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Abstract

- Muhammad Afzal®’ . Sultan Alshehri®®

Nanocrystals (NCs) are the class of solid dosage forms which utilizes the concept of nanoscience together with crystal nature of
drug to achieve advantages in terms of solubility, dissolution, and physicochemical properties. Comparing with other solid
dosage forms, NC often comes with so many challenges in terms of physical stability as well as chemical stability during the
manufacturing process and storage. Therefore, physicochemical properties of nanocrystals, toxic effect on the human body, and
application in drug delivery through the various routes of administration are critical step formulation of NCs. There are various
techniques involved to ensure solid state uniformity in the NCs and its impact on therapeutic performance. This review article
emphasizes on various solid-state characterization techniques that are used to evaluate NCs, their toxicity, and pharmaceutical
application. Further, NC-based marketed formulation is also discussed in this review.
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Introduction

There are about 90% of new drug molecules categorized as
poorly soluble drugs. The development of pharmaceutical for-
mulations encounters various obstacles related to poor solu-
bility [28]. The poorly water-soluble drugs show a limited
dissolution rate and consequently lead to poor biopharmaceu-
tical problems associated with the oral route. The drug deliv-
ery system shows variable absorption state, low bioavailabil-
ity, lack of proportionality dose, retard onset of action, and
high inter-patient variation [20]. To overcome these problems,
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the newer technique like nanocrystal is used for the improve-
ment of bioavailability of poorly soluble drugs [29]. The re-
duction of the particle size to a nanometer range provides an
enhanced surface area and gives enhanced dissolution rate,
saturation solubility, increased cell membranes/surface adhe-
siveness, and oral bioavailability [62]. Thus, nanocrystals
show the fast onset of action, minimum adverse effects, high
drug load, multiple administration routes, minimized drug
concentration, and an overall enhancement in the safety and
efficiency of the drug molecule. A novel approach based on
sodium cholic acid-stabilized NCs offered a significant
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reduction of risk to benefit ratio and an unlock option for IV
administration of nimodipine [27].

The concept of nanocrystal was first introduced in the nine-
teenth century, and in spite of excellent efficacy, their avail-
ability as market products are limited [33]. Currently, nano-
crystal drugs gained attention as a challenging approach be-
cause of an increasing number of poorly soluble drugs in the
drug developmental process, safe formulation, and pharmaco-
economic value. Pharmaceutical industries can also gain ben-
efit by possibly redesigning a product line of a previously
existed formulation by nanocrystal technology [71]. There
are various techniques involved to prepare nanocrystals which
can be categorized as bottom-up, top-down, and combination
techniques. As per the published literature, the bottom-up
technique is not commonly used in the manufacturing of com-
mercial nanocrystals. There are various problems like the need
to remove the solvent, challenges in process optimization, and
many poorly soluble drugs neither soluble in aqueous media
nor organic media associated with this technique [48].

The basic demerit of precipitation processes in bottom-up
techniques is the use of an organic solvent which must be
completely removed from the formulation and also leading
to the high production process. Hence, the bottom-up tech-
nique has not been used for the formulation of nanocrystals.
The use of top-down technology for the production of
nanocrystals is used as an alternate to produce nanocrystals
[33]. In the case of top-down technology, the milling of rapid
wet media is used to prepare nanocrystal. It is the most eco-
nomical and beneficial technology to produce nanocrystal sus-
pensions. The prepared nanocrystal suspension can be used as
a liquid dosage form or can be transformed into dry solid
powders for production of capsules and tablets [84]. The ad-
vancement in the solid nanocrystal formulation required
industrial-scale production from a laboratory scale; therefore,
the scale-up process is necessary for future perspectives of
nanocrystals. For successful upscaling of nanocrystals, de-
tailed process parameters, characterization, choice, and design

Fig. 1 A schematic illustration of
the preparation method of
nanocrystals

of equipment required to give a robust formulation which
includes effective excipients as well as stability [71]. It is
expected that nanocrystal will bring revolutions in the fields
of novel drug delivery systems, biomedical sciences, and
targeted delivery systems. The current review summarizes in-
formation on various characteristic parameters of nanocrystals
and their applications in drug delivery.

Method of Preparation

There are various methods developed to prepare drug
nanocrystals. The milling processes include disintegration
and homogenization by the use of mechanical forces to disin-
tegrate active pharmaceutical ingredients into nanosized par-
ticles [21]. Using this method, there are a number of commer-
cial products available in the market and have been approved
by regulatory bodies. However, these types of methods utilize
high energy, or pressure to produce nanoscale size. In addi-
tion, mechanical attrition leads to some associated drawbacks
such as high energy use, time-consuming and no control on
particle size, and electrostatic effects [39].

In the crystallization method of preparation, there is mini-
mum mechanical energy used to prepare the nanocrystals. The
crystallization method involves the following steps: (1) disso-
lution; (2) nucleation; (3) growth of the crystals; and (4) fil-
tration followed by drying [85]. Furthermore, various crystal-
lization techniques such as supercritical fluid, high gravity,
cryogenic techniques, ultrasonication, and microemulsion
methods were used to produce the nanocrystals. There are four
major methods used to prepare nanocrystals such as (1)
bottom-up; (2) top-down; (3) top-down and bottom-up; and
(4) spray drying. The top-down technique includes milling
and homogenization, whereas bottom-up technique includes
precipitation technique [17, 24]. The preparation method of
nanocrystals is illustrated in Fig. 1.
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Properties of Nanocrystals

The dissolution of a drug may be a deciding factor for oral
formulation. A number of hydrophobic drugs exhibit the same
problem, especially BCS class II categorized drugs which have
extremely low aqueous solubility. A basic criterion for assess-
ment of solubility is that a drug is considered highly soluble at
the highest dose strength in 250 mL or less quantity of aqueous
media over the pH range of 1 to 7.5. In case of poorly soluble
drug, the drug is not completely soluble at the highest dose
strength in 250 mL of media over the pH range of 1 to 7.5
[8]. The poorly soluble drugs exhibit erratic and slow dissolu-
tion, which limits the absorption rate through the gastrointesti-
nal tract. Hence, there are extensive research going on to in-
crease drug solubility. In comparison with micron size powder
drug, the unique feature of NCs shows a series of beneficial
advantages on the performance of less or poorly soluble drugs.
The enhanced bioavailability, improved absorption, reduced
fed or fasted state variability, rapid onset of action, and reduced
inter-subject variability lead to greater safety and efficacy [54,
78]. The increased oral bioavailability of NCs loaded with
drugs is based on the mechanisms of enhanced bio adhesion
to the cell membranes/surfaces, enhanced rate of dissolution,
and enhanced saturation solubility, which ultimately lead to the
higher concentration of drug which reaches to the gastrointes-
tinal tract and blood vessel as shown in Fig. 2 [62]. In addition

Table 1 Physiochemical properties of NCs
Physiochemical ~Advantages Disadvantages References
properties
Permeability Increasing * Drug release rate is  [9]
permeation the limiting factor.
across the skin
membranes.
Saturation Improved NA [23, 26]
solubility saturation
solubility than
conventional
particles.
Stability Improved * Long-term physico- [30]
physical chemical
stability due to stability-related
stabilizer. problems.

* Sedimentation and
compaction are the
major issues.

Dissolution rate  Increased * Separate particles [75]
dissolution that are less than a
rate hundred
Increased the nanometers in size,
bioavailability which shrink
of drug. during the
dissolution process
Adhesiveness Increased NA [14]
adhesiveness.

to their unique features and simple structure of NCs, they can
also be used in drug-targeting delivery system [2]. The physi-
ochemical properties of NCs are responsible for their excellent
performance as discussed and summarized in the following
sections (Table 1).

Increased Dissolution Rate

Size reduction of a drug particle is an important factor to
increase its surface area. According to the Noyes Whitney
equation, increased surface area enhances the dissolution rate
of the drug [75]. Hence, for the drugs whose dissolution is a
rate-limiting factor, micronization is a prominent technique in
order to increase the bioavailability of a drug. Further ad-
vancement of micronization technique leads to the develop-
ment of the nanotechnology approach, which improves the
surface area and dissolution rate of the nanoparticles.

Enhanced Saturation Solubility

The saturation solubility is a constant value and is dependent
upon the nature of the compound, the medium of dissolution,
and the temperature conditions. This fact is applicable to pow-
der drugs in the size range of micrometer/nm. However, the size
range below 1-2 pum is also depended upon particle size and
crystalline structure. The saturation solubility is inversely pro-
portional to particle size. The dissolution rate of nanocrystals
can be understood by the Noyes Whitney equation [13, 75]. For
nanocrystal drugs, the saturation solubility (C) and surface area
(A) are directly proportional to the velocity of dissolution. For
e.g., the increase in saturation solubility (C) and area of the
surface (A) leads to increase the velocity of dissolution (dx/dt).

% _ % #(Cs—Ct)
where dx/dt is the velocity of dissolution, D is the diffusion
coefficient, A is an area of surface, 4 is the diffusional distance,
Cs is the saturation solubility, and Ct is around the concentra-
tion of particles. Diffusional distance / is an imperative factor,
which is a part of the hydrodynamic boundary layer, and is also
strongly significant on the particle size, as the Prandtl equation
shows [58]:

Ll
1%

where /iy is the hydrodynamic boundary layer, & is a constant, L
is the particle surface length, and V is the particle surrounding
flowing liquid relative velocity. As per Prandtl equation, parti-
cle size reduction leads to a reduction in / diffusional distance
as well as enhanced dissolution rate, as given by the Noyes
Whitney equation. Enhanced saturation solubility increases

@ Springer



240

JPharm Innov (2022) 17:237-248

Nanocrystal drug

. OQQ - Process of Nanocrystallation
QOoooké : J )
Qo QO 0 Addition of Polymer or stabilizers

BCS II category drugs-
Poorly soluble drugs

_* Polymer or stabilizer

Characterization

= Increased Solubility

= Increased dissolution rate

= Improved physical and chemical
stability

Fig. 2 A schematic diagram of the process of nanocrystallization of poorly soluble drugs that improves their physicochemical properties

the concentration gradient between the gastric lumen and blood
which leads to accelerating the passive absorption. It is conclud-
ed that the reduction in the drug particle size to the nanometer
range leads to an increase in solubility as well as dissolution
rate. Broadly it can be defined that the maximum solubility is
shown by the polymorphic form of compounds due to their
minimum melting point and maximum energy. The amorphous
part is produced by the homogenization process that employs
the solubility enhancement by increasing the inner energy of the
substance [26]. Kelvin equation is used to describe the vapor
pressure over a curved surface of a droplet of liquid in a gas, so
it is also useful to understand the relationship between dissolu-
tion pressure of a particle and solid particle curvature in liquid.

P 29M;
nroo lics

where Pr is the pressure of dissolution of a particle with » radius,
Poois the pressure of dissolution of an infinitely large particle, 7
is an absolute temperature, R is the gas constant, -y is the particle
radius, p is the density of the particle, and M is the molecular
weight [15].

Stability

The nanocrystal suspension was found to be stable due to the
non-aggregation of particles and the absence of Ostwald rip-
ening process [30]. The stability can be achieved by the addi-
tion of suitable stabilizer as well as by using various stabi-
lizers, surfactants, and amphiphilic copolymers [60, 61].
During the progress of homogenization, the surfactants diffuse
quickly, adsorb on the surface of the crystal, and stabilize the
system by creating static as well as an electrostatic barrier
between the crystals [43]. The surfactant should have the
criteria to show an appropriate affinity for the particle surface
for stabilization of nanocrystals [36]. Secondly, a surfactant
should generate sufficient high diffusion rate during homoge-
nization. Lastly, the stabilizer content should be enough for
the complete coverage of the particle surface to maintain re-
quired steric or electronic repulsion between the particles.

@ Springer

However, a higher amount of stabilizer does not need to give
a better result [51].

Sun et al. prepared itraconazole a poorly water-soluble
drug-loaded nanocrystal by homogenization method. The ef-
fects of three cationic polymers—N-trimethyl chitosan, chito-
san, and polyethyleneimine—were evaluated on the proper-
ties of nanocrystals. It was found that the cationic polymers act
as steric and electrostatic stabilizers to assist the production of
nanosized particles. Thus, the physical stability of
nanocrystals prepared with cationic polymers was significant-
ly enhanced [81]. In another study reported by Deng et al.,
paclitaxel nanocrystals were prepared and evaluated to under-
stand the stability and structure. They used Pluronic F127
desorption experiment to understand the various surfactant
absorption attachment to nanocrystal surface above and below
CMC. They concluded in their results that below the CMC
level of Pluronic, it is attached to NC surface with high affin-
ity, whereas above the CMC level, it is attached to NC surface
easily and detach the surface after dilution. With respect to
temperature, the tendency of Pluronic F127 micellization is
increased due to lower CMC at the higher temperatures [12].
Hence, the selection of an ideal surfactant is a very important
criterion for the quality of the product [23, 72].

Permeability

NCs show the property of enhanced adhesiveness to the skin to
facilitate skin delivery. There are two mechanisms involved in
dermal delivery: (1) through concentration gradient between
nanoformulation and skin and (2) via hair follicles [9].
Nanocrystals in the range of size 200300 nm help to increase
the permeability across the skin membranes. NCs in the size
range of 200-300 nm can deposit into these pathways, which
function as a depot formulation that the drug can release into
surrounding cells for a prolonged time period. This size range of
NCs showed improved permeation via hair follicles of the hu-
man dermal [9]. Due to their particle size range, transdermal
drug delivery is also possible for poorly soluble drugs. In spite
of increased permeation of poorly soluble drugs due to its



JPharm Innov (2022) 17:237-248

241

lipophilicity, the drug release rate is the limiting factor for such
type of drugs. The particle size with less than 40 nm can perme-
ate through the skin follicular route. However, the particles with
larger size exhibit low skin permeation due to tight epidermal
Langerhans cell networks. When the size of particles is more
than 5 um, then the negligible permeation occurs through the
stratum corneum layer and particle size in the range of 500—
750 nm shows good permeation in the hair follicle [16].
Castaneda developed atenolol-loaded nanocrystal using factorial
design approach. The permeability of pure atenolol and atenolol
nanocrystals was performed using Franz diffusion cell to inves-
tigate the intraduodenal permeability of the small intestine from
the sacrificed goat. The diffusion study exhibited that the %
permeability of atenolol nanocrystals found significantly higher
than pure atenolol [5].

Adhesiveness

The adhesiveness is a unique feature of nanocrystal and the
nanosize range responsible for the increased adhesiveness.
The increased adhesiveness leads to the enhanced absorption
by oral route [16]. The kinetics and adsorption isotherms are a
promising approach for examination of adhesion property. The
adsorption kinetics process depends upon the particle size. The
small latexes (230—670 nm polystyrene latexes) show charac-
teristic adsorption isotherm of adsorbates, which can penetrate
porous adsorbent. These sites are available for further adsorp-
tion up to the saturation sites indicated by an isotherm plateau.
On the other word, large particle size adsorbs as a Langmuirian
type and the adsorbate adsorbs in a monolayer of the surface,
which behaves like a smooth surface [14, 16].

Characterization of Nanocrystals

There are various physicochemical parameters used to evalu-
ate the formulation of nanocrystal. The following parameters
discussed in the section below are shown in Table 2.

X-ray Diffraction

Morphological and polymorphic changes of nanocrystals can
be evaluated by the assessment of morphology and crystalline
state [86]. X-ray diffraction (XRD) technique is generally
used to evaluate the drug crystallinity. The change in the poly-
morphic state was used to confirm the formulation of the
nanocrystal. The X-ray diffraction pattern of the crystalline
substances is compared with the pure sample. Each crystalline
substance produces a unique pattern and the mixture of each
substance shows its pattern. The X-ray diffraction pattern of a
particle represents the specific fingerprint of the substance.
For instance, the diffraction pattern of pure glipizide powder
shows high and sharp intensity peaks at different diffraction

Table 2  Characterization of nanocrystals

Techniques of Remarks Limitations References

characterization

X-ray diffraction * Morphology and Does not consider [38, 86]

(XRD) crystalline state the type or
of the scattering
nanocrystals power of the

* Determination of atoms

nanocrystals in
solid state form.

Scanning electron ¢ Measure the Micronized drug  [79]

microscopy shape, size, and is required as
and morphology of the starting
transmission the NCs. material and the
electron top-down
microscopy equipment has
long runtimes
required.
Differential » Examine the [87]
scanning polymorphic
calorimetry nature of NC
(DSC) drug.
Raman * Characterize the [44]
spectroscopy phase transitions
of the NCs.

» Examine
polymorphic
nature of the
nanostructured
materials.

FT-IR » Examine the [47]

spectroscopy nanocrystals
with excipients.

Zeta sizer * Study the particle Uncontrolled [76]
size, and particle growth.
polydispersity
index of NCs
using Zeta sizer.

Franz cell * Permeation study [42]

diffusion of NCs of poorly
apparatus soluble drugs.

angle which indicates that the drug is in crystalline nature. The
nanosuspension of glipizide shows diffraction peaks at similar
position and intensity that indicates crystallinity of drug is
intact. Furthermore, the X-ray diffraction study of spray-
dried nanosuspension prepared by high-speed milling top-
down process exhibits an almost negligible shift in main peak
compared with pure drug. A little decrease in peak intensity
may be observed in spray-dried nanosuspension [37]. In an-
other study, the nanosuspension passing through a higher rate
of attrition leads to changes in the crystalline structure of
nanocrystals. The change in the structure of nanocrystals from
crystalline to amorphous or any other polymorphic forms can
be studied by differential calorimetry scanning analysis [38].

Morphological Examination

Scanning electron microscope (SEM) and transmission electron
microscope (TEM) technique is an electron microscopic
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method used to evaluate the shape, size, and morphology of the
NCs. The wet sample of appropriate concentration is required
for TEM analysis, whereas in SEM analysis, the prepared
nanosuspension needs to be converted into dried powder by
lyophilization or spray drying which leads to the formation of
agglomeration [79]. In the increase in the magnitude of particle
size, some excipients are added as protectants. Usually, manni-
tol is taken as a cryo-protectant for lyophilization to remove the
water, and it inhibits the particle agglomeration and interaction.
Within a certain limit, the agglomeration is allowed in the final
particle in the range of acceptance [19]. Atomic force micros-
copy is also used to evaluate the surface properties such as
friction, magnetism, and height with a probe. Probucol loaded
nanocrystal prepared by dispersion of polyvinyl-pyrrolidone
(PVP)/probucol/sodium dodecyl sulfate (SDS) ternary mixture
into the water. The particles under observation show core-shell
structure, e.g., drug nanocrystals enveloped by polyvinylpyrrol-
idone and sodium dodecyl sulfate complex. The image and
force curve analysis exhibited probucol nanoparticles along
with PVP K17-manifested structure layer in comparison with
those with PVPK12. The structural difference was accountable
in terms of PVP-SDS complex molecular states on the surface
of the particle [56].

Surface plasmon resonance (SPR) is a highly advanced
label-free method used to examine surface changes of nano-
crystal, film dispersibility, and particle to particle cohesion [1,
73].

Thermal Analysis

Differential scanning calorimetry (DSC) is one of the important
methods used to study the thermal behavior of drug nanocrystals.
The drug crystallinity and the formation of nanocrystals with
excipients are compared to check the thermal behavior. This
study is important for those drugs which are present in various
polymorphic forms. However, many top-down methods like ho-
mogenization at high pressure form particles with an amorphous
form, hence leading to enhanced saturation solubility. DSC can
be divided into two categories as heat-flux DSC and power-
compensated DSC based on their operation mechanism. In
heat-flux DSC, two pans are kept on a thermo-electric disk which
is surrounded by the furnace and empty pan used as reference
pan. The furnace is heated at a linear heating rate and finally, heat
is transferred to the reference pan and sample pan by thermo-
electric disk [10, 87]. In a power-compensated DSC, the refer-
ence pans and sample are kept in separate furnaces which are
heated by separate heaters [87].

Raman Spectroscopy
Raman spectroscopy technique is based on inelastic scattering

of monochromatic light originating from the laser source. The
inelastic scattering defines as the frequency of photons in

@ Springer

monochromatic light amends by interaction with the sample.
The laser photon light is absorbed by the sample and then re-
emitted. The remission frequency of the photons is shifted
down or up in comparison with the frequency of original
monochromatic light. This effect is known as the Raman ef-
fect. This shifting provides information about their rotational,
vibrational, and any other low-frequency transitions in the
molecules. During the preparation of the sample, it requires
a very less amount of water to minimize water interference
with Raman spectra [44]. It is used as a tool to characterize the
phase transitions and phase of different types of nanoparticles
and other nanomaterials (e.g., nanocrystal) to identify the re-
gions of nanostructured materials as crystalline or amorphous.
It is also used to determine the defects in the nanomaterials,
size, shape of nanomaterials, and nanostructured material dis-
tribution as homogenous or heterogeneous. It has been widely
employed in pharmaceutical science such as fundamental
structural examination, drug excipient compatibility studies,
formulation characterization, quantitative analysis, and inves-
tigation of surface modification in nanoformulation [44].
Waard et al. developed a novel bottom-up technology to pre-
pare nanocrystals and known as “controlled crystallization
during the freeze-drying” (CCDF). This organic solution of
poorly soluble drug and an aqueous solution of matrix mate-
rial are blended and freeze-dried to allow the matrix and drug
to be crystallized. CCDF process was found to be prolonged
and separated to allow the complete phase change measure-
ment. It works on three consecutive steps: (a) freezing, (b)
crystallization, and (c) drying [11].

FT-IR Spectroscopy

The chemical property of drug and its interaction with differ-
ent used excipients are measured by FT-IR. Liandong and his
coworkers formulated and evaluated spray-dried powders of
curcumin for pulmonary drug delivery. FT-IR spectroscopy
studies of curcumin nanocrystal and the prepared spray dry
powder of curcumin nanocrystal were performed to evaluate
the change in chemical characteristic and crystalline structure.
Based on the position of the peaks of the formulation com-
pared with the pure drug, the result revealed that milling and
spray drying product did not alter the chemical property of
curcumin as in spray-dried powder [47].

Particle Size and Polydispersity Index

Particle size and its distribution are important parameters to
show the other properties like dissolution rate, saturation solu-
bility, physical stability, and clinical efficacy. The smaller par-
ticle size shows high surface energy and promotes particle ag-
gregation. The most commonly used techniques for the mea-
surements of particle size are the microscopy, static light scat-
tering techniques, and dynamic light scattering techniques [76].
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The average nanosuspension particulate size is measured by
dynamic light scattering technique which is also named as
photon-correlation-spectroscopy (PCS) [35]. This technique is
not useful for analysis of particle size greater than 6 um. In spite
of the mean diameter of the particle, PCS also shows the parti-
cle size width distribution which is referred to as the “polydis-
persity index” (PDI). The value of PDI ranges from 0 for mono-
disperse particles to 0.500 for broad distribution and is a very
crucial index which is responsible for physical stability. For
long-term stability, PDI should be as low as possible. The larger
particle size can be detected on the low-angled static light scat-
terings techniques like laser light diffraction technique and op-
tical microscopy. Laser diffractometry (LD) is a robust tech-
nique and shows advantage in comparison with other tech-
niques which is used for the analysis of large particles and a
combination of small and large particles [4].

Particle Surface Charge

The particle surface charge is an important factor for physical
stability. A higher number of charged particles produce great-
er electrostatic repulsion between the particles and lead to
enhanced physical stability. The particle surface charge is
quantified in the terms of zeta potential, which is calculated
by particle electrophoretic mobility in the electric field. The
particle surface charge is determined by the colloid titration. In
general, particles show surface charge due to surface function-
al group dissociation, known as Nernst potential. The degree
of functional group dissociation depends on the pH value of
the suspension; hence, zeta potential is depending upon pH of
the suspension or media. In an electrolyte containing media,
ions from the dispersion medium absorb on to the surface of
nanocrystals. For this model description, a negative Nernst
potential is assumed. In general, the first absorbed ion mono-
layer consists of fixed dehydrated, negatively charged ions
which are termed as “Helmholtz layer”. Second absorbed
monolayer consists of fixed hydrated positive charge known
as “outer Helmholtz layer”. Both Helmholtz layers are togeth-
er termed as “Stern layer”. Zeta potential is measured by the
velocity measurement of the electrophoretic particle in an
electrical field. During the movement of particle diffuse layer
shed off, therefore the particle gains a charge because of the
counter ion loss in diffuse layer [45].

Permeation Study

The enhanced dissolution and saturation solubility of
nanocrystals also show the enhanced adhesiveness to the skin
and facilitate the transport of the drug across the skin mem-
brane [66, 70]. The appropriate size nanocrystals (around
700 nm) can easily deposit into such type of shunts and act
as a depot. The drug can pass and diffuse in the surrounding
cells for the sustained release. The factors like particle size,

carriers, and stabilizer interactions are taken into consideration
for the formulation of the poorly soluble drug for dermal de-
livery. For ophthalmic formulation, the main aim was higher
penetration and retention time into the eye region. It helps to
increase the solubility of the poorly soluble drug in lachrymal
fluids and also to generate adhesive properties which are de-
termined by surfactant nature used in the formulation. It can
be exploited for the improvement of penetration and retention
of drugs in the eye. Nonionic surfactants are preferred over
ionic surfactants due to their less irritation property [41].

Dissolution

Thermodynamic supersaturated state and apparent solubility
imply the most stable crystalline form of the drug in each
medium at a specified temperature and pressure. This in-
creased solubility is designated with different terms like ap-
parent or kinetic solubility. Because apparent solubility of
nanosized particles is higher than the thermodynamic solubil-
ity of material, dissolution of nanocrystalline material leads to
the formation of a supersaturated solution. This phenomenon
is known as the “spring effect”. Ige and his coworkers studied
the saturation solubility of fenofibrate nanocrystals, which is
reduced in size from 80 um to 460 nm. The thermodynamic
solubility of the bulk drug in 0.5% and 1% sodium dodecyl
sulfate solution was found to be 6.02 and 23.54 pug/mL, re-
spectively while the drug nanocrystals showed the solubility
of 67.51 and 107 ug/mL, respectively.

Nanocrystal Applications

There are several applications reported for the nanocrystal in
the pharmaceutical drug delivery systems. NC formulation
can be administered through various routes, and found a
promising delivery system (Table 3). The sections below
discussed in detail the various applications of nanocrystals
and schematically shown in Fig. 3.

Oral Drug Delivery

The oral route is the most preferable and safest delivery route
compared with other routes of administration. It facilitates bio
adhesion in the wall of the intestine; therefore, enhanced oral
bioavailability of poorly soluble drugs was found. The bio-
availability can be determined by calculating the pharmacoki-
netic parameters like maximum plasma concentration (C,ay),
time to reach maximum concentration in plasma (7p,ax), and
area under the blood concentration-time curve (AUC) [46,
85]. For example, danazol nanocrystals were prepared from
micron-sized particles and showed 16-fold higher bioavail-
ability than pure drug [49]. Due to the small particle size of
nanocrystals, it enhances uniform distribution in the GIT and
reduces local prolonged concentrations [49]. NCs are also
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Table 3 Application of nanocrystals in drug delivery

Drug Remarks Limitations References

delivery

Oral drug < Facilitates bio Load tablets with [46, 54,
delivery adhesion in the nanocrystals. 85]

wall of the Nanocrystals get in
intestine. contact with each

* Improvement of other within the
oral excipient mixture,
bioavailability. and the nanocrystals

* Minimal gastric might fuse to larger
irritation. crystals under the

* Reduced local compression pressure
prolonged during tablet
concentrations production.

Parenteral ~ * Reduced dose Behavior of [32, 67,
drug and fast onset of  nanocrystals after 74]
delivery action. injection not being

* Escape from fully predictable
reticuloendothe-
lial system.
* Prevent removal
of NCs from the
systemic
circulation

Pulmonary  « Hepatic bypass ~ Droplet size of [55, 67]
drug leads to higher pulmonary dosage
delivery bioavailability. form is critical for

nebulization.

Ophthalmic  * Noninvasive drug [69, 82]
drug administration
delivery route.

* Low tonicity by
drugs soluble in
water.

Target drug  * Minimizing [21, 40]
delivery phagocytosis.

* Predominant
accumulation of
drug in target
site.
Dosage forms

* Ophthalmic

Route of
* Inhalation Administration
——
* Oral
Topical/
Transdermal

Nanocrystals

* Parenteral

well tolerable in the mucosal as it causes minimal gastric irri-
tation [54]. Additionally, orally used nanosuspensions of
fenofibrate show enhancement in bioavailability as compared
with conventional micronized drug suspensions [25].

Parenteral Drug Delivery

Nanocrystals can increase the effectiveness of drugs via vari-
ous parenteral routes such as intravenous, subcutaneous, in-
tramuscular, intraarticular, and intraperitoneal. In convention-
al drug delivery system, an intravenous formulation of poorly
soluble drugs needs various excipients like surfactants and co-
solvents. But these lead to an increase in dose volume as well
as cause various adverse reactions [57]. Due to small particle
size, nanocrystals can be given by intravenous injection with
the reduced dose, fast onset of action, and achieved maximum
bioavailability [18, 67]. For the parenteral route of adminis-
tration, NC size should be <100 nm [32]. There are various
suitable nanocrystals successfully drug delivered through the
intraperitoneal route. Paclitaxel nanosuspension showed
promising result in comparison with pure taxol to the reduc-
tion of median tumor burden [53]. Nanosuspension
clofazimine, a poor water-soluble antileprotic drug, also
shows an enhancement in the efficacy and stability in com-
parison with the liposome clofazimine in Mycobacterium
avium infected mice of the female sex [68].

Pulmonary Drug Delivery

The drug deposition on the lungs can be managed through the
size distribution of NCs. The aqueous nanosuspension was
prepared by the ultrasonic method for the drug delivery to
the lungs. The poorly soluble drugs like beclomethasone di-
propionate or budesonide to the pulmonary tract are very cru-
cial for local treatment of lung diseases. Nanocrystals have a
tendency to attach to the mucosal surface and give prolonged

= Improved
Bioavailability

= Reduced Dosage

Fast therapeutic

response

Reduced toxicity &

side effects

= Increased
Adhesiveness to cell
membranes

Therapeutic
Response

—)

Fig. 3 A schematic illustration related to the application of nanocrystals via various routes
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residential time and hence increase the drug absorption [60,
61]. NCs exhibit undesired deposition of the particle in the
pharynx and mouth which exert local and systemic adverse
effects. In comparison with microparticles, NCs are more
equally distributed on the surface of the bronchi. There are
various examples available for successful pulmonary drug de-
livery of nanocrystals. Budesonide is a corticosteroid which is
poorly water soluble and successfully used for pulmonary
drug delivery [60, 61].

Ophthalmic Drug Delivery

Ocular delivery is a challenging system due to eye physiolog-
ical barriers and critical pharmacokinetic surrounding envi-
ronments [83]. The topical delivery is the most preferred and
noninvasive drug administration route used for the treatment
of anterior segment eye diseases [82]. Nanocrystal shows ad-
vantages like a long time of residence which is required for the
effective treatment of most of the ocular diseases. It also pro-
vides low tonicity and their performance depends upon drug
intrinsic solubility in the lachrymal fluids [77]. Hence, the
intrinsic rate of dissolution of the drug in lachrymal fluids
determines its bioavailability and ocular release. The gluco-
corticoid nanosuspension of drugs like dexamethasone, pred-
nisolone, and hydrocortisone showed increased drug action
duration and enhanced drug absorption [34].

Targeted Drug Delivery

The targeted drug delivery provides a predominant accumula-
tion of drug within a specifically targeted zone for the treat-
ment. Nanocrystals used for targeted drug delivery show spe-
cific interaction with a receptor in targeted tissues [22].
Effectiveness of targeted drug delivery needs four basic re-
quirements: first retain, second evade, third target, and fourth
release [80]. Due to being sequestered and transported by
MPS cells, i.v. injected nanocrystals distribute more in MPS
cell-abundant organs, such as the liver, spleen, and lung than
the solution counterpart [50, 78]. The targeting ligands and
other functional groups can also be added on the surfaces of
nanocrystals. By using this way, nanocrystals can be incorpo-
rated into various matrix structures and targeted in a specific
tissue/organ for their action. Chai et al. formulated an RBC
membrane-coated drug NCs (RBC-NCs) which showed high
drug load, excellent biocompatibility, long-term stability, and
prolonged retention time. Generally, RBC-NC therapeutics
can be used for the delivery of various drugs and for the
treatment of various types of cancers [7]. Another targeted
delivery system was developed by Hou, and glycosylated cop-
per sulfide nanocrystals showed excellent specificity toward
LecA with a LecA deficient Pseudomonas aeruginosa and
killed the microorganism by synergistic with photothermal
therapy. It is a novel therapeutic system which also provides

imaging and can be used for various disease treatments espe-
cially cancer.

Toxicity

In spite of size factor, there are various other parameters which
contribute toxic effect on the body. The factors like surface
charge, surface area, reactivity, chemical composition, shape,
potential, and solubility are important criteria to affect the
toxicity [59, 64]. Nanocrystals can be administered through
different conventional routes like the respiratory system, oral
and topical routes, and ophthalmic route. The particles may
interact with the body tissues differently in comparison with
micronized drug particles. Nanocrystals penetrate deep into
the body tissues in comparison with large particles. The
nanocrystals also remain present in the body for a longer du-
ration of time due to its ability to escape the reticuloendothe-
lial system. Long retention time in the body will be stronger
when the size of particles would be smaller. NCs with size
range 100—-1000 nm can only be taken in the body by a re-
stricted number of cells along with the phagocytic activity. In
the case of particle size below 100 nm, the particles are taken
up by all types of cells through the process of endocytosis.
Hence, particles below 100 nm size are considered riskier [52,
65]. The bio persistency and size-related risks are used in
combination for classification of the nanoparticles, according
to the risk of toxicity as follows: class I (nanoparticle size >
100 nm and biodegradable), class II (nanoparticle size >
100 nm and non-biodegradable), class III (nanoparticle size
< 100 nm and biodegradable), and class IV (nanoparticle size
< 100 nm and non-biodegradable). Class-I NCs show low or
negligible side effects and considered safe due to their particle
size > 100 nm as well as biodegradable nature. However, the
toxic effects of NCs are generally limited. It may produce
unwanted effects on blood circulations in the body. Hence,
NC development needs detailed investigation study for the
facilitation of potential effects along with low toxic effects
even with nanoparticles of biodegradable nature. Normally,
nanocrystal drugs are well tolerated and safe in various routes
of administration in comparison with the conventional drug
products [33].

Marketed Nanocrystal Formulations

To date, the FDA has approved 50 nanopharmaceuticals, in-
cluding liposomes, nanocrystals, and polymer-based formula-
tion for use in clinical practice. Even more, these are being
investigated under clinical trials for a broad range of therapeu-
tic applications. Nanocrystallization is a successful way to
improve the solubility and rate of dissolution of insoluble or
poorly soluble drugs. The commercial level of this technology
is further improved by the comparatively short time to clinical
approval [3, 6]. The liposome is approved in almost 25 years
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to commercialize; however, Emend® took relatively less time
for development (around 10 years). The first patent of Emend
was filed in 1990 and the product was approved in 2000.
Hence, compared with other nanoformulation platforms, most
nanocrystal drug products have been invented and successful-
ly approved within a short span of time.

A poorly soluble immunosuppressant sirolimus,
Rapamune®, was the first nanocrystal drug products,
launched by Wyeth Pharmaceuticals in 2000. Rapamune
was developed using the pearl mill method. The oral bioavail-
ability was found to be 21% higher than sirolimus in its con-
ventional dosage form. This was followed by the approval of
Emend in 2003 by Merck. Emend was developed from the
poorly soluble antiemetic drug, which has a very narrow ab-
sorption window and it can only be absorbed in the gastroin-
testinal tract (GIT). Nanocrystallization of Emend was formu-
lated by pear] mill methodology, which increases its oral bio-
availability of poorly water-soluble drugs [78]. Tricor®,
fenofibrate, a lipophilic medication of hypercholesteremia,
was launched by Abbott Lab in 2003 using the pearl mill
technology method. Fenofibrate nanocrystal drug was formu-
lated which improved its oral bioavailability by 9% without
influenced by fed or fasted state. Furthermore, Triglide®
nanocrystal drug product was approved by Skye pharma in
2005. The Triglide was formulated using high-pressure ho-
mogenization (HPH) method and achieved therapeutic bene-
fits like Tricor. The Triglide nanocrystals increased its adhe-
siveness to the gut wall and improved independent bioavail-
ability was fasted or fed state. The Triglide nanocrystals are
presently marketed by Sciele Pharma Inc. [31].

Future Prospects

It was estimated by the year 2021 that the concept of nano-
crystal drug products will be accounted for 50% of the total
available nano-based drug delivery systems in the market. The
expected market value is estimated at around $82 billion
(https://www.researchandmarkets.com/research/ths3db/
nanotechnology) [63]. Nanocrystal technology is a very
promising technique due to its ease of production, uniform
composition, and attractive pharmaco-economic values. It
can also overcome some of the major challenges associated
with drug development. Due to the poor solubility of drugs, it
could result in low bioavailability and thereby significantly
affecting the delivery of the drug. The formulation of nano-
crystal able to increase the surface/volume ratio, solubility,
and dissolution can ensure an increase in bioavailability. The
clinical potential of nanocrystals depends on various factors
such as particle size, surface area, morphology, types of the
excipient used, amount of drug load, degree of dispersibility,
and site-selective targeting. There are numbers of drug-loaded
nanocrystal products which are approved for the treatment of
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different diseases via oral administration. The prepared
nanocrystals were found in uniform size with the size of more
than 200 nm. However, nanocrystals with the size range of
100-200 nm could stimulate rapid blood clearance,
macrophage-mediated phagocytosis, and minimal therapeutic
efficacy compared with conventional drug formulations.
Therefore, it is directed to prepare crystal products at sizes
below the 100-nm range with surface engineering to avoid
renal clearance and escape from the mononuclear phagocytic
system [31]. Apart from this, it is important to understand their
intertumoral and intracellular fate.

Conclusion

Many other techniques like solid dispersions, co-solvency,
and reduction of the particle to sub-micron level are potent
approaches to increase the rate of dissolution, solubility, per-
meability, and oral bioavailability of poorly soluble drug par-
ticles. Nanocrystal technique is able to fill these criteria and
also provides a superior delivery system in comparison with
other conventional delivery systems with lesser side effects.
The current review summarizes the information on various
properties, characterization methods, and pharmaceutical ap-
plications in drug delivery system. Further clinical trials are
required for approval of nanocrystals as drugs in the treatment
of various diseases.
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