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Abstract

Presently, nano-crystallization is widely accepted for increasing the solubility and biological
barrier permeability of poorly soluble drugs. It improves the bioavailability of therapeutic
agents, increasing the effectiveness for treating diseased conditions, and could be safely
administered by oral, parenteral, or transdermal routes. Drug nanocrystals are drug particles
coated with a thin polymer layer to enhance their stability and could be decorated with ligands
for active targeting. In addition, nanocrystals, due to their morphological properties, improve
cell internalization. Therefore, passive targeting by high cellular uptake and retention in the
mononuclear phagocyte system (MPS) may be expected. Drug nanocrystals are formulated by
either top-down or bottom-up methods and could be scaled up for industrial manufacturing. In
the past few decades, nanocrystal formulation has been increasingly studied to overcome the
limitations of BCS Class Il and IV chemotherapeutic agents. The study of cytotoxic effects of
drug formulation on cell lines gives an insight for estimating its in-vivo biodistribution. This
review highlights the role of morphology, stabilizer, and ligand conjugation on drug targeting
and cellular uptake in cancer cells, as well as a brief discussion on nanocrystal production.

Key Words: Nano crystallization, Chemotherapeutic agents, Targeting, Morphology,
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1. Introduction

Drug targeting, also called smart drug delivery design, is aimed to increase the drug
concentration at the diseased cells, preventing the healthy tissues of the body from unwanted
effects. Site-specific targeting of therapeutic agents is among the major drug delivery
associated difficulties. However, in the past few decades, it has been made possible by
exclusive research in nanomedicine to formulate nanodrug carriers targeted for curing tumors
without affecting the normal tissues [1,2]. Passive targeting relies on physico-chemical
properties of drugs and their interaction with biological medium while active drug targeting
involves drugs to reach the targeted site by the mean of surface ligands and specific recognition.
Conventional drug administration presents toxic side effects due to nonspecific biodistribution,
whereas targeted drug delivery systems prolong and localize their interaction specifically with
diseased tissues. The development of nanocarriers like polymeric nanoparticles, liposomes, and
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micelles is expected to resolve drug-related undesirable side effects. They can also target small
molecules such as genes, peptides, and siRNAs to the desired site [3-6]. However, despite the
desirable characteristics of nanocarriers, they usually have low drug loading capacity.
Therefore, formulating pure nano-sized stabilized drug particles is an alternative to developing
drug carriers to reach the site of action in optimum quantity directly [7, 8].

Pharmaceutical nanocrystals are nano-sized particles composed of 100% pure drug
ranging from few nanometers to less than 1 pm using the minimum quantity of excipients to
favor their solubility and bioavailability. They possess appropriate saturation solubility and
dissolution rate velocity due to high surface-to-volume ratio. Nanocrystallization techniques
are being adopted for poorly soluble drugs belonging to class IT and class IV Biopharmaceutical
Classification System (BCS) [9, 10]. The nanodrug particles could be prepared either by top-
down or bottom-up methods. Different polymers or surfactants are physically used to stabilize
them. Top-down techniques are wet milling, High-pressure homogenization, micro-
fluidization, and spray drying, whereas nanoprecipitation is bottom-up technology [11, 12].
These methods can efficiently produce the drug nanocrystals with smaller particle size with
higher solubility and tumor cell permeation. Stabilizing agents are not only used to stabilize
the nanocrystals but also play a significant role in cell internalization. A brief description of
work by previous researchers on nanocrystals formulations of anticancer drugs of Class II and
IV, formulations methods, stabilizers used, particle size, polydispersibility index, zetapotential
and their cytotoxicity study on cell lines is indicated in table 1. The Nanocrystals have
numerous advantages in pharmacokinetic parameters depending on particle size reduction,
morphological characteristics, variation in crystal structure and anisotropy. The drug
nanocrystals in suspension or lyophilized powder could be formulated and administered as oral,
nasal, ocular, parenteral, and other dosage forms [13, 14]. However, the drug-associated to
polymeric nanoparticles sometimes exhibits low bioavailability due to entrapment in the
matrix. In comparison, nanocrystals are actual nano-sized stable active agents which are
efficiently distributed and by ligand modification, they could be transported to the target sites
in body cells for different therapeutic effects [15].

Drug targeting and pharmacological effects of cytotoxic drug nanocrystals are determined
by in vitro, ex vivo, and in vivo evaluation. The cellular uptake and intracellular dissolution of
nanocrystals could be influenced by their morphology, concentration, incubation time, surface
coating by stabilizers, and type of cell line. Morphological characteristics of nano-sized drug
crystals play a significant role in uptake, distribution, and retention in tumor cells [16]. In
addition, polymer stabilizers and ligand conjugation can also enhance nanocrystal targeting.
This review will discuss the nano-crystallization techniques, factors affecting cellular uptake
of nanocrystals in cancer cells and tissues and highlight the comparison of cytotoxicity of
anticancer drugs with their nanocrystal formulations to evaluate the benefits of nano
crystallization.
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Table 1. Nanoccrystal formulations of BCS Class I and IV cytotoxic drugs using different
stabilizers, formulation methods, and evaluation

Drugs Stabilizers Nano Particle PDI Zeta Cell lines Ref.
(BCS crystallization size Range | potential
class) Technique Range (mV)
(nm)
Paclitaxel Tween-80, Microfluidizer 194-382 0.134- -18to0 -36 Cancer cell line MCF7 | [17]
(Iv) Glycol  Chitosan 0.194 and MDA-MB
(GO),
sodium alginate
(8A)
Hyaluronic acid Nanoprecipitation 236-339 0.14- -2.7t0-16.6 | MCF-7 and normal cell- | [18]
Transferrin 0.21 line, HaCaT cells
D-a-Tocopheryl Co-precipitation KB and H460 cell lines [19]
polyethylene glycol
1000 succinate
(TPGS)
Campothecin | Hyaluronic acid Nanoprecipitation 196-400 0.19 to | -4to-22 CD44 Positive Cancer | [20]
(Iv) (HA) by Probe Sonicator 0.223 Cells
boric acid Nanoprecipitation 204- 496 0.172 — | -5.82 to - | Schwann SC cells w, [21]
by Probe Sonicator 0.586 40.1 human lung carcinoma
A549  cells, human
cervical carcinoma Hela
cells
Docetaxel Tween 80 Nanoprecipitation 526 - 543 0.18- -9.6 to | MCF-7, MDA-MB-231, | [22]
(Iv) by Probe Sonicator 0.24 +10.1 A549 and HaCaT cells
Transferrin Nanoprecipitation 405 -468 0.18- -15to0 -18 A549 cells by MTT assay | [23]
,by Probe Sonicator 0.23
Etoposide Pluronic F-127 Antisolvent 117 +28 0.12- -16 to -20 CT26 and 3LL [24]
av) precipitation 0.13 cancer cells
Sorafenib (II) | Polaxamer 407 High pressure | 141-544 0.188- -7 to -28 HepG2 [25]
homogenization 0.797 cells
Oridonin (IV) | Polyvinyl Antisolvent 285-295 0.24- 0.035- MDCK cells [26]
pyrrolidone K30 | Probe sonication 0.27 0.085
(PVP K30)
Parthenolide F68 and lecithin High-pressure 1269+2.31 | 0230 + | —11.18 4 | HepG2 cell lines [27]
(Iv) homogenization 0.024 0.59.
method (PHPH)

*BCS: Biopharmaceutical classification system
2. Nanocrystallization Techniques

Pharmaceutical nanocrystals mainly consist of therapeutic ingredients with the minimum
quantity of excipients for stabilization and cellular uptake. The simple nanocrystal engineering
technologies and lesser ingredient requirements save the production cost. Therefore,
nanocrystals could be easily scaled up for industrial manufacturing. Furthermore, nanocrystals
could be conveniently sterilized by physical sterilization methods like dry heat, steam, cold
filtration, and radiation, depending on the drug stability. The importance of nanocrystal
sterilization has been evaluated by researchers in formulating nanocrystals of cytotoxic active
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ingredients [28, 29]. Top-down and bottom-up techniques are used for nanocrystal synthesis.
Both methods are illustrated in figure 1. In some situations, to obtain further size reduction and
uniformity, the combination of these two methods could be adopted.

2.1. Top-down Method

Top- down methods involve high energy to disintegrate the drug to obtain nano-sized particles,
either by wet milling or high-pressure homogenization technologies. These technologies have
a high percentage yield that makes them suitable for large-scale manufacturing compared to
bottom-up methods. Wet milling, specifically wet bead milling, involves the size reduction of
usually poorly water-soluble drugs suspended in water with a nominal quantity of stabilizer by
high energy forces in a tube/ chamber containing inert grinding media. The griding media could
be either metallic (carbon steel, chrome steel, or stainless steel) or nonmetallic (alumina,
zirconium oxide, glass etc), ranging from 0.05 to 2 mm in size. The particle size reduction
mechanism mainly involves impact, high shear forces, and attrition generated by friction
among particles. Wet bead milling is usually preferred to high-pressure homogenization due to
particle size uniformity, easy scale-up and convenience in handling wide range of drug
quantities [30-32].

However, high-pressure homogenization is the second well adopted top-down technology
using high pressure for particle size reduction in liquid media in the presence of surfactants via
particle collision, shear forces, and cavitation forces. Piston-Gap homogenization and micro
fluidization (Jet-Stream Homogenization) are the two main homogenization procedures. The
advantages of high-pressure homogenization are aqueous free preparation of nanocrystals and
aseptic production for parenteral administration [33-35]. Particle size reduction and PDI of
nanocrystals prepared by high pressure homogenization depends on homogenization pressure.
In a research study, parthenolide nanocrystals were successfully prepared by high pressure
homogenization using lecithin and F68 were employed as the stabilizers. The stabilizers rapidly
covered the nanocrystal surface during homogenization, providing electrostatic and steric
stabilization for efficient particle size reduction. The particle size reduction was mainly related
to homogenization pressure i.e., by increasing from 500 bar to 1000 bar reduced the particle
size from 208.2 nm t0126.9 nm and the PDI decreased from 0.333 to 0.230 [27].

Particle size reduction by top-down methods also depends on the physical properties of the
active ingredient as it could be affected by factors like initial particle size, polymorphism,
morphology, and young modulus [36-40]. Young modulus determines the strength, elastic,
and plastic deformation of solid materials. Some specialized processes like freeze-drying and
spray drying to modify drugs with characteristics suited for top-down procedures. Drug
particles obtained with porous structures with reduced crystallinity after treatment by freeze-
drying or spray drying have an irregular molecular arrangement compared to unmodified
crystalline particles. Due to porosity and brittleness, they have more breakage points and are
well adapted for particle size reduction by high impact, shear, and attrition forces. For example,
the optimized particle size of glibenclamide was obtained from amorphous freeze-dried powder
after treatment by high-pressure homogenization [41]. In another research, resveratrol pre-
treated by spray drying resulted in nanosuspensions with significantly smaller particle sizes
without reduction in crystallinity [42].

2.2. Bottom-up Method

Bottom-up technology, also named nanoprecipitation is based on solubilizing the drug in
a solvent, followed by precipitation by the addition of non-solvent containing a stabilizer [43].
Nanoprecipitation method was first introduced by List and Sucker in 1988 [44]. Crystal growth
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is generated by nucleation occurring by either solvent-antisolvent mixing or solvent removal.
The blending of drug solution and antisolvent could be done by magnetic stirring or impeller
blades. It is followed by sonication to promote nucleation, the process known as
nanoprecipitation. Optimization of the process variables and formulation aspects of
nanoprecipitation is required to obtain the desired nanocrystal formulations. It primarily
depends on the physical properties and concentration of the drug and, to a lesser extent, the
stabilizing agents. Processing parameters influencing the final product are stirring speed, the
ratio of solvent-antisolvent, type and depth of the sonicator’s probe and temperature [45-47].
Using organic solvent for drug solubilization has led to limiting applications of bottom-up
techniques. This is because of the lower solubility of some new therapeutic agents in easily
removable organic solvents like acetone, ethanol, methanol etc., but soluble in dimethyl
sulfoxide (DMSO). DMSO itself is toxic and removal consumes time that increases the overall
production cost [48].

With the advancement in pharmaceutical technology, supercritical antisolvent
precipitation using supercritical fluids could be used in nanocrystal production. Supercritical
fluids behave like liquids and convert to gas above their critical point e.g., carbon dioxide,
ammonia, ethane, ethylene etc [49]. The drug in a solvent is sprayed on supercritical antisolvent
in a chamber, resulting in rapid nucleation and nanocrystal formation. This technique yields
smaller particle size, uniformity at ambient temperature suitable for thermosensitive materials.
Another technology for nanocrystal production is spray flash evaporation system is well
adapted for many benefits of short processing time, particle size and low temperature. The drug
dissolved in low boiling point solvents like acetone, ethanol or methanol at a concentration of
1 to 10 % w/v, under high pressure of 40 bars is introduced to the vacuum chamber. The
pressure drop creates instant evaporation and crystallization [50].

2.3. Combination Technologies

Both top-down and bottom-up approaches for nanocrystal production have limitations in
terms of longer running times of energy equipment or initial pretreatment to obtain micronized
drug particles (51). To attain the specific benefits and minimize the disadvantages of these two
approaches, combinative technologies are adopted. One commonly used combination
technology is NANOEDGE™ introduced by Baxter (Baxter Pharmaceutical Solutions, LLC,
US). It involves a pretreatment for microprecipitation of crystals, usually followed by high
energy homogenization. The micro precipitation step decreases energy cost for running high
shear equipment, whereas subsequent treatment by high-pressure homogenizer increases size
uniformity and thermodynamic stability of nanocrystals [52, 53]. Other combination
approaches are H42 and H96 technologies involving a pretreatment by spray drying and
lyophilization (freeze-drying) followed by high-pressure homogenization. Both sprays drying
and lyophilization remove excess moisture content from drug particles, making them more
brittle/breakable by high-pressure homogenization. With freeze-drying, H96 technology is
more suitable for thermosensitive drugs [54, 55].

Some combination technologies combine the two top-down techniques, like wet ball
milling and high-pressure homogenization. First, the drug particle suspension is subjected to
low energy ball milling, with conditions adjusted to yield a particle size in sub-micron range
from 600 nm to 1 micron or slightly bigger, then treated by high-pressure homogenization. The
pretreatment with ball milling reduces the overall cost and saves time and energy by a high-
pressure homogenizer. Moreover, this method ultimately yields particles with better stability
and uniformity but relatively larger particle size compared to the above-mentioned combination
technologies [56, 57].
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Figure 1. Schematic illustration of nanocrystal production methods, showing general
processing of top-down approach and bottom-up technologies (created with

BioRender)

3. Cellular uptake of Nanocrystals

The presence of receptors has a significant role in cell permeation of few drugs and their
cellular uptake. However, numerous drugs have remarkable therapeutic effects but poor
permeation characteristics and cellular uptake. These limitations could be overcome by drug
nanocrystal modification and formulation techniques to enhance bioavailability and increase
cell internalization. Furthermore, the internalization of nanocrystals could be influenced by
morphological characteristics, type of stabilizer used to coat the nanocrystal surface, and ligand
attachment specific to infectious cells, as illustrated in figure 2.
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Figure 2. Mechanisms of active and passive targeting to cancer cells by drug nanocrystals
(Created by BioRender)

3.1. Morphology

The particle size can affect the retention of drug nanocrystals in cells as the drug nanocrystals
smaller than 150 nm show higher solubility and better accumulation in the liver, lungs, and
kidneys than drug solution [16]. However, sometimes nanoparticles ranging from 100 to 150
nm may possess pharmacokinetic behavior like solution [58]. Due to their immediate
dissolution in blood, they are usually not recognized by the mononuclear phagocytic system
MPS [59]. In comparison, larger nano crystals (300-400 nm or more) exhibit different
biodistribution characteristics to solution as they are recognized as foreign agents by MPS,
readily phagocytized, and distributed to the liver, spleen, and lungs [60, 61]. Due to submicron
particle size, they are cleared by MPS after intravenous injection up to hours that is also
influenced by stabilizers and method of preparation i.e, bottom-up or top-down techniques [62].
From Phagocytic cells of MPS, hydrophobic therapeutic agents cross phagolysosomal
membrane, enters the cytoplasm, and diffuses out due to drug concentration gradient.

Among morphological characteristics, the shape of nanocrystals has a significant effect
on their cellular uptake. Rod-shaped drug nanocrystals have better retention and invasiveness
in the pathogenic sites than spherical one due to higher aspect ratios [63,64]. This shape-
dependent cytotoxicity was observed in rod-shaped 10-hydroxycamptothecin and needle-like
camptothecin nanocrystals. Differently shaped nanocrystals have been evaluated for the
cellular internalization in Human nasopharyngeal epidermal carcinoma KB cells. Confocal
microscopy and fluorescence detection also showed higher retention of rod-like nanocrystals
in comparison to spherical ones. This higher retention and enhanced permeability of
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chemotherapeutic drug nanocrystals are favorable in passive targeting of tumor cells. The
disrupted vasculature, lymphatic drainage system, and defective endothelium of tumor cells
enhance drug nanocrystals' uptake.

3.2. Type of Stabilizer

In addition to solubility and biodistribution, stabilizers have a potential role in stability of
drug nanocrystal prepared by different methods. Particle size reduction induces an increase in
surface area and free surface energy may lead to higher magnitude of attractive molecular
forces. As a result of these unsatisfied bonding forces at the particle surface they can cohere
with each other and result in larger particle size. Further after being lyophilized the drug
particles may develop electrostatic forces due to internal friction. The intensity of charges
depends on the nature of compounds and the agitation produced. These phenomena hinder the
stability of drug nanocrystals and tend to increase the particle size [65,66]. To maintain
nanocrystals' integrity, steric stabilizers such as nonionic surfactants e.g. polysorbates, vitamin
E tocopheryl polyethylene glycol 1000 succinate (TPGS) or sorbitan esters are added to form
a thin layer around the drug particles providing mechanical barrier among particles preventing
their size increment. Ionic surfactants like sodium dodecyl sulfate (SDS) or
cetyltrimethylammonium bromide (CTAB) decrease the magnitude of electrostatic charges. As
a result, the drug nanocrystals remain segregated and avoid Ostwald ripening, maintaining the
particle size for longer duration of storage in suspension or lyophilized powder. Polymer
stabilizers like Polaxamers Pf68, P f127, P {188, and, among celluloses, hydroxypropyl
methylcellulose HPMC, are widely used in nano crystallization. Poloxamers, by absorbing on
the surface of drug nanocrystals stabilize the nanodrug particles by steric hindrance preventing
aggregation. HPMC inhibit the crystal size growth by hydrogen bonding due to high degree of
substitution of methoxy and hydroxypropoxy groups [67,68].

The nature of the stabilizer has significant effect on drug transport and targeting by
increasing the permeability of drug. They may enhance the influx of drug nanocrystals by
opening the tight junctions in cellular membranes, favoring muco-adhesion or binding to
cytoplasmic proteins. Therefore, selecting an appropriate stabilizing agent should be critically
considered before selecting other parameters for the formulation of drug nanocrystals [68,69].
The stabilizer should have an affinity for the crystal surface to avoid unnecessary shedding.
However, sometimes stabilizer shedding in response to cellular enzymes or other stimuli is
beneficial for the therapeutic effects. For example, TPGS induces PgP inhibition, therefore, it
causes a higher uptake of nanocrystals in tumor cells [70]. The effectiveness of TPGS was
evaluated by observing higher cytotoxicity of paclitaxel nanocrystals on KB and H460 cell
lines compared to free drug and other nanocrystal formulations without TPGS [19]. Similarly,
Tween 80 facilitates the cell membrane permeation by P-gp inhibition and drug retention in the
cytosol and minimum efflux to extracellular fluid [17]. Drug solution and paclitaxel
nanocrystals prepared containing Tween 80 were evaluated for toxicity on MCF-7 and MDA-
MB cells as mentioned in table 1. The ICso of pure drug solution was 12.17(+1.36) nM and
7.02(x1.27) nM on MCF-7 and MDA-MB cells, respectively. In comparison, paclitaxel
nanocrystals with Tween 80 (PTX/NC-T80) was having higher toxicity on [MCF-7 ICso
7.41(x£0.96) nM] and [MDA-MB cells and 4.82(+0.32) nM].

Stimuli-sensitive polymers responding to physiochemical changes such as temperature,
pH, ionic concentration, enzymes, and magnetic field have been markedly used in controlled
release Drug Delivery Systems. Therefore, they could be effectively used as stabilizers in
nanocrystal preparation for drug targeting. For example, the pH at the tumor cells or tissues is
usually lower than that of normal cells, so pH responsive polymers could be used for targeted
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drug delivery [71]. Hyaluronic acid coated campothecin nanocrystals were exhibiting a pH-
triggered release behavior, where campthecin was released more rapidly, more than 55% in
the mild acidic condition (pH = 5.5) within three hours while it was only 25% under pH = 7.4
PBS [20]. Biobased CaCOs/doxorubicin nanocrystals were prepared by high-pressure
homogenization. They exhibited selective toxicity at pH 4.8 i.e., 96%, without any nonspecific
cytotoxicity as nanocrystals were having minimum toxic effects at neutral pH 7.4 [70].
Reactive oxygen species (ROS) sensitive paclitaxel nanocrystals were prepared by wet milling,
using a library of 10 redox sensitive amphiphilic block copolymers. ROS-responsive
biodegradable polymeric stabilizers were prepared by post-polymerization modification via the
thiol-yne reaction [72]. The hydrophobic thiols had an affinity for hydrophobic surface of
oxidation-sensitive paclitaxel nanocrystals. This study concluded that site-specific shedding of
stabilizers could be used in drug targeting by cellular uptake. Therefore, other stimuli-sensitive
polymers could target the drug to specific infectious regions for localized effects without
affecting the healthy cells e.g. poloxamers including Pluronic F68 and Pluronic F127,
Poly(ethylene glycol)-poly(3-caprolactone)-poly(ethylene glycol) (PCEC).

3.3. Ligand attachment

The nanocrystal surface modification by stabilizers is essential for internalizing tumor cells
and avoiding rapid clearance by MPS. In addition to the stabilizer layer, the presence of ligands
is beneficial for site-specific targeting of the drugs to tumor cells. The ligand molecules can
bind specific sites at the receptors of malignant cells, usually without affecting healthy sites.
Numerous receptor molecules present on cells may serve as docking sites for anticancer drug
targeting like folate receptors, transferrin receptors, sigma receptors [73], bombesin receptors
[74], fibroblast growth factor receptors, follicle stimulating hormone receptors etc.
Understanding the appropriate interactions between nanocrystals and cell membrane receptors
is significant in therapeutical applications [75-78]. Several factors like ligand molecule length
and density affect the equilibrium in receptor-mediated endocytosis. Higher density and
rigidity increase the uniform distribution of ligand molecules on drug particle surface. The
ligand length is proportional to binding affinity on cell membranes, but it is usually harder for
phagocytic cells to engulf the drug nanocrystals with longer ligands. In addition, as previously
discussed, particle size, shape, and surface texture of drug nanoparticles can also affect the
receptor-mediated endocytosis [79-83].

Some of the commonly used ligands, ligand conjugated chemotherapeutic agents and
their enhanced permeation in cancer cell models and cell lines are presented in table 2 and
discussed afterwards. Among all cell receptors, the folate receptors are commonly
overexpressed on plasma membrane of most cancer cells, including Iungs, endometrial, breast,
ovarian, and kidney cancers [84-89]. Folate receptors mediate the cellular uptake of folic acid,
also known as vitamin B9, an essential vitamin for cell proliferation. Therefore, folate receptors
are higher in rapidly dividing cancerous cells. However, the folic acid is also taken by healthy
cells via proton-coupled folate transporter and reduced folate carrier system [90-93]. Folic acid
has been extensively studied for its higher cell penetration, lower immunogenic potential, and
more straightforward modification. The effect of folic acid conjugated cellulose nanocrystals
was determined on folate receptor-positive cells, KB cells and human breast cells (MDA-MB-
468). It showed selective targeting and higher internalization in the cell lines. This proves them
as potential diagnostic imaging agents for tumor detection at the early stages [94]. Elongated
folic acid modified cellulose nanocrystals and unmodified cellulose crystals were evaluated for
their cellular uptake to human brain tumor cells DBTRG-05MG, H4 and C6 rat brain tumor
cells. Folate receptor expression of the cells was verified by immunofluorescence staining. The
modified nanocrystals exhibited higher cellular binding in DBTRG-05MG, H4, and C6 cells.
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They werel1452, 975, and 46 times higher, respectively, than nanocrystals without folic acid.
The cellular internalization was by caveole- mediated endocytosis in DBTRG-05MG and C6
cells and in H4 cells via clathrin-mediated endocytosis [95, 96].

Table 2. Ligand conjugated targeting of drugs to tumor cells and cell lines

Chemotherapeutic agents Ligands Tumor cells/ cell lines | References
Calcium fluorapatite Folic acid HepG2 and MCF-7 [97]
Campothecin and paclitaxel Folic acid Human lung cancer and | [99]

murine breast cancers

Cadmium selenide/Cadmium | Folic acid and | HeLa, KB cells [100]

Sulphide (CdSe/CdS) Biotin

Paclitaxel transferrin, MCEF-7 [20]
hyaluronic acid

Doxorubicin Transferrin HeLa [23]

Cadmium chalcogenide Transferrin H460 [107]

Folic acid-conjugated bioluminescent calcium fluorapatite nanocrystals for targeted
cancer cell fluorescence imaging were evaluated for internalization in positive folate receptor
cells. The nanocrystals were biocompatible and readily dispersible in water [97]. Furthermore,
by grafting nanocrystal’s surface with folic acid, they had highly sensitive recognition of
targeted sites. This was evaluated by confocal laser scanning microscopy regarding
fluorescence imaging of nanoprobes for folate receptor in tumor cells i.e., HepG2 and MCF-7
cells. HepG2 are human hepatocellular carcinoma cells with high growth rate and over-
expression of folate compared to MCF-7 cell lines with human breast adenocarcinoma cells
with a slower growth rate and negligible expression of folate receptors [98].

A nanocrystal formulation of hydrophobic anticancer drugs paclitaxel and camptothecin
was developed using Pluronic F127 polymer as a stabilizer by three-phase nanoparticle
engineering technology, including amorphous precipitation, amorphous aggregation, and
nanocrystal stabilization [99]. The nanocrystals encapsulated over 99% of the drug with a high
ratio of drug to excipient. Antitumor activity was evaluated in two tumor models, human lung
and murine breast cancers, resulting in significant inhibition of tumor growth by intravenous
and oral administration. The nanocrystals were further modified for targeted delivery of
paclitaxel by conjugating a folate ligand to the outer stabilizer layer of F127. The folic acid
conjugated nanocrystals were showing low cell viability. The paclitaxel nanocrystals induced
maximum toxicity at 10% concentration of F127-folate.

Biotin and folic acid functionalized Cadmium selenide/Cadmium Sulphide (CdSe/CdS)
nanocrystals were formulated by new seeded-type growth [100]. Biotin-conjugated nanorods
were evaluated by incubating in HeLa cells and exploited as an alternative class of fluorescent
molecular probes for cell and tissue imaging. Other nanocrystals conjugated with folic acid
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were studied for selective targeting on human nasopharyngeal epidermal carcinoma (KB) cells,
showed the potential of these materials for targeting and imaging specific tumor cells [101].

In addition to folic acid, the surface of nano drug delivery systems could be modified by
different agents like proteins, polysaccharides, peptides, aspartame, and small molecules that
enhance the antitumor effect [102 — 104]. Among all, transferrin has broad utility as surface-
modifier of nanocrystals for targeting tumor cells, which could be due to higher iron demand
of cancer cells and overexpression of transferrin-receptor. Therefore, transferrin-receptor
mediated endocytosis is an efficiently involved cellular uptake pathway for delivering
anticancer agents [105, 106]. Transferrin conjugated nanocrystals have enhanced
internalization into various cell lines like A549, MCF-7, MDA-MB-231 cells, HeLa cells,
Caco-2 cells human H460 cell line etc. For example, transferrin-modified paclitaxel
nanocrystals with TPGS1000 as the stabilizer were prepared successfully for oral
administration with improved intestinal absorption and resulted in higher antitumor effect [19].
Because hyaluronic acid could specially react with the overexpressed CD44 receptors on
MDA-MB-231cell line. In a study mentioned in table 1, hyaluronic acid-modified paclitaxel
nanocrystals were prepared and evaluated for cytotoxicity and cellular uptake in MDA-MB-
231 cells. Nanocrystals were having 30.8% cellular uptake whereas pure drug solution
exhibited 15 % [20]. In another study, different types of paclitaxel nanocrystals were prepared
by the nano-precipitation method. The surface of nanocrystals was modified with transferrin,
hyaluronic acid and compared with unmodified paclitaxel nanocrystals. All nanocrystals
modified and unmodified had a mean particle size of 230— 340 nm. The modified nanocrystals
were showing higher cellular uptake in MCF-7 cells. The cell growth inhibition in MCF-7 cells
was significantly higher by modified nanocrystals than unmodified nanocrystals and pure drug.
On the other hand, transferrin and hyaluronic acid-modified nanocrystals were safer in normal
cells i.e., HaCaT cells with cell inhibition 11 to 12 %, while in unmodified paclitaxel
nanocrystals and pure drug, the cell inhibition was 17 % and 23 %, respectively [18].
Transferrin modified docetaxel nanocrystals after incubation of 24 hours in A549 cells were
possessing higher cytotoxicity (66.9%+3.8%) than unmodified docetaxel nanocrystals
(55.5%=+6.1%) and pure drug (15.5%=+5.7%) at a docetaxel concentration of 100 pg/ml [23].

Stronger binding approach of ligands/biomolecules to drug crystal surface is needed to
improve cellular targeting and nanocrystal uptake. This formulation parameter of nanocrystal
modification is critical for biomedical applications. A facet engineering approach was adopted
for significantly enhancing transferrin binding to cadmium chalcogenide nanocrystals. Their
cellular uptake was evaluated by confocal microscopy on HeLa cells [107]. The stronger
binding between transferrin and nanocrystal resulted in greater uptake of these protein—
nanocrystal conjugates into HeLa cells. Transferrin binding was obtained by inner-sphere thiol
complexation, evaluated by competitive adsorption experiments and theoretical calculations.
High thiol content contributes to the higher binding of transferrin to nanocrystals possessing
soft metals by metal-thiol complexation. Further, molecular dynamics simulation revealed that
facet-dependent transferrin modification occurred by the differential affinity of crystal facets
to the monomolecular layer of water molecules, which hinders access to exposed facets [108].
Chemical complexation could be widely adopted for adsorption of ligand macromolecules onto
metal-containing nanomaterials, could be extended to different biocompatible nanocrystals
preferably containing soft metals (e.g., Au, Ag, Pt, Pd, and Zn) having a strong affinity to form
coordination bonds with thiol-containing ligands [109, 110].

Transferrin conjugated to alloyed quaternary nanocrystals was evaluated to have high
recognition of tumor sites possessing higher cellular uptake in tumor cells and low toxicity to
healthy cells. Stable, biocompatible nanoconjugate of transferrin anchored to Ag- In- Zn-S

11


https://doi.org/10.20944/preprints202107.0474.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 July 2021 d0i:10.20944/preprints202107.0474.v1

quantum dots on the surface of doxorubicin nanocrystals. The drug nanoconjugate exhibited a
concentration-dependent cytotoxic effect on tumor cells H460 cell line (human non-small cell
lung carcinoma) [111].

4. Conclusion

Advancement in pharmaceutical technology by formulating colloidal drug delivery systems
could lead to a revolution in dosage form design, drug administration, and treatment of life-
threatening diseases. Among all nano drug delivery systems, nanocrystals are pure drug
particles with a nominal quantity of stabilizing agents that could be easily scaled up for
industrial manufacturing. Nano crystallization overcomes or minimize bioavailability
problems of poorly soluble drugs. Furthermore, drug nanocrystals have the advantage of
delivering the therapeutic agents in high concentrations to the cancer tissues due to their
morphological characteristics, stabilizers, and ligand attachment. Nanocrystals could be used
for site specific targeted drug delivery with higher cell internalization, preventing normal body
tissues and minimize drug related side effects.
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