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Abstract: The development of drug-loading technology will bring new and rapid develop-
ment to the treatment of diseases. At present, drug delivery by nanoparticles, erythrocyte,
and platelet have been studied extensively. Compared with traditional anticancer drugs, nano-
drugs have shown many obvious advantages, disease treatment based on nanotechnology will
bring a revolution in cancer treatment. Due to its inherent biocompatibility, large drug load
and long half-life in the blood circulation, erythrocyte-inspired antibiotics, and some antic-
ancer drugs delivery systems have also entered the clinical trial stage. At present, there are
relatively few studies on drug delivery by platelets as carriers. It is necessary to overcome the
shortcomings of platelets, such as easy activation, deformation, thrombosis, and difficult
preservation. There are many ways to combine drugs with these carriers, and each has its
own advantages and disadvantages. It is necessary to seek the best combination scheme to
increase drug loading and reduce the damage to therapeutic components to the carriers, so as
to bring more mature and reliable methods for the clinical application of drug delivery
technology. Several drug-loading technologies and their development were described accord-
ing to various categories. The combination of drugs and carriers is summarized for better
understanding of its practical application.
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Introduction

Short drug cycle time and difficulty in local treatment of tumor sites are two major
challenges faced by traditional cancer treatment methods. Single anticancer drugs
usually lead to cancer recurrence and acquire drug resistance. Combined therapy
with multiple agents or different therapies improves the therapeutic effect, however,
side effects are greater. Scientists are making great efforts to apply drug carrier
technology to the anticancer war for solving these problems and further ensure the
safety and effectiveness of cancer treatment. In the development of nanoparticle
technology, nanoparticle-based chemical-siRNA combination therapy as an inno-
vative strategy for malignant tumors treatment, which utilizes siRNA-mediated
specific gene silencing to compensate for the incomplete anticancer effect of
conventional chemotherapy. In addition, the combination of nanoparticles (NP)
with peptide drugs, prodrugs, immunotherapy, and anti-infective drugs is also
actively being studied and striving to be applied in clinical trials as soon as
possible.! Banerjee et al, showed that rod-like nanoparticles had higher cell absorp-
tion and trans-intestinal cell transport than spherical nanoparticles, which laid the
foundation for the rational design of oral administration of nanodrugs.” In many
proposed drug delivery systems, red blood cells have become one of the better
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natural carrier systems in the history of drug delivery
because of their long life, carrying breathing gas, and
inherent ability to maintain their structural integrity.®
Drug carrier systems such as platelets and proteins have
also been studied. Overall, the development of drug deliv-
ery systems can overcome many obstacles to traditional
disease treatment.

NP as drug delivery systems

Nanotechnology is developing rapidly and contributing to
clinical medicine. Nanoscale Drug Carriers is a kind of sub-
micro particle drug delivery system, which belongs to nanos-
cale microscope. Drugs encapsulated in sub-particles can
adjust the speed of drug release, increase the permeability
of biofilm, change the distribution in vivo, and improve the
bioavailability. NP are solid colloidal particles ranging in size
from 10 to 100 nm used as a core in functionalization
systems. They are generally composed of natural or synthetic
macromolecule substances and can be used as carriers for
conducting or transporting drugs. At present, NP used in
medical treatment are generally accepted in size less than
100 nm.* Due to the difference of materials and preparation
technology, nanospheres and nanocapsules can be formed,
which are collectively called NP. Solid lipid nanoparticles
(SLN) are a new nanoparticle delivery system, which is being
developed in recent years. SLN are a new nanoparticle deliv-
ery system, which is developing in recent years. It uses solid
lipid (natural or synthetic) as a carrier and wraps drugs in
lipid nuclei to prepare solid colloidal particles with a particle
size of 50-1000 nm. The chemical materials of nanomater-
ials are chitosan, gelatin, branched polymers, carbon-based
carriers, etc.* Nanometer carrier used in medical applications
must be biocompatible without causing an immune response
or any negative effects. Drug-controlled release carriers can
be achieved by changes in the physiological environment
such as temperature, pH, osmotic pressure, or by enzymatic
activity when drug nanometer carrier reach diseased tissues.’
In order to avoid injury to the patient’s body, smaller NP are
easily removed by tissue exosmosis and kidney, while larger
NP are quickly conditioned and cleared from the bloodstream
by macrophages of the reticuloendothelial system (RES).®
Carbon nanomaterials and other drug carriers have been
studied. Liposomes are the earliest drug carriers.
Liposomes, NP based on solid lipids, dendrimer nanometer
carrier, carbon nanomaterials are drug carrier has been stu-
died, such as the drug carrier of Liposomes was among the
first to be studied.” In recent research, drug delivery system
based on polymer micelles is a new kind of nano-carriers,

forms micelles in water which possess hydrophilic and
hydrophobic groups at the same time and can solubilize and
encapsulate drugs.®

Advantages and disadvantages
Nano-drug delivery vectors show the advantage of enhanced
permeability and retention effects in cancer tissues, which are
caused by leakage of blood vessels and inefficient lymphatic
drainage.” Nanodrug delivery systems can release encapsu-
lated molecules from nanometer carrier in a precise manner
over time to maintain drug concentration in the therapeutic
window, or they can be triggered by specific stimuli at
a required release site. The nanometer carrier can improve
the solubility and stability of encapsulated drugs and provide
an opportunity to re-evaluate drug candidates previously
neglected due to poor pharmacokinetics. Site-specific drug
delivery can be achieved by using NP administered through
different routes. Enhancing the solubility of highly hydro-
phobic drugs, providing sustained and controlled encapsu-
lated drugs, and improving targeted therapies and specific
ligands are also the advantages of nano-drug delivery
technology.'®'" The research of inorganic layered nanoma-
terials in biomedical applications has also been progressing,
because it has the advantages of adjustable particle size,
crystal structure, aspheric shape, and high ion exchange
capacity.” Polymer micelle drug carrier is a kind of potential
drug delivery system with good stability, strong drug-loading
ability, and small particle size. It extends the application of
the colloidal system in drug-controlled release and
targeting.'> However, the environmental pollution caused
by NP, the possible adverse effects of residual substances
after drug release, and the toxicity of drugs to non-target
organs need to be further studied. Limited lifetime of biode-
gradable NP may be conducive to solving these problems.
Due to the many factors affecting the toxicity of NP and the
difficulty in predicting these toxicities, it is necessary to study
the toxicology of each new drug delivery systems
preparation.'?

Application and development

With the development of nano-drug-loading technology,
drug production will achieve the goal of low cost, high
efficiency, and automation. The role of drugs to achieve
organ targeting will also be the focus of cancer treatment
research in the 21st century. Nano-drug delivery technology
overcomes many shortcomings and insurmountable pro-
blems of traditional drug, provides a new way for the
research of new drug delivery systems (Table 1)."*'® For

submit your manuscript

1402

Dove

Drug Design, Development and Therapy 2019:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Du and Chen

Table | Examples of therapeutic moieties loaded by nanoparticles/erythrocytes/platelet

Drug carrier | Drug Approaches Application First researcher
Nanoparticles Paclitaxel Cyclodextrin nanoparticles MCF-7 human breast cancer cell line | Varan G'*
Doxorubicin Injectable nanoparticle generator (iINPG) | Metastatic breast cancer Rong X!'s
Dexamethasone Lipid nanoparticles Ocular drug delivery system Junfeng B'®
HIV integrase Gold nanoparticle HIV infection Garrido C"7
Vincristine sulfate | Liposome Non-Hodgkin lymphoma Rodriguez MA'®
Daunorubicin Liposome Acute myeloid leukemia Fassas A'°
Erythrocyte Enzyme Hypotonic dialysis, Fusion with liposomes | Enzyme deficiency related diseases Favrett ME?®
Dexamethasone Hypotonic dialysis Ulcerative Colitis Bossa F*
Fasudil Hypotonic dialysis Pulmonary arterial hypertension Gupta N7
L-asparaginase Conjugation to cell-penetrating peptides Acute lymphoblastic leukemia Kwon YM?®
Pravastatin Endocytosis Hypercholesterolemi-a Harisa GE*
Platelet Epidoxorubicin Encapsulation Myeloma Lu D32
Doxorubicin Encapsulation Lymphoma Peipei X
Factor viii Encapsulation Hemophilia A Shi Q*
Factor iX Encapsulation Hemophilia B Shi QZ**

example, the research of polymer micelles as drug carriers
mainly focuses on the delivery of two kinds of drugs. The
first type is highly effective, toxic, and insoluble drugs,
mainly including anticancer drugs, such as paclitaxel and
doxorubicin. The second category is the drugs with the
unstable physiological environment and low cell uptake
rate, mainly genetic drugs, such as DNA (Figure 1).

Erythrocyte-inspired delivery
systems

Erythrocyte is double-sided concave round cakes with
thicker edges and thinner middle shapes that allow them to
maximize oxygen uptake from their surroundings. It also has
flexibility, which allows it to pass through capillaries and
release oxygen molecules, usually 6-8 microns in diameter.
The function of red blood cells is to transport oxygen, carbon

Eryth rocyte\>

Conjugation

@3

Encapsulation

>< @

Drug

Platelet

<>

Nanoparticles

Figure | Schematic of possible therapeutic applications of nanoparticles/erythro-
cyte/platelet drug carriers. Erythrocytes mainly target reticuloendothelial system
(RES)-related organs (liver, bone marrow, spleen, etc.), while nanoparticles mainly
target tumors and circulating system. Platelets mainly target tumors at present.

dioxide, electrolytes, glucose, and amino acids, which are
essential substances for human metabolism. In addition, they
also play a buffer role in acid—base balance and enhance
phagocytosis, immune adherence, defense and so on. The
half-life of human erythrocytes ranges from 100 days to 120
days. In adults, there are about 2-3x10"* order red blood
cells. The function of the erythrocyte is to transport oxygen,
carbon dioxide, electrolytes, glucose, and amino acids, which
are essential substances for human metabolism. In addition, it
plays a buffer role in acid—base balance, and also enhances
the role of phagocytosis, immune adherence, and defense
against infection. These characteristics lay the foundation
for red blood cells as drug carriers.

Receptors, proteins, and functional groups on erythro-
cyte membranes provide binding sites for antibodies and
drugs. Red blood cells also have good biocompatibility
and biodegradability, so that they do not cause the immune
reaction and produce toxic by-products. Importantly, the
properties of erythrocyte membranes allow for higher drug
loading and slower molecular release.”® Presently, the
ability of scientists to manipulate erythrocyte membranes
is increasing. The combination of polymer NP with ery-
throcyte membranes not only gives it the same long cycle
life as natural red blood cells, but also optimizes the
retention and release of controlled drugs.>' Erythrocyte
as drug carriers can form different drug delivery systems,
encapsulating drugs into non-diffusive prodrugs and
releasing them in circulation, or combining drugs with
protein or protein domains and encapsulating them into
red blood cells are common ways.*
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Advantages and disadvantages
Erythrocyte drug delivery system can deliver many kinds
of materials, such as small molecule drugs, bioactive
agents, liposomes and so on. Through membrane modifi-
cation, these carriers can achieve drug delivery to many
specific targets and promote the realization of targeted
drug delivery. Because of the limitation of blood cell
membranes, drugs will be released in a controlled manner,
resulting in a significant reduction in steady-state concen-
tration fluctuations.”> Changes in osmotic pressure during
encapsulation may result in damage to erythrocyte mem-
branes and changes in mechanical stability, plasticity, and
permeability of erythrocytes. However, the preparation
strategy of erythrocyte vectors has not been standardized
and so the storage risk of erythrocyte vectors and blood
contamination during drug loading is high.?

Application and development

Drug delivery system based on erythrocyte has attracted
great attention because of the characteristics of high safety,
long circulation, high drug loading, and low immunogeni-
city. It is a promising drug delivery system.** Since red
blood cells are engulfed by macrophages in the liver and
spleen, they can introduce drugs into the RES of cells, thus
contributing to the treatment of macrophage-related liver
diseases (Figure 1). Erythrocyte-based delivery vectors
have been developed to deliver a variety of therapeutic
agents, including proteins, nucleic acids, and small mole-
cule drugs, and some of them have entered the clinical trial
stage and are used to treat various diseases, such as cancer-
targeted therapy (Table 1).2*52° It can be seen that the
clinical application of this delivery method has strong
momentum for both solid tumors and hematological
tumors, with the implementation of the combination of
asparaginase and RBC vectors which can be used to treat
acute lymphoblastic leukemia.>> Commonly used che-
motherapeutic drugs such as vincristine and methotrexate,
which are encapsulated in red blood cells, can improve
their efficacy in vivo and prolong the effective time of
treatment.*”

Platelet-inspired delivery systems

Platelets are small pieces of cytoplasm released from the
cytoplasm of mature megakaryocytes in bone marrow.
Normal platelets in circulating blood are concave, oval or
disc-shaped on both sides. The average diameter of human
platelets is about 2—4 microns, the thickness is 0.5-1.5

microns, the average volume is 7 cubic microns, the nor-
mal value in vivo is about 100-300x10%/L, and the aver-
age life span is 7-10 days. Since platelets can move and
deform, they are multiform when observed by general
methods. The main functions of platelets are coagulation
and hemostasis, repairing damaged blood vessels. In the
past decades, many studies have identified receptor—ligand
interactions between activated platelets and cancer cells,
including P-selectin ligands (cancer cells) — P-selectin
(platelets), allbP3 integrins (cancer cells and platelets) —
fibrinogen (plasma), anda2fB1 integrins (cancer cells and
platelets) — Collagen (extracellular matrix) and so on.”’
Tumor cells can induce platelet aggregation, while acti-
vated platelets protect or shield circulating tumor cells
from physical factors such as intravascular shear stress,
and help them escape epidemic surveillance. Importantly,
platelets can also cause tumor cells to migrate to second-
ary sites on the vascular wall. Proteinases and cytokines
secreted by platelets promote the formation of new blood
vessels, which are essential for tumor-related angiogenesis
and growth. These results laid a foundation for the appli-
cation of platelet drug delivery technology in the treatment
of cancer diseases.'* In platelet drug delivery systems,
drugs are artificially exposed to agonists to facilitate their
release. However, heterogeneity and complexity of cancer
biology indicate that platelet-cancer cell adhesion using
the same receptor—ligand interaction may lead to deviation
of therapeutic objectives.'?

Advantages and disadvantages

The advantages of using platelets as drug delivery carriers
are as follows: a) platelets are readily available blood cells,
b) through technical controlling, platelets can be exposed to
agonists to release drugs. However, platelets are easily
activated, deformed, and aggregated to form a thrombus,
and their cytoplasmic components are complex. In the pre-
paration of platelet carriers in vitro, centrifugation, washing,
blowing, and temperature changes cause platelet activation
and thrombosis, making the preparation of platelet carriers
more difficult, with low yields and short periods of preser-
vation. Kabiramide C is mainly used to inhibit platelet
aggregation in platelet-mediated drug delivery technology,
but it is harmful to human body, so finding a more suitable
platelet inhibitor is also a challenge. Similar to the limita-
tions on proper storage and contamination of red blood
cells, platelets have similar problems. In genetic therapy, it
is not clear whether platelet-specific gene expression affects

. . 2
the expression of endogenous proteins.*°
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Application and development

Platelet cytoplasmic components are more complex than red
blood cells, and the characteristics of easily deformed and
thrombosis make the preparation of platelet vectors more
difficult. These factors make the related research of platelet
vectors less. At present, more studies are focused on the use
of platelets as carriers to transport DOX. Sarkar et al,
showed that platelet-mediated DOX release can be effec-
tively used in the clinical treatment of lymphoma.®' At the
same time, many studies have suggested platelets can inspire
a variety of therapeutic and targeted antibodies to achieve
tumor immunotherapy (Figure 1), and can also be used in

cardiovascular and neurological diseases (Table 1).3*7°

Combination of drugs with carriers
There are two main ways of drug carrier binding: drugs are
encapsulated in cells or coupled onto a cells surface (Figure 2).
In a drug delivery system with red blood cells as carriers, in
order to achieve a better drug delivery effect, the two binding
modes imitate the natural transport function of red blood cells
as much as possible. Encapsulation helps to separate drugs
from the body, but problems such as damage to carrier cells,
storage of cells in later stages, and quality control need to be
solved. These problems are particularly evident in drug deliv-
ery systems mediated by red blood cells, because there is no
vesicle pathway to internalize external compounds on the sur-
face of red blood cells.

Drugs are encapsulated in cells

Hypotonic method

The hypotonic method developed in the 1970s is consid-
ered to be the standard method for encapsulating drugs. In
a low osmotic solution, red blood cells can be used as

Drug load erythrocyte Drug load nanoparticles

BN

Spleen

Drug load platelet

Liver

Tumor

Bone marrow
Clrculatmg

system

Figure 2 Encapsulation and conjugation are two main ways that drug attached to
the carriers. Drugs can be encapsulated in erythrocyte or bound to cell membranes
when erythrocyte is used as carriers. Drugs are mainly encapsulated in carriers, if
nanoparticles or platelets are used as drug delivery carriers.

osmometers and can expand reversibly to 25% of their
original volume. Pores of 200-500 size are temporarily
formed in the membrane, so substances can enter red
blood cells through these holes. Under the condition of
carefully controlling and restoring the isotonicity of the
solution, these pores can be re-encapsulated and most of
the biophysical and immunological characteristics of red
blood cells can be preserved.>' Hypotonic dilution is con-
sidered to be the simplest and fastest encapsulation
method. It is the first process of loading therapeutic frac-
tions into red blood cells.?’ However, the damage caused
to erythrocytes by this technique is great. Hemolysis,
exposure to phosphatidylserine, changes in cell morphol-
ogy and membrane structure makes it necessary to monitor
the loading process closely. More seriously, impaired bio-
compatibility of resealed red blood cells may be the big-
gest problem. Studies have shown that premature
withdrawal from circulation may result in changes in
membrane stiffness, further affecting cell shape, and redu-
cing the deformation capacity required by cells through
microcirculation.”>*® According to the same osmotic dis-
solution principle, but with different procedures, low
osmotic hemolysis, low osmotic dilution, and low osmotic
dialysis technologies have been developed successfully.
The maturity of these technologies has also led to the
development of red blood cell loaders, which allow drugs
to be automatically packaged into red blood cells, provid-

ing a way to capture goods within RBCs.

Cell-penetrating peptides

Membrane-penetrating peptide is a new method used in
erythrocyte drug delivery system in recent years. In the
1990s, it was found that a polypeptide consisting of 60
amino acid residues in the antennal homologous region of
amphibian Drosophila could penetrate the cell membrane
and drive the internalization of intracellular bioactive
substances. Generally, the binding of CPP to membranes
requires electrostatic interaction or amphiphilicity of pep-
tides. Its two main families are arginine-rich and proline-
rich. Many amphiphilic characteristics of CPP allow it to
fold into alpha-helical and beta-sheet structures, some of
which fold only in the presence of membranes, while
others tend to present secondary structures in solution
before interacting with membranes.>’” Compared with
the low osmotic method, the damage to cell membranes
is more serious. Polypeptides can enter the cytoplasm or
even the nucleus through the cell membranes, but the cell

membranes are intact. Membrane-penetrating peptide
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consists of 16 amino acids, including seven positive
residues and two very important Trp residues (Trp48
and Trp56). Membrane penetration may be caused by
the interaction of Trp48 and Trp56 residues and other
charged residues with cell membrane lipid matrix.
Different from electroporation, microinjection, and other
methods, there are some shortcomings, such as low mole-
cule introduction rate, easy to cause cell damage and
even death. Perforating peptide has many advantages,
such as high affinity of cell membrane, fast penetration
speed, and rapid degradation.38 In clinical research, the
use of CPP to introduce insulin into cells for the treat-
ment of diabetes mellitus, delivery of cytotoxic drugs for
cancer, and delivery of low-concentration toxic drugs to
the heart provide a very promising way.*” A large number
of experiments have shown that CPPs combined with
some anticancer drugs can increase the membrane perme-
ability, drug release, and drug accumulation of cancer
thereby
cancer.*’

cells, improving the therapeutic effect of

Electroporation

Electroporation, also known as electrical transfection,
improves the permeability of cell membranes instanta-
neously through the high-intensity electric field, thus
absorbing foreign molecules in the surrounding media.
This technology can transfer nucleotides, DNA and
RNA, proteins, carbohydrates, dyes, and virus particles
into prokaryotic and eukaryotic cells. Electroporation is
a valuable and effective alternative to other physical and
chemical conversion methods. At present, it is generally
accepted that the description of the results of electropora-
tion is the formation of water holes in lipid bilayers.*!
Electroporation increases the permeability of cell mem-
branes through non-thermal and non-chemical pathways.
Kinosita and Tsong believe that ideal membrane perme-
ability can be obtained by transient electrolysis when red
blood cells are exposed to a strong external electric field."
The development of standard electroporation and the inte-
gration of integrated therapy should bring more accurate
and less side effects to the treatment of tumors and infec-
tious diseases.*® Electroporation is essentially a physical
method, so it does little damage to cells, and has the
advantages of low toxicity and high efficiency.*
Spugnini et al, suggested that electroporation could
improve the efficacy of bleomycin in the treatment of
periocular and advanced head squamous cell carcinoma

. . . 4
in cats with periocular cancer.*

Drug coupling with the cell

membrane

In the traditional strategies, reversible or irreversible cou-
pling between the therapeutic part and erythrocyte is the
most widely used strategy. In addition to biotin-avidin,
various drugs, such as viral antigen, immunoglobulin,
and daunorubicin may also be bound to the surface of
red blood cells through nonspecific chemical crosslinkers.
Reagents are attached to the RBC surface through physical
interaction. For example, polystyrene particles can adhere
to RBC surface through nonspecific van der Waals and
hydrogen bonds, which work through electrostatic force
and hydrophobic force between particles and erythrocytes,
respectively.’® Covalent ligation can accurately control the
number of drug molecules connected to nanometer carrier,
so it has advantages over other ligation methods.” Biotin-
avidin is also a commonly used chemical conjugate
because of its high cell tolerance. Another way to attach
drugs to red blood cells is to anchor affinity ligands such
as peptides, antibodies, and antibody fragments onto the
surface proteins of red blood cells, and then attach drugs to
these ligands.

Conclusion

Up to now, the development of drug-loading technology is
not perfect, and the drug delivery method based on NP is
only used in the treatment of leukemia. In the preclinical
model of leukemia, Dr. AK Rajasekaran and his team
improved survival and quality of life through nanotechnol-
ogy. The capsule of the drug, which was given a standard
dose of 1/3, had good results and had no significant side
effects. In addition, mice treated with NP had longer survi-
val times than those who were given drugs in the traditional
way. In the past decade or so, with the development of
technology, the carriers of drug delivery have varied, but
most of the drug delivery technologies have focused on
tumor-targeted drugs, and the kinds of drugs transported
and treated diseases are limited, drugs are absorbed into
the body. “Dose-time” changes in distribution, metabolism,
and excretion, or changes in “concentration and time” in
blood, also need to be further studied, and the goal of drug
delivery systems is to develop practical clinical treatments
for patients. It is not enough to build a new distribution
system.*** Searching for high-quality materials to deliver
drugs to target cells, using cell-specific gene expression and
disease physiology to increase drug targeting are challenges
that will continue to be faced in the future and will have
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a significant impact on human health. Moreover, drug deliv-

ery technology with NP as a carrier can also participate in

the completion of gene editing. The new gene editing drugs

have more advantages than traditional drugs.*® In recent

years,

biomimetic nanopharmaceutical systems have

become a hot topic in the field of nano-drug delivery.

These carrier systems are mainly based on a variety of

cells (red blood cells, immune cells, stem cells, etc.) or

extracted cell membranes. It is the basic condition for

these carriers to be used as a drug carrier system to ensure

their approximate physiological state. At the same time, the

drug encapsulation rate of cells is generally low, for exam-

ple, when RBCs are used, the drug encapsulation rate is less

than 20%. Traditional methods, such as dialysis and elec-

troporation, have many disadvantages. The membrane-

penetrating peptide and the newly developed chemical bin-

der have been greatly improved. Therefore, it is very impor-

tant to use different encapsulation methods to achieve the

targeting and safety of drug delivery more efficient. Animal

and clinical experiments must be done to test the efficacy

and safety of cell-drug binding. Although there are still

many problems to be solved in the drug carrier system

and encapsulation technology at present, its unique super-

iority is bound to present a better prospect with the devel-

opment of science and technology.
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