

Estradiol The nanoparticle proposed to have higher nose to brain absorption. This Wang et al.
study proved the nasal-to-brain targeting of the estradiol-loaded chitosan (2008)
nanoparticles as a safe and effective delivery of drug for achieving
sufficient concentration in the brain

Rivastigmine Rivastigmine loaded in chitosan nanoparticles was developed to improve Fazil et al.
the brain targeting of the drug for the prevention and treatment of (2012)

Alzheimer’s disease

Lactoferrin proved to improve brain targeting across the blood-brain
barrier. This study proved that lactoferrin-attached PEG-PLA nanoparticles
improved the brain delivery in vivo

Hu et al. (2009)

PEG-polylactic acid nanoparticle conjugated with TGN and QSH to target
the amyloid plaques to effectively treat Alzheimer’s disease. TGN bind to
specific receptor present at the blood-brain barrier, while QSH target
APj_4, a key component of amyloid plaque, and to improve the contration
in brain

Zhang et al.
(2014)

(continued)
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Table 3.1 (continued)
Drug ‘ Nanoformulation and objective ‘ References
Cancer targeted drug delivery
Cisplatin The Pt(IV)-loaded PLGA-PEG nanoparticles decorated with aptamer Dhar et al.
targeting the prostate-specific membrane antigen on prostate cancer (2008)
demonstrated higher anticancer activity than cisplatin
Doxorubicin Integrin o, B; receptor was targeted with cyclic pentapeptide cRGD- Nasongkla et al.
conjugated polymeric micelles of doxorubicin which exhibited enhanced (2004)
concentration of nanoparticles in the tumour due to increased endocytosis
by tumour endothelium
Doxorubicin The tumour was actively targeted with anti-MT1-MMP antibody- Hatakeyama
conjugated PEG liposomes of doxorubicin to improve anticancer potential | et al. (2007)
and reduce side effect
Irinotecan The thermosensitive liposome of irinotecan demonstrating promising Casado et al.
anticancer results on colon cancer cells due to higher uptake of the (2014)
liposomes
Transdermal delivery
Minoxidil Transdermal delivery of minoxidil-loaded poly(e-caprolactone)-block- Shim et al.
poly(ethyleneglycol) potentiated the transdermal flux of minoxidil across (2004)
the skin due to lower particle size and improved partitioning in the skin
Flurbiprofen Lipid nanoparticles of flurbiprofen successfully delivered the drug across Bhaskar et al.
the skin by transdermal route. The aim of the study was to improve the (2009)
short half-life and circumvent the high first-pass metabolism
Triamcinolone Evaluated the permeation efficiency of solid lipid nanoparticles of Liu et al. (2008)

acetonide acetate

triamcinolone acetonide acetate across the stratum corneum when
administered with iontophoresis

Aceclofenac Chitosan-egg albumin nanoparticles for transdermal aceclofenac delivery Jana et al.
were prepared to enhance permeation across the skin (2014)
Indomethacin PLGA nanoparticles of indomethacin significantly improved the Tomoda et al.
transdermal permeation by iontophoresis (2011)
Melatonin Lecithin/chitosan nanoparticles for transdermal delivery of melatonin Hafner et al.
proved to have high permeation flux compared to pure melatonin (2011)
Ophthalmic drug delivery
Indomethacin The solid lipid nanoparticle and nanostructured lipid carrier enhanced the Balguri et al.
availability or concentration of indomethacin in posterior chamber of eye (2016)
when administered by ocular route. The enhanced bioavailability is
perhaps due to higher permeability of lipid nanoparticle across the cornea
and higher and retention
Levofloxacin Polymeric nanoparticles of levofloxacin effectively improve the permeation | Gupta et al.
of drug across the cornea in controlled way (2011)
Carprofen The PLGA nanoparticles of carprofen were developed successfully for Parra et al.
improving transcorneal permeation to achieve higher anti-inflammatory (2015)
effect
Dorzolamide Chitosan nanoparticle of dorzolamide was fabricated to improve the Katiyar et al.
treatment of glaucoma (2014)
Carteolol Carteolol was successfully incorporated in the dendrimer to treat ocular Spataro et al.
hypertension and glaucoma (2010)
Regenerative medicine and wound healing
Stem cell aligned growth induced by CeO, nanoparticles in PLGA Mandoli et al.
scaffolds with improved bioactivity for regenerative medicine (2010)
VEGF and bFGF | Diabetic wounds are chronic condition that displays difficulty in wound Losi et al.
growth factor healing. This study proved that VEGF and bFGF nanoparticle accelerated (2013)

the wound healing process when incorporated in fibrin scaffold

(continued)



3 Preformulation Challenges: The Concept Behind the Selection, Design...

47

Table 3.1 (continued)

Drug Nanoformulation and objective References
Curcumin The study demonstrated the accelerated wound healing property of Krausz et al.
Curcumin-loaded nanoparticles (2015)
Improved stability
Camptothecin Camptothecin has low water solubility and lactone ring highly unstable. Min et al.
Camptothecin formulation as chitosan nanoparticle improves stability and | (2008)
tumour targeting
Insulin Multilayered nanoparticle enhances stability of entrapped insulin in the Woitiski et al.
presence of gastric pH and enzyme and improves the absorption of insulin | (2010)
across the gut after oral administration
Antimicrobial resistance
Ciprofloxacin Ciprofloxacin loaded in alginate lyase-functionalized chitosan Patel et al.
nanoparticles significantly eliminated biofilm-mediated P. aeruginosa (2019a, b, ¢, d)
infection. Moreover it also improved the minimum inhibitory concentration
performance in terms of duration
Moxifloxacin Moxifloxacin polybutyl cyanoacrylate nanoparticles demonstrated higher Kisich et al.
internalization in cell and improve the therapeutic efficacy against (2007)
mycobacterium tuberculosis
Azithromycin Azithromycin and rifampin PLGA nanoparticle significantly reduced Toti et al.
and rifampin intracellular chlamydial count, indicating higher therapeutic value of (2011)
nanoparticle due to higher penetration
Levofloxacin The inhalable polymeric nanoparticle of levofloxacin was fabricated to Cheow et al.
effectively reduce E. coli count in the biofilm established in the airway (2010)
track

Here, C is a drug concentration in solution, C; is
equilibrium solubility of the drug (the concentra-
tion of drug in diffusion medium is equivalent to
the Cy), and (C; — C) represents the concentration
gradient. So according to Eq. 3.1, the higher the
surface area of the formulation, the more is the
dissolution.

3.2.2 Improve the Half-Life
and Reduce the Dosing

Frequency

Nanoformulations provide controlled release
over time which improves the half-life of the
drug in the systemic circulation which ultimately
reduces the dosing frequency (Agrawal et al.
2015a, b, 2017a, b; Aqil et al. 2017a, b, 2019).
The drug release is a critical parameter that
meaningfully affects the performance in vivo.
The modification in release profile may bring
alteration in the onset of action, duration of
action, drug’s half-life in the systemic circulation
and consequently therapeutic potential. The drug
encapsulated within the polymeric or lipid matrix

of nanoparticles releases in a controlled manner
for an extended period. The nanoformulations
improve the systemic half-life of the drugs by
encapsulating and releasing the drug at a con-
trolled rate for longer duration and, therefore,
maintain the minimum therapeutic drug level in
the systemic circulation for longer duration and
thereby reduce the need of multiple dosing
(Zhang et al. 2008; Wen and Park 2010; Aqil
et al. 2017a, b; Gade et al. 2019).

3.2.3 Reduce the Toxicity

Typically, the immediate-release dosage form
may elicit drug toxicity by reaching the systemic
drug concentration above the maximum tolerable
dose or if the drugs have inherent fatal toxicity on
the vital body organ or tissues. Nanoparticle
modifies the release of drug from the matrix and
maintains the drug concentration below the max-
imum tolerable concentration or within the thera-
peutic window and, therefore, has the potential to
reduce drug toxicity. Moreover, the cytotoxic
drugs (anticancer) are highly toxic and elicit the
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Table 3.2 List of FDA-approved drug nanoformulation for various indications
Brand name and Approval
Drug name formulation Mechanism Indication year
Amphotericin B AmBisome® Monocyte phagocytic system Systemic fungal infection | 1997
(liposome) (MPS) targeting. Negative (intravenous)
charge and small size (70—
90 nm) promote the
accumulation in MPS
Daunorubicin DaunoXome® Enhanced permeability and Intravenous administration | 1996
citrate (Liposome) retention (EPR) effect contribute | in HIV-associated
to elevated concentration in the | Kaposi’s sarcoma
tumour
Doxorubicin Doxil® Improve the targeting of drug at | IDS-related KS, multiple 1995
hydrochloride (Stealth diseased site by enhanced myeloma, ovarian cancer
Liposome; permeability and retention
100 nm)
Vincristine Marqibo® Passive targeting by EPR effect | Acute lymphoid 2012
sulphate (liposome; leukaemia, Philadelphia
100 nm) chromosome-negative
Verteporfin Visudyne® Higher drug solubility imparting | Ocular histoplasmosis 2000
(Liposome) the easy intravenous syndrome
administration
Amphotericin B Abelcet® (lipid MPS targeting Systemic fungal infections | 1995
based non
liposomal)
Aprepitant’s Emend® Improved the bioavailability Emesis, antiemetic 2003
nanocrystal duet to enhanced solubility
Rapamycin Rapamune® Improved the bioavailability due | Immunosuppressant (oral) | 2002
nanocrystal to accelerated dissolution and
drug absorption across the gut
Paclitaxal Abraxane® Passive targeting via EPR effect | Metastatic breast cancer 2005
(albumin
nanoparticle)
Leuprolide acetate | Eligard® Sustained release Advanced prostate cancer | 2002
(polymeric (subcutaneous)
nanoparticles)

fatal adverse events on normal human body cells
also due to systemic exposure and accumulation
in the organs. Targeted nanoparticles show selec-
tive accumulation at the diseased site and thus
protect the normal body cell from unnecessary
higher drug exposure by releasing the drug at the
diseased site and reducing the occurrence of
potential side effects (Jain et al. 2013a, b, 2015a,
b; Kushwah et al. 2018a, b, ¢, d). Doxorubicin-
loaded polyalkylcyanoacrylate nanoparticles
have been reported to show reduced systemic
toxicity due to encapsulation and less accumula-
tion at myocardial muscle toxicity (Couvreur
et al. 1982). Exosomes (biological nanoparti-
cles), having lipid and protein as major structural
components, have been reported to reduce the

general toxicity (Aqil et al. 2016; Munagala et al.
2017).

3.2.4 Improve the Permeability

and Retention

The skin has been used as a drug delivery route
for several therapeutic moieties in the form of
gels, ointments and lotions. But the low permea-
bility of drugs across the skin due to stratum cor-
neum limits the application of this route only for
potent drugs (maximum dose of 20 mg per day)
or for local treatments (skin disease). The advan-
tages of the transdermal route such as avoidance
of the first-pass metabolism and slow and steady
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Fig. 3.1 Rationales for the design of nanoformulations

release of drugs for a longer period always fasci-
nated the researchers. A variety of inorganic and
organic nanoparticles, specifically solid lipid
nanoparticles and nanostructured lipid carriers,
have been reported to show higher retention
within the skin and permeation across the skin as
compared to the conventional dosage form (gels,
ointment, etc.) (Agrawal et al. 2010; Tomoda
et al. 2011; Kaler et al. 2014). Similarly, the
nanoparticles had a profound effect on the ocular
permeability of the drugs. Nanoparticles signifi-
cantly improve the corneal permeation and
enhance the ocular bioavailability of drugs
(Agrawal et al. 2012).

3.2.5 Regenerative Medicine

Nanotechnology has extended its application in
the area of regenerative medicine including bone
and neural tissue fabrication. The nanomaterial
can be easily engineered to produce the crystal
mineral human structure analogous to the bone
tissue having the same strength and characteris-
tics. Moreover, several successful attempts have
been made to regenerate the human organ by
growing the complex tissue within a day. Apart
from that, the researchers are also working on
quick healing of spinal cord injury using gra-
phene nanoribbons, and preliminary studies per-

formed have shown outstanding results with the
growth of neurons (Engel et al. 2008; Mandoli
et al. 2010).

3.2.6 Impart Stability at Different
Environmental

and Physiological Conditions

Several drugs, specifically protein-based drugs,
degrade and lose their activity at various temper-
atures, humidity, sunlight and varying physiolog-
ical conditions such as pH and presence of
enzyme before it reaches the site of action (Harde
etal. 2015a, b, c, d, e, f). Nanoparticles can over-
come such limitations by protecting the drug
within the polymeric or lipid matrix. Several
studies have proved the protection from degrada-
tion following the encapsulation within the
nanoparticles. Nanoparticles have demonstrated
excellent insulin stability in gastric conditions
and resulted in good oral bioavailability (Agrawal
et al. 2013; Urimi et al. 2019).

3.2.7 Targeted Drug Delivery
The administered drug reaches every organ or tis-

sue of the body by systemic circulation. So
achieving the desired drug concentration selec-
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tively at the diseased site, to enhance the treat-
ment efficacy or reduce the possible systemic
toxicity, remains the foremost challenge for for-
mulation scientists. Nanoparticles offer a larger
surface area and easy surface modification for
targeting the specific site using the ligands. These
ligands are either adsorbed on the surface or
covalently bind to specific groups present on the
surface of the nanoparticles for active targeting to
the pathogenic site. Some of the examples of
ligands and targets are enlisted in Table 3.1.
Recently, the potential use of functionalized
nanoparticles is widely investigated to deliver the
drug at a specific site for efficient therapy and
reduced toxicity. These unconventional tech-
niques utilize small molecules, peptides, antibod-
ies, engineered proteins or nucleic acid aptamers
as ligands (Byrne et al. 2008, Friedman et al.
2013, Agrawal et al. 2015a, b).

3.2.8 Diagnostic Imaging

The imaging techniques, viz. CT scan and MRI,
depend on the contrast agent administered intra-
venously to evaluate the physiological condition
and diagnosis of the disease. Apart from rapid
diagnosis, the contrast agent currently in use has
some limitation including the lack of specificity
and potential systemic toxicity. Several investiga-
tions to explore the application of nanoparticles
in the diagnosis purpose have revealed that
nanoparticles are more sensitive and provide spe-
cific information without eliciting the significant
systemic toxic effect (Xie et al. 2010; Rosen et al.
2011) by providing higher selectivity and accu-
mulation to the targeted site along with the drug
having therapeutic efficacy.

Classification
of Nanoparticles

3.3

Nanoparticles can be classified in many ways:

1. Classification based on origin
(a) Organic — dendrimer, polymeric nanopar-
ticles, lipid nanoparticles, etc.

(b) Inorganic — gold nanoparticles, silver
nanoparticles, silica nanoparticles, quan-
tum dots, fullerene, etc.

2. Classification based on application

(a) Diagnostic

(b) Imaging

(c) Therapy

As this chapter is restricted to discuss liposomes
and polymeric and lipid nanoparticles, a piece of
brief information is provided here.

3.3.1 Micelles

Micelles are the colloidal spherical arrangement
of the amphiphilic (have both hydrophilic and
lipophilic end) lipids or polymers in the aqueous
system (Fig. 3.2a). Micelles have a hydrophobic
core and hydrophilic surface. Similarly, the
reverse micelles with hydrophilic core and hydro-
phobic outer surface can be formed in the organic
solvent. Micelles can easily accommodate the
water-soluble drugs in the core and amphiphilic
moiety within the structure. These are the stable
arrangement with extended systemic circulation
due to hydrophilic surface (Letchford and Burt
2007). Micelles have shown their potential to
efficiently entrap the lipophilic drug, enhance the
stability of the drug, penetrate the biological
membrane and improve the therapeutic potential
and targeted drug delivery.

3.3.2 Liposomes

Liposomes are bilayer spherical vesicles
(Fig. 3.2b) made up of amphiphilic phospholip-
ids and cholesterol. Liposomes are biocompati-
ble and proven to be promising carriers for
hydrophilic as well as hydrophobic drug moi-
eties. The properties including surface charge
and size may vary with lipid composition and the
method of preparation. Moreover, the lipid con-
stituents may also alter the rigidity and fluidity of
the membrane. The phospholipids (unsaturated)
with natural origin (egg and soybean phosphati-
dylcholine) tend to produce unstable, permeable
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Fig. 3.2 Schematic diagram of micelles (a) and liposomal bilayer (b)

and more fluidized bilayer; however, the satu-
rated phospholipids, having long acyl chains like
dipalmitoylphosphatidylcholine, produce com-
paratively more rigid and impermeable bilayer.
Liposomes have fascinated researchers world-
wide due to the use of physiological phospholip-
ids which have been proven to be biocompatible,
biodegradable and non-toxic for clinical applica-
tions (Jain et al. 2012). Most importantly, the
liposomes can reduce the drug toxicity and target
the drugs to the diseased site. The liposomes can
be classified based on their application as a diag-
nostic and therapeutic purpose having entrapped
various disease markers and bioactive molecules
(Akbarzadeh et al. 2013).

3.3.3 Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are the most
widely used nanoparticles, among the different
lipid nanoparticles, which are prepared by using
various physiological solid lipids. Another name
under this category is nanostructured lipid carri-
ers (NLCs) which are made up of solid as well as
the liquid lipids and have shown improved encap-
sulation efficiency and stability. Generally, SLNs
possess similar kind of molecules or crystals and
on storage, temperature or relative humidity con-
ditions trigger crystalline change from unstable
state (irregular arrangement of crystal lattice) to
more stable one (regular crystal) leading to the
expulsion of encapsulated drug and instability of
the system. However, NLCs possess two different

kinds of lipids and thus are unable to rearrange in
regular shape and provide the regular void for
drug accommodation and thereby improve drug
entrapment and stability. Lipid nanoparticles
have been reported to deliver the drugs through
various routes to even have liver and brain target-
ing (Miiller et al. 2002; Schifer-Korting et al.
2007). An in vivo study on lipid nanoparticles of
flurbiprofen reported having improved transder-
mal permeation flux across the skin (Bhaskar
et al. 2009). Similarly, the solid lipid nanoparti-
cles of indomethacin have been reported to
improve the transcorneal distribution of indo-
methacin in anterior and posterior lobe (Balguri
et al. 2016). Several other studies have also been
summarized to effectively deliver the drugs by
using lipid nanoparticles (Harde et al. 2015a, b, c,
d, e, f). A new class of nanoparticles, liquid crys-
talline nanoparticles, has also been reported to
impart stability and improve the oral bioavail-
ability of proteins (Singh et al. 2018).

3.3.4 Polymeric Nanoparticles

Polymeric nanoparticles, developed by using
various polymers of either natural or synthetic
origin, have been widely reported as drug deliv-
ery vehicles (Jain et al. 2015a, b; Kushwah et al.
2017). The polymeric nanoparticles may further
be differentiated as nanospheres (Fig. 3.3a) and
nanocapsules (Fig. 3.3b). In nanospheres, the
drug is usually distributed uniformly in the poly-
meric matrix, while in nanocapsules, the drug is
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(A) Nanosphere

(B) Nanocapsule

Fig. 3.3 Diagrammatic representation of polymeric nanoparticles: (a) nanosphere and (b) nanocapsule

dispersed or dissolved within the liquid reservoir
(either aqueous or oil) in the core covered by
solid polymeric coating.

3.4 Formulation Development
of Nanoformulation
3.4.1 Selection of Drug

The rationale of nanoparticle development as a
drug delivery vehicle is dependent upon certain
limitations associated with the physicochemical
properties of the drug and the biological barriers
and the disease’s pathophysiology.

3.4.1.1 Low Water Solubility

Most of the drugs are either weak acid or weak
base and possess low solubility in water which
results in poor dissolution rate, leading to poor
absorption and thus poor bioavailability.
Ultimately, it affects the pharmacokinetics and
pharmacodynamics of the drug leading to low
efficacy, slow onset of action and higher dose to
achieve effective blood concentration. By entrap-
ping the drug in the molecularly dispersed form
inside the polymeric matrix, nanoparticles have
been reported to improve dissolution, bioavail-
ability, onset of action and therapeutic efficacy
which is further helpful in reducing the dose size.

3.4.1.2 Short Half-Life
The systemic half-life of a drug is the time at
which half of the total drug reaching the blood

eliminates from the body. The basic reason for
fast elimination or short half-life can be high
polarity (easy renal excretion) or fast metabo-
lism. The drugs with shorter half-life require fre-
quent dosing to keep the effective blood
concentration within the therapeutic window.
Nanoparticles entrap the drug in the matrix and
can overcome the fast metabolism and elimina-
tion. Simultaneously, the nanoparticles release
the drug in a controlled and sustained way for
longer duration which helps in maintaining the
constant blood concentration and thus reducing
the dosing frequency (Madan et al. 2013).

3.4.1.3 High Toxicity

Some drugs with high therapeutic efficacy induce
severe systemic toxicity to other vital organs.
Specifically, anticancer drugs along with their
cytotoxic effect on cancerous cell induce lethal
toxicity such as hepatotoxicity, nephrotoxicity,
bone marrow depression, etc. Developing a nano-
formulation for the delivery may overcome the
toxicity by the restricted distribution of the
nanoparticles to the diseased site (Sengupta et al.
2012).

3.4.1.4 High First-Pass Metabolism

The orally administered drug first undergoes the
first-pass metabolism in the liver which is a pre-
systemic metabolic in which fraction of absorbed
drug is metabolized in the liver by microsomal
enzymes after absorption from intestine before
reaching to the systemic circulation.
Consequently, the required concentration of
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drugs in blood is not attained and thus the higher
dose is needed. Nanoparticles can evade the first-
pass metabolism by enhancing the absorption of
the drug from the lymphatic system which does
not pass through the liver. Moreover, the
systemically absorbed nanoparticles efficiently
avoid the direct exposure of the drug to the
enzyme and circumvent the metabolism. The
drugs with the highest first metabolism are pro-
pranolol, raloxifene, morphine, pethidine, diaze-
pam, lidocaine, midazolam, etc. There are several
reports which indicated the bypass of the first-
pass metabolism following the entrapment of
drug into the nanoparticles (Yao et al. 2015).

3.4.1.5 Drug with Low Skin/

Ophthalmic Permeation/

Retention
Drugs intended to treat skin diseases or ocular
ailments or drugs administered by transdermal
route generally have low retention locally in the
skin and low ocular and transdermal bioavailabil-
ity perhaps due to low permeation across the
skin, cornea and other ocular barriers. Several
studies conducted on the efficiency on nanopar-
ticles prepared for topical, transdermal and oph-
thalmic application proved to improve skin
retention for local skin therapy, skin permeation
and corneal permeation, and hence the drugs hav-
ing the above-mentioned problems are good can-
didates to develop nanoformulations (Naik et al.
2004; Shim et al. 2004; Sahoo et al. 2008).

3.4.1.6 Chronic Pathophysiological
Conditions

Chronic pathophysiological disease conditions
such as diabetes, AIDS, tuberculosis and many
others require long-term treatment regimen.
Therefore, a strategy that can efficiently reduce
rapid drug administration is desired for the
patient’s compliance. Nanoparticles can maintain
the required drug concentration in blood by
extending the drug release from hours to several
days, and hence developing nanoformulations for
such drugs might be a good approach to improve
the efficacy (El-Shabouri 2002; Sarmento et al.
2007).

3.4.2 Selection of Polymers
and Lipids

It is mandatory to evaluate some of the parame-
ters before starting the optimization of nanofor-
mulation to achieve the nanoparticles with
desired particle characteristics (particle size, zeta
potential, polydispersity index, entrapment effi-
ciency and in vitro release) and the desired thera-
peutic effect. At the same time, toxicity profiling
is a regulatory mandate to assure the safety of the
formulation on the human subject. Polymer or
lipid (Table 3.3) used to form the nano-reservoir
for the drug is selected based on numerous fac-
tors. The selection of polymers and/or lipids is
again dependent upon multiple factors.

3.4.2.1 Physicochemical Compatibility

with the Selected Drug Moiety
The polymer or lipid should not show any
chemical interaction with the drug to ensure the
inherent therapeutic activity and avoid the
unwanted effects. Therefore, various techniques
such as Fourier transform infrared spectroscopy
(FTIR), differential scanning calorimetry
(DSC) and X-ray diffraction are conducted to
assess the possible interaction among the drug,
polymer/lipid and other excipients (Patel et al.
2019a, b, ¢, d).

3.4.2.2 Biocompatibility and Toxicity
Neither polymer/lipid nor the metabolites should
elicit harmful effect on human vital organs or tis-
sues on short-term or long-term exposure.
Therefore, toxicity profiling is very important
before the selection of any polymer/lipid for
nanoformulation development.

3.4.2.3 Biodegradability

The nanoformulations intended to be adminis-
tered orally or systemically should be degraded
in the human physiological environment to con-
firm its easy elimination from the body. The poly-
mers with higher molecular weight may have
slower elimination and thus may accumulate
within different body tissues and induce severe
toxicity (Seymour et al. 1987).
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Table 3.3 Classification of different polymers and lipids generally used for the development of nanoformulation for

the drug delivery purpose

Polymers

Based on origin

Natural Chitosan, alginate, albumin, cellulose

Semisynthetic Methyl cellulose (MC), carboxymethyl cellulose (CMC), hydroxypropyl methylcellulose
(HPMC), dextrin

Synthetic Polyacrylamate, Poly epsilon caprolactum (PCL), Poly lactic acid (PLA), Poly glycolic acid

(PGA), Poly-lactic acid co glycolic acid (PLGA)

Based on structure

Linear

Poly glycolic acid (PGA), Poly-lactic acid co glycolic acid (PLGA)

Branched chain

Poly (amidoamine) (PAMAM), Poly(propylene imine) (PPI), Polyether-copolyester (PEPE)

Stimuli-responsive polymers

Thermoresponsive

Xyloglucan, N-Isopropylacrylamide (NIPAAm), Poloxamers

pH sensitive Carbopols, Chitosan

Ton sensitive

Gellan gum, Sodium alginate

Lipids

Based on physical state

Liquid Hydrogenated oils, Compritol

Solid Triglycerides (e.g. tristearin), Diglycerides (e.g. glycerolbahenate), monoglycerides (e.g.

glycerol monostearate), fatty acids (e.g. stearic acid, Behenic acid), steroids (e.g. cholesterol)

Based on source

Natural Cholesterol, Phosphocholine

Semisynthetic 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine,
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine

Synthetic Dioleoylphosphatidylcholine, Dioleoylphosphatidylethanolamine,

Distearoylphosphatidylethanolamine

Based on structure

Phospholipids Phosphatidylcholine, Phosphatidylinositol, Phosphatidylserine
Sphingolipids Sphingomyelins
Glycerolipids Digalactosyldiacylglycerols

3.4.2.4 Desirable Particle Size

Polymeric and lipid nanoparticle size increases
with an increased molecular weight of the poly-
mer and lipid, respectively. Moreover, the lipid
nanoparticles have been used to have a higher
particle size range as compared to the polymeric
nanoparticles. Hence, based on the desired appli-
cation and route of administration, the polymer/
lipid is selected.

3.4.2.5 Anticipated Release Profile

Nanoparticles have shown to have a controlled or
sustained release profile (Yoo et al. 1999). The
molecular weight of polymer/lipid is deciding
property for the desired release profile. The poly-
mer/lipid with higher molecular weight increases

the release time for a longer period. Therefore,
depending on the therapeutic need, the matrix
component can be selected.

3.4.2.6 Inherent Properties of the Drug
This is a very common practice to select either the
polymeric matrix or lipid matrix based on the drug
solubility characteristic and its logP value. At the
same time, the drug solubility in the lipids is deter-
mined to achieve the maximum possible encapsu-
lation while optimizing the SLNs and NLCs.

3.4.2.7 Surface Charge

and Permeability
The nature of the surface charge on the nanopar-
ticles determines the interaction of particles with
body cells and tissues.
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3.4.2.8 Nonirritant

The formulation intended for the topical or
ophthalmic purpose should be evaluated for the
irritancy potential on the skin before the use.
Therefore, the irritancy is one of the criteria to
be considered while selecting the polymer or
lipids for delivering a drug through these
routes.

3.4.3 Selection of Solvents

The solvent system is a liquid vehicle used to pre-
pare the solution or suspension of a particular
compound for carrying out the experimentation.
The solvent may be aqueous or organic. USFDA
has classified the solvents into four different
classes (Dixit et al. 2015) based on permissible
residual limit in the formulation or drug
products.

Class 1 The use of class I solvent is prohibited
owing to its fatal toxicity on human or harmful
effects on the environment until their use is nec-
essary to complete the process for obtaining the
product of significant therapeutic value. In that
case, the residual limit should be validated
according to the ICH Q3C guidelines, and the
residual limits with their harmful effects are
listed in Table 3.4.

Class 2 These solvents are again toxic and not
allowed to use in drug unless mandatory. The
permissible limit of residual solvents, of class 2,
is shown in Table 3.5.

Table 3.4 Different solvent in class 1 category

Class 3 The solvents belonging to this category
are least toxic and have a lower risk to human
health. None of the solvents in this class produce
toxicity at its accepted limit level. The permissi-
ble quantity that can be allowed for human uptake
is 5000 ppm or 50 mg/day or less without any
prior clarification. The available data of toxicity
is for short-term exposure and has never elicited
genotoxicity. However, long-term toxicity and
carcinogenic assessment on chronic exposure is
needed to be performed for many of these sol-
vents. The solvent of this class is depicted in
Table 3.6.

While preparing the nanoparticles, selection
of organic solvents or the combination of sol-
vents, volume and their ratio affect the critical
quality parameter of the final product and hence
the selection of solvent should be done carefully
to optimize the product. Moreover, solvent selec-
tion for any pharmaceutical manufacturing
mainly depends on the following criteria:

3.4.3.1 Toxicity

As described above the solvent system used for
any process or manufacturing should be less
toxic, or the use of solvents with high toxicity
should be justified and should be limited.
Moreover, the residual limit should be main-
tained according to the guidelines.

3.4.3.2 The Solubility of Drugs/

Excipients
Most of the experiments and manufacturing pro-
cesses are performed in the solubilize state or by
preparing the suspension, and there comes the

Class 1

Solvent Residual limit Toxicity/concern

Benzene 2 Carcinogenic

Carbon tetrachloride 4 Toxic and environmental hazard
1,2-Dichloroethane 5 Toxic

1,1-Dichloroethene 8 Toxic

1,1,1-Trichloroethane 1500 Environmental hazard
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Table 3.5 FDA-approved class 2 solvent with their per-

mitted daily exposure and residual limit

Class 2

Permitted daily

exposure (mg/ | Residual
Solvent day) limit (ppm)
Acetonitrile 4.1 410
Chlorobenzene 3.6 360
Chloroform 0.6 60
Cyclohexane 38.8 3880
Cumene 0.7 70
1,2-Dichloroethene 18.7 18.7 1870
Dichloromethane 6.0 600
1,2-Dimethoxyethane | 1.0 100
N,N- 10.9 1090
Dimethylacetamide
N,N- 8.8 880
Dimethylformamide
1,4-Dioxane 3.8 380
2-Ethoxyethanol 1.6 160
Ethyleneglycol 3.1 310
Formamide 2.2 220
Hexane 2.9 290
Methanol 30.0 3000
2-Methoxyethanol 0.5 50
Methylbutyl ketone 0.5 50
Methylcyclohexane 11.8 1180
Methylisobutylketone2 |45 4500
N-Methylpyrrolidone | 5.3 530
Nitromethane 0.5 50
Pyridine 2.0 200
Sulfolane 1.6 160
Tetrahydrofuran 7.2 720
Tetralin 1.0 100

Table 3.6 FDA-approved least toxic class 3 solvents per-

mitted to be used in drug products

Class 3 solvents

Acetic acid Heptane

Acetone Isobutyl acetate
Anisole Isopropyl acetate
1-Butanol Methyl acetate
2-Butanol 3-Methyl-1-butanol

Butyl acetate

Methylethyl ketone

tert-Butylmethyl ether

2-Methyl-1-propanol

Dimethyl sulfoxide

Pentane

Ethanol 1-Pentanol
Ethyl acetate 1-Propanol
Ethyl ether 2-Propanol
Ethyl formate Propyl acetate
Formic acid Triethylamine3

role of solvents. Therefore, solubility is one of
the critical parameters while selecting the solvent
to get the product with the desired quality and
high yield.

3.4.3.3 Volatility

Most of the drugs and excipients are solubilized
in the organic solvents, and hence the use of an
organic solvent is necessary for manufacturing
purposes. However, organic solvent provokes
human toxicity at a certain level. The solvent
used should be volatile for easy removal after
completion of the process.

3.4.4 Selection of the Excipients/
Surfactants

According to the USFDA guideline, any sub-
stances intended to human use should be “gen-
erally recognized as safe (GRAS)”. Excipients
are the chemicals or substances commonly used
as drug carriers, bulking agents, disintegrators,
binders or surfactants. Each class has a specific
and important role in optimizing the product
with the desired characteristic while preparing
the drug product. Specifically, surfactants play
a critical role in attaining stable nanoparticles
with higher drug encapsulation and are reported
to increase the oral bioavailability of a variety
of nanoformulations (Jain et al. 2017; Shilpi
etal. 2017). The surfactant may be anionic, cat-
ionic or non-ionic, and depending upon the
intended use, the appropriate surfactant is
selected. The regulatory authority needs assur-
ance in terms of safety and efficacy data for
approval of particular excipients. Besides sev-
eral other factors, the following are the impor-
tant factors that are considered before the final
selection of the surfactant for formulation
development.

3.4.4.1 Toxicity

On selecting the particular excipients, safety in
clinic remains a major concern. The excipient
should not be toxic. Therefore, long-term toxicity
and short-term profiling need to be checked, if
available, or evaluated, if not available.
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3.4.4.2 Inertness

The compound/surfactant should be inert, i.e.
should not interact chemically or physically,
which may affect the efficacy of the drug product
in terms of lost or diminished therapeutic activity
or may exhibit toxicity.

3.4.4.3 Required Surface Charge
Depending upon the use and application, the sur-
factant can be utilized during the preparation of
nanoparticles to impart specific charges (positive
or negative). Charged particle stability depends
on the zeta potential; however, non-ionic surfac-
tants are long-chain polymers that provide stabil-
ity by steric hindrance. Surfactant molecules
adsorb on the newly formed nanoparticle surface
while processing and provide stability and also
prevent drug expulsion from the matrix. Therefore,
the surfactant is the key factor for optimizing the
formulation with the highest stability and encap-
sulation efficiency (Khdair et al. 2008).

3.4.4.4 Application

Excipients/surfactants are chosen based on the
area or route of administration because the excip-
ients used topically may have toxicity on sys-
temic consumption. Therefore, the surfactant and
excipients can also be grouped based on topical
and systemic use.

3.4.5 Selection of Method
of Preparation

There are several methods enlisted in the litera-
ture for the preparation of the drug nanoparticles.
The selection of the method depends on the type
of nanoparticles and physicochemical properties
of polymer and drug. Factors which influence the
choice of the apposite technique are enlisted
below:

e The solubility of drug and polymer
e Thermal sensitivity of the drug
e Type of nanoformulations

Several methodologies, commonly practised
to fabricate the different kinds of nanoparticles in
contemporary research, are elaborated below.

3.5 Method of Preparation
for Polymeric/Lipid
Nanoparticles

3.5.1 Solvent Evaporation Method

Solvent evaporation technique is the most exten-
sively used process for nanoparticle preparation
of hydrophobic drug and polymer. Briefly, there
are two phases, one organic containing the dis-
solved drug and polymer and second aqueous
phase supplemented with the desired surfactant
to form the o/w emulsion (appropriate concen-
tration). The organic phase is gradually mixed
to the aqueous phase to produce the o/w type
emulsion followed by high-speed homogeniza-
tion or sonication to produce the desired
nanoparticle size. Finally, the solvent is allowed
to evaporate to initiate the polymer precipitation
by reducing the pressure or by continuous stir-
ring. The commonly used solvents are dichloro-
methane, chloroform or ethyl acetate. In this
method, the particle size can be controlled by
adjusting the polymer concentration, stabilizer,
sonication time, viscosity of organic phase,
homogenization speed and temperature (Lee
et al. 2000).

3.5.2 Double-Emulsion
and Evaporation Method

This is the modification of the solvent evapora-
tion method to overcome the limitation to suc-
cessfully incorporate the hydrophilic drug in the
nanoparticles up to a maximum extent. Precisely,
the drug-containing aqueous phase is added to an
organic system containing w/o type emulsifier to
form the primary w/o emulsion. Subsequently,
the primary w/o emulsion is steadily mixed with
a surfactant solution to produce the w/o/w emul-
sion at high homogenization speed. Eventually,
the system is kept for the solvent removed to
obtain the nanoparticles. The polymer concentra-
tion, drug quantity, organic to aqueous ratio and
homogenization speed are the crucial factors that
majorly affect the particle size and entrapment
efficiency of the nanoparticles (Zambaux et al.
1998).
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3.5.3 Solvent Displacement/
Precipitation Method

This is one of the frequently used methods for
preparing the nanoformulations of hydrophobic
drugs. Moreover, this technique can be efficiently
utilized to obtain the nanoparticles of thermosen-
sitive drugs. Concisely, a water-miscible organic
solvent is selected to dissolve the drug and poly-
mer and form the organic phase. The most fre-
quently used organic solvent is acetone; however,
ethanol can also be used. Secondly, the preformed
polymeric organic phase is injected slowly at a
particular rate in the surfactant-rich aqueous
phase. The surfactant system is kept at a mag-
netic stirrer at an optimized speed sufficient
enough to break the drops and produce the
nano-droplets. Once the organic phase comes
into contact with water, it starts diffusing in water
gradually due to hydrophilic affinity. The diffu-
sion of organic solvent leads to supersaturation
and nucleation of drug-polymer and induces the
formation of nanoparticles. Formulation param-
eters such as drug/polymer ratio, polymer quan-
tity and organic-to-aqueous phase ratio can be
optimized to achieve the desired nanoparticle
characteristics. Likewise, process parameters,
viz. stirring rate and injection rate, also affect the
quality of the particle (Lince et al. 2011).

3.5.4 Coacervation or lonic Gelation
Method

Nanoparticle formulation by ionic gelation
method depends upon the alteration of pH of
polymeric solution and formation of electrostatic
bonding between the charged group of the poly-
mer and the crosslinking agents (sodium TPP).
This method is commonly employed to prepare
the nanoparticles of hydrophilic polymers such
as gelatin, sodium alginates and chitosan. For
making the chitosan nanoparticles, the aqueous
solution of chitosan in acetic acid is mixed with
polyanion sodium tripolyphosphate (TPP) with
continuous stirring. The anionic phosphate group
of TPP is crosslinked electrostatically with an
amino group of chitosan and forms the coacer-

vates of nanosize range. The existence of strong
electrostatic interaction between two aqueous
phases results in the conversion of liquid into a
gel-like matrix (Fan et al. 2012; Harde et al.
2014).

3.5.5 Supercritical Fluid Technology

Unlike all the above conventional techniques,
supercritical fluid techniques do not require the
use of organic solvents. Apart from that, super-
critical fluid technology produces particles with a
minimum size and uniform size distribution. It
may be considered as the second-generation
method for the preparation of nanoparticles
which is not harmful to the environment and
health but requires specialized equipment and
supercritical fluids. These are the fluids that
remain in the liquid phase and unaffected by
pressure above its critical temperature. The most
commonly used cheap, non-toxic supercritical
fluid is CO,. This technique of nanoparticle prep-
aration involves two major methods:

e Supercritical fluid anti-solvent
(SAS)

technique

In this method drug solution in an organic sol-
vent (anti-solvent) is mixed with supercritical
CO,. The quick dissolution of supercritical CO,
into organic solvent results in the precipitation of
drug molecules in the form of nanoparticles
(Reverchon 1999). The nanoparticles of a hydro-
philic drug such as dexamethasone phosphate
have been successfully prepared using this
technology.

o The rapid expansion of supercritical solution
(RESS)

In this method, drug and polymer are directly
solubilized in the supercritical fluid and sprayed
through the nozzles for expansion. Rapid expan-
sion results in an abrupt decrease in pressure
leading to precipitation in the form of nanoparti-
cles (Sun et al. 2005). The nozzle size, type of
supercritical fluid, spraying rate and polymer
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concentration affect particle size and particle size
distribution significantly.

3.5.6 Polymerization Method

This method was firstly reported for the grafting
of nanoparticles using the polymerization of
butyl cyanoacrylate into polybutyl cyanoacrylate.
This method involves the preparation of nanopar-
ticles using the monomer and can be easily con-
trolled to attain the required particle size and
uniform particle distribution. Interestingly, the
drug can be either incorporated in the polymer-
ization medium before polymerization or
adsorbed on the nanoparticle surface after polym-
erization. Particle size and other particle
characteristics can be controlled by optimizing
the concentration of the monomer in the reaction
mixture, surfactant concentration and reaction
time (Gnanakan et al. 2009).

3.5.7 High-Pressure
Homogenization

High-pressure homogenization is an extensively
employed technique to produce solid lipid
nanoparticles and nanostructured lipid carriers on
a laboratory scale. It can be further classified as
cold homogenization and hot homogenization.

e Hot homogenization

In this technique, the drug is dissolved or dis-
persed evenly in the lipid melt and homogenized
at high speed in the melt state only. Finally, the
preformed dispersion is homogenized at high
pressure to form the nanoparticles. Unfortunately,
this method cannot be applied to thermos-
sensitive drugs (Jenning et al. 2002).

e Cold homogenization

The SLNs and NLCs of highly temperature-
sensitive drugs can be obtained by using cold
homogenization. At the same time, hydrophilic
active moiety, which might show phase separa-

tion in water, can be entrapped into the lipid
nanoparticles using this technique. The drug is
dissolved in the lipid matrix on short time expo-
sure cooled down to produce solid mass and
micronized. Finally, the micronized particles are
dispersed in an aqueous solution containing sta-
bilizer and homogenized at high pressure to
achieve the nanoparticles.

3.6 Preparation of Liposomes
Liposomes can be fabricated by several methods
reported in the literature (Akbarzadeh et al.
2013). The following section briefly describes
such methods to prepare liposomes.

3.6.1 Membrane Hydration Method
The membrane hydration technique is the most
commonly used method to produce large unila-
mellar vesicles (LUV). The organic solution
(usually chloroform and ethanol combination) of
lipid is placed in the round bottom flask and
allowed to rotate with the simultaneous applica-
tion of vacuum to form the thin lipid layer in the
round bottom flask. Further addition of aqueous
phase and rotation without vacuum result in the
formation of LUVs. Both hydrophobic and
hydrophilic drugs can be incorporated by adding
in the lipid solution at the time of film formation
or aqueous solution at the time of hydration,
respectively. These LUVs can be converted to
small unilamellar vesicles (SUVs) by using soni-
cation or extrusion.

3.6.2 Maechanical Dispersion
Methods

There are various methods categorized under
mechanical dispersion for liposome preparation:

e Sonication

Sonication is the most preferred method to
prepare liposomal formulation. The multilamel-



60

K. K. Patel et al.

lar vesicles (MLVs) are sonicated to produce
SUVs by using sonic energy. Even being most
preferred method, the sonication process is asso-
ciated with some limitations in terms of polydis-
persity, low entrapment, low vesicular internal
volume, metal contamination, phospholipid’s
degradation, high energy wave generates the high
temperature in the formulation that may degrade
temperature-sensitive active compounds (pro-
teins, peptides).

e French pressure cell

This method is preferred for the temperature-
sensitive (proteins and peptides) compounds that
cannot be entrapped into the liposomes by soni-
cation. It does not affect the internal structure of
proteins and peptides and is therefore preferred
for sensitive molecules. Precisely, preformed
MLVs are passed through the fine orifices of the
French press at high pressure to generate the
small vesicles. Moreover, the stability of SUVs is
higher concerning the expulsion of the drug from
the liposome compared to those formed by soni-
cation. Unlike the sonication, it can process only
very low volume at a time.

3.6.2.1 Solvent Dispersion Methods
e Ether injection (solvent vaporization)

In this method, the lipid solution prepared in
the diethyl ether or in a combination of methanol
is slowly injected to the buffer at a temperature
above the melting point of lipid or under reduced
pressure. Subsequently, the solution is kept under
reduced pressure to eliminate the ether and initi-
ate the formation of liposomal vesicles. The
major drawbacks of this method are (1) forma-
tion of an azeotropic mixture of ether with water
which is difficult to remove from the final formu-
lation and (2) production of a heterogeneous
population of liposomes.

e Ethanol injection
Lipid is dissolved in the ethanol instead of

ether in this process and gradually injected into
the excess aqueous buffer to create the MLVs.

Finally, the formulation is allowed to remove the
ethanol under reduced pressure. Moreover, het-
erogeneous vesicle formation and the presence of
residual ethanol in the final formulation are the
major drawbacks associated with this method.

* Reverse phase evaporation method

Reverse phase evaporation technique is an
advanced method for achieving the liposomes
with high entrapment efficiency (maximum up to
65%) for hydrophilic moiety and high aqueous
space to lipid ratio. Interestingly, this method
forms the inverted micelles. Concisely, the lipid
dissolved in an organic solvent is dispersed in the
aqueous buffer supplemented with drug and sub-
sequently sonicated to arrange the phospholipid
molecule into liposomal vesicles. Finally, the
inverted micelles are generated while removing
the organic phase gradually from the mixture
under vacuum. The isopropyl ether, diethyl ether,
chloroform and their mixture are the most com-
monly used organic solvents for dissolving phos-
pholipid. Moreover, the method has already been
investigated for encapsulation of several com-
pounds including small, medium and large mol-
ecules. Major drawbacks include the residual
solvent and denaturing of sensitive molecules
like proteins and peptides.

3.6.2.2 Microencapsulation Vesicles
(MCV)

The MCYV is a highly reproducible preparation
technique for liposome that competently creates
the liposome with uniform particle size and
higher entrapment efficiency. This method can
encapsulate the water-soluble, lipophilic as well
as amphiphilic drugs. The drugs can be dissolved
either in the aqueous phase or organic phase
before the preparation of liposome. The method
is a two-step process; initially, w/o emulsion is
prepared by dispersing the lipid dissolved in the
organic phase in the aqueous phase with continu-
ous stirring. Finally, the primary w/o emulsion is
gradually added to the water to produce the
w/o/w emulsion and kept at stirring to remove the
organic phase using the vacuum and produce the
liposome (Nii and Ishii 2005).
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3.7 Identification of Variables

There are mainly two kinds of variables:

1. Dependent variable/critical quality attributes
2. Independent  variables/formulation/process
variables

3.7.1 Critical Quality Parameters or

Dependent Variables

Critical quality attributes are the characteristics
of the final formulation that will have a direct
impact on the therapeutic performance of the
developed formulation. These are also known as
dependent variables because their values depend
on the independent variables. So before starting
the optimization of the process for fabricating
the quality product, quality parameters are
needed to be identified, and the desired limit
should be set. Particle size, polydispersity index
(PDI), zeta potential and entrapment efficiency
are generally considered as major dependent
variables for any kind of nanoformulation.
Particle size is an important parameter as it
directly affects the nanoparticle uptake, while
PDI is responsible for the homogeneity of the
formulation. Zeta potential plays a crucial role in
nanoformulation’s stability as well as cellular
uptake, while entrapment efficiency is a direct
measure of the efficiency of the delivery vehicle
in carrying the maximum amount of drug to the
target site.

3.7.2 Formulation and Process
Factors or Independent
Variables

After setting the limits of desired quality attri-
butes, critical formulation or process parameters,
which significantly affect the critical quality
attributes of the formulation, need to be identified
to further optimize the process. Depending on the
method, type and formulation, there are several
factors (Sharma et al. 2016) that play a crucial
role in achieving the quality product. The identi-

fied parameters that affect the quality of nanopar-
ticles are as follows:

(i) Organic-to-aqueous phase ratio
(ii) Drug-to-polymer/lipid ratio
(iii) Amount of polymer/lipid
(iv) Surfactant concentration
(v) Homogenization speed
(vi) Working temperature

(vii) Sonication time
(viii) Vacuum pressure
(ix) Rotation speed

(x) Homogenization time

(xi) Injection rate
(xii) pH of the working solutions

Depending on the extent of their influence on the
quality, the factors are selected for further opti-
mization while keeping the remaining factors
constant. The factors and their required levels can
be designated based on the knowledge, previous
studies reported in the literature and experimen-
tal approach. In an experimental approach, keep-
ing all other factors constant, a single factor is
varied to measure its influence on particle size,
PDI, zeta potential and entrapment efficiency. At
last, depending on the comparative analysis of
data for each factor, significantly affecting fac-
tors are selected for the final process to be
optimized.

3.8 Optimization of Process

and Product

Process optimization is a step where all the criti-
cal steps are controlled to produce the product
with desired quality. Similarly, in nanoformula-
tions, the process and formulation parameters
affecting the process and formulation quality are
identified and controlled to obtain the product
with predefined quality.

Once the critical quality attributes and the
factors affecting those attributes are identified,
experiments are designed with the varying com-
bination of independent levels to obtain the
nanoparticles with desired particle size, PDI,
zeta potential and entrapment efficiency. The
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formulation with the best set of nanoparticle
responses is selected as optimized and further
evaluated for the respective studies. Design of
experiments, a statistical tool, is now available to
get the formulation with desired quality attri-
butes (Turk et al. 2014).

During optimization, various models can be
used from preliminary screening of factors to
select their level and for the final study of their
effect. It will again depend on the formulator to
choose a suitable model for study and help in
minimizing the experimentation time.

3.9 Design of Experiments
It is a statistical method to optimize the formu-
lation systematically. It involves the well-orga-
nized experimental approach to design the
experiments and attains the optimized product
by finding the optimized levels of variables
from the statistical analysis of responses (for
dependent variables) obtained in the experi-
ments. Simultaneously, with optimized levels, it
also explains the effect of variables on the
response and their interaction. The design of
experiments is an emerging tool for pharmaceu-
tical product development that ensures the qual-
ity, safety and efficacy of the drug products.
Moreover, it reduces the time consumption and
resource wastage and improves process
performance.

The design of experiment is completed in four
basic steps:

1. Based on the requirements, a number of fac-
tors and their selected levels, experiments
are generated using the various DOE
models.

2. Experiments are performed and the responses
are recorded for each experiment set.

3. Statistical analysis of data to predict the opti-
mized level of each independent variable along
with the predicted response. Moreover, it also
generates the polynomial equation elaborating
on the effect of the variables on the responses.

4. The optimized batch with predicted levels is
prepared, and the responses are compared
with predicted responses to determine the
standard deviation (should not be more than
10% to assure the authenticity of the
process).

3.10 Factorial Design

Though the factorial design is ideally chosen for
the screening of primary factors affecting the for-
mulation to further design the experiments, it can
be used to optimize the process also (Vandervoort
and Ludwig 2002). There are several numbers of
factorial designs available and selected according
to suitability:

* Two-level factorial designs

2-21 factors with two-level (—1-1) can be
studied at a time by full and fractional designs
each factor to only two levels. Fractional factori-
als are an effective method to screen out the fac-
tors having a significant effect on the process and
product. At the same time, it can predict the effect
of factor interaction.

e General factorial designs

This is a special experimental design in which
factors (1-12 maximum) have a different level (2
to 299) used to determine the critical factor. The
method generates all possible combinations of
factors with different levels.

e Plackett-Burman designs

This is a useful technique to evaluate up to 31
factors by assuming that the factors do not pos-
sess a significant effect.

e Taguchi designs

Not more than 63 factors can be studied simul-
taneously. There are number of designs available
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based on the number of factors to reduces the
number of experiments.

3.11 Response Surface Design

Selection

Response surface method (RSM) designs quanti-
tatively determine the effect of various factors on
the responses in terms of a polynomial equation
and plot them as a surface plot to elaborate the
effect. Moreover, it predicts the optimized level in
the space with predicted responses from the statis-
tical analysis of the responses generated in the
experiment for a designed set of experiments. The
levels are predicted by the desirability method;
the desired responses selected (maximum or min-
imum or may be quantitatively selected) over the
range of stable responses consequently predict the
optimized level point. For this method, the level
of the factor should be defined numerically or
quantitatively. All the responses can be predicted
with a combined set of factors.

3.12 Box-Behnken Design

When the process has three to ten factors to opti-
mize and had three levels, the Box-Behnken is
preferred. This design requires only three levels,
coded as —1, 0 and + 1. The advantage of this
design over the other is that very few experiments
are needed to attain the designs with anticipated
statistical properties. The quadratic model is the
best model to explain the obtained findings and
effect of a single factor or interaction of factor on
the response, as the factors only have three levels
and have been reported to optimize a variety of
nanoformulations for oral immunization (Harde
etal. 2015a, b, ¢, d, e, f).

3.13 Central Composite Design
(CCD)

The CCD is a widely preferred response surface
method to design the experiments and optimize
the process (Hao et al. 2012). It can be divided
into three groups of design points:

(a) Two-level factorial or fractional factorial
design points

(b) Axial points

(c) Centre points

3.14 Mixture Design Selection

This method is generally preferred over another
method if:

1. The components add to a fixed total. For
instance, A is 10% of the mixture, B is 30%
and C is the remaining 60%. If the percentage
of one component is increased, then the per-
centage of one or more of the other compo-
nents must be decreased. If the component
amounts do not depend on each other, then
response surface designs should be preferred
over mixture designs (Choisnard et al. 2005).

2. The response must be a function of the pro-
portions of the components. For example, the
flavour of ice cream depends on the relative
proportions of the ingredients, not on the total
amount of ice cream. If the response is not
related to the ingredient proportions, then
response surface designs should be used.

3.15 Characterization
of Nanoparticles

There are various characterization methods per-
formed to evaluate the quality of the nanoparti-
cles. The characterization techniques are depicted
in Fig. 3.4 and briefly described below.

3.15.1 Particle Size
and Polydispersity Index

Particle size and polydispersity index are very
important parameters for any nanoformulation as
they may directly affect the therapeutic perfor-
mance (Harde et al. 2015a, b, c, d, e, f). Particle
size analysis is conducted by photon correlation
spectroscopy also called dynamic light scatter-
ing. The particle size is obtained as a function of
correlation of scattered intensity to the particle’s
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diffusion coefficient. It measures the change in
the intensity of scattered light during the analysis
concerning the volume of particles. The polydis-
persity index is a measure of particle distribution
over the size range. The higher polydispersity
index is the indication of heterogeneity in the
particle size range.

3.15.2 Zeta Potential

The zeta potential has been considered as one of
the very important parameters for the nanofor-
mulation optimization as this is considered as
stability of nanoformulations in suspension form
(Harde et al. 2015a, b, c, d, e, f). The zeta poten-
tial measurement is based on the movement of
charged nanoparticles dispersed in liquid in the
direction of cathode or anode (depending on the
charge on NPs) on applying the electric field in
the sample. Briefly, the electric field is applied
across the sample to induce mobility. Further, the
electrophoretic mobility is determined in terms
of the ratio of nanoparticle velocity and the elec-
tric field. Finally, the zeta potential is calculated
using the Henry equation.

3.15.3 Entrapment Efficiency

Entrapment efficiency is calculated to find out the
total drug encapsulated within the nanoparticles.
The entrapment efficiency can be measured by
either direct method or indirect method. The
direct method measures the drug entrapped
within the nanoparticles while in the indirect
method the unentrapped drug is determined to
calculate the drug entrapped within the nanopar-
ticles (Harde et al. 2015a, b, c, d, e, ).

3.15.4 In Vitro Release

Determining the in vitro release is a very impor-
tant parameter to predict the in vivo response in
different physiological pH conditions (Das et al.
2014; Jain et al. 2014a, b, ¢). The nanoparticles or
the formulation to be tested is suspended in the
simulated physiological fluid or buffer of particu-
lar pH maintained at 37 °C and constant stirring.
The conditions vary according to the route of
administration to mimic the corresponding physi-
ological conditions. The samples of dissolution
medium are collected at various time intervals
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and analysed using the UV spectroscopy or
HPLC depending on the suitability and sensitiv-
ity, to determine the drug concentration. Finally,
the amount of drug released is calculated for each
sampling period.

3.15.5 Scanning Electron Microscopy
(SEM)

SEM has been widely reported to study the shape
and surface morphology of a variety of novel for-
mulations (Choudhary et al. 2010). This is direct
visualization of prepared nanoparticles. Along
with shape and morphology, actual particle size
can also be measured by SEM. Before SEM anal-
ysis, properly diluted nanosuspension is dried
over the copper strip and coated with gold to
make it electrically conducting using the coater
equipment. Then the coated nanoparticles are
scanned by an electron beam over the focused
area, and the secondary electron emitted from the
surface is collected to attain the evidence about
the surface morphology and shape of the
particles.

3.15.6 Transmission Electron
Microscopy (TEM)

In addition to the SEM, transmission electron
microscopy is an excellent and widely reported
tool for determining the exact shape and particle
size of the nanoparticles (Jain et al. 2014a, b, c).
A high potential electron beam is bombarded on
the thin sample prepared in the metallic mesh
(TEM grid), and once the electron beam interacts
with the surface of the particles, it transmits the
electrons which are captured by the detector to
generate the crystal structure and shape and cal-
culate the particle size. High-resolution TEM is
an accurate technique generally applied to evalu-
ate the quality, shape, size and density of nanopar-
ticles. The TEM utilizes the high-potential
electron for analysis rather than using the light
rays. The magnification of TEM is much higher

than other imaging techniques as the technique
uses a low-wavelength electron beam.

3.15.7 Fourier Transform Infrared
Spectroscopy (FTIR)

Fourier transform infrared spectroscopy is an
analysis technique that determines the presence
of specific functional groups in the compound in
the form of transmittance peak in FTIR spectra
corresponding to specific wavenumbers. During
the processing, the drug may interact physically
or chemically with the formulation component
and can lose the activity or may elicit unwanted
toxicity. FTIR is one of the widely conducted
studies to assess the possible interaction (Patel
et al. 2019a, b, c, d). Loss of peak corresponding
to a specific functional group in the drug or
appearance of some unknown peak in the spectra
indicates the interaction. Moreover, the technique
also qualitatively evaluates the drug entrapment
in polymeric or lipid matrix.

3.15.8 Differential Scanning
Calorimetry (DSC)

DSC is a thermal analysis usually conducted to
define the melting point, glass transition temper-
ature and melting enthalpy. This information can
give us an idea about the crystalline nature quali-
tatively or quantitatively. Moreover, the interac-
tion can also be evaluated with a significant shift
in the melting point of the drug (Patel et al.
2019a, b, ¢, d). The sample equivalent to
10-20 mg is placed in the metallic pan and
scanned over a certain temperature range. The
endothermic peak gives the value of the melting
point, while the disappearance of endothermic
peak or intensity reduction signifies the loss of
crystalline structure or conversion of the drug
into an amorphous form. The % crystallinity can
be calculated from the melting enthalpy. Melting
enthalpy is directly proportional to crystallinity,
and by keeping the pure drug 100% crystalline,
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the crystallinity of another sample can be
obtained.

3.15.9 X-Ray Diffraction (XRD)

XRD is performed to determine the crystalline or
amorphous structure of a compound and can be
considered a universally accepted technique for
the determination of drugs following the entrap-
ment within the nanoformulation (Patel et al.
2019a, b, ¢, d). For taking the XRD spectra, the
powdered sample is placed on the goniometer
and thrown with the X-ray beam at a varying
angle of diffraction (20; 10-80°). The diffracted
beam of X-ray is collected by the detector to gen-
erate the X-ray diffraction pattern. The X-ray dif-
fraction pattern of crystalline material exhibits
high-intensity diffraction peaks at certain diffrac-
tion angles and has a specific arrangement for a
particular compound. However, the amorphous
compound does not possess a highly intense dif-
fraction pattern. Interestingly, the nanoparticles
convert the crystalline material into amorphous;
thus, XRD is employed to determine the change
in the crystalline structure of the drug.

3.16 Major Challenges

Though research in the field of nanomedicine has
attained considerable success, very few nanofor-
mulations got FDA approval in the last two to
three decades of nanomedicine research. The
safety, efficacy, scalability and regulatory com-
pliance for nanoformulations are the major
challenges.

3.17 Safety or Toxicity

Manufacturers have the responsibility to submit
the appropriate and sufficient human toxicity
data to regulatory agencies for approval of the
drug product to assure the safety of drugs
intended to be used in the clinic. The companies

have to perform preclinical and clinical trials to
generate sufficient toxicity data to fill the new
drug application (NDA) or investigational new
drug application (INDA) for FDA approval.
Therefore, pharmacokinetics should be studied
for any new product proposed for therapeutic use.
Intensive study of the absorption, distribution,
metabolism and excretion to establish complete
pharmacokinetic profile to ensure safety is
needed.

3.18 Scalability

Scalability, a process of manufacturing at an
industrial level for clinical use, is a major chal-
lenge faced by the manufacturers. The optimiza-
tion of the process for the efficient production of
nanoformulations on a large scale is a difficult
task. The unavailability of capable equipment,
process controls and trained personnel and non-
compliance with current good manufacturing
practices pose impediments to manufacturing the
nanoformulations at commercial level. Moreover,
the unavailability of clear-cut regulatory guide-
lines is another challenge in maintaining quality
standards.

3.19 Conclusion

Nanoformulations have been presented as a solu-
tion to overcome many of the challenges with
conventional drug delivery; however, critical
evaluation of different process and formulation
variables, viz. selection of the right delivery sys-
tem, polymer/lipid and solvent, method of prepa-
ration and exhaustive characterization, is needed
to develop nanoformulations with the desired
quality attributes for better therapeutic perfor-
mance. Although extensive research in this field
has resulted in the development of a handful of
clinically approved products, finding a biocom-
patible material with minimal possible toxicity
and scalability is the major issue that needs
attention.
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