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ABSTRACT

This research work is focused on development and characterization of the easily
manufacturing nanostructured systems for enhanced delivery of cytostatic agents
based on irinotecan and curcumin. Developed nano-systems only consist of active
therapeutic substances and possess good physiochemical stability and redispersibility
of its lyophilisates. Both in vitro and in vivo tests showed improved effectivity of the
prepared nanoformulations in comparison with pure cytostatic analogues with
simultaneous significant suppressing of the side effects that is promising for further
clinical trials.

ABSTRAKT

Tato vyzkumnd price je zaméfena na vyvoj a charakterizaci snadno pfipravitelného
nanostrukturovaného systému pro zlepsené doddvani cytostatik na bazi irinotekanu a
kurkuminu.  Vyvinuté nanosystémy se sestivajil pouze z  aktivnich
chemoterapeutickych litek a vykazuji velmi dobrou fyzikilné¢ chemickou stabilitu a
redispergovatelnost jejich lyofilizdtu. Testovani in vitro a in vivo prokdzaly zvysenou
Ucinnost pripravenych nanoformulaci oproti ¢istym analogickym cytostatikiim pfi
vyznamném potlaceni negativnich vedlejsich acinkd, coz pfinisi dobré predpoklady
pro nislednd klinickd testovani.






1. INTRODUCTION

Cancer becomes the second leading cause of death globally. Chemotherapy based on
small molecules remains one of the most effective ways to fight against various cancers
via utilising chemical substances to stop cancer growth either by directly killing the cells
or preventing these cells from division. Nevertheless, more than 80% of drug
candidates and 40% of marketed drugs show very poor water solubility and limited
bioavailability[1, 2], severely hindering their clinical formulation and translation. Free
drugs, when administered into bloodstream, are subjected to various metabolic
processes, primarily renal clearance and distribution in non-target tissues. These
processes not only reduce the drug concentration at the target sites but also increase
the likelihood of unwanted side effects.

In order to overcome the intrinsic shortages of these useful small molecules, a
dramatically large amount of materials have been developed and optimised as carriers
for the delivery of these molecule, including those directly obtained from natural
resources, such as various kinds of natural polysaccharides, and those synthesised by
human beings, such as the synthetic polymers. The materials are usually covalently
conjugated with the free molecules to alter the chemical structures and chemophysical
properties of the small molecules[3, 4] or utilised as carriers viz forming different
nanoparticular systems with various nanostructures to transport these small
molecules[s], such as nanoparticles, dendrimers, micelles, polymersomes and so on.

The specific nanostructures of these unique carrier forms provide the small
molecules many different features compared to those traditional formulations. For
instance, the tumour-specific deposition feature, also known as the enhanced
permeability and retention effect, occurs when the nanoscale particles extravasate out
from the tumour vasculature, causing the particular accumulation of drug molecules
in the solid tumour interstitia[6]. These materials used as carriers in the drug
formulations may not only change the apparent behaviour of drug molecules inside
the body but also provide them with more functional possibilities.

However, the utilisation of these materials in drug formulations also brings more
uncertainty at the same time because of the compatibility and safety problems.
Considering these, until now only very few polymers have passed the clinical screening
and been approved by the U.S. Food and Drug Administration (FDA) to be used
inside human bodies. Another obstacle which heavily limits the clinical translation of
the carrier-based drug formulations is the uniformity of these nanoparticles during
preparation and the physiochemical stability after lyophilisation.



In this research, we aim to develop an easy-manufacturing drug self-delivery system
based on drug molecules themselves without the extensive use of carrier materials in
the nano formulations, which can be used to enhance the anti-cancer efficacy of the
chemotherapeutic agents as well as to ameliorate their side effects caused to the bodies.

In the theoretical part, a review of cancer treatment methods based on the modern
therapeutic technologies is reported, including the strategies used for the treatment of
different cancers, the chemophysical properties of materials used for the delivery of a
diversity of chemotherapeutic agents, the drug delivery systems with various
nanostructures suitable for delivery of different drug molecules, and the problems
faced during the construction of these drug delivery systems.

In the experimental part, a drug self-delivery system based on the anticancer agents
has been constructed. Their physiochemical properties are explored and their
enhanced therapeutic efficacy and ameliorated side effects are verified on both iz vitro
and 7z vivo models.
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2. CANCER TREATMENT

2.1 Global Cancer Burden

Cancer is a group of diseases associating with the uncontrollable growth of cells
which may further invade other parts of the body. According to the statistical data
from world health organisation (WHO)[7], cancer becomes the second largest cause
of death globally and is responsible for a nearly 1o million deaths in 2018, which means
1in 6 deaths is caused by cancer. The most common confirmed cancer types include
lung cancer([8], breast cancer[9], colorectal cancer[1o], stomach cancer[1r] and skin
cancer, and more than 1 million cases are confirmed in each cancer type in 2018. While
the most common causes of cancer deaths involve lung cancer, colorectal cancer,
stomach cancer, liver cancer and breast cancer.

20.97% The Americas

18.1 Million 5.84% Afica

o .
48.40% Asia New Cancer Cases

1.39% Oceania

23.40% Europe

Figure 2.1-1 Global cancer incidence in 2018

These high incident cancers show very close relationships with genetic factors of
people and their personal characteristics and habits, such as the ages which dramatically
increase the cancer incident rates as getting older[12, 13], the physical inactivity[14]
which is connected to the personal immunity, exposure to strong ultraviolet and
ionising radiation interrupting the normal cell activities[15], the abuse of tobacco and
alcohol[16], the possible microbial infections[17] and so on.
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14.45% The Americas

7.30% Afica

0.07% Oceania
9.6 Million

57.71% Asia Cancer Deaths

20.47% Europe

Figure 2.1-2 Global cancer mortality in 2018

Generally, to reduce the cancer burden is to avoid the related key risk factors, which
could significantly reduce the incidence of most cancers. For instance, the use of
tobacco is one of the most important high risk factors, which causes around 1 in §
cancer-related deaths globally in 2016[18]. Besides, early detection such as early
diagnosis and screening is another effective way to dramatically reduce the incidence of
cancer mortality because cancer is more likely to be controlled when identified and
treated early. Usually, significantly positive results can be expected in the lives of cancer
patients by early detection and avoidance of delay in palliative care.

2.2 Methods for Cancer Treatment

The primary goal for cancer treatment is simply to cure cancer or significantly
prolong the lifetime of cancer patients. Another aspect of cancer treatment is to
improve the life quality of patients, which also plays a pivotal role for cancer patients.

While the correct cancer diagnosis is usually the very important first step for the later
cancer treatment as individual patients may require a specific therapeutic regimen
according to the different cancer types and the various physical conditions of patients.
Besides, for a specific cancer case at different stages, more than one treatment
modalities are usually combinatorially used in order to maximally control the
development of caners, such as radiation therapy in combination with chemotherapy.
During the decades researches on the treatment of cancers, many therapeutic methods
have been developed and used in clinical to help prolong the lifetime of cancer patients,
such as surgery[19], radiation therapy[20], chemotherapy[21], immunotherapy([22],
stem cell therapy[23] and hormone therapy[24].
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- Stem cell transplants

Radiation therapy Hormone therapy
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Figure 2.2-1 General cancer treatment methods

2.2.1  Surgery

Surgery, when used for the treatment of certain types of solid cancers, is a procedure
in which the surgeons directly remove cancer tumours from the body. Depending on
the physical conditions of the patients, the part of body that requires surgery and the
amount of tumour tissues that need to be removed, the processes of surgeries may be
open or minimally invasive, which essentially cause different degrees of trauma to
patients and take varying time to be recovered from surgeries.

Surgery is especially suitable for the treatment of solid tumours at very early stages,
which generally indicates that the tumour tissues are still contained in one local area
without spreading to other parts of the body. According to the actual situation, surgery
can be used to remove the entire tumour or just parts of the tumour tissues if the entire
removing would cause the dysfunction or damage of some other organs[2s].
Sometimes surgery is also utilised to just ease the pressure to a particular organ caused
by tumour tissues inside the body.

However, surgery may also cause some symptoms. Many people may suffer from
the pain after surgery for a long time, which totally depends on the extent of surgery,
the part of the body where surgery is operated on and the sensitivity of patients to pain.
In some cases, pain control is necessary for some patients[26]. Another common risk
for surgery treatment is the infection occurs at the wound sites after surgery, which
may need to be treated with some antibiotics for a certain range of time[27]. Some
other related problems of surgery include bleeding, damage to the nearby organs and
so on. Therefore, the possible palliative care and other supports should be provided for
the patients to ease their suffering after surgery, which would help people live more
comfortably.
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There are also some limits of surgeries to be used for the treatment of cancers. For
instance, surgery cannot be used for leukaemia which is a type of blood cancer. In some
other cases, because of the weak physical conditions of patients or the late stages of
cancers which means the cancers have already spread to other parts of the body, surgery
can only provide very limited help. Therefore, in addition to surgery, some other
methods are also used to treat cancers.

2.2.2.  Radiation therapy

Radiation therapy[20] (also called radiotherapy) is another common treatment
method which has been widely used in clinical to treat various cancers as well as to ease
the caner symptoms. Radiation therapy uses high doses of radiation to kill cancer cells
and shrink the tumour seizes. At high doses, the radiation would permanently damage
the DNA of cancer cells whose proliferation therefore are prevented. Finally, these
damaged cancer cells would die and be removed by the body. Usually, this process
would last for several weeks or months to keep the cancer cells dying after radiation
therapy ends because the radiation would notkill the cancer cells right away.

According to the sources of the radiation, radiation therapy can be classified into
two main classes, namely external beam radiation therapy[28] and internal radiation
therapy[29]. External beam radiation therapy is based on a large machine which aims
its radiation at the local cancer sites. For instance, patients with lung cancers might
only be exposed to radiation at the chest instead of the whole body. Internal radiation
therapy is a treatment method whose radiation source is inside the body. Internal
radiation therapy with solid radiation sources (also called brachytherapy[30]) coming
from seeds, ribbons or capsules which are placed near the tumours inside the body
would only produce local anti-cancer effects as well. While internal radiation therapy
with liquid radiation sources would take a systemic therapeutic effect as the treatment

agents would travel in the blood to the whole body before being eliminated from the
body(31].

Many factors would affect the practical applications of this method for cancer
treatment, such as the cancer types, the tumour sizes, the location of tumours, the
physical conditions and ages of patients and so on. External beam radiation therapy
can be used for the treatment of various cancers because of its machine-based local
therapeutic effects. Brachytherapy is usually utilised to treat eye[32], head[33],
neck[34], breast[3s] and prostate[36]. While the systemic therapeutic radiation
therapy is often used for thyroid cancer[37] and advanced prostate cancer[38].
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Usually, radiation therapy would be used in combination with other cancer
treatment methods to achieve a better therapeutic effects. For instance, radiation
therapy might be given before, during or after other cancer treatments. Radiation
therapy might be given before surgeries to significantly shrink the cancers which hold
large sizes. Radiation given during surgeries would directly go to the cancer tissues
without interrupting any normal tissues. The duration of radiation therapy would
depend on the cancer types and primary goal of this treatment, namely treating the
cancer or easing the symptoms.

The limits and drawbacks of radiation therapy are also obvious. For instance, over
the course of lifetime, an area of body can only safely receive limited amount of
radiation. Besides, radiation therapy would cause damage to the nearby healthy cells
during treatment, which would further produce some other side effects, such as
fatigue, hair loss, skin changes, test changes and so on[39].

2.2.3 Immunotherapy

Immunotherapy is another cancer treatment method which helps the own immune
system of the body to fight against cancers. Generally, the body immune system, which
consists of a complex network of cells and proteins, could detect and try to destroy the
abnormal tumour cells to prevent the growth of cancers. However, these cunning
cancer cells have their own ways to avoid being eliminated by the immune system by
changing their genes or directly turning off the immune cells through expressing some
specific proteins on their surfaces, which is why immunotherapy is needed for the body
immune system to better fight against cancers.

According to the different action mechanisms, several types of immunotherapy
have been used to treat cancers, including immune checkpoint inhibitors[40], T-cell
transfer therapy[41], monoclonal antibodies[42], treatment vaccines[43] and immune
system modulators[44].

Immune checkpoints are a part of the body immune system, which basically helps
to reduce the sensitivity of an immune response to normal cells and avoid killing these
healthy cells in the body. The proteins on the immune cells are called immune
checkpoint proteins. When the proteins on the tumour surface bind to the immune
checkpoint proteins, an “oft” signal would be sent to the immune cell, which stops the
immune system from killing the cancer cells.

Immune checkpoint inhibitors (also called immunotherapy drugs) would prevent
the immune checkpoint proteins from binding to their partner proteins on the tumour
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surface and inhibit the “off” signal which silences the immune cells, subsequently
allowing the immune system to kill cancer cells. Drugs which work as immune
checkpoint inhibitors include CTLA-4 and PD-1. Immune checkpoint inhibitors have
been approved to be treat various cancers, such as breast cancer, colon cancer, liver
cancer, lung cancer and so on. This cancer treatment would also cause some adverse
effects, including rash, diarrhoea, fatigue and widespread inflammation.

T-cell infusion is another type of immunotherapy, which works by boosting the
natural ability of T cells in the body to fight against cancers. There are two main types
of T-cell transfer therapy, namely tumour-infiltrating lymphocytes therapy[45] and
CAR T-cell therapy[46]. With this treatment method, T cells would be collected from
the patients and then infused back into the patients after massive cultivation in the
laboratory. Two CAR T-cell therapies, namely tisagenlecleucel[47] and axicabtagene
ciloleucel[ 48], have been approved by the Food and Drug Administration for blood
cancers.

T-cell infusion has also been studied to treat solid cancers, such as breast cancer and
brain cancer. However, one known serious side effect caused by CAR T-cell therapy is
the cytokine release syndrome. Cytokines are immune substances which would be
largely released when the immune cells respond to the new T cells. A sudden increase
of cytokine levels in the blood would cause unexpected adverse effects, such as fever,
headache, rash, nausea, rapid heartbeat and so on. Besides, although the CAR T cells
are specifically designed to bind to the tumour cells, sometimes they might be also
recognised by normal cells causing organ damages.

Monoclonal antibodies are also called therapeutic antibodies, which are immune
system proteins specifically designed and synthesised in the laboratory to interact with
the targeted cancer cells[49]. They may be used to mark the cancer cells for being better
recognised by the immune system or to directly help bring the immune cells close to
cancer cells and kill cancer cells[so]. Many monoclonal antibodies have been developed
to treat a large variety of cancers. Like other immunotherapies, monoclonal antibodies
would also cause unexpected problems, such as skin reactions, flu-like symptoms,
serious infections and capillary leak syndrome.

Cancer treatment vaccines[si] are another type of substances which work by
strengthening the response of immune systems to cancer cells. These vaccines are
designed to work against cancers instead of preventing the factors those cause cancers
because cancer cells would usually express some tumour-specific antigens which are
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not identified on normal cells. The treatment vaccines can help the immune system to
better recognise the cancer cells.

According to the different sources, the cancer treatment vaccines can be made from
the tumour cells or dendritic cells of a specific cancer patient[s2] or tumour-specific
antigens that are isolated from cancer cells of many people with one same type of
cancer[s3]. Another type of cancer treatment vaccine is the oncolytic virus[s4], which
could infect and destroy cancer cells without harming the healthy cells. Cancer
treatment vaccines have been used to treat spread prostate cancer[ss] and melanoma
that returns after surgery[s6]. Cancer treatment vaccines would produce some side
effects, such as allergic reaction, stroke, flu-like symptoms.

One more type of immunotherapy is called the immune system modulator[s7]
which is used to enhance the response of the body immune system to cancer cells. Some
modulator substances can work locally on some specific parts of the immune system
while some others may affect the whole immune system in a more general way.

Several immune system modulators have been developed and utilised to work
against cancers in different ways. For instance, interferons could enhance the body
immune response to cancers by activating certain white blood cells, such as the natural
killer cells and dendritic cells. Interleukins can boost the number of some kind of white
blood cells in the body, including killer T cells and natural killer cells, to strength the
immune response[s8]. They can also help B cells to produce some substances which
can target cancer cells. Some other immune modulators (Hematopoietic growth
factors) are used to reduce the side effects caused by cancer treatment. A variety of
blood cells may be also damaged during cancer treatment while the immune modulator
substances could promote the growth of these blood cells. For instance, Erythropoietin
has been used to promote the production of red blood cells[59] and interleukins -1r can
increase the platelets in the blood[60]. Immune modulators can cause some flu-like
side effects, such as fever, chills, weakness, dizziness, headache and fatigue[é61].
Sometimes cytokines may produce many serious unexpected adverse effects, including
trouble breathing, abnormal blood pressure, severe allergic reactions, skin reactions or
even organ damage.

Immunotherapy has been developed to act against many types of cancers. However,

until now they are not yet widely used as surgery and radiation therapy. Besides,
immunotherapy can also cause many side effects.
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2.2.4 Hormone therapy

Hormone therapy is a cancer treatment method which works by adjusting the
hormone levels in blood to slow or stop the growth of cancer cells. Hormones are
secreted from some endocrine glands, such as thyroid, pancreas and ovaries, which can
further act on the targeted cells throughout the body via blood circulation to bring out
particular changes of cells. By communicating with the specific cells, some hormones
may promote the growth of cancers[62] while some may prevent their growth[63].
Based on these action characteristics, hormone therapy has been carried out to treat
cancers by adjusting the hormone levels which cancer cells rely on or ease the symptoms
caused by cancer via interfering with the behaviour of hormones in the body. For
instance, hormone therapy has been used for the treatment of prostate and breast
cancers whose growth depends on the consumption of certain hormones.

Hormone therapy can also introduce some unwanted side effects because of the
changes of hormone levels in blood, such as fatigue, hot flashes and so on. Usually,
hormone therapy is used with other cancer treatment methods together.

2.2.5  Stem cell transplants in cancer treatment

Stem cells exist throughout the body in adults to provide a way to reaerate and repair
the most tissues in the body via replication and differentiation[64]. Stem cells play an
important role in the body and they can grow into different types of blood cells, such
as white blood cells, red blood cells and platelets, which work together to remain the

body to be healthy.

Stem cell transplant is a procedure which restores the blood-forming stem cells in
patients. Once inside the blood circulation, they would travel to the bone marrow to
replace the destroyed cells. Usually, stem cell transplants do not act on the cancer cells
directly. Instead, they provide a way to restore the stem cells the body needed and help
the patients to recover the ability to produce stem cells. These stem cells sued for
transplants can be collected from the bone marrow, bloodstream, or umbilical cord of
the patient himself (autologous transplant)[65], or another person (allogeneic[66] or
syngeneic transplant[67]). Stem cell transplants are usually used for patients with
leukaemia[68], lymphoma[69] or myeloma[7o]. Stem cell transplants can also cause
some problems if the stem cells transplanted do not match the patients well. For
instance, the called graft-versus-host reactions engages when the cells from the donor
recognise the blood cells in the patients as foreign and begin to attack them.
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2.3 Chemotherapy

Chemotherapy is a drug treatment that uses powerful chemical molecules to stop
the growth of cancers by directly killing cancer cells or preventing them from
proliferation. These chemical drug molecules are designed to interrupt the
physiological functions of cancer cells. The use of chemical molecules to treat cancer
can be traced back to the beginning of the 20 century[71]. Until now, many chemical
small molecules have been verified to be strongly effective in controlling the abnormal
activates of cancer cells.

Once inside the cancer cells, these drug agents are able to interact with other
molecules in cancer cells to stop the cell growth. During the whole life cycle of cancer
cells, every phase of the cell cycle could be the possible action target for these small
therapeutic molecules. For instance, the vinca alkaloids would prevent the microtubule
from assembly in the mitotic phase to stop the cell division process[72] while the
taxanes, such as docetaxel and paclitaxel, would inhibit the cell division viz blocking
the disassembly of microtubules during cell proliferation[73].

Corticosteroids Alkylating agents

Mitotic inhibitors Antimetabolites

Antibiotics

Topoisomerase inhibitors

Figure 2.3-1 Types of chemotherapentic agents

2.3.1  Types of chemotherapeutic agents

Based on the factors such as molecular mechanisms of action, chemical structures,
sources and so on, the small anti-cancer agents can be classified into several classes[74],
including alkylating agents which directly damage DNA, anti-metabolites that take
place of the building components of genetic materials, antibiotics interfering with the
enzymes involved in the replication of DNA, topoisomerase inhibitors, mitotic
inhibitors that block the cell division and corticosteroids which are used to ease the
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unwanted adverse effects of other drugs. Some drug molecules may be categorised into
different classes as they may satisfy different criteria.

Alkylating agents

Alkylating agents are compounds that work by altering the structures and functions
of DNA through crosslinking and/or fragmenting the genetic materials[75], which are
one of the first classes of drugs used for cancer treatment.

Cl
R R
R G— L
o >N TN v’t‘_R AND” S A
Nitrogen mustard Aziridinium Crosslinked DNA
O ~o
N NH, HN N
N N T H,N N \
DNA
Dacarbazine Methyldiazonium Methylguanine DNA

Figure 2.3-2 General action mechanisms of alkylating anticancer agents

Because of their effectiveness of action during every phase of the life cycle of cancer
cells, alkylating agents can be used to effectively treat a wide variety of cancers, such as
leukaemia, lymphoma, multiple myeloma, retinoblastoma, brain cancers, breast
cancers, lung cancers, ovarian cancers, prostate cancers and so on[76, 77]. There are
four traditional categories of alkylating agents, namely nitrogen mustards,
nitrosoureas, alkyl sulfonates and ethylenimines and three non-classical categories of
alkylating drugs including hydrazine, triazines and altretamines[78].
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Figure 2.3-3 Alkylating agents caused errors during base pairing in DN A

Nitrogen mustards are a class of nonspecific DNA alkylating agents containing the
functional chloroethylamine group, which were also the first approved agents for the
treatment of various cancers. After being absorbed into the body, nitrogen mustards
are hydrated and transformed to aziridinium ions or carbonium ions, which can be further
cross-linked to the bases of DNA, interrupting the separation during DNA replication and
damaging the normal functionalities of genetic materials through inhibiting their mitosis.
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Figure 2.3-4 Nitrogen mustard mechanism of action

In 1929, Berenblum at the University of Leeds in England firstly applied sulphur
mustard gas to mouse ears along with tar and discovered the inhibition effect of
sulphur mustard gas on skin cancers[79]. The therapeutic effects of nitrogen mustards
on various cancers were then experimented and investigated by different researchers all
around the world. Many different nitrogen mustard drugs have been discovered. For
instance, chlorambucil, which showed milder toxicities, was discovered and
developed by W.C.J. Ross ez al. in 1953 and approved by the FDA in 1957 as the
first aromatic nitrogen mustard drug for the treatment of various cancers[78].
However, nitrogen mustards also cause many side eftects, such as low blood counts,
infection, bleeding, vomiting, hair loss, mouth sores, fever, diarrhoea and so on. The
representative  agents of nitrogen mustards include mechlorethamine,
cyclophosphamide, ifosfamide, chlorambucil, melphalan and so on.
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Alkyl sulfonates, such as Busulfan, are esters of alkane sulfonic acids which are
another type of alkylating agents showing anti-cancer effects. Busulfan was first
identified by A. Haddow and G.M. Timmis at the Chester Beatty Research Institute
in 1951[80]. It contains two methanesulfonic acid at both ends of the buthane chain
and can effectively interact with DNA stands to interrupt their replication. Busulfan
was found to have excellent therapeutic efficacy and reduced bone marrow suspension
compared to nitrogen mustard, which was approved by FDA as a chemotherapeutic
agent for the treatment of chronic myeloid leukaemia in 1954.
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Ethylenimines are another class of alkylating agents which show similar therapeutic
effects as nitrogen mustards but they are not electronically charged in their structures.
They can trigger the DNA inter-strand cross-linking reactions and interrupt the DNA
replication. Two main drugs in this class are thiotepa and mitomycin C.

The anticancer effect of thiotepa was first reported by A.L. Walpole’s research
group at the Imperial Chemical Industries Inc. in England and J.H. Burchenal’s group
at the Sloan-Kettering Cancer Centre in 1950, respectively. In 1959, thiotepa was
approved by FDA as a chemotherapeutic drug. Now thiotepa has been used for several
solid cancers, such as Hodgkin's disease, leukaemia, thyroid cancer, bladder cancer and
so on, either alone or in combination with other therapeutic drugs. The main side
effects of this drug used for cancer treatment is that it causes the bone marrow
suppression which further leads to leukopenia, thrombocytopenia or anaemia in
patients[81].

Mitomycin C is a kind of mitomycins which are a class of natural compounds
containing the aziridine group. Mitomycins are isolated from Strepromyces caespitosus
or Streptomyces lavendulae, including mitomycin A, mitomycin B, and mitomycin C.
Mitomycin C has been used to treat different cancers, such as oesophageal carcinoma,
anal cancers, lung cancers, breast cancers, pancreatic cancers, bladder tumours and so
on. In 2020, the mitomycin gel was approved by FDA to treat low-grade upper tract
urothelial cancer in the United States. However, this drug molecule would also lead to
many side effects, such as haemolysis, ureteric obstruction, flank pain, urinary tract
infection, renal dysfunction, fatigue, nausea, abdominal pain and so on.
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Figure 2.3-7 Mechanism of action of Thiotepa

Nitrosoureas are a class of alkylating anti-cancer agents which have a nitroso group
and urea bound in their structures. They will hydrolyse into substances which show
alkylating and carbamoylating activities in the body. These hydrolysed substances
would induce the alkylation of DNA and transformation of proteins, subsequently
preventing the replication and transcription of DNA. The representative drugs in this
class include carmustine, lomustine and streptozocin. Carmustine and lomustine have
been found to be easily come across the blood-brain barrier due to their suitable
molecular sizes and their strong lipophilicity. Lomustine was first approved by FDA
to treat brain tumours in 1976 and carmustine was first approved as a therapeutic drug
by FDA in 1977. Now these two drugs are still using in clinical to treat several types of
brain cancers, such as glioma, glioblastoma multiform, multiple myeloma, lymphoma
and so on. Streptozocin is approved by FDA for treating metastatic cancers of the
pancreatic islet cells since streptozocin can effectively shrink the tumour sizes and
dramatically reduce the symptoms of disease. Streptozocin has also been used in
scientific studies to model the Alzheimer’s disease[82] and induce insulitis and
diabetes[83] on some experimental animals because of its high toxicity to beta cells.
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Figure 2.3-8 The structure of nitrosourea drugs

There are some other synthetic inorganic compounds which have been used as non-
classical alkylating anti-cancer agents because most of them only induce the
methylation of guanine bases instead of causing the DNA crosslinking activities
exhibited in classical alkylating drugs. The representative non-classical alkylating drugs
include hydrazines, triazenes, and altretamines.
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Figure 2.3-9 The structure of non-classical alkylating drugs

Hydrazines (R,N-NR,) are a class of chemicals which have two nitrogen atoms
linked together through a covalentbond and one to four alkyl or aryl substituents[84].
Procarbazine, which was developed by Hoffmann-La Roche in 1950s, was the first
approved anti-cancer agent among this class. Procarbazine has been used to treat brain
cancers and Hodgkin's lymphoma alone or in combination with some other
therapeutic agents. The common side effects caused by procarbazine include low
blood cell counts, tiredness, vomiting, depression and so on.

Triazines are another family of non-classical alkylating agents containing the
functional group —N(R)-N=N-, where R represents H, alkyl or aryl[8s]. The
representative anti-cancer drugs in this class include dacarbazine and temozolomide.
Dacarbazine and temozolomide act as prodrugs which would be activated by
cytochrome P4s0 inside the body and converted into monomethyl compounds. The
monomethyl chemical would be hydrolysed into a diazomethane which further forms
a methyl diazonium ion and methylates guanine in DNA.
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Figure 2.3-10 Mechanism of action of dacarbazine and temozolomide

Dacarbazine has been utilised to treat different cancers, including melanoma and
Hodgkin's lymphoma, soft tissue sarcomas, neuroblastoma, rhabdomyosarcoma, islet
cell carcinoma and medullary carcinoma of the thyroid and temozolomide are used for
the treatment of anaplastic astrocytoma and glioblastoma multiforme. The
therapeutic efficacy of these drugs would rely on the levels of DNA methylation in
tumour tissues and epigenetic silencing of MGMT gene in brain tumour cells has been
considered to be a predictive factor for response to temozolomide treatment.
Therefore, patients with high expression levels of MGMT gene are selected for the
related researches of temozolomide[86].

Altretamine is also an anti-cancer agent which was first approved by the U.S. FDA
in 1990 for the treatment of ovarian cancers because of its superior therapeutic
efficacy[87]. The precise mechanism of action of altretamine acting as an anti-cancer
agent remains unknown, but it is clarified by Me-SH as a non-classical alkylating
agent[88]. The unique chemical and molecular structure of altretamine has been
considered as the key factor for its anti-cancer efficacy[89]. Altretamine will be
metabolised into the formaldehyde with weak methylation activities, which will
further interact with DNA to damage the tumour cells. Altretamine also cause some
side effects, such as nausea, vomiting, anaemia and peripheral sensory neuropathy[9o].
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Antimetabolites

Anti-metabolites are another type of anti-cancer agents which work by inhibiting
the use of a metabolite in normal metabolisms and interrupting the regular activities
of cells[o1]. These drug molecules are usually the analogues with similar chemical or
molecular structures of gene units. They would masquerade as gene units and prevent
them from being incorporated into DNA. Hence, the presence of anti-metabolites
would particularly interfere with the actives of cells during synthesis phase (S phase),
stopping the normal development and division processes of cells. As tumour cells
usually have more rapid division rates than other cells, the incorporation of
antimetabolites shows a stronger inhibition effect on cancer cells. The antimetabolites
have been used for the treatment of various cancers, such as leukaemia, ovarian cancer,
breast cancer, intestinal cancer and so on.

The antimetabolite drugs can be mainly classified into four classes. The first
category is base analogues (also called nucleobases), which can be substituted as normal
nucleobases in nuclear acids to prevent the proliferation of cells. This type of
antimetabolites includes purine analogues and pyrimidine analogues, which mimic the
structures of metabolic purines and pyrimidines, respectively. The representative
examples of antimetabolites used for cancer treatment in this class include thiopurines,
fludarabine, s-Fluorouracil (5-FU), 6-Mercaptopurine (6-MP), gemcitabine
(Gemzar®) capecitabine (Xeloda®), cladribine, clofarabine, cytarabine (Ara-C®),
floxuridine, pentostatin and so on.
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Figure 2.3-11 Chemical structures of base analogues and nucleoside analogues

Nucleoside analogues are another class of antimetabolites consisting of a nucleic
acid, a sugar molecule and/or one to three phosphonates. They are similar to the
components used to build cellular DNA but different enough that the cell
proliferation will be inhibited after being added into the DNA structures. Anti-folates
are also used as anticancer agents because they can block the actions of folic acid which
is needed during cell division. Examples of anti-folates include dihydrofolate reductase
inhibitors (such as aminopterin, methotrexate, pemetrexed and pralatrexate) and
thymidylate synthase inhibitors (such as pemetrexed and raltitrexed).

Antibiotics

Some natural antibiotics targeting the enzyme which are incorporated into DNA
replication are also widely used for the treatment of various cancers. These anti-cancer
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antibiotics are cell-cycle nonspecific which means they can affect all phases of the cell
cycle. They work by interfering with DNA and RNA in cancer cells and preventing
the synthesis of certain proteins needed for cancer cells.
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Figure 2.3-12 The chemical structures of antibiotics used to treat cancer

Anthracyclines are a large family of antibiotics used for cancer treatments, including
aclarubicin, amrubicin, daunorubicin, doxorubicin, epirubicin, idarubicin,
pirarubicin, valrubicin, zorubicin and so on. Some other antibiotics that do not belong
to the anthracycline include mitoxantrone, bleomycin and other antibiotics. However,
the damaging effects of these drugs heavily hint at their clinical usage in cancer
treatment. Additionally, dose limits for a lifetime are determined for these molecules
because exceeding a critical limit can permanently damage the heart, which is a major
cause of heart disease.

Topoisomerase inhibitors

Topoisomerases are enzymes which participate in the alteration of the supercoiled
structure of a DNA molecule by catalysing the breaking and re-joining of the
phosphodiester backbone of DNA strands. During the replication and transcription
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processes, DNA molecules become overwound ahead of the replication fork.
Topoisomerases can bind to the DNA molecules to cut the phosphate backbones of
DNA strands and temporally unwinds the DNA molecules. At the end of the
processes, the DNA molecules will be resealed again. Since the overall chemical
composition and connectivity of the DNA molecules keep the same while the
substrates and product of DNA molecules are chemical isomers with different
topologies, these isomerase enzymes are named topoisomerases which act on the

topology of DNA molecules[92].

Type IA
Tpe Il Typell  Topoi Type B Type !
Number of cleavage: 2 ype opoisomerase  IYPe Number of cleavage: 1
Energy required No energy needed
Type IC

Figure 2.3-13 The types of topoisomerases

Topoisomerases are used to solve the topological problems during DNA replication
and transcription. Depending on the number of DNA strands they cut in one round
of action, topoisomerases can be classified into two different types with different
structures and action mechanisms. Type I topoisomerases only cut one strand of a
DNA molecule. After the release of the stress in the double-helix structures, the cut
strand will be re-ligated again by the enzymes. Type I topoisomerases can be further
subdivided into three subclasses with different structural and mechanistic features,
namely IA, IB and IC subfamilies. Additionally, no ATP is required during the action
process of type I topoisomerase. Type II topoisomerases cut both strands of a DNA
molecule and pass another unbroken DNA helix to through it to reduce the degrees of
DNA twist. The cut double strands would be re-ligated again by the enzymes. During
the action process, ATP is required. Type II topoisomerases are subdivided into two
subclasses with similar structure and mechanisms.

Topoisomerase inhibitors are chemicals that inhibit the actions of topoisomerases.
Topoisomerase inhibitors can prevent the re-ligation process, which produces the
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breaks of single or double strands of DNA. The breaks of DNA strands would initiate
the apoptosis of cells and lead to cell death[93]. According to the types of the
topoisomerases they act on, the topoisomerase inhibitors are simply divided into
topoisomerase I inhibitors and topoisomerase II inhibitors.

Camptothecin

Gimatecan

Q@N{

Figure 2.3-14 The chemical structures of representative topoisomerase I inhibitors

Irinotecan

Type I topoisomerase inhibitors would stabilise the cleavable complexes of DNA
and topoisomerases[94] and produce the breaks of DNA strands, which further
induce cell death. The representative examples of type I topoisomerase inhibitors
include camptothecin and its derivatives, such as irinotecan, topotecan and belotecan.
Some of these small molecules have been approved by FDA to be used for the
treatment of various cancers while others are under investigation. For instance,
irinotecan hydrochloride has been approved to treat colorectal cancer and pancreatic
caners either alone or in combination with other cancers. Topotecan hydrochloride
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was approved to treat ovarian cancer, cervical cancer and small cell lung carcinoma in
1996, 2006 and 2007, respectively. However, these camptothecin derivatives used for
cancer treatment also exhibit certain clinical problems, such as the dose-limiting side
effects of server delayed diarrhoea, the inactivation to a lactone form in blood stream.

Type II topoisomerase inhibitors can be classified into two main categories. One is
called the topoisomerase II poisons which act on the complexes of DNA and
topoisomerases and the other category is the topoisomerase II inhibitors which
interfere with the catalytic turnover. The representative examples of type II
topoisomerase inhibitors for eukaryotes include anthracyclines such as doxorubicin,
daunorubicin and amrubicin, anthracenediones such as mitoxantrone and pixantrone,
and podophylum such as etoposide and teniposide. Some of the topoisomerase
poisons would improve the cleavage reactions during DNA replication and
transcription while others may block the re-ligation of DNA, disrupting the normal
activities of DNA during cell life cycles. The topoisomerase II inhibitors which act on
the N-terminal ATPase domain of type II topoisomerases to prevent the enzymes from
tinging over include genistein which is an isoflavone[9s] and ICRF-193 which locks
down the dimerization of the ATPase domain[96].

HO

Etoposide

Figure 2.3-15 The chemical structures of representative topoisomerase 1 inbibitors

Mitotic inhibitors

Mitotic inhibitors are chemical compounds inhibiting the mitosis of cells. These
drug molecules interfere with the microtubules which pull the chromosomes apart
during cell division. Microtubules are long rope-like proteins made up of tubulin.
These proteins are polymerised to separate chromosomes and other components
during cell division. The treatment of mitotic inhibitors can prevent cancer cells from
continuous mitotic division.

Some of the them work by preventing the microtubules from assembly. The
representative example includes griseofulvin[97], colchicine[98] and vinca
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alkaloids[99], such as vinblastine used for leukaemia, Hodgkin's ymphoma, non-small
cell lung cancer, breast cancer and testicular cancer, vincristine for lymphoma, breast
cancer, lung cancer, and acute lymphoblastic leukaemia, vindesine used to treat
leukaemia, lymphoma, melanoma, breast cancer and lung cancer, and vinorelbine for

the treatment of breast cancer and non-small-cell lung cancer[100-106].

Vincristine $ . Docetaxel Epothilone B
\ H

Figure 2.3-16 The chemical structures of representative mitotic inhibitors

Some other mitotic molecules can block the disassembly of microtubules to
interrupt the normal cell activities, such as taxanes and epothilones. Taxanes are
complex terpenes originally isolated from Pacific yew tree and now are artificially
synthesised. The representative examples include docetaxel and paclitaxel, which are
used to treat lung cancer, ovarian cancer, breast cancer and other cancers[107].

Corticosteroids

Corticosteroids are a class of hormones used to relieve the adverse effects caused by
other therapeutic agents, such as inflammation, swelling, itching, redness and allergic
reactions[108]. Corticosteroids resemble the cortisol and show similar biological
functions as cortisol which is naturally produced by adrenal glands and takes partin a
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wide range of processes happened in the body, such as the metabolism and immune
response.

Based on the chemical structures, corticosteroids can be generally divided into four
main groups, namely the acetonide type steroids, the hydrocortisone type steroids,
Betamethasone type steroids and the ester type steroids. There are more than ten
steroids in each group. The chemical structures of common corticosteroids are shown
below.

Fluocinonide Alclometasone Prednisolone

Figure 2.3-17 The chemical structures of common corticosteroids
The synthesised pharmaceutical agents with corticosteroid-like activities are used in

lots of conditions. They can be used systemically or locally. Localised corticosteroids
aim ata specific part of the body, such as eyes, ears and skin for the treatment of asthma
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and hives. While they can be also delivered systemically through the blood circulation
to treat conditions like lupus and multiple sclerosis.

However, the use of corticosteroids may cause numerous unwanted side effects,
such as severe amoebic colitis[109], steroid psychosis[iio], anxiety[mu],
depression[112], cardiovascular diseases[113], corticosteroid-induced lipodystrophy or
“moon face”[114], hyperglycaemia[11s ], insulin resistance[116], diabetes mellitus[1r7],
steroid-induced osteoporosis[118 ] and so on. Additionally, according to the "Coopman
classification”, if someone is allergic to one steroid in a group, typically he/she would
be intolerance to all the steroids in this group[119].

2.3.2  Challenges of chemotherapy

Chemotherapy based on small molecular agents has been widely used in clinical for
the treatment of various cancers and it is one of the most effective ways to fight against
cancers. However, there are also potential risks and challenges associated with this
therapeutic strategy. For instance, the intrinsic properties of many anti-cancer small
molecules, such as poor water solubility, limited bioavailability and severe adverse
effects, significantly hinder their therapeutic efficacy for cancer treatment and limit
their clinical usage.

Poor water solubility

Poor water solubility of many drugs remains one of the major obstacles impeding
the development of highly potent pharmaceutics and clinical applications because the
absorption and bioavailability of these drug molecules would be significantly limited
due to the low water solubility[120].

Biopharmaceutics Classification System (BCS) is a classification criterion used to
differentiate the drug molecules based on their water solubility and permeability.
According to the BCS classification criterion, drug molecules can be divided into four
categories with varying degrees of water solubility and permeability.

It has been reported that more than 80% of drug candidates and around 40% of
marketed drugs show poor water solubility[1, 2], severely impeding their clinical
formulation and translation. For instance, the bioavailability of molecules in class II
with high permeability and low water solubility would be heavily limited by their
solvation rate while compounds in class IV with both poor solubility and poor
permeability possess a poor bioavailability because of their poor absorbability over the
intestinal mucosa, such as curcumin[r21].
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Figure 2.3-18 The biopharmaceutics classification system

Curcumin is a tautomeric molecule existing in both di-keto and keto-enol forms.
The conformational equilibrium of curcumin shifts to the enol form, which remains
its planar structure[122], in its favourable solvents respect to the solubility[123, 124].
Curcumin is also a weak Bronsted acid and has three pKa values (around 7.8, 8.5 and
9.0) for the dissociation of three acidic protons (Figure z2.3-19), namely one active
methylene hydrogen of 3-diketones and two other phenolic hydrogens[125-127]. In an
acidic environment, curcumin mainly exists in the neutral form and exhibits better
stability[128]. With the increase of pH, curcumin dissociates to anionic forms, whose
stability decrease as well[129].
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In order to enhance the water solubility of these drug molecules, improve their
bioavailability and eventually augment their therapeutic efficacy, several strategies have
been employed in the pharmaceutical formulations, such as covalently conjugating
with hydrophilic moieties to form prodrugs[130], changing the salt formation of
ionisable drug molecules[131] and the utilisation of co-solvents[132]. These strategies
have been shown to successfully improve the solubility of drugs. Other
nanotechnology-based strategies, such as increasing the ratios of surface area to volume
of drug powders, changing the crystalline forms and designing novel materials with
various nanostructure which can be used as carriers, have also provided the key driving
force for the development of novel pharmaceutics[120].

Prodrugs Nano systems with various structures

Strategies

i Salt formation
for solubilising

Crystalline forms

Ratios of surface area to volume Co-solvents

Figure 2.3-20 Strategies to increase drug solubility and bioavailabiliry.

Non-specificity

Another challenge of chemotherapy is the non-specificity (lack of targeting ability)
of drug molecules used for cancer treatment. Drug targeting is defined as the ability of
drug molecules to selectively accumulate in certain targeted organs or tissues so that
the concentration of the drug molecules at the preferred disease sites would be
significantly higher than that in non-targeted organs[133], which can dramatically
increase the therapeutic efficacy of the drugs. However, most drug molecules used for
cancer treatment exhibit no targeting ability and these agents showing multiple targets
of action in the body would usually be systemically delivered to the whole body
through the blood circulation system, resulting in the decreased therapeutic efficacy at
the disease sites as well as the unwanted toxicities to normal tissues[134].

In order to endow these drug molecules with the targeting abilities, various
pharmaceutical strategies have been explored. They can be mainly divided into two
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categories, namely the active targeting formulations with the utilisation of specific
targeting moieties[135] and the passive targeting systems which are based on the
physiological features of the body[136] and the modern nanotechnologies[137].
Taking advantages of the physiological properties of tumour tissues, such as the pH
values[138], temperatures[139], redox potential[140] and other feathers, the drug
molecules can be passively delivered and take effect on the cancer tissues. Moreover,
the enhanced permeability and retention (EPR) effect based on modern
nanotechnologies also play a pivotal role in the passive targeting delivery systems[141].

Active targeting strategy based on the site-specific ligands has been utilised to
selectively deliver the drug molecules to the targeted tissues. The drug formulations
decorated with specific ligands would lead to their targeting to selected cells and take
effect on the desired sites. The targeting ligands can be broadly divided into several
categories, including proteins (antibodies[142] and transferrin[143]), peptides[144],
aptamers (nuclear acids[145]), polysaccharides[146] and other small molecules[147]
(such as folate[148], phenylboronic acid[149]).

Proteins:

Polysaccharides: Hyaluronic acid ) ) .
Y y ntibodies, transferrin

Ligands for
active targeting

Small molecules: Peptides: RGD, IL4RPep-1
Folate, anisamide,
phenylboronic acid

Aptamers: GBI-10

Figure 2.3-21 Typical types of ligands used for active targeting

However, although these strategies have been proposed to improve the specificity
of the drug molecules for cancer treatment, there are many challenges in developing
these targeted delivery systems. The first one is the uniqueness of each delivery system,
which means they must be evaluated separately as new formulations before being
considered for clinical applications. Major developmental concerns, such as the
physiological stability of these formulations, the large scale manufacturing of sterile
preparations and so on, need to be resolved|[133].
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Side effects

Just like other cancer treatment methods, chemotherapy based on small anti-cancer
drug molecules would also cause many unwanted side effects during or after cancer
therapy. Due to the non-specificity, the drug molecules travelling throughout the body
in the blood stream would also affect the normal activities of healthy cells, such as the
hair follicles, blood-forming cells in the bone marrow and so on, which would most
likely be damaged to cause some common side effects to the body. Some therapeutic
drug molecules may damage the cells in some organs, such as the heart, kidneys,
bladder, lungs and nervous system, which would cause the dysfunction of related
organs.

Fatigue

Diarrhea

Others

Easy bruising and bleeding
Hair loss

Appetite changes Nausea and vomiting

Infection

Figure 2.3-22 Common side effects of chemotherapy

For example, irinotecan, which isa derivative of anti-cancer molecule camptothecin,
has been used as the first line treatment method for colorectal cancer which is the third
most commonly diagnosed malignancy (1.8 million new confirmed cases in 2018)
causing the second largest number of cancer —related mortality (0.86 million deaths in
2018). However, this small molecule can cause some common side effects, such as
nausea, vomiting, weakness, low blood cell count, infection, loss of hair, poor appetite,
fever, chills, loss of weight, diarrhoea and so on[1s0]. Except for these common side
effects, there are also some less common side effects including cough, headache,
shortness of breath, skin rash, dehydration, sores of mouth and swelling. Some of the
side effects can cause discomfort but are not fatal while some may cause severe
problem, such as the life-threatening diarrhoea[1s1].

Usually these side effects exhibit individual differentiation. The severity and
duration of certain side effects on patients vary greatly from person to person. For
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instance, some side effects would disappear fairly quickly on some patients while may
last for months or even years on some other patients. Therefore, some other drugs may
be utilised together with the chemotherapeutic agents to reduce the severity of some
side effects and to improve the life quality of cancer patients. Besides, based on these
realities, precision medication or personalised therapy has been proposed as a better
strategy for the treatment of diseases[152].

Drug resistance

Another huge challenge for cancer treatment by using chemotherapeutic agents is
the drug resistance. Drug resistance can be defined as the decrease in the efficacy and
potency of a drug to produce therapeutic merits[153], which is one of the major
impediments to the survival of patients with advanced stage cancers[154]. Of particular
note, the tumour tissues in some cancer types, such as renal cancer, carcinoma cancer
and malignant melanoma, intrinsically show resistance to chemotherapeutic agents
without prior exposure to anti-cancer drugs, leading to a naturally poor
chemotherapeutic response[1ss]. The intrinsic drug resistance can also be attributed
to multiple factors which alter the interaction between the drug molecules and their
targets on tumour cells. These factors include the breakdown of drugs, the decreased
expression of drug targets, the altered drug transport across the cell membrane and the
decreased interaction efficiency between the chemotherapeutic agents and their
molecular targets[156].

The intrinsic drug resistance of cancer cells is largely relied on the activities of various
membrane proteins which either directly pump out the drug molecules to reduce the
accumulation of drug molecules in cells or adjusting the net accumulation of drugs via
some physiological processes[157]. Two major classes of protein families associated
with drug resistance have been identified. First is the ATP-binding cassette (ABC)
transporter superfamily which directly pumps out the hydrophobic chemotherapeutic
agents from cancer cells, subsequently decreasing the net accumulation of drug
molecules and reducing their therapeutic efficacy. Another big class of membrane
proteins involved in the drug resistance is the solute carrier transporters which would
enhance the drug resistance by interrupting the uptake of hydrophilic drug molecules
by cancer cells[157].

Until now, about so kinds of ABC transporters have been identified in human
genome which can actively transport various chemical compounds out of cancer cells.
These ABC transporters can be classified into seven families according to the
classification by the Human Genome Organisation[158] and exhibit different
functions in the body. In the ABC superfamily, some transporters have been widely
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studied, such as the well-known ATP-dependent efflux pump P-glycoprotein (Pgp or
ABCBI) whose overexpression would result in the multiple drug resistance in several
kinds of cancers[159]. ABCGz2 is another member of the ABC superfamily, which is
responsible for transporting the lipids, drug substrates, bile, steroids and so on. This
protein is also referred to as the breast cancer resistant protein (BCRP) which is
overexpressed in human-derived breast cancer cells and may play a role in multiple
drug resistance to chemotherapeutic agents including mitoxantrone and the
derivatives of camptothecin.

Drug interaction Drug interaction

Decreased drug uptake Drug target modulation

Drug Resistance Inactive apoptotic machinery
High drug efflux

Altered drug metabolism

Increased drug detoxification DNA repair activation

Figure 2.3-23 Mechanisms of multiple drug resistance

While in some other cases, poor therapeutic response would usually be expected
after the initially positive cancer treatments because of the development of acquired
drug resistance to a certain class of chemotherapeutic agents[153]. The acquired drug
resistance can be resulted from the genetic or environmental factors which facilitate the
proliferation of drug-resistant cancer cells and the mutation of certain enzymes
associated with relevant metabolic pathways[156]. The relatively poor stability of gene
materials, such as the aneuploidy, deletions, point mutations and gene amplifications,
results in the intra-tumour heterogeneity, the distant metastatic lesions, caner relapse
after treatment failure[160].
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3. MATERIALS FOR DRUG DELIVERY

Drug carriers refer to any substances used to ameliorate the delivery and the
effectiveness of drugs[161]. Materials can be mainly clarified as natural and synthetics.
Many different materials have been utilised in various drug delivery systems to modify
various physiochemical properties of therapeutic agents.

3.1 Natural Materials

Natural materials are those directly obtained from natural resources. Discovery of
suitable materials for drug delivery from the nature has generated a great deal of
interest because of the large abundance of natural resources. Natural polymers,
inorganic materials and other materials based on cells, bacteria and viruses have been

widely studied.

3..1  Natural polysaccharides

Polysaccharides are one type of natural polymers consisting of monosaccharide
units which are linked together through glycosidic bonds[162]. Because of the
relatively good bio-safety of natural polysaccharides, various natural polysaccharides
have been employed to produce nanoparticles with different architectures to explore
their use in drug delivery as well as to investigate more pharmaceutical applications.

Polysaccharides are those containing more than ten monosaccharide units while
oligosaccharides contain three to ten monosaccharide units. Polysaccharides can be
hydrolysed (reacted with water) by using amylase enzymes as catalysts to produce
monosaccharides and/or oligosaccharides. Depending on the number and types of
repeating units, polysaccharides usually show a big difference in molecular weights and
range in structure from linear to highly branched. They also exhibit different bio-
functionalities, such as structure construction, energy storage in living systems, and so
on. Starch and glycogen are two kinds of storage polysaccharides used in plants and
animals, respectively. While cellulose and chitin are used for the construction of
biological structures.

Natural polysaccharides are usually composed of simple carbohydrates, which
generally math the formula of Cs(H,O)y. They can be obtained from various natural
resources, such as plants, algae, bacteria, animals, and so on. They are usually
heterogeneous because of the slight difference of the repeated units. Polysaccharides
usually have distinct physiochemical properties compared to their building
monosaccharide blocks, such as the phase states. Polysaccharides may be in an
amorphous state and show extremely limited solubility in water[163]. Based on the
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structures of the constructing monosaccharides in a polysaccharide are the same or not,
polysaccharides can be classified into homoglycans or heteroglycans, respectively[164].

Polysaccharides possess many unique physiochemical properties according to their
composition and architecture, such as low osmotic effect, good water solubility and
gelation[165]. Because of the various derivable groups on molecular chains,
polysaccharides can be easily modified via chemical and biochemical reactions, leading
to many kinds of polysaccharide derivatives[166]. As a structurally diverse class of
macromolecules, polysaccharides play diverse and pivotal roles in many biological
processes, such as energy storage, signal recognition, cell communication, fertilization,
pathogenesis prevention, blood clotting and system development, thus showing good
biocompatibility and biodegradability[162]. Many polysaccharides themselves are also
bioactive, showing many therapeutic efficacy, such as anti-cancer activities and
antibacterial effects [162]. Besides, they have also been applied as carriers to delivery
various therapeutic agents.

Starch

Starch is a glucose polymer, inside which the glucose units are linked together by
alpha-linkages. Starch is a mixture of amylose and amylopectin (Figure 3.1-1).
Generally, amylose is a linear polymer consisting of several hundred glucose units and
amylopectin is a branched polymer with thousands of glucose units. Both constituents
can be digested via breaking the alpha-linkages by humans and some animals. Starch
molecules remain semi-crystalline state in plants and the sizes of starch granules vary
largely from different plant species.
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Figure 3.1-1 Chemical structures of two constituents of starch.
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Generally, starch is insoluble in water. The starch-based materials are specially
tailored for the targeted delivery and controlled release of various anticancer drugs.
Starch was covalently modified with biotin or glycyrrhetinic acid by forming eaters
between molecules, which was then self-assembled into nanoparticles for the delivery
of doxorubicin[167]. The obtained drug-loaded nanoparticles showed a controlled
release profile according to the environmental acidity. Starch was also coupled with
doxorubicin via carboxymethyl groups to modify the intrinsic properties of drug
molecules, which was then coated on superparamagnetic iron oxide nanoparticles as
potential antitumor cargo[168]. Starch was also used to improve the solubility and
stability of curcumin in water by forming nano micelles, which exhibited stronger
antioxidant and anticancer activity than the free drug[169].

Glycogen

Glycogen is another structurally similar glucose polymer with denser branches. It is
analogous to starch and stored in liver and muscles. Only the glycogen stored in liver
can be used by other organs. Glycogen can be quickly metabolised to meet the sudden
need for glucose by animals[r70].
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Figure 3.1-2 Chemical structure of glycogen

Glycogen is insoluble in water and has been utilised as carriers to deliver various
drugs. Glycogen was covalently linked to anti-cancer drug doxorubicin viz schiff-base
and decorated with the beta-galactose for the liver cancer cell targeting. The obtained
nano-system exhibited a pH-dependent drug release and enhanced drug accumulation
at tumour sites[171]. Glycogen was also used as cores of nanoparticles to deliver
doxorubicin after being decorated with other functional groups, such as the targeting
RGD peptides[172]. The prepared nanoparticles exhibited augmented
chemophotothermal therapeutic effects and reduced systemic toxicity, which
significantly inhibited the tumour growth.
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Cellulose

Cellulose is a natural polysaccharide consisting of a linear chain of hundreds to
thousands linked D-glucose. Cellulose is used as the primary structural component of
cell walls of green plants, algae, and some oomycetes. Therefore, cellulose is one of the
most abundant organic polymers on earth.
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Figure 3.1-3 Chemical structures of cellulose and chitin

Cellulose is odourless, tasteless, water soluble, and non-digestible, which has been
used as the component of hydrophilic bulking agents. Compared to starch, cellulose
behaves more crystalline, which needs a temperature of 320°C and 25 MPa to become
amorphous in water[173]. Depending on the chain length, the properties of cellulose
vary largely. For instance, cellodextrins with very small chain length, which are broken
down from cellulose, exhibit excellent solubility in water and organic solvent.

Cellulose has widely used in our daily life duo to its ideal physiochemical properties.
Cellulose is the major constituent of paper products, textiles, pharmaceutics, and many
other products. Mirocrystalline celluloses (E4601) and powdered cellulose (E460ii) has
been utilised as the inactive fillers in drug tablets. While many other cellulose
derivatives, such as E numbers from E461 to E469, are used as emulsifiers, thickeners,
and stabilisers. Cellulose has also been used to construct different carriers for drug
delivery. A novel pH-sensitive hydrogel based on cellulose, graphene and chitosan was
constructed via a cross-linking process, which was used for the co-delivery of
doxorubicin and curcumin to improve their water solubility and the drug stability
under physiological conditions[174]. Another hydrogel based on cellulose and
polyvinyl alcohol was synthesised, which was used to deliver curcumin for accelerating
the full-thickness skin wound healing.

Chitin
Chitin is a natural polymer existing as a structural component in many animals to
support structure and provide strength. Chemically, the structure of chitin is close to
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cellulose with along linear chain of glucose derivatives containing nitrogen (Figure 3.1-
3). The introduction of acetyl amine provides the chitin-polymers increased strength
compared those based on cellulose.

Chitin has been widely used in different fields, such as agriculture, industry, and so
on. Chitin has been used to induce the defence mechanisms of plants to control the
plant diseases[175]. It also shows great potential for use as a soil conditioner to enhance
the soil fertility and plant resilience[176]. In industry, the chemically modified chitin
has been used in food processing as additive to improve the stability of food
emulsion[177]. Chitin is also used in pharmaceutics. Researchers designed a pH/ROS
sensitive nanoparticle system by using hollow mesoporous silica as cores and
carboxymethyl chitin as gates for the targeted co-delivery of doxorubicin and o-
tocopherol succinate for cancer therapy[178]. The drug loading capacities of
doxorubicin and a-tocopherol succinate were 4.06% and 7.64%, respectively. The
fabricated drug-loading nanoparticles had an average at about 260 nm and showed
good biocompatibility. The enhanced anti-cancer efficacy of this nanoparticle system
was approved by both in vitro and in vivo studies.

Pectins

Pectins are a class of complex polysaccharides containing 1,4-linked a-D-galactosyl
uronic acid residues. Fruits, such as apples, pears, guavas, quince, plums, gooseberries
and oranges, are rich in pectin[179]. The main raw materials for the production of
pectin are dried citrus peels[180] and apple pomace[181]. Pectin is usually extracted by
adding hot dilute acid (pH 1.5-3.5) into the raw materials. The extract is then filtered
and concentrated in a vacuum before being precipitated by ethanol.
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Figure 3.1-4 Chemical structure of pectin

Generally, pectin and its monovalent salts are soluble in pure water, and the dry
pectin powders trend to hydrate rapidly in water[182]. Pectin is mainly used in food as
a gelling agent. Adding pectin into jellies would result in a good gel structure. In
medical, pectin can increase the viscosity of stool so thatit is used to prevent diarrhoea.
Itis also used as a demulcent in throat lozenges[r79]. In pharmaceutics, pectin was used
to prepare a doxorubicin loaded nanoparticle encapsulated with a liposome-like
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membrane. This nano systems exhibited enhanced cellular uptake, augmented anti-
cancer efficacy, and significantly reduced systemic toxicity on tumour-bearing mice. In
another research, the water soluble pectin was covalently connected to the
hydrophobic doxorubicin molecules viz disulphide bonds to form an amphiphilic
prodrug, which could further self-assemble into nano-scale particles. These prodrugs
exhibited anti-cancer efficacy on mouse colon cancer cells, which might be suitable for
building platforms for colorectal cancer[183].

Many polysaccharides have been employed to construct nanostructures as carriers
for the delivery of various drugs. Drug molecules may also be covalently cross-linked
with the large amounts of hydroxide groups on polysaccharides viz some cleavable
space linkers, such as glutaraldehyde, to form some polymer conjugates.
Unfortunately, the toxicity of glutaraldehyde on cell viability limits its utility in the
field of drug delivery. Some other cross-linkers are developed to ameliorate the
biocompatibility, such as the water-soluble condensative carbodiimide. The
condensation reaction was performed between the carboxylic groups of natural acids
and the pendant amino groups of chitosan, through which biodegradable chitosan
nanoparticles were obtained. This method allows the formation of polycations,
polyanions, and polyampholyte nanoparticles[166].

3.2 Natural inorganic materials

Many natural inorganic materials are also studied by researchers to explore their
potential applications in pharmaceutics. Inorganic materials, such as gold, iron oxide
and silica, have been utilised for the construction of different functional nanoparticles.

Gold nanoparticles

Gold nanoparticles have a broad spectrum of application fields, such as medicine,
food industry, water purification and so on[184]. In pharmaceutics, they are applied
to drug delivery, bio-imaging and antimicrobials. They are considered as
biocompatible materials except that the conventional reduction methods could leave
some toxic chemicals on their surface, which to some extent compromise their
usages[18s]. Gold nanoparticles intrinsically exhibit dramatically antibacterial effects
on some pathogens[186,187]. Gold nanoparticles are used for diagnostic imaging based
on their unique plasmonic and magnetic properties, which produce imaging contrast
by computed tomography (CT), magnetic resonance (MR) or positron emission
tomography (PET)[188].

Gold nanoparticles are also utilised as carriers for drug delivery in pharmaceutics.
Gold nanoparticles were coated with hyaluronic acid for the treatment of
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neovascularization processes in the eye[189]. In this system, the surface
functionalisation significantly enhances the particle stability, the abilities of
nanoparticles to cross the eye barriers and their biodistribution in retina. These
functionalised nanoparticles dramatically inhibited the advanced glycated end
products and neovascularization. Gold nanoparticles were also used for gene delivery
due to their cationic surface charges which can be electrostatically connected with
negatively charged nucleic acids [190]. Other functionalisation methods, such as
PEGylation[191] and peptide coating[192], are also used to modify gold nanoparticles
for specific purposes.

Silver nanoparticles

Silver nanoparticles are one of the most commercialised particle products, which
shows excellent physiochemical properties, such as the good antibacterial effect and
limited toxicity to human cells[193, 194]. They are widely used in many fields, such as
textiles, cosmetics and water purification systems. In addition to the effects on
microbial, silver nanoparticles also possess many other activities, such as antioxidant,
antiviral and anticancer properties. Compared to vitamin C, silver nanoparticles
exhibited greater antioxidant effect[193]. Silver nanoparticles are also used as an
antiviral agent to treat African swine fever virus. In this study, the microbial
contamination in the pig house was dramatically reduced after spraying the silver
nanoparticle solution, which can be used to prevent the transmission of the African
swine fever virus.

Silver nanoparticles were also functionalised as drug carriers for various
applications. Silver nanoparticles, for instance, were coated with poly-dopamine for
the effective treatment of acute myeloid leukaemia, which exhibited similar in vitro
toxicity of doxorubicin against Murine Ci498 cells[195]. Silver nanoparticles were also
used to delivery drug molecules viz coating chitosan as a reducing and stabilizing agent.
The formed spherical nanoparticles were encapsulated with doxorubicin and was used
for the effective treatment of human breast cancer[196].

Despite of such advantages, the successfully use of inorganic nanoparticles in clinical
is limited because of their undesirable toxicity limitation[197]. Besides, their positively
charged surfaces may bind to negatively charged proteins to form aggregates after
injection. Even though PEGylation prevent them from forming aggregates, low
excretion of gold nanoparticles is observed[198], which still hinders their clinical
applications. In addition, inorganic nanoparticles usually show limited drug loading
capacities[199].
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3.2 Synthetic Materials

Synthetic polymers are made by human beings. To fulfil the various requirements
of pharmaceutical researches and applications, lots of polymers with different
properties have been synthesised and investigated. Some polymers are still under early

research stages and some have been approved by the Food and Drug Administration
(FDA) in United States for clinical use.

3.2.1  Synthetic polyethers

Polyether generally refers to polymers that contain the ether group in their
backbone. Several polyethers have been approved by the FDA for clinical uses, such as
the polyethylene glycol (PEG), polypropylene glycol (PPG) and polyglycerol (PG).
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Figure 3.2-1 Chemical structures of several polyethers

Polyethylene glycol (PEG)

Polyethylene glycol (PEG) is a synthetic polymer which was first isolated by A. V.
Lourengo and Charles Adolphe Wurtz separately in 1859[200]. Generally, PEG can be
synthesised by the interaction of ethylene oxide with water, ethylene glycol, or
ethylene glycol oligomers with the help of various catalysts, such as cationic or anionic
catalysts. Ethylene glycol and its oligomers are usually preferable because they allow the
creation of polymers with narrow distribution of molecular weights. Besides, itis easy
to control the length of PEG chains by simply adjusting the ratios of the reactants.
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Figure 3.2-2 Synthesis of PEG
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Depending on the types of catalysts used for initiating the polymerisation, the
mechanism can be cationic or anionic. The preferable polymerisation is anionic which
can be used to synthesise PEG with a low polydispersity. Besides, the polymerisation of
ethylene oxide is an exothermic process, which would runaway the reaction if the
reactants are overheated or contaminated. The PEG with high molecular weights (also
known as polyethylene oxide, PEO) is usually synthesised by a suspension
polymerisation method, which is aradical polymerisation procedure. During this
process, the monomer or mixture of monomers are mixed mechanically in a liquid
phase to form polymer spheres in solution. Catalysts like magnesium-, aluminium-, or
calcium-organoelement compounds are used to initiate the polymerisation process.
While the chelating additives, such as dimethylglyoxime, are used to prevent the
coagulation of polymer chains from solution.

PEG has been widely used in various pharmaceutical researches and applications for
their excellent water solubility, lack of ions, non-toxicity and good biocompatibility. It
has been approved by the FDA for different applications in foods, cosmetics and
pharmaceuticals[201]. In the medical field, for instance, PEG has been utilised as the
matrix of several laxatives, which can be further used to irrigate the whole bowl
before surgery or colonoscopy. One significant modified property of polymers
decorated with PEG (PEGylation) is their improved water solubility. PEG is used as
the hydrophilic block of amphiphilic block copolymers to deliver many hydrophobic
drug molecules for the therapeutic effects, which would dramatically improve their
bio-availability. Another advantage of PEG is their stealth-effect[202, 203], which
protect themselves from being rapidly cleared in the body, leading to an enhanced in
vivo stability and significantly elongated blood circulation times[203].

However, the accumulate of PEG within certain organs increases with the increase
of their molar mass[204], causing 7 vivo toxicity. Another problem of PEG is that it
may activate the compliment C and provoke the immune system, leading to the
hypersensitive reactions and, consequently, to an anaphylactic shock[205].

Polypropylene glycol (PPG)

Polypropylene glycol (PPG) or polypropylene oxide is the polymer synthesised
from propylene glycol. Polypropylene glycol is usually mentioned for polymers with
low to medium molar mass and their ending groups (hydroxyl groups) still play a
functional role, which would affect their properties. While polypropylene oxide is
usually for polymers with high molar mass whose end-groups no longer affect the
properties of these polymers.
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PPG is usually synthesised by a ring-opening polymerisation of propylene oxide.
The polymerisation process is usually initiated by a base catalyst from an alcohol.
When ethylene glycol, or water is used as the initiator of the polymerisation, a linear
polymer is usually obtained. Polymers with multiple branches can also be synthesised
by using initiators like glycerine, sorbitol, or pentaerythritol.
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Figure 3.2-3 Synthesis of polypropylene glycol

PPG also possesses good biocompatibility whereas its water solubility decreases
considerably compared to PEG. At room temperature, polypropylene is a liquid and
its solubility in water decreases rapidly as its molar mass increases. However, the
toxicity of polypropylene is less than PEG, which are used in many biotechnological
productions. PPG, for instance, is used as a rheology modifier in many formulations
for polyurethanes. PPG is also employed as a surfactant, wetting agent, or dispersant
in leather finishing. The triblock copolymers PEG-b-PPG-b-PEG with various
molecular weights (named poloxamers) are proved by the FDA for pharmaceutical
applications and known by their trade names Pluronic®. Because of their amphiphilic
property, poloxamers can self-assembly into polymeric micelles in aqueous solution
and encapsulate various poor water-soluble drug molecules inside their hydrophobic
cores, attracting considerable interests from pharmaceutical researchers.

Polyglycerol (PG)
Polyglycerol is a polyol formed by dehydration between the hydroxyl groups of

glycerol molecules. There are three hydroxyl groups in glycerol molecules and all the
hydroxyl groups are reactive. Depending on the reactive sites and the different
numbers took part in the reaction, polyglycerol can be linear, cyclic, or branched.
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PG is usually used as an alternative of PEG. Compared to PEG, the difference of PG
is the presence of hydroxyl groups at their backbone, which can be used to covalently
introduce other moieties and offer more functionalities|206]. Besides, polymers
connected with PG also leads to an elongated circulation time.

3.2.2  Synthetic polyesters

Polyester is a class of polymers made of monomers which are bonded together by
ester bonds[207]. Ester bonds (-COQO-) are a kind of covalent bonds formed between
a carboxylic group (-COOH) and an alcohol group (-OH).
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Figure 3.2-s Chemical structures of PCL, PLA, PGA and PLGA.

These polymers are mostly hydrophobic. Some of the synthetic polyesters show
good biodegradability, which have been approved to be safely used in the human body
by the FDA. For instance, polylactic acid (PLA), poly glycolic acid (PGA) and the
copolymer polylactic-co-glycolic acid (PLGA) are hydrophobic aliphatic polyesters
which have been approved by the FDA for various applications, such as drug carriers
in in pharmaceutical industry. Their excellent biocompatibility, biodegradability and
mechanical strength make them powerful tools for iz wvivo applications. They are
usually covalently connected with hydrophilic moieties to form amphiphilic polymers
which are then utilised to deliver various pool water-soluble drug molecules by
forming micelles.
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Polycaprolactone (PCL)

PCL is one of the earliest synthesised polyesters. It is a nontoxic polymer exhibiting
good biodegradability. PCL is synthesised by ring-opening polymerization of e-
caprolactone with the help of a catalyst such as stannous octanoate. This polymer has
a relatively low melting point at around 60°C and its glass transition point stays at
about -60°C[208]. PCL is often used as an additive for resins to modify the processing
characters and also mixed with other polymers, such as starch, to improve the

biodegradability.
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Figure 3.2-6 Synthesis of PCL

Because of the good biocompatibility, PCL has been approved by the FDA to be
sagely used in drug delivery systems, sutures, long-term implants and adhesion
barriers[209]. The degradation of PCL under physiological conditions is very slow due
to the lack of suitable enzymes to hydrolyse the ester, which is why PCL is expected to
prolong the circulation time under physiological conditions and applied for controlled
drug release in many drug delivery systems. PCL is water insoluble and shows a high
permeability for many therapeutic drugs, which has been used as the hydrophobic part
of amphiphilic synthetic block copolymers to form various vehicles with different
nano structures, such as polymersomes and micelles, in aqueous phase. These vehicles
can be further used as carriers for drug delivery. A lot of drugs have been encapsulated
inside PCL beads to control the drug release profiles under physiological conditions.

Polylactic acid (PLA)

Another class of synthetic polyesters is polylactic acid (PLA) which is a highly
versatile polymer showing good biodegradability. PLA can be produced from 100%
renewable sources, such as corn, wheat, rice, and sugar beets. This polymer can be
synthesised by both the ring-opening polymerisation of the cycliclactide dimerand the
direct condensation of lactic acid[210]. Most work has been focused on the ring-
opening polymerisation process because the direct condensation route for the
synthesis of PLA is an equilibrium reaction, which generally limits the molecular
weight of the ultimate polymer due to the difficulties of removing the trace water
produced in the late stage of the reaction.

54



n

H,O
Q O
% CWétion o
OH < > /{/ O/]/
OH

Lactic acid

PLA
v\ /;ing-opening
@) @)
H,O

polymerisation

©) O

Lactide dimer
Figure 3.2-7 Synthesis of PLA

The first commercially viable biodegradable polymer made from renewable
resources was achieved by the Cargill Dow LLC which patented alow-cost continuous
process for the synthesis of PLA. This process synthesises both lactide and PLA in the
meltinstead of in solution. The process starts with a continuous condensation reaction
to produce PLA pre-polymer with low molecular weight from the aqueous lactic acid.
The pre-polymer is converted into a mixture of lactic stereo-isomers in the presence of
the catalyst tin which enhances the selectivity of the intramolecular cyclisation
reaction. The molten mixture of lactide dimer is then catalysed into high-molecular
PLA polymers though a ring-opening lactide polymerisation process, which
completely eliminates the use of costly and environmentally unfriendly solvents.
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Figure 3.2-8 Synthesis of PLA through the pre-polymer and lactide dimer
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PLA shows many advantages compared to other synthetic polymers. The lifetime
of PLA is Eco-friendly. The raw materials of this polymer are 100% from renewable
resources, such as corn, wheat, and rice. It is biodegradable, recyclable and
compostable. And the production of PLA also consumes carbon dioxide, making PLA
an attractive synthetic polymer. Another advantage of PLA is the good
biocompatibility. PLA would hydrolyse into alpha hydroxyl acid in the human body,
which will be excreted though the tricarboxylic acid cycle. PLA also show good
processibility due to its better thermal characteristic. It can be processed by injection
moulding, film extrusion, blow moulding, and so on. Lastly, during production of
PLA, less energy is required, which also makes the PLA production potentially
advantageous|[211].

However, there are also some limitations of this polymer, such as the poor
toughness, the slow degradation rates, hydrophobicity, and the lack of reactive side
chains, which to some extent limit its applications. But the hydrophobicity and
relatively low degradation rates of PLA are used to control the drug release profile in
many drug delivery systems.

Polyglycolic acid (PGA)

PGA or polyglycolide is also a biodegradable polymer, which has been known since
1954 as a tough fibre-forming polymer. It’s the simplest aliphatic polyester. PGA has a
glass transition temperature between 35 and 40°C. The melting point of PGA stays at
around 228°C. This polymer also shows an elevated degree of crystallinity (about 4s-
55%), which leads to the low water solubility in aqueous phase.

PGA can be synthesised through several different routes starting with different

materials, including the polycondensation of glycolic acid, ring-opening
polymerisation of glycolide, and solid-state polycondensation of halogenoacetates.
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Figure 3.2-9 Synthesis of PGA

The simplest way to prepare PGA is the polycondensation process starting with
glycolic acid. However, the simplest way is usually not the most desirable process
because it only obtains low molecular PGA polymers. Briefly, to produce PGA with
this method, glycolic acid is heated (around 180°C) at atmospheric pressure and the
temperature is maintained until the water ceases to distil. Then the pressure is reduced
to 150 mm Hg while the temperature keeps the same for another 2 hours to get the low

molecular weight polyglycolide[212].

To produce PGA polymers with high molecular weights, the ring-opening
polymerisation of glycolide is a more common way. Firstly, glycolide can be collected
by distillation after heating the low molecular PGA polymers under reduced pressure.
Then a catalytic amount of catalysts is added into glycolide to imitate the reaction
under a nitrogen atmosphere. The reaction temperature is kept at 195°C for about 2
hours before being raised to 230°C to solidify the polymers. Then the PGA polymers
with high molecular weights are obtained[212] .

Another procedure to synthesis PGA consists in the thermally induced solid-state
polycondensation of halogenoacetates, which results in the production of
polyglycolide with small crystal forms. Briefly, this polycondensation process is
initiated by heating an halogenoacetate at around 170°C under nitrogen atmosphere.
During this process, the PGA polymer is formed with chloride salts which can be
removed by washing with water. Recently, researchers find a more direct way to
synthesis relatively high molecular weight PGA polymers[213]. With this method, high
molecular weight PGA polymers can be directly synthesised from melting
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polycondensation of glycolic acid by using zinc acetate as the catalyst. It is also found
that the high vacuum contributes much to the molecular weight of the final polymers.

PGA has been traditionally modified with some amino acids, like L-lysine, to
prepare the PGA suture, which also leads to its application in other biomedical fields,
such as the implantable medical devices and tissue engineering scaffolds. Because of the
good biocompatibility of PGA, this polymer has been modified with some hydrophilic

moieties to alter their water solubility so that they can be used as drug carriers in human

body[214].

Poly lactic-co-glycolic acid (PLGA)

Another biodegradable polymer which has drawn considerable attention is poly
lactic-co-glycolic acid (PLGA). Due to the long clinical experience, the unique
degradation properties, and the good biocompatibility, PLGA has shown immense
potential in the biomedical fields, such as being used as drug delivery carrier and as
scaffolds for tissue engineering. Much literature has been focused on the controlled
release of drugs at the desirable sites in the human body because of the favourable
degradation of PLGA. The physical properties of PLGA can be tuned via easily
changing some parameters, such as the molecular weights of polymers and the ratios of
lactide to glycolide in the polymers, which can be further used to control the
behaviours of various drug molecules in the body.

Basically, PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid
(PGA). PLGA polymers are usually synthesised via a ring-opening copolymerisation
of two different monomers, namely the cyclic dimers of glycolic acid and lactic acid.
During this procedure, common catalysts, such as tin(II) 2-ethylhexanoate,
tin(II) alkoxides, and aluminium isopropoxide, are usually used to initiate the
reactions. The successive monomeric units are linked together by ester linkages in
PLGA, which leads to the linear, aliphatic polyesteras the final product.
Copolymerising PLA with crystalline PGA would reduce the degree of crystallinity of
PLGA, which increases the rate of hydration and hydrolysis. Generally, PLGA with
higher content of PGA would result in quicker degradation rates.
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Figure 3.2-10 Synthesis of PLGA

PLGA can be processed into various shapes and sizes which are capable of
encapsulating molecules with different sizes. It can be dissolved into a large wide of
common organic solvents, such as chlorinated solvents, tetrahydrofuran, acetone, ethyl
acetate, and so on. PLGA is not soluble in water but it can undergo hydrolysis of its
ester linkages. The physiochemical properties of PLGA have shown a close relationship
with the initial molecular weight, the ratio of lactide to glycolide in polymer, the sizes
of the devices, exposure to water, storage temperature, and so on. Due to the hydrolysis
of PLGA, many parameters of this polymer can change with time, such as the glass
translation temperature (7g), moisture content and molecular weight. And thesis
physiochemical properties would affect the abilities of polymers to be formulated into
drug delivery devices and control the behaviours of drug molecules. Researches have
shown that the degree of crystallinity of the PLGA would affect the mechanical
strength, swelling behaviours, and degradation rates.
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Figure 3.2-11 hydrolysis of PLGA

These biodegradable polymers have been used as carriers to deliver its payloads to
the targeted sites for the intended therapeutic effect. Researchers have found that the
biodistribution and pharmacokinetics of PLGA follows a non-linear and dose-
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dependent profile in the body[215]. Besides, the dose and composition of PLGA
carriers may also affect its blood clearance and uptake by the mononuclear phagocyte
system (MPS)[216]. For instance, some formulations of PLGA with nano-structures,
such as nanoparticles, would rapidly accumulated into liver, bone marrow, lymph
nodes, spleen and peritoneal macrophages. Besides, PLGA shows a quick degradation
phase in the early stage and is eventually cleared by the respiration in the lung[217].

Many new polymers with various properties have also been synthesised and
investigated as carriers for the delivery of many drug molecules. However, only a few
types have been approved by the FDA to be used in medicinal applications because of
the biocompatibility and biodegradability problems. Besides, polymers with suitable
physiochemical properties for drug delivery also need vigorous trials before clinical use
and carrier-based nanomedicine display a more complicated path through the clinic.
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4. DRUG DELIVERY SYSTEMS

Drug delivery systems (DDS) refer to approaches for transporting active
pharmaceutical ingredients (APIs) to the target sites of pharmacological actions in the
ody. e technologies employed mainly involve those concernin armaceutica
body. The technolog ployed ly lve th g ph tical
preparation, administration, site targeting, distribution, metabolism and
iocompatibility. T'hus, drug delivery focuses on the development of technologies to
b patibility. Thus, drug delivery f the development of technologies t
deliver APIs to the desired sites so as to maximize their therapeutic efficacy, minimize
their side effects and ameliorate the compliance of patients.

4.1 Carrier-based Drug Delivery Systems

During the last decades, many DDS with various composition and carrier
architectures have been developed and investigated, including liposomes,
polymersomes, polymeric micelles, virusomes, inorganic nanoparticles and cell-based
delivery systems.

411 Polymer-drug conjugates

In polymer-drug conjugates (Figure 4.1-1), drug candidates are covalently bonded to
polymers via cleavable space linkers to form prodrugs, which are typically designed to
reduce the systemic toxicities of their parent compounds and ameliorate the
therapeutic effects[218]. The polymers used in polymer-drug conjugates are specially
synthesised to be sensitive to specific environments, such as the acidic tumour micro-
environment, so as to alter their i vivo behaviour because the drug molecules remain
attached to the polymers and are not activated until they are navigated to the targeted
sites[219]. Compared to their parent drugs, these specially designed polymer-drug
conjugates usually exhibit improved circulation time, ameliorated bio-distribution and
reduced systemic toxicities[218]. An example that uses polymer-drug conjugates for
cancer treatment is the [N-(2-hydroxypropyl)meth acrylamide] (HPMA) copolymer-
doxorubicin conjugates, which has completed the Phase II study and revealed that
polymer-bound therapeutics can have modified and enhanced anticancer
activities[220]. Another polymer-drug conjugate that has entered phase III trials is the
Poly-L-Glutamic acid-Paclitaxel Conjugate (PG-TXL), which exhibits significantly
enhanced standard of living for patients who undergo paclitaxel therapy for non-small
cell lung cancer[221, 222].
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Figure 4.1-1 Illustration of polymer-drug conjugate systems

412 Liposomes

Liposomes (Figure 4.1-z) are spherical structures in which an aqueous volume is
entirely enclosed by a membrane consisting of one or more lipid bilayer[223]. Their
sizes vary from around 10 nm to several micrometres. Two major structural
components of liposomes are phospholipids and cholesterol. Phospholipids are the
main ingredient used for construction of the liposome membrane while the
introduction of cholesterol molecules can ameliorate the separation between choline
head groups, leading to reduced hydrogen bonding and electrostatic interactions. The
formation of liposomal structures of lipid bilayer reduces the unfavourable
hydrophobic and hydrophilic phase interactions and decreases the large free energy
difference existing between the hydrophilic and hydrophobic environment because
spherical structures possess minimum surface tension[224]. Liposomes are used as
vehicles for accommodation of drugs with varying hydrophilicity because of the
hydrophobic lipid bilayers and the inner aqueous cores[223].
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Figure 4.1-2 Illustration of Liposomes. [225]

They are also used to study the membrane mechanics in a cell during exocytosis due
to their similar composition and structure[223]. The major obstacles associated with
liposome drug delivery systems mainly include low encapsulation efficiency, fast burst
release of drugs, short shelf life, relatively weak stability, rapid removal from circulation
by the reticuloendothelial system (RES) and poor modular chemical
functionality[224, 226].

413  Polymersomes

Polymersomes (Figure 4.1-3) are a class of artificial vesicles having similar bilayer
structure to liposomes. They are hollow spheres containing an aqueous core
surrounded by a bilayer membrane[227]. The big structural difference for
polymersomes is that their membranes are composed of various polymeric
amphiphiles, such as amphiphilic polypeptides[228], which have thicker membranes,
thus possessing high membrane stability, low membrane permeability and prolonged
circulation time in blood[229]. For liposomes, their typical membrane thickness is
within 5 nm while the hydrophobic membrane thickness of polymersomes can easily
exceed 5 nm via simply increasing the molecular weight of hydrophobic blocks[230].
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Figure 4.1-3 Illustration of polymersomes[227 |.

Similar to liposomes, the aqueous domain of polymersomes can accommodate
hydrophilic cargo while the bilayer membrane integrates hydrophobic drugs into its
hydrophobic domain through hydrophobic interactions, showing an improved drug
encapsulation capacity because of the stronger abilities caused by polymers. Besides,
the incorporation of ligands with various properties can easily provide polymersomes
more functionality and make them become versatile drug delivery systems[229], such
as pH-responsive polymersomes|231, 232], temperature-responsive
polymersomes[233], magnetic field-sensitive polymersomes[234, 235] and double-
responsive polypeptide-based polymersomes [236].

4.1.4  Polymeric micelles

Polymeric micelles (Figure 4.1-4) are also drug carriers composed of amphiphilic
polymers. Their hydrophobic blocks spontaneously aggregate to form inner
hydrophobic cores to reduce the surface tension in aqueous medium, while the
hydrophilic parts of polymers interact with water molecules to form a hydrated corona
to support the cores, consequently leading to the formation of good spherical micelles.
It is important to differentiate polymeric micelles from polymersomes even though
both of these macromolecular complexes are spherical and consist of amphiphilic
polymers.
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Figure 4.1-4 Illustration of micelles/237 ].

Micelles are composed of only a single layer of polymers and the non-polar blocks
are clustered together in the centre to form hydrophobic cores. The lack of aqueous
cores makes them less accommodating to a variety of hydrophilic drugs on the interior,
whereas spherical polymersomes with aqueous cores are constructed from a bilayer
that allows hydrophilic molecules on the inside. Disadvantages associated with micelles
mainly include poor drug-loading efficiency, poor physical stability iz vivo and
insufficient cellular interaction of neutral micelles with malignant cells for
uptake[238].

4.5  Dendrimers

Dendrimers (Figure 4.1-5) are nano-sized, radially symmetric polymer matrix with
well-defined, homogeneous, and monodisperse structures[239]. These polymeric
complex are initiated through a core molecule and branched via highly controllable
polymerisation reactions. The regulated synthesis for dendrimer construction enables
excellent control over their shapes and sizes which are important parameters for
medical applications[240].
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Figure 4.1-5 Typical structure of dendrimers with 3 generations.

According to the number of repeated branching cycles performed during synthetic
construction, dendrimers can be classified by generations. The molecular weight of
each new generation is roughly doubled compared to the previous one. Dendrimers
with higher generations also expose more functional groups, leading to a more
customizable surface of the dendrimers for different applications. Dendrimers also
exhibit good water solubility and non-immunogenic[241]. Although dendrimers show
several advantages, the researches regarding to their biocompatibility and toxicity are
still ongoing[240].

4.1.6  Virosomes

Virosomes (Figure 4.1-6) are viral envelopes which are reconstructed to serve as
vehicles for the cellular delivery of various preventive and/or therapeutic molecules,
such as antigen, drug molecules and genes[242, 243 ]. They are regenerated empty virus
envelopes without replicability, showing no toxicity and auto-immunogenity. They
usually have a typical diameter around 100 nm. Compared other drug delivery systems,
virosomes exhibit many advantages.
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Figure 4.1-6 Typical structure of virusomes.

They possess good biocompatibility and biodegradability because of Their
phospholipid membrane and the incorporated virus derived proteins naturally allows
them to fuse with target cells and delivery the cargo molecules into the cytoplasm of
target cells[243 ]. They can also promote combination movement in the endolysosomal
pathway. Viruses used for virosomes include influenza virus, sendai virus, epstein-burr
virus and herpes simplex virus. The achievement of intracellular delivery of cargoes also
extensively relies on modern nanotechnology to prepare the bio-active materialsand to
incorporate them into the virosomes.

4.17  Inorganic nanoparticles

Various inorganic nanoparticles, such as gold nanoparticles[244, 245], quantum
dots (QDs)[246] and iron oxide nanoparticles[247, 248] have been extensively
developed and investigated for the biomedical applications.

Inorganic materials provide these nanoparticles more possibilities by incorporating
multifunctional moieties. For instance, gold nanoparticles with controllable sizes and
shapes have been decorated with antibodies to achieve both selective imaging and
photo-thermal therapy by wusing light with longer wavelengths for tissue
penetration[249]. These inorganic nanoparticles can also conjugate with fluorophores,
tumour-targeting ligands, anticancer drug molecules and/or genes to simultaneously
achieve fluorescence-based real-time self-imaging tracking, active targeting property
and synergistic therapeutic efficacy[250].

QDs are tiny colloidal semiconductor nanocrystals and have specific optical and
electronic properties. When excited by light with certain energies, they can emit light
at frequencies which can be easily tuned by modifying the sizes and shapes of quantum
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dots[2s1, 252], thus QDs are good candidates as theranostic platforms. For instance,
CdTe@CdS@ZnS QDs were loaded with paclitaxel in nano-structured lipid carriers to
achieve a theranostical effect[253]. Compared to organic fluorophores, QDs usually
exhibit high fluorescence emission intensities, high photo-stability, narrow emission
spectra and broad excitation spectra[254].

However, inorganic particles with sizes smaller than a few nanometres may also
induce cytotoxicity while their cellular uptake efficiency decreases dramatically as
particles sizes increase[25s].

4.1.8  Cell-based delivery systems

Erythrocytes (red blood cells, RBCs, Figure 4.1-7) have been investigated as drug
carriers for a long time[256, 257]. They are one common type of blood cells with
typically biconcave disc shapes, which is a principal means of transporting oxygen to
the body tissues via blood flow. RBCs usually have microscale diameter and for mature
RBCs, the absence of nuclei and organelles allows them to contain more hemoglobin
and, thus, carry more oxygen[258].

Their availability, large inner cavities, long half-life in the circulation (close to 120
days for human), high biocompatibility and natural mechanisms for safe elimination
make them the ideal carriers for drug delivery[259]. Various therapeutic enzymes
encapsulated in carrier RBCs are studies under different stages, including
galactosidase[256], glucocerebrosidase[257, 260], thymidine phosphorylase[261],
adenosine deaminase[262], thiosulfate-cyanide sulfurtransferase[263],

phosphothioesterase[264] and alcohol oxidase[265].

Figure 4.1-7 Erythrocytes with biconcave disc shapes.

Mononuclear phagocytes are widely distributed, biosynthetically active cells[266],
which have also been studies as drug carriers for their penetration of blood brain barrier
and delivery of therapeutic agents into the brain[267, 268]. Besides, other types of cells
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like bacterial membranes[269] and cancer cell membranes[270, 271] have also attracted
large interest duo to their unique feathers.

4.2 Drug Self-Delivery Systems
Drug Self-Delivery Systems (DSDS) are formed through self-assembly of

therapeutic molecules without the addition of any carriers. Compared to conventional
carrier-based drug delivery systems, the novel excellent paradigm could not only
significantly improve drug-loading capacity (even up to 100% for pure drug
nanocrystals) but also allay concerns about the biosafety of those materials used as drug
carrier[272]. Besides, DSDS can protect the drugs from rapid blood/renal clearance by
altering their aggregation state. They can also facilitate drug accumulation at tumour
tissues through the enhanced permeability and retention (EPR) effect due to their
nanoscale features[273]. The combinational delivery of multiple drugs can also
promote the DSDS to overcome multidrug resistance (MDR). In addition, the
fabrication process is easy to achieved because of their relatively simple structures and
composition, suitable for large-scale practical industrial manufacture[274].

+ + +

Wi i

Molecular cocrystals Solvated cocrystals Salt cocrystals

Molecules + Wb Sales Solvate

Figure 4.2-1 lllustration of pharmaceutical cocrystals.

According to the composition and the aggregation mechanism, DSDS can be
classified into amphiphilic drug self-assembled nanoparticles and pharmaceutical
cocrystals. Because of the hydrophilicity of most anticancer drugs, they are usually
covalently connected with some small hydrophilic moieties, such as water-soluble
drugs, via some susceptible linkers to achieve an amphiphilic structure which can self-
assemble into nanoparticles. The self-assembled nanoparticles are usually in
amorphous states.

Pharmaceutical cocrystals are another class of DSDS. Cocrystals are crystalline
materials composed of two or more molecules in the same crystal lattice, which are
considered the same as polymorphs or salts of Active Pharmaceutical Ingredients
(APIs) in the latest version of FDA (2018) Guidance for Industry[275]. Depending on
the compositions and the interactions between components, cocrystals can be further
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classed into molecular forms and salt (charge assisted) forms[276-278]. Cocrystals
enable an expedient way to modify the physicochemical properties of APIs by simply
altering the solid-state arrangement of each component through intermolecular non-
covalent interactions without utilising any carriers or changing their chemical
structures, hence, minimising the alteration of their pharmacological properties.
Besides, cocrystals can not only improve the water solubility[279-281] and
permeability[282] of APIs, but also provide many other features, such as decreased
hygroscopicity[283-285] and better stability[286, 287].

All the drug delivery systems prepared with different nanotechnologies have been
utilised to modify the physiochemical properties of various active pharmaceutical
agents to improve their druggability and help to transport them into the targeted sites
in the body to maximise their therapeutic efficacies as well as to reduce their systematic
toxicity.
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5. Aims of the Study

On the basis of literature review, it is evident that the clinical research of curcumin
is hampered due to its poor water solubility, fabricated formulation composition and
complicated manufacturing processes, in spite of the fact that curcumin has been
formulated into various kinds of micro-particles (MP) to improve its water solubility.
In addition, although irinotecan hydrochloride has been used as the firstline treatment
of colorectal cancer, its life-threatening side effects, such as delayed diarrhoea, heavily
limit its practical convenience and applications.

In this study, we aim to develop an easily manufactured self-delivered platform
suitable for the combinational delivery of irinotecan hydrochloride and curcumin
without utilising any carriers. Meanwhile, the water solubility of curcumin can be
improved by formulating with irinotecan and the side effects caused by irinotecan can
be reduced by involving curcumin. Furthermore, the possible mechanisms of
evaluated side effects would also be explored.

The particular aims of the dissertation are summarised in the following major

points:

* Development of a drug self-delivery nano-formulation for the combinational
delivery of irinotecan and curcumin;

* Exploration of the suitable conditions for preparing the drug self-delivery
system and optimisation of its formulation;

* Preparation and characterisation of the developed nano-formulation;

*  Development and validation of an analysis method based on HPLC for
simultaneous determination of irinotecan and curcumin in the developed nano-
formulation;

* In vitro evaluation of the cytotoxicity, uptake efficiency and internalisation
pathways on cells;

* In vivo evaluation of safety and therapeutic effects on nude mice, including the
anticancer effects and the reduced side effects of the nano-formulation.
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6. MATERIALS AND METHODS

6.1 Materials

Curcumin (= 80%, powder), irinotecan hydrochloride (= 98% HPLC, powder),
poloxamer 105, mannitol, glucose, paraformaldehyde, acetonitrile (ACN, HPLC
grade), methanol (MeOH, HPLC grade), dimethyl sulfoxide (DMSO, HPLC grade),
aceticacid (HPLC grade), hydrochloride and sodium dodecyl sulfate (SDS, = 98% GC,
powder) were purchased from Sigma-Aldrich (Czech Republic) and utilized as
received. Wortmannin, cytochalasin D, genistein and methyl-B-cyclodextrin were
purchased from Meilun Biotechnology Co. Ltd (Dalian, China). Chlorpromazine was
obtained from Selleck Chemicals (China). Disodium phosphate (DSP, Na,HPO,) was
provided by PENTA s.r.o. (Czech Republic). Phosphate buffered saline (PBS,
pH=7.4) was prepared in laboratory and ultrapure water was prepared in laboratory
using a Milli-Q integral water purification system.

6.2 Nanoparticle Optimisation and Characterisation
6.2.1  Preparation and optimisation of the nanoparticles

Surfactant stabilised irinotecan hydrochloride and curcumin nanoparticles (SICN)
was prepared based on a simple precipitation method. Briefly, irinotecan
hydrochloride and curcumin were dissolved in dimethyl sulfoxide (DMSO), inside
which the injectable non-ionic surfactant poloxamer 105 was added. The obtained
organic solution was added into ultrapure water with magnetic stirring to get a
suspension which was then dialyzed to remove the organic solvent. Nanoparticle
powder was obtained after lyophilisation with mannitol, which was then dispersed
into ultrapure water containing glucose to get an injectable nanoparticle suspension.
Irinotecan hydrochloride curcumin nanoparticles without surfactants (ICN) was also
prepared using the same procedures without adding surfactants.

The nanoparticle formulation was optimised through simple parameter
exploration, which was operated by simply changing the composition of the
formulation. The particle sizes, surface charges and their polydispersity index (PDI) in
suspension were took as the evaluation parameters.

6.2.2  Physiochemical property characterisation

The particle sizes, surface charges and the polydispersity of the of nanoparticles in
different conditions were characterised by dynamic light scattering (DLS). To
investigate the morphologies of nanoparticles, a drop of nanoparticle water suspension
was evaporated on an aluminium foil. All nanoparticles were coated with a thin layer
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of gold (conductive coating) before investigation under a scanning electron
microscope (SEM). The diffraction and thermal behaviour was characterized by
powder x-ray diffraction (PXRD) and differential scanning calorimetry (DSC),
respectively.

6.3 Analytical Method based on HPLC
6.31  Development of HPLC analytical method
Preparation of stock solution

Curcumin stock solution (1.05 mg/mL) was prepared by accurately weighing 10.5
mg of curcumin and dissolving it into 10 mL of ACN. Irinotecan hydrochloride stock
solution (1.05 mg/mL) was prepared by weighing 10.5 mg of irinotecan hydrochloride
and dissolving it into 10 mL of ACN. Additionally, to prepare a combined stock
solution containing both curcumin and irinotecan hydrochloride, 10.5 mg of curcumin
and 10.5 mg of irinotecan hydrochloride were accurately weighed and dissolved into 10
mL of ACN. All the prepared stock solutions were stored at 4°Cin darkness for further
use.

Development of Analytical Method

Chromatographic separation was carried out on a Cig column (Kinetex 2.6u Cg
100A, 150 mm x 4.6 mm) fitted with a pre-column (WATREX so mm x 4 mm,
ReproSil 100 C18, 5 um). ACN and ultrapure water containing DSP (0.002 mol/L),
SDS (0.08 mol/L) or acetic acid (4%, v/v) were used as the mobile phase. The flow rate
was set to 1.o mL/min., and the temperature in the column oven was maintained at
40°C. The volume injected for all injections equalled o.5 uL. The UV-Vis absorption
of curcumin or irinotecan hydrochloride was determined by HPLC, on the
aforementioned system equipped with a DAD detector.

6.3.2  Validation of HPLC Analytical Method

Validation of the method was carried out according to current guidelines issued by
the International Conference on Harmonization (ICH), ref. Q2 (R1) (ICH, 2017)
[288].

Specificity

Blank ACN, standard curcumin solution, standard irinotecan hydrochloride
solution, mixed irinotecan hydrochloride curcumin solution and ICN nanoparticles
diluted with ACN were injected into HPLC so as to determine the specificity of the
analytical method.
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Linearity and Range

Serial dilutions were prepared of a mixture of curcumin and irinotecan
hydrochloride in ACN at concentrations ranging from 2.05 ug/mL to 1.05 mg/mL.
The calibration curve was plotted in triplicate, displaying peak area versus
concentration. Analysis of least square regression was conducted on the data obtained
and ANOVA test (o = 0.05) was used to assess the regression significance.

Sensitivity

The sensitivity of the analysis method was observed with respect to the limit of
detection (LOD) and limit of quantitation (LOQ). The LOQ was determined as the
first concentration of calibration curves. The LOD was estimated based on the
standard deviation (o) of y-intercepts and the slopes (s) of the regression lines. The

equations are represented below:
LOD=330/s

Accuracy

To evaluate the accuracy of the method, a recovery experiment was performed.
Three different levels (30 ug/mL, 200 pug/mL, and soo ug/mL) of curcumin and
irinotecan hydrochloride were added to the matrix samples: ACN and nanoparticle
ACN solution. Their responses were estimated from the relevant calibration curve.
Accuracy was determined by recovery with a relative error based upon actual and
estimated concentrations.

Precision

Repeatability was analysed by injecting three different levels (30 ug/mL, 200
ug/mL, and soo ug/mL) of curcumin and irinotecan hydrochloride solution into the
HPLC system in three replicates within a single day. Intermediate precision was also
determined by analysing the same three concentrations of curcumin and irinotecan
hydrochloride solutions on two days in five replicates. Relative standard deviation
(RSD, %) with a confidence interval pertaining to the estimated concentrations was
calculated for each set of data according to the calibration curve.

Robustness

The robustness of the proposed method was determined by changing a
chromatographic condition, such as the mobile phase ratio (+ 0.5%), flow rate (+ o.1
mL/min), and column temperature (£ 3°C). Figures for mean recovery (£ %
confidence interval) as well as relative error were reported.
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6.4 In vitro and in vivo Evaluation
6.41  Cell culture and mouse preparation

HT-29 colorectal adenocarcinoma cells were obtained from Boster Biological
Technology Co. Ltd (Wuhan, China). Male BALB/c nude mice, aged 5 weeks (18—22
g, SPF grade), were purchased from Dashuo experimental animals Co., Ltd. (Chengdu,
China). All animal experiments were conducted under the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of Chengdu University of
Traditional Chinese Medicine.

6.4.2  In vitro cytotoxicity on cells

The in vitro evaluation was tested on human colorectal adenocarcinoma cell line,
HT-29, which was obtained from Boster Biological Technology Co. Ltd (Wuhan,
China). Fetal Bovine Serum (FBS, TransSerum® HQ), DMEM/Fr2 culture medium
(HyClone™) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, Beijing Solarbio Science & Technology Co., Ltd.) were used as received. The
cells were cultured in DMEM/F12 medium supplemented with 10% FBS, 100 IU/mL
penicillin and then incubated in a humidified incubator containing 5% COz2 at 37°C.

The cytotoxicity of SICN nanoparticles on HT-29 cells with different
environmental pH values were measured by MTT assays. HT-29 cells were firstly
seeded in 96-well plate at 8 x 104 cells/100 uL medium and cultured in DMEM/Fi2 for
24 h. SICN nanoparticle suspension was then added into 96-well plates and incubated
with HT-29 cells for 48 h in different pH media (6.5, 7.4 or 7.8). MTT (0.5 mg/ml
dissolved in phosphate-buffered saline, 20 uL/well) was added and cells were
incubated in the dark at 37 °C for 4 h. Solutions were removed, 150 uL. DMSO were
added at room temperature to dissolve formazan crystals. Finally, absorbance was
measured by a micro-plate reader at 490 nm, and the cells incubated with DMEM/F12
were used as control group. The cell viability in each well was calculated using the
equation below:

Cell viability (%) = (OD experimental) / (OD control) X 100%

Where indicates the readout measurement with cells and OD is short for optical
density.

6.4.3  In vitro uptake efficiency

HT-29 cells were seeded in confocal dishes and cultured in DMEM/Fr2 for 24 h.
SICN nanoparticle suspension (equalling to so uM of irinotecan hydrochloride) was
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then added into cells and incubated for 1 h in different pH media (6.5, 7.4 or 7.8) before
being measured by a Leica TCS SP8 confocal laser scanning microscope (Excitation
wavelength, 488 nm). All the parameters kept the same during the whole experiment.

6.4.4 In vitrointernalisation pathways

HT-29 cells were seeded in confocal dishes and cultured in DMEM/F12 for 24 h.
Cells were pre-treated with each inhibitor or at 4°C for 1.5 h and then incubated with
SICN nanoparticles (equalling to so uM of irinotecan hydrochloride) for 3 h before
being analysed by a Leica TCS SP8 confocal laser scanning microscope (Excitation
wavelength, 488 nm). All the parameters kept the same during the whole experiment.

6.4.5  In vivo therapeutic efficacy and biosafety

HT-29 cell suspension (2 x 10° cells per 200 wL) were subcutaneously injected into
the flank of male BALB/c mice. When tumour volume reached around 100 mm3, the
HT-29 tumour bearing nude mice were randomly divided into three groups (four or
five mice for each group) and were intravenously injected with PBS, irinotecan
hydrochloride (27.5 mg/kg/mouse) or SICN (equivalent irinotecan 27.5
mg/kg/mouse) every other day for consecutive 20 days.

Tumour volume was measured every third day and calculated according to the
formula: Tumour volume = length x width*/2. Mice were weighted every three days
and the severity of diarrhoea was scored according to the following standards[289]: o
(normal, normal stool or absent); 1 (slightly wet and soft stool); 2 (moderate, wet and
unformed stool with moderate perianal staining of the coat); and 3 (severe, watery stool
with severe perianal staining of the coat).

Mice were sacrificed after 5 days of medication discontinuation. Tumours were
excised, weighted and photographed. The ex vivo organs (heart, liver, spleen, lung,
kidney and brain) and tumours were fixed in 4% paraformaldehyde to prepare paraftin
sections. Haematoxylin/eosin (H&E) staining was used for histological analysis.

6.4.6 Ex vivo biodistribution

Mice with subcutaneous tumours of around 100 mm? in each group were
intravenously injected with irinotecan hydrochloride or SICN (equivalent irinotecan
27.5 mg/kg/mouse). Fluorescence based biodistribution images and the average signal
of excised tissues were obtained on a FUSION FX?7 live animal imaging system.
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7. RESULTS AND DISCUSSION

Irinotecan hydrochloride and curcumin were formulated into nanoparticles with a
simple precipitation method. The formulation of this nanoparticle system was
optimised. An analytical method based on HPLC was developed and validated to
characterise the drug content in and the nanoparticle system. The nature of the
obtained particles was explored via various technologies, which could help to
comprehend the self-delivered nano system. Finally, the therapeutic efficacy and bio-
safety of this developed nanoparticle system was evaluated on cells and mouse models.

7.1 Nanoparticle Preparation and Characterisation
7.L1  Nanoparticle preparation and optimisation

The nanoparticles were prepared by using a simple precipitation method. For the
construction of the self-delivered nanoparticular systems based on irinotecan
hydrochloride and curcumin, several pharmaceutical parameters were explored to
optimise the formulation.

Drug ratios

Nanoparticles with different drug ratios were prepared using the same preparation
method described before. Their particle sizes, PDI and surface charges of nanoparticles
with different drug ratios (molar ratio of irinotecan hydrochloride to curcumin) are
shown in the Table 7.1-1.

Table 7.1-1 Nanoparticles with different drug ratios

Drug Ratio Particle sizes (nm) in water PDI Surface Charge (mV)
I3 Bo.2 £ 1.67 o.125 £ 0.032 -37.42
I:2 120.78 £ 1.46 0.132 £ 0.071 --39.32
LI 100.78 £ 1.32 0.093 ¥ 0.032 -42.78
2:1 218.45 + 4.35 0.425 1+ 0.045 -28.23
3:1 315.78 £ 7.32 0.489 £ 0.075 -20.56

As can be seen, when the molar ratio of irinotecan hydrochloride to curcumin is
smaller than 1:1, the nanoparticles are uniformly distributed with average dimeters at
round 100 nm. These nanoparticles also show negative surface charges with high
magnitudes. However, when the molar ratio of irinotecan hydrochloride to curcumin
is higher than 1:1, the average sizes of nanoparticles become much larger with multiple
peaks and wide distribution (PDI > o0.4). Besides, their surface charges which can
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provide the stability of nanoparticles in suspension decrease dramatically. Therefore,
the drug ratio of these two molecules is set to :1 for further study.

Effects of surfactants

Particles with different content of surfactant (poloxamer 105) were prepared and
characterised by DLS. The relevant results are shown in Table 7.1-2. As can be seen,
with the increase of the content of surfactant poloxamer 105, the hydrodynamic sizes
of nanoparticles in water also increase and the size distribution in water becomes wider
compared to those without the addition of surfactant. However, the sizes of
nanoparticles without surfactant increase by 10 times larger with wide distribution
(PDI > o.5) in PBS while the nanoparticles with 15 weight percent of poloxamer 105
show stabilised particle sizes in both water and PBS. This could be attributed to the
steric force provided by the surfactant, which stabilises the particles in suspension with
different pH values. Therefore, 15 weight percent of poloxamer 105 is added into the
formulation for nanoparticle preparation.

Table 7.1-2 Nanoparticles with different content of surfactant

Poloxamer1os  Particle sizes (nm) in ~ PDIin water  Particle sizes (nm) in ~ PDIin PBS

(W, %) water (pH 7.0) (pH 7.0) PBS (pH 7.4) (pH7.4)
o) 100.12 £ 1.67 0.087 nr2.78 £ 130.67 0.612
10 m2.52 £ 8.37 0.127 228.76 £ 13.64 0.235
15 108.78 * 2.15 0.102 132.76 £ 1.96 0.112
20 178.52 £ 12.10 0.145 342.23 £ 26.34 0.225
30 224.52 1 32.72 0.258 782.23 £ 54.34 0.516
50 523.23 £ 56.34 0.425 1042.23 T 120.46 0.516

7.1.2  Particle sizes and surface charges

The nanoparticles prepared with irinotecan hydrochloride and curcumin with
molar ratio r:1 and 15% of poloxamer 105 under various conditions are characterised by

DLS.
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Figure 7.1-1 Size distribution of SICN in water and PBS (pH 7.4).
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Figure 7.1-2 Surface charges of SICN in water and PBS (pH 7.4).

As can be seen, the average hydrodynamic size of SICN nanoparticles in water is
around 100 nm and the surface charge is more than 40 mV. By changing the solvent
from water to phosphate buffered saline (PBS, pH = 7.4), the hydrodynamic sizes of
SICN nanoparticles increase to around 120 nm (Figure 7.1-1) while their surface charges
decrease to about -10 mV (Figure 7.1-z). The particle sizes change little even though
their absolute surface charges decrease by more than 80% in PBS, implying the strong
stability of the nanoparticles. This should be attributed to the non-ionic surfactants
which provide the nanoparticles additional steric repulsion to prevent them from
aggregation[290] and make them become independent of environmental pH values
and ionic strength.

Besides, the size distribution (Figure 7.1-3) and surface charges (Figure 7.1-4) of
redispersed SICN nanoparticles in water keep almost the same compared to those
before lyophilisation, demonstrating the good stability and redispersibility of the

nanoparticles.
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Figure 7.1-3 Size distribution of redispersed SICN powder in water.
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Figure 7.1-4 Surface charges of redispersed SICN powder in water.

The stabilised particle sizes and tuneable surface charges can benefit the drug self-
delivery system by ameliorating their biodistribution and enhancing their passively
targeted cellular internalisation. Nanoparticles with negative surface charges can be
repulsed by the negatively charged cell membrane under normal physiological
conditions, resulting in prolonged circulation times[291, 292] and facilitating tumour
accumulation via enhanced permeability and retention (EPR) effect[231]. While the
positively charged nanoparticles under neutral or acidic environments become
efficient at cell penetration, leading to an improved accumulation in acidic tumour
tissues[292]. Besides, compared to the commercial irinotecan hydrochloride injections
(pH 3.5), the injectable SICN suspension with a pH value close to that of normal blood
would reduce the side effects caused to blood vessels during injection and improve the
compliance of patients.
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7.3 Surface morphologies
The morphologies of evaporated SICN nanoparticles and their lyophilised powder

with mannitol were observed using a scanning electron microscope (SEM).

Figure 7.1-s Surface morphologies of evaporated SICN.

For the evaporated SICN nanoparticles, spherical particles with smooth surfaces
(Figure 7.1-5) are observed and their sizes are similar to those in suspension (around 100
nm). After lyophilisation with mannitol, we have observed only rod-like crystalline
mannitol which has a much larger size than SICN nanoparticles (Figure 7.1-6).

Figure 7.1-6 Surface morphologies of lyophilised SICN with mannitol.

7.4  Stability

The stability of SICN nanoparticles under various conditions was characterised by
DLS. As shown in Figure 7.1-7, the particle sizes, surface charges and size distribution
of SICN change little even though the concentration is as low as to about 10 ug/mL in
suspension, implying their strong anti-dilution ability which is one of the key
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parameters for intravenous injections because the injections would be firstly diluted by
large volume of blood after being injected into vessels.
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Figure 7.1-7 Anti-dilution ability of SICN nanoparticles.
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Figure 7.1-8 Physiochemical stability of SICN nanoparticles in water with different pH

values.
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Figure 7.1-9 Storage stability of SICN nanoparticles in PBS (pH 7.4) at 37.5°C.

Besides, although the surface charges of SICN decrease with an increase of acidity in
an acidic environment and the addition of alkaline buffer makes the surface charges
become negative (Figure 7.1-8), the hydrodynamic sizes and size distribution of SICN
stay the same with few changes, showing good physiochemical stability. In addition,
SICN nanoparticles can keep stable in PBS (pH 7.4) at 37.5°C for up to 8 hours (Figure
7.1-9) although their absolute surface charges are less than 10 mV.
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All the results evidence the strong stability of SICN nanoparticles under various
conditions, which provides the nanoparticles with the probability of being intactly
delivered to the targeted organs or tissues without collapse.

7.Ls  PXRD analysis

The PXRD analysis of lyophilised SICN powder and the components are exhibited
in Figure 7.1-10.

As can be seen, the physical mixture of irinotecan hydrochloride and curcumin with
molar ratio r:1 (Figure 7.1-10 ¢) shows superimposed PXRD patterns of both irinotecan
hydrochloride (Figure 7.1-10 a) and curcumin (Figure 7.1-10 b). Compared to its
components (Figure 7.1-10 a, b, ¢ and f), the lyophilised SICN powder (Figure 7.1-10
d) exhibits new peaks at 11.22°, 23.68° 25.66° 28.66° and 29.42°, indicating the
formation of a novel crystal. By forming crystalline nanoparticles, not only could the
water solubility be improved, but the lactone hydrolysis in irinotecan is also restricted
by the strong order effect of crystalline lattices.

Irinotecan hydrochloride
: MQMWW@J\W%

Curcumin
b

N U LW U W 3V SO S

Physical mixture of irinotecan ﬂhydrochloride and curcumin
Cc
g SICN nanoparticles MJ\\/\—/L

A A J\_/\ N

Mannitol

Counts/s

Poloxamer 105

N
6 8 10 2 14 16 18 20 22 24 26 28 30 32 34 36 38
Two Theta (°)

Figure 7.1-10 PXRD analysis of SICN nanoparticles and the components.

7.6 Melting behaviour

The melting behaviour of SICN nanoparticles and their components was
characterised by DSC.
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Figure 7.1-11 DSC analysis of irinotecan bydrochloride and curcumin mixture.

In the DSC profile of physical mixture of irinotecan hydrochloride and curcumin
(Figure 7.1-11), the endothermic peak at about 177 °C in first heating run is attributed
to the melting of curcumin crystals[293]. A glass transition state appears atabout 140°C
in the second heating run, suggesting that the two molecules are in an amorphous form
after the first cooling from high temperature to room temperature. The DSC profile
of poloxamer 105 in Figure 7.1-12 reveals its amorphous status. There is a sharp
endothermic peak at 166.5°C in the heating runs of lyophilised mannitol powder
(Figure 7.1-13), which is attributed to the melting process of crystalline mannitol[294].

Poloxamer 105

Q
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x
L

Cooling 1st
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Cooling 2nd

50 100 150 200

Temperature (°C)

Figure 7.1-12 DSC profile of poloxamer 10s.
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Figure 7.1-13 DSC profile of lyophilised mannirol.

SICN nanoparticles

W166.5

Heating 1st

Exo (up)

Cooling 1st A

Heating 2nd
155.6:\(T1 66.5
Cooling 2nd
° A
50 100 150 200

Temperature (°C)
Figure 7.1-14 DSC profile of lyophilised SICN nanoparticles with mannitol.

The DSC profile of lyophilised SICN powder with mannitol in Figure 7.1-14
displays a unique endothermic peak at 155.6°C except for the peak at 166.5°C, which
should be attributable to the melting process of SICN powder. The unique
endothermic peak at 155.6°C also implies the crystalline form of SICN nanoparticles.

7.2 Analytical Method based on HPLC

In order to determine the content of irinotecan hydrochloride and curcumin in the
self-delivered nano system, a simple and precise analytical method is needed. Here an
HPLC analytical method was developed.
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721 Development of HPLC analytical method
Selection of solvents

Curcuminoids eluted with ACN and water containing 4% acetic acid are shown
below (Figure 7.2-1). The detective wavelength for curcuminoids were set at 420 nm.
When the ratio of ACN in the mobile phase decreases from 70% to s0%, three
curcuminoids can be well separated and the retention time for
bisdemethoxycurcumin, demethoxycurcumin and curcumin were 4.790 min, s.100
min and 5.560 min, respectively. Besides, the resolutions of two adjacent peaks stand at
2.30 and 2.41, respectively. In addition, the asymmetry factor of 1.00 * o.10
demonstrates good symmetry of the chromatographic peaks.

420 nm 30:70, Curcumin
420 nm 40:60, Curcumin
420 nm 50:50, Curcumin

Vv

o 1 2 3 4 5 6 7 8
Time (min)

Figure 7.2-1 Curcuminoids eluted with ACN and water containing acetic acid

Irinotecan hydrochloride was also eluted with the same mobile phase and detected
at 250 nm. However, as shown in Figure 7.2-2, a tailing peak with an asymmetric factor
of 2.o1 is observed. Adding DSP (0.002 mol/L) and SDS (0.08 mol/L) into water
increases the retention time of irinotecan hydrochloride from 2.187 min. to 3.317 min.,
and the asymmetric factor decreases to an acceptable value of 1.16 [295]. The addition
of DSP and SDS in the mobile phase keeps irinotecan hydrochloride in its neutral form
and get rid of the peak tailing. Besides, adding salts does not affect the elution of
curcuminoids, hence the mobile phase comprising 50% ACN and 50% water
containing DSP (0.002 mol/L), SDS (0.08 mol/L), and acetic acid (4%, v/v) was
chosen as the mobile phase for the simultaneous separation and quantification of
irinotecan hydrochloride and three curcuminoids.
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Figure 7.2-2 Chromatograms of irinotecan hydrochloride and curcuminoids

Selection of wavelength

The UV-Vis absorbance profiles of irinotecan hydrochloride and curcuminoids are
shown in Figure 7.2-3. In order to obtain far more sensitivity and a high degree of
precision, the maximum UV-Vis absorption at 256 nm and 424 nm were chosen to
detect irinotecan hydrochloride and curcumin, respectively. Since overlap exists in the
UV-Vis absorption spectra of irinotecan hydrochloride and curcumin, 379 nm was
selected for detecting both irinotecan hydrochloride and curcumin in one

chromatogram concurrently.

256 379 424
N - .- Irinotecan
.I' E — Curcumin
-
c \
.0 \
= .
o 1
5 .
(%] \
< \
\
.\
\
400 600

Wavelength (nm)

Figure 7.2-3 Selection of wavelengths for the analytical method
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7.2.1  Validation of HPLC analytical method
System suitability test

An assay was performed in duplicate 6 times and the detection wavelength was set
to 379 nm. The statistical results of the suitability study for the given system is
displayed in Table 7.2-1.

Table 7.2-1 System suit1ability results (379 nm, n = 6)

Acceptable . Bisdemethoxy- ~ Demethoxy- )
Parameters L Irinotecan . i Curcumin
Criterion curcumin curcumin
Retention Time 317 £ .560 £
) N.A. 3317 4.795 £ 0.002 5.100 T 0.00I >S5
(min) 0.001 0.00I
Precision of RSD (%) < oo .00 002 002
Retention Time 1% 03 ' ' '
RSD (%) <
Precision of Peak Area % (%) 0.63 0.62 0.96 0.68
2%
Asymmetry factor
(European 0.95 - 1.0§ 1.o2 * 0.01 103 *o0.01 1.03 £ 0.01 1.0I * 0.01
Pharmacopoeia)
Plate number (N) N > 2000 9785 67 11943 T 102 11673 = 83 12197 + 67
Resolution (European
>2. . . . N.A.
Pharmacopoeia) 20 12 33 %35
Specificity

The chromatograms of the blank solution, irinotecan hydrochloride, curcumin, and
the mixture at 256 nm, 424 nm, and 379 nm are given in Figure 7.2-4. Within these,
each compound is verified as not interfering with one another.
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Figure 7.2-4 Specificity of the analytical method

Linearity and range

The assay for each standard was performed in duplicate 3 times and the
representative chromatograms of irinotecan hydrochloride and curcuminoids detected
at different wavelengths are shown below. The linearity of the detector response for
the standards was analysed by least-square regression method and the regression
equations for the calibration curves are also displayed in Figure 7.2-5. The results
showed that the squares of the linear correlation coefticients (R*) were above 0.999,
indicating the good linearity of the calibration curves. ANOVA of regression showed
that obtained F values (F obrained) are far superior to the critical value (F citical) (F critical
<< F obtained), which demonstrates that the linear regression is significant and the
method is linear over the whole tested concentration range [296]. The validity of the
assay was verified by means of ANOV A, which showed that there is linear regression
with no deviation from linearity (P < 0.001) and can be used for the quantification of
irinotecan hydrochloride and curcumin in the tested range.
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Figure 7.2-5 Linearity of the analytical method

In addition, the regression coefficients of equations at 256 nm and 424 nm,
representing the rate of change of one variable (Y) as a function of change in the other
(X), are larger than those at 379 nm, demonstrating the greater sensitivity of signal
response when altering the concentration of the analytes.

Sensitivity

The calculated method LZOD:s for irinotecan hydrochloride at 256 nm and curcumin
at 424 nm equal 2.12 ng/mL and 4.94 ng/mL, respectively, hence are lower than those
at 379 nm (6.26 ng/mL for irinotecan hydrochloride, 8.71 ng/mL for curcumin),
indicating higher sensitivity. The LOQ value was taken as the lowest concentration of
calibration curves that could be quantitatively measured, namely 2.05 ug/mL.

Accuracy

Table 7.2-2 details results on the accuracy of the analytical method. The overall
recovery (%) determined by multiple analysis is within 101.07 * 0.54, and the RSD
values for the experimental data are less than 1%.
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Precision

The precision of this analytical method describes the degree of accord between a
series of data from an identical sample [297]. Such precision has been evaluated at three
different levels, and the results of inter- and intra-day precision are expressed as RSD
(in percent) of a statistically monumental number of experimental samples, as shown
in Table 7.2-3 and Table 7.2-4, respectively.

The values of RSD for validation of precision were found to be less than 1.0%, which
demonstrates good agreement between the experimental data obtained from multiple
analysis of the same sample.

Robustness

Table 7.2-5 details results for robustness under differing chromatographic
conditions. The variations in column temperature, flow rate, and mobile phase ratio
within given limits that were exhibited engendered mean recoveries (%) ranging
between 98.0 and 102.0, while the maximum RSD (%) equalled 1.50, indicating it to be
a sufficiently robust method.
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Table 7.2-4 Inter-day precision of the analytical method

Measured Concentration (ug/mL) from ACN solution

Measured Concentration (ug/mL) from Nanoparticle ACN solution

Spike Level
(ug/mL) Irinotecan Curcumin Irinotecan Curcumin Irinotecan Curcumin Irinotecan Curcumin

(256 nm) (424 nm) (379 nm) (379 nm) (256 nm) (424 nm) (379 nm) (379 nm)
30.00 30.26 £ 0.04 30.21f0.14 30.35 * 0.18 30.25 £ 0.25 30.19 £ 0.09 30.25 * 0.09 30.35 * 0.19 30.26 £ 0.18
RSD (%) 2 0.I§ 0.45 0.58 0.62 0.30 0.30 0.63 0.59
Recovery (%) 100.87 £0.15 100.70 +0.46 10117 +0.57 100.83 £ 0.60 100.63 £ 0.31 100.83 + 0.30 100.17 + 0.63 100.87 £ 0.59
P bvalue 0.5471 0.3926 0.2937 0.2578 0.2598 0.3658 0.5478 0.5891
200.00 200.28 £ 0.85 20172135 202.84F2.42 203.98 X154 203.45 £ 1.17 201.76 * L.19 202.93 £ 1.99 203.47 £ 1.37
RSD (%) 2 0.42 0.63 1.20 0.79 0.58 0.59 0.98 0.67
Recovery (%) 100.14 +0.43 100.86 +0.65 101.42 t123 10199 *0.78 101.73 £ 0.58 100.88 £ 0.59 101.47 £ 0.98 101.74 £ 0.67
P bvalue 0.3651 0.3545 0.5642 0.4201 0.3564 0.6412 0.3574 0.2565
500.00

504.72* 0.50 503.57*0.80 3505.51f2.90 503.52F1.63 504.35 £ 1.20 50155 * 1.70 502.34 £ 2.90 503.46 £ 1.79
RSD (%) 2 0.12 0.I§ 0.54 0.36 0.24 0.34 0.58 0.36
Recovery (%) 100.94+ 0.2 10071+ 0.5 10L.I0*0.58 100.70 +0.36 100.87 + 0.24 100.31 + 0.34 100.47 £ 0.59 100.69 * 0.36
P b value 0.1471 0.2145 0.2345 0.2634 0.2547 0.1950 0.2314 0.2456
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7.3 In vitro Evaluation
7.31  Cytotoxicity on cells

The in vitro cytotoxicity and fluorescence-based cellular uptake efficiency of SICN
nanoparticles under various environmental pH values were explored on HT-29 cells.

As shown in Figure 7.3-1, the half maximal inhibitory concentration (ICso) of
irinotecan hydrochloride on HT-29 cells under normal environment (pH 7.4) is 15.25
uM. The ICso of SICN nanoparticles on cells with environmental pH of 7.8, 7.4 and
6.5 are 0.278 mg/mL, o.112 mg/mL and o.019 mg/mL, equalling to 7.720 uM, 3.112 uM
and 0.537 uM of irinotecan hydrochloride, respectively. Significant difference between
groups at every dosage level is obtained (p < o0.001). Compared to the free irinotecan
hydrochloride, the in vitro cytotoxicity of SICN is significantly improved by forming
nanoparticles. Besides, the acidic environments could result in greater in vitro
cytotoxicity of SICN on HT-29 cells than the alkaline condition because of the
conversional positive surface charges of nanoparticles under tumour environments
and the negative surface charges under normal physiological conditions.
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IC=15.25 pM
9 %—
s
| 50 o
>
3 P eEy —me
0 T T T T T
Q \s} Q Q Q
o N \'lf-” q§>~° %QQ
Irinotecan Concentration (mg/ml)
1004 % 7.8 1C;,=0.278 mg/mL
o 741C,=0.112 mg/mL
2 oogs,, o 651C,,=0.019 mg/mL
— [e]
% 50— 5 =8,
>
3 - o omD b
(e} for @ F
ko o AT costes  -ase
*kkk *kkk *kkk *kkk *kkk *kkk K%k *k*k

0 T T T T T T T T T
NS R S S
S P N © NS S S
SOV SN S VAR I S S

>

SICN Concentration (mg/ml)

Figure 7.3-1 MTT assay of nanoparticles under different pH values
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7.3.2  Fluorescence-based distribution and uptake

The fluorescence-based cellular uptake of SICN nanoparticles under different
environmental pH values are shown in Figure 7.3-2. The blank group, namely cells
under normal conditions without SICN nanoparticles, shows no fluorescence. For
SICN groups, cells under acidic environments exhibit significantly stronger
fluorescence than those in alkaline conditions (p < o.001), demonstrating the higher
uptake efficiency of SICN under tumour environments.

a Blank pH 6.5 pH7.4 pH7.8

Bright Field |

b Fkkk

80

a0 % )

20

Fluorescence

Average Fluorescence Signal

Merge o
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Figure 7.3-2 Fluorescence based uptake and distribution of nanoparticles

7.3.3  Internalisation pathways

The cellular internalization pathways of SICN nanoparticles on HT-29 cells were
also tested by confocal laser scanning microscopy (Figure 7.3-3). From the statistical
results, the cellular uptake of SICN nanoparticles is significantly blocked at 4°C,
suggesting an energy-dependent internalization. Moreover, the cellular uptake is not
affected by the macropinocytosis inhibitors (cytochalasin D and wortmannin), but
significantly  inhibited by the clathrin-mediated endocytosis  inhibitor
(chlorpromazine) and the caveolin inhibitors (genistein and methyl-B-cyclodextrin),
indicating the SICN particles are at nano scale during internalization because nano-
sized particles (smaller than soo nm) are mainly endocytosed though clathrin- and
caveolin-mediated endocytic pathways while micro-sized particles are internalized via
macropinocytosis.
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Figure 7.3-3 Cellular internalization pathways of nanoparticles

7.4 In vivo Therapeutic Efficacy and Biosafety

The anti-tumour effect of SICN nanoparticles was invested on HT-29
subcutaneous xenograft nude mice. The experimental strategy is illustrated in Figure
7.4-1. HT-29 cell suspension were injected into the flank of mice to establish the
tumour model. The tumour bearing nude mice were intravenously injected with
irinotecan hydrochloride, SICN nanoparticle or PBS every other day for consecutive
20 days and sacrificed after 5 days’ discontinuation of medication.
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Figure 7.4-1 Experimental design of in vivo anti-tumour efficacy of SICN nanoparticles.
Compared to the PBS group, the average tumour volumes of mice in medication
groups are effectively controlled and significant difference occurs on day 9 (around one

week post first administration, Figure 7.4-2). While the tumour volumes of mice
injected with PBS increase by more than 1o days after 20 days post administration.
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Figure 7.4-2 Tumour volume of mice injected with PBS, irinotecan hydrochloride (I) or
SICN.

The regression of tumour volume in the medication groups occurs on day 15
(around two week post first administration, Figure 7.4-3), which means the tumour
volume from the medication groups are even smaller than their original sizes,
demonstrating the good iz vivo anti-cancer effect of the nanoparticles.
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Figure 7.4-3 Tumour growth rate of mice injected with PBS, irinotecan hydrochloride (I) or
SICN.

The average weight of tumour from PBS treated group is 0.5 g, as shown in Figure
7.4-4. Compared to the PBS treated group, the tumour weight of mice from
medication group was significantly repressed (p < o.oor) and their average tumour
weight isless than 0.1 g. The photography of the excised tumour from different groups
is shown in Figure 7.4-5. The tumour size of mice from medication group is visually
smaller than those from PBS group.
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Figure 7.4-4 Tumonr growth rate of mice injected with PBS, irinotecan hydrochloride (I) or
SICN nanoparticles.
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Figure 7.4-s Tumour appearance from mice injected with PBS, irinotecan hydrochloride or
SICN.

No statistical difference between the two medication groups occurs during the
whole experiment. These results evidence that SICN is as equally effective in cancer
treatment as free irinotecan hydrochloride and the tumour regression effect of SICN
is caused by irinotecan instead of curcumin. This should be attributed to the
significant difference in half maximal inhibitory concentration of the two molecules.
Curcumin can be generally regarded as a biosafe molecule at this dosage level.
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Figure 7.4-6 Body weight of mice injected with PBS, irinotecan hydrochloride or SICN.

During the whole experiment, no significant loss of body weight was observed in all
mice, indicating the negligible side effects of SICN nanoparticles for cancer therapy at
the employed dose (Figure 7.4-6).
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Figure 7.4-7 HESE staining images of tumour tissues from mice treated with PBS, irinotecan
hydrochloride or SICN.

The H&E staining images of tumours and major organs from mice treated with
PBS, free irinotecan or SICN are shown in Figure 7.4-7. Except for the glandular
cavities, the H&E staining of colon cancer sections from the PBS group shows intact
tumour cell structure. Cells exhibit distinct nuclei with a nearly spherical thin
cytoplasmic region. H&E-stained sections of colon cancer from medication groups
have distinct damage of tumour cell nuclei and distorted membranes surrounding
necrotic tissues. However, compared to the PBS treated group, neither noticeable
organ damage nor inflammation lesion can be observed in the medication groups,
indicating the negligible organ dysfunction after being treated with SICN
nanoparticles or irinotecan. All these results demonstrate that SICN exhibits high
biosafety for cancer treatment presenting no significant side effects to the treated mice.

The diarrhoea severity score is shown in Figure 7.4-8. As can be seen, severe delayed
diarrhoea in the mice treated with free irinotecan occurs on day 10 (10 days post first
administration, p < o.o1) while no obvious diarrhoea is observed in PBS or SICN
treated group during the whole experiment, demonstrating the presence of curcumin
in the nano formulation could ameliorate the gut toxicity by alleviating diarrhoea in
mice. This can be due to whether the protective effects of curcumin molecule[298] or
the formulation changes of irinotecan with the help of curcumin.
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Figure 7.4-8 Diarrboea degree of mice injected with PBS, irinotecan hydrochloride or SICN.

* significant difference between medication groups (**, p < o.or; ***, p < 0.001; ****, p

< 0.0001)

7.5 Ex vivo Biodistribution

The ex vivo biodistribution investigation is illustrated in Figure 7.5-1. Tumour
bearing mice were sacrificed at different time postintravenously injection of irinotecan
hydrochloride or SICN nanoparticle suspensions. The excised tissues were imaged

immediately.
Excised tissues for
- imaging
IV injection of SICN formulation Animal sacrifice at
(Equivalent irinotecan 27.5 mg/kg/mouse) time post IV injection
Time (min) Time (min)

Figure 7.5-1 Experimental design of ex vivo distribution of SICN nanoparticles and
irinotecan hydrochloride.
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Figure 7.5-2 Normalised fluorescence spectra of irinotecan bydrochloride in DASO

containing so % of water.

The normalised fluorescence spectra of SICN in PBS (Figure 7.5-2) and irinotecan
hydrochloride in water containing s0% of DMSO (Figure 7.5-3) demonstrate that
irinotecan in both forms shows similar fluorescence behaviour with an excitation

maximum at around 370 nm and an emission maximum at about 430 nm.
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Figure 7.5-3 Normalised fluorescence spectra of SICN nanoparticles in PBS.
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Figure 7.5-4 Fluorescence based biodistribution of irinotecan hydrochloride on ex vivo tissues.
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Figure 7.5-5 Relatively average fluorescence of irinotecan hydrochloride from ex vivo tissues.

The fluorescence based biodistribution of irinotecan hydrochloride on excised
tissues are shown in Figure 7.5-4. Except for the high accumulation of irinotecan
hydrochloride in tumour, a relatively higher biodistribution in liver can also be
observed. The relatively average fluorescence signal on excised tissues are calculated in
Figure 7.5-5. The relatively average fluorescence signal from tumour accounts for 27%
while the signal from liver is 37%.
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Figure 7.5-6 Fluorescence based biodistribution of SCIN nanoparticles on ex vivo tissues.
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Figure 7.5-7 Relatively average fluorescence signal of SICN nanoparticles from ex vivo tissues.

Compared to irinotecan hydrochloride, a visually higher accumulation of SICN in
tumour is observed (Figure 7.5-6) and its relatively average signal figures prominently
(41% in Figure 7.5-7, around s0% larger than that of free irinotecan, 27% in Figure 7.5-
5), indicating the improved passive tumour targeting of SICN.

Besides, the relative accumulation of SICN in liver is lower (21% in Figure 7.5-7) than
that of free irinotecan (37% in Figure 7.5-5), which might also be one of the reasons that
relieve the side effects of SICN nanoparticles.

Clinically, the severe diarrhoea caused by irinotecan is due to the biliary elimination
and the subsequent micro-biome reactivation in intestines[299, 300]. Therefore,
except for the protective effect of curcumin on intestines[298], the diarrhoea
alleviation effect of SICN could also be attributable to the improved passive tumour
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targeting, which relatively reduces their quick accumulation in liver and lessens the
chances of being rapidly metabolised and excreted into intestines.

To further verify this, the relative accumulation of irinotecan and SICN in tissues
including heart, liver, gallbladder, spleen, lung, kidney, brain, tumour and stomach &
intestine at different time post intravenous injection were explored in Figure 7.5-8.
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80%
Heart 0.9 0.5 0.3 0.7 1.0 0.7 0.4 0.4 0.6 0.8
Liver 14.7 5.5 11.7 7.0 8.5 7.7 3.3 6.4 17.9 10.0

60%
Gallbladder 3.0 2.2 3.9 3.9 3.8 16.2 296 9.2 15.1 120

Spleen 1.0 0.7 0.9 0.5 1.0 0.6 0.5 0.3 1.7 0.6
Lung 24 1.6 1.8 24 68 281 69 74 178 7.7 40%
Kidney 2.1 3.1 2.1 .9 3.1 84 41 .0 32 31
Brain 23 1.5 2.8 25 3.4 2.7 1.8 1.0 5.4 3.4

20%

Tumor 33 2.3 7.4 10.4 11.5 7.5 14.2 7.8 36.1 21.8
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Figure 7.5-8 Heat map of relatively average signal of irinotecan hydrochloride and SICN
nanoparticles on tissues within 120 min post intravenous injection.

The relatively average signals of irinotecan hydrochloride are mainly distributed in
liver, tumour and stomach & intestine. The relative accumulation in liver decreases
from around 15% at 10 minutes to about 8% at 2 hours post injection. The relative
biodistribution in tumour increases from around 3% to 12% while the relative
accumulation in stomach & intestine keep at about 70%.

However, except for the high accumulation in liver, tumour and stomach &
intestine, high distribution of SICN in gallbladder and lung can also be observed. The
relatively average signal increase rates of SICN compared to irinotecan hydrochloride
within 120 min post intravenous injection are shown in Figure 7.5-9.
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Figure 7.5-9 Heat map of relatively average signal increase rate of SICN compared to
irinotecan within 120 min post intravenous injection.

Compared to irinotecan hydrochloride, the relative accumulation of SICN in liver
and spleen decrease by around 50% during 30 min post injection, which could benefit
the nanoparticles via escaping the rapid clearance by mononuclear phagocytic cells and
prolonging their residence time in the body. Besides, their relative biodistribution in
tumour increase by more than 50%, further evidencing their improved passive
targeting due to the uniform nano sizes (EPR effect) and tuneable surface charges. In
addition, their relative accumulation in stomach & intestine decrease by about 50%,
which directly explains the diarrhoea eradication effect of SICN. More interestingly,
the relative accumulation of SICN in gallbladder and lung increase by two or more
times. It shows significantly improved accumulation in lung and prolonged residence
time in gallbladder, which not only explains the reduced accumulation in stomach &
intestine but also brings hope for the treatment of lung and gallbladder cancer and
metastatic colorectal cancer.
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8. CONCLUSIONS

In the present research project, a novel strategy has been proposed for the
construction of drug self-delivery systems for targeted cancer therapy, which can be
used for the co-delivery of curcuminoids and irinotecan hydrochloride without using
any carriers.

The formulation of the nanoparticles is simply optimised by changing the ratios of
the two drug molecules and the nanoparticles are prepared by a simple precipitation
method which is suitable for industrial manufactory. These nanoparticles show
stabilized particle sizes (100 nm) with mono distribution (PDI < o0.2) under various
conditions and conversional surface charges which increase from around —1o mV in a
normal physiological condition (pH 7.4) to +40 mV under acidic tumour
environments. The water solubility of curcuminoids is dramatically improved and the
lactone hydrolysis of camptothecin derivatives is also restricted to keep their
pharmacologically active forms. Besides, the formulation with a pH value close to that
of normal blood would reduce the side effects caused to blood vessels and improve the
patient compliance compared to commercial injections of camptothecin derivatives

(pH 3.5).

A rapid and sensitive HPLC method has been developed and validated for the
simultaneous determination of irinotecan hydrochloride and curcuminoids in the co-
delivered nanoparticle system. More importantly, iz vivo mice experiments have
demonstrated that, compared to irinotecan itself, the co-delivered irinotecan curcumin
nanoparticles exhibited dramatically enhanced lung and gallbladder targeting,
improved macrophage-clearance escape and ameliorated colorectal cancer treatment
with an eradication of life-threatening diarrhoea, exhibiting great promise for better
targeted chemotherapy and clinical translation.

The future work about this research would be focused on the exploration of the
inner structures and the forces between molecules in this nanoparticle system, which
would be helpful for discovering more similar systems and expanding their potential
applications in wider fields.
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Char World Forum on Advanced Materials. (Naples, Italy. Oct. 2019)

Oral presentation on “Effects of X-shaped reduction-sensitive amphiphilic block
copolymer on drug delivery”, NewGen Conference - Hydrogel/Bio-mineralised
Biomaterial for Bone Tissue Regeneration. (Zlin, Czech Republic, Oct. 2016)

Academic visit
Academic visitor at University of California, Merced, USA. “A drug self-delivery
system for cancer treatment based on photodynamic therapy”. (Mar. - May. 2020)

Academic visitor at Chengdu University of TCM, China. In vivo therapeutic effects
of anti-cancer drugs on nude mice. ("HR Mobility", Mar. - Apr. 2019)
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c (57) Abstract: The method of nanocrystal preparation is based on the pro—

cedure of the crystalline nanoparticles preparation in powder form that com—
prises a) dissolving the protonated nitrogen containing derivatives of camp-
tothecin and curcuminoids in an organic solvent leading to formation of self-
assembled ionic complex followed by subsequent addition of nonionogenic
injectable surfactant, b) transferring the obtained mixture into aqueous medi—
um under continuous homogenization including mixing, shaking and/or us—
ing ultrasound, c) removing the solvent in order to obtain powder form, d)
lyophilisation of the product with the previously added cryoprotectant. Com—
position for nanocrystal preparation through the method according to the in—

vention consists of injectable nonionic surfactant and self-assembled ionic
complex that contains curcuminoids and protonated nitrogen containing de-
rivatives of camptothecin and its analogues in the molar ratios in the range
between 10:1and 1:10. Analogues of camptothecin include preferably camp—

Fig. 4

tothecin and homocamptothecin. Protonated nitrogen containing camptothecin

derivatives preferably have the protonated nitrogen included in their chemi—
cal structure through at least one functional group including primary amine,
secondary amine, tertiary amine, cyclic amine and/or their combinations. Uti—
lization of nanocrystals prepared for the anticancer injectable drug application
consists in the dissolution of 3 wt. % nanocrystals in powder form in the liquid
medium based on distilled water with 5 wt. % of glucose.
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METHODS OF MAKING NANOCRYSTALS WITH ENHANCED BIOLOGICAL
AVAILABILITY AND FORMULATION FOR SUCH NANOCRYSTALS PREPARATION
FOR USE IN ANTICANCER THERAPY

Field of Invention

The invention describes method of preparation of nanocrystals based on ionic complexes
forming self-assembled nanostructures and compositions prepared by this method. The
composition and the obtained nanocrystals can be used for preparation of agents with enhanced
biological availability that can be utilized especially in the field of preparation and application

of cytostatics with reduced side effects.
State of the Art

The analogues of camptothecin and their derivatives are potent therapeutic agents for chemical
treatment of various oncological diseases. These molecules and their active metabolites can
specifically bind to topoisomerase I-DNA complex, thereby preventing reconnection of the
single-stranded fracture and stopping DNA replication. Curcuminoids (curcumin (CAS 458-
37-7), desmethoxycurcumin (CAS 22608-11-3) and bis-demethoxycurcumin (CAS 24939-16-
0)) are natural polyphenols found in the extract of Curcuma longa, one of the widely used
medicinal plants particularly in Asian countries. Curcuminoids show pharmacological effects,
such as anti-inflammatory, antioxidant and antimicrobial properties. Furthermore, they are

described through an anti-cancer effect, too.

However, the usage of camptothecin and its derivatives for chemotherapeutic treatment of
cancer can cause side effects to oncological patients in form of stomach problems, nausea,
diarrhoea. Another undesirable phenomenon reducing the effect of treatment is the gradual

development of tumour cell tolerance to the drug.

Additionally, the hydrophobicity (very low water solubility), which can be also found in
combination with other substances, significantly reduces the possibilities of biological effects
of curcuminoids in the body. Another limitation of the wider biological utilization of
curcuminoid therapeutic potential is their rapid metabolization causing a low rate of plasma

protein binding described in WO 2010013224 (EP 2349237).

Patent CN102885800B (issued August 6, 2014) reveals that by combining irinotecan (a
camptothecin derivative) with curcuminoids some of the above-mentioned side effects can be

suppressed. The combination of camptothecin and curcuminoid in the form of nanocrystals is
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also discussed in patent application CN104546728, which describes the stabilization of
nanocrystals by an amphoteric molecule, for example a poloxamer, and the possibility of its
subsequent use in the preparation of injectable solutions. This takes into account the tendency
of curcuminoids to metabolize rapidly. Nevertheless, a specific implementation of a

combination suitable for injection is not described herein.

The aim of the invention is therefore to provide an easy-to-manufacture and stable composition
intended for immediate use in injection applications which is based on curcuminoids and
camptothecin derivatives, is suitable for use as an anticancer agent and gentle to the patient's

gastrointestinal tract, i.e. does not show the above-mentioned side effects.

Ground of Invention

The aforesaid disadvantages and drawbacks of the above-mentioned biologically active
substances used up to now for the treatment of oncological diseases are largely eliminated by
the composition for the preparation of nanocrystals for the substances with enhanced biological

availability according to the invention and the method of its preparation.

The ground of the method of preparation of nanocrystals according to the invention consists in

that the preparation of nanocrystalline particles in powder form contains the following steps:

a) dissolving the protonated nitrogen containing derivatives of camptothecin and curcuminoids
in an organic solvent leading to formation of a self-assembled ionic complex followed by

subsequent addition of nonionogenic injectable surfactant;

b) transferring the obtained mixture into an aqueous medium under continuous homogenization,

including mixing, shaking and / or using ultrasound;
¢) removing the solvent to obtain a powder form;
d) lyophilisation of the product with the previously added cryoprotectant.

The organic solvent used in step a) is preferably dimethylsulfoxide (CAS 67-68-5), propylene
carbonate (CAS 108-32-7), acetonitrile (CAS 75-05-8), acetone (CAS 67-64-1) ,
dimethylformamide (CAS 68-12-2), tetrahydrofuran (CAS 109-99-9), methylpyrrolidone (CAS
872-50-4), hexamethylphosphoramide (CAS 680-31-9), methanol (CAS 67-56-1), ethanol
(CAS 64-17-5), acetic acid (CAS 64-19-7) or combinations thereof.
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The cryoprotectant used in step d) is preferably lactose (CAS 63-42-3), mannitol (CAS 69-65-
8), sucrose (CAS 57-50-1), trehalose (CAS 99-20-7), fructose (CAS 57-48-7), glucose (CAS
50-99-7), sodium alginate (CAS 9005-38-3), gelatin (CAS 9000-70-8) or combinations thereof.

The ground of the composition prepared by the method according to the invention consists in
that the composition consists of an injectable nonionic surfactant and a self-assembled ionic
complex containing curcuminoids and protonated nitrogen comprising camptothecin

derivatives and analogues thereof in a molar ratio of components ranging from 10: 1to 1:10.

Camptothecin  analogues preferably include camptothecin (CAS 7689-03-4) and
homocamptothecin (CAS 186669-19-2). The protonated nitrogen is contained in camptothecin
derivatives preferably in the form of at least one functional group including a primary amine, a
secondary amine, a tertiary amine, a cyclic amine and / or a combination thereof. The primary
amine-containing camptothecin derivative may be one or more substances from the following
groups: 9-aminocamptothecin (CAS 9142143-1), exatecan (CAS 171335-80-1), delimotecan
(CAS 187852-63-7), namitecan (CAS 372105-27-6). Preferably, the secondary amine-
containing camptothecin derivative is belotecan (CAS 256411-32-2). The tertiary amine-
containing camptothecin derivative may be topotecan (CAS 123948-87-8) and / or lipotecan
(CAS 1432176-87-8). Camptothecin derivatives containing a cyclic amine in their structure are
represented by one or more substances from the group of: irinotecan (CAS 100286-90-6),
lurtotecan (CAS 149882-10-0), afeletecan (CAS 215604-75-4), simmitecan (CAS 1247847-78-
4), elomotecan (CAS 220998-10-7).

The nitrogen-containing camptothecin analogue derivatives are preferably present in the
composition in the form of salts with organic or inorganic acids selected from the group
comprising hydrochloric acid (CAS 7647-01-0), sulfuric acid (CAS 7664-93-9), phosphoric
acid (CAS 7664 -38-2), hydrobromic acid (CAS 10035-10-6), perchloric acid (CAS 7601-90-
3), methanesulfonic acid (CAS 75-75-2p, acetic acid (CAS 64-19-7), maleic acid (CAS 110-
16-7), tartaric acid (CAS 526-83-0), citric acid (CAS 77-92-9) or combinations thereof.

The ground of the use of the nanocrystals according to the invention for the preparation of an
anticancer agent for injection applications consists in that the nanocrystals in the form of a
powder are dissolved in a liquid medium which is distilled water containing 5% wt. glucose,

wherein the weight ratio of nanocrystals to liquid medium is in the range of 0.01: 99.99 to 3:97.

Based on the ionic complexes according to the the present invention, injectable nanocrystalline

self-assembled systems with therapeutic and anti-inflammatory effects and better tolerability in
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the body are produced. Combining them with the nonionic components according to the
invention provides compositions for immediate or sequential use in injection applications,
based on nanocrystals with cytostatic properties and exhibiting increased stability over a wide

pH range.

The advantage of the composition according to the invention is the narrow particle size
distribution and their stability, but also the increased water solubility of the hydrophobic
curcuminoid molecules, which significantly enhances their use in injectable applications and
the so-called biological availability - the possible actions inside the body. Thus, their

therapeutic effect in the treatment of cancer is enhanced.

The nanocrystals based on the composition according to the invention can be prepared either in
powder form without specific requirements for temperature, pressure or stabilizing additives,
which is favorable from the viewpoint of commercial production of chemotherapeutic agents,

or directly as a liquid substance for injectable applications.

Overview of Images in Drawings

The attached drawings show the chemical structures for the composition according to the

invention and the obtained properties of the nanocrystals:

Fig. 1 - Chemical structures of amphiphilic camptothecin analogues and hydrophobic

curcuminoids;

Fig. 2 - Fluorescence characteristics of self-assembled ionic complexes based on irinotecan
hydrochloride and curcumin (Excitation (A), emission (B) and synchronous (C) fluorescence
spectra of irinotecan with different curcumin concentrations in dimethylformamide at 25°C;
(D) Stem-Volmer plot showing fluorescence quenching of irinotecan at 25 ° C; (E) Plot of (lo/

I-1) versus logarithm of curcuminoid concentration (mol / L);

Note: To and I represent the fluorescence intensity of irinotecan in the absence (Ip) and in the
presence of (I) curcuminoids. (To, and (x) are the fluorescence lifetimes of irinotecan in the
absence and in the presence of curcumin, respectively; Ciis the concentration of irinotecan; Cc

is the concentration of curcuminoids;

Fig. 3 - Chemical structures of protonated nitrogen containing camptothecin analogue

derivatives;
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Fig. 4 - Representation of a typical hydrodynamic diameter (A) and zeta potential (B) of
nanocrystals dispersed in distilled water and their scanning electron microscope images (C)
with measuring scale showing the length of 200 nm; the yield of relevant camptothecin
analogue derivatives from nanocrystals based on topotecan (TCN) / curcumin, belotecan (BCN)

/ curcumin and exatecan / curcumin (ECN);

Fig. 5 - Changes in nanocrystalline properties in suspension in water (A) at different pH values

(after 8 hours at 37.5 ° C) and in phosphate buffer (B) at different times (pH =74, 37. 5°C);

Fig. 6 - XRD spectra on powder samples: A - irinotecan hydrochloride, B - curcumin, C -
mixture of pure components of irinotecan hydrochloride and curcumin, D - nanocrystals based
on self-assembled ionic complexes - final product, E - pure cryoprotectant mannitol after
dissolution in water and subsequent evaporation, F - pure constituents of irinotecan

hydrochloride and curcumin after dissolution in methanol and subsequent evaporation;

Figures 7 to 13 - procedure for verifying the anti-cancer effect of injectable irinotecan-curcumin
hydrochloride (ICN) according to the invention in nano-form of HT-29 on a tumour produced

by a subcutaneous graft applied in mouse (nude mouse) in vivo:

Fig. 7 is a schematic diagram of an experiment for testing anti-tumour efficacy using colorectal

tumour graft applied in nude mice;

Fig. 8 - tumour volume applied in mice injected with PBS, I or ICN (PBS = Phosphate-buffered
saline, Ph 7.4; I = irinotecan hydrochloride alone; ICN = combination I with curcumin

according to the invention);

Figure 9 - Tumour volume change after injection of PBS, I or ICN;
Figure 10 - Tumour mass change after injection of PBS, I or ICN;

Fig. 11 - images of extracted tumours;

Fig. 12 - weight of tested animals after injection of PBS, I or ICN;

Fig. 13 - intensity of side effect in experimental animals (in the form of diarrhea); considerable
difference between the ICN and I group, no difference between ICN and PBS group. The
significance of the differences observed between the groups was analyzed using a two-way

ANOVA analysis (parameters * p <0.05, ** P <0.01, *** P <0.001, **** P <0.0001).

Detailed description of the detected dependences:
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Camptothecin analogue derivatives have fluorescent properties. It can be seen from Figures 2A,
2B and 2C that irinotecan (a nitrogen containing camptothecin derivative) exhibits an excitation
peak at a wavelength of 385 nm and an emission peak at 428 nm. The addition of curcuminoid
causes the quenching (decreasing intensity) of the excitatory, emission and synchronous spectra
of irinotecan. The data obtained from the measured values within the quenching process
analysed using the Stem-Volmer model (Fig. 2D) show changes in fluorescence intensities, but
without changing its lifetime, indicating the formation of a complex with curcuminoid (static
quenching) at a 1: 1 molar ratio (Fig. 2E). The above mentioned properties can also be observed
for other protonated nitrogen-containing derivatives of camptothecin and its analogues, the
structures of which are shown in Fig. 3. The above stated shows that curcuminoids and
protonated nitrogen-containing derivatives of camptothecin and its analogues form at specific
organic solvent environments ionic surfactants that are self-organized through intermolecular

interactions (e.g. hydrophobic and electrostatic interactions).

The nanoparticles based on curcuminoid (7.4 mg) and another protonated nitrogen containing
camptothecin derivative or salt thereof, e.g. topotecan hydrochloride (4.6 mg), belotecan (4.3
mg) or exatecan (5.3 mg), were - based on this finding - also prepared by the method according

to the invention with similar results.

It has been found out that the parameters of nanocrystals prepared from the above mentioned
ionic complexes are best controlled in the range of hydrodynamic diameter of 50-1000 nm with
apolydispersity less than or equal to 0.2 in suspension. The zeta potential of nanocrystals ranges
from -10 mV to +60 mV depending on the pH and ionic strength of the environment. The molar
ratio of curcuminoid and protonated nitrogen-containing camptothecin derivatives and

analogues thereof is in the range of 10: 1to 1:10.

However, the sizes of nanocrystals based solely on ionic complexes are strongly dependent on
the pH and ionic strength of the surrounding environment, which may lead to their uncontrolled
changes. Therefore, the addition of nonionic surfactants to the above mentioned compositions
was further tested. The addition of non-ionic surfactants (e.g., cholesterol, poloxamer,
polyoxylic castor oil and polysorbates) results in reaching the stability of nanocrystals over a
wide pH range due to the impact of steric interparticle forces. Despite the fact that the surface
tension of the particles decreases to almost zero value, there are shown only slight changes in
their size. Nanocrystals based on a mixture of the above mentioned ionic and nonionic
complexes exhibit an increase in solubilization resistance of at least 40% compared to

nanocrystals based on only ionic complexes.
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The XRD spectra on powder samples (Fig. 6) show the creation of new crystalline structures

formed during the preparation of the composition according to the invention.

The nanosuspension can be prepared by mixing nanocrystals in an injectable liquid containing,

for example, 5 wt. % glucose and 0.96 % wt. sodium chloride.

The values and dependences shown in Figures 7 to 13 will be described and analysed directly

in Example 11.

Examples

Example 1
Preparation of nanocrystals based on irinotecan and curcumin - structure see Fig. 1 and 3

Irinotecan hydrochloride (6.2 mg) and curcumin (7.4 mg) in a molar ratio of 1: 2 were dissolved
in 0.5 mL of dimethylsulfoxide atroom temperature. Subsequently, 15 wt. % of poloxamer 105
as a nonionic surfactant was added. The resulting mixture was transferred to an aqueous
medium - added to 30 mL of distilled water and stirred at 500 rpm for 5 min at room
temperature. (In addition to water, an aqueous medium with a pH of max. 9 may be used for

transfer to an aqueous medium.)

The obtained suspension was subjected to dialysis in order to remove the organic solvent; a

membrane with a MWCO (molecular weight cutoff) of 500 D was used.

Dialysis was performed against distilled water for 3 hours. Before lyophilization, 20 % wt.

mannitol was added, which served as a cryoprotectant.

The size of the resulting nanocrystals was around 100 nm (see Fig. 4A and 4B). The
nanocrystals had a positive surface charge of +43 mV and showed a narrow size distribution
represented by a polydispersity index of 0.107. According to the scanning electron microscope
(SEM) analysis, the above mentioned nanocrystalline particles had an almost globular shape
close to spheres and a smooth surface (Fig. 4C). Changes in the selected characteristics of
nanoparticles (hydrodynamic diameter, polydispersity index and zeta potential) when exposed
to different pH or ionic strength are shown in Fig. 5. The surface tension of nanoparticles
decreased with the increasing acidity of the environment (pH less than 7). Negative zeta
potential values of nanocrystals were monitored in an alkaline environment (pH greater than 7).
On the other hand, there were slight changes in the size of nanocrystals and the breadth of their

polydispersity as a result of further impact of repulsive steric forces. In addition, nanoparticles
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are stable even after 8 hours in phosphate buffer (pH 7.4) at 37.5 ° C, with a slight increase in

particle diameter and their polydispersity. Their surface tension was below +10 mV.

The concentration of both bioactive substances was verified by high performance liquid
chromatography. The detected proportion of bioactive substances in the particles was 70% by
weight. The ratios between camptothecin derivatives and curcuminoids in nanoparticles were

almost the same as the concentration ratio at the beginning of the reaction.

The combination of the ionic complex and the non-ionic surfactant resulted in nanocrystals

having cytostatic properties that showed increased stability over a wide pH range.
Example 2
Preparation of nanocrystals of irinotecan and curcumin (ICN) - structure see Fig. 1and 3

Irinotecan hydrochloride (6.2 mg) and curcumin (7.4 mg) at a molar ratio of 1:2 were dissolved
in 0.4 mL of dimethylsulfoxide (DMSO) at room temperature to form a self-assembled ionic
complex, to which 3 mg of cholesterol was subsequently added as nonionic surfactant. The
organic solution thus obtained was then added to 30 mL of distilled water and stirred under the
same conditions as in Example 1. The obtained suspension was dialyzed to remove the organic
solvent; a MWCO 300 D membrane was used. Dialysis was performed against distilled water
for 2 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant was added to
the compound. In this way, nanocrystals were obtained in the form of a powder, from which a

nanosuspension was prepared by dissolving in distilled water containing 5% wt. glucose.

The combination of the ionic complex and the non-ionic surfactant resulted in nanocrystals

having cytostatic properties that showed increased stability over a wide pH range.
Example 3
Preparation of nanocrystals based on topotecan and curcumin (TCN) - structure see Fig. 3

Topotecan hydrochloride (4.6 mg) and curcumin (4.0 mg) in a 1: 1 molar ratio were dissolved
in 0.3 mL of dimethylformamide (DMF) at room temperature to form a self-assembled ionic
complex, to which 1.3 mg of polysorbate 80 was subsequently added - serving as a nonionic
surfactant. The organic solution thus obtained was then added to 15 mL of distilled water and
stirred as in Example 1, after which the suspension obtained was subjected to dialysis to remove
the organic solvent - MWCO 500 D membrane. Dialysis was performed against distilled water

for 2 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant was added to
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the compound. A nanocrystalline powder was obtained from which the nanosuspension for

application was prepared by dissolving in distilled water containing 5 % wt. glucose.

The parameters of the product obtained, as well as the products of Examples 4 to 10 below, will

be listed and summarized in the final section of this chapter.
Example 4
Preparation of nanocrystals based on belotecan and curcumin (BCN) - structure see Fig. 3.

Belotecan hydrochloride (4.3 mg) and curcumin (3.5 mg) in a 1: 1 molar ratio were dissolved
in 0.3 mL dimethylsulfoxide (DMSO) at room temperature to form a self-assembled ionic
complex, to which 3.4 mg of nonionic surfactant- polyoxylated castor oil - was subsequently
added. The organic solution thus obtained was then added to 15 mL of distilled water and stirred
as in Example 1, and the suspension obtained was again dialyzed with a MWCO 500 D
membrane. Dialysis was performed against distilled water for 1hour. Before lyophilization, 1%
wt. mannitol serving as a cryoprotectant was added to the compound. A powder was obtained
from which the nanosuspension was subsequently prepared by dissolving in distilled water

containing 5% wt. glucose.
Example 5
Preparation of nanocrystals based on exatecan and curcumin (ECN) - structure see Fig. 3

Exatecan mesylate (5.3 mg) and curcumin (7.0 mg) at a molar ratio of 1:2 were dissolved in
0.4 mL DMF at room temperature to form a self-assembled ionic complex, to which 1.8 mg of
a nonionic poloxamer 105 surfactant was subsequently added The organic solution thus
obtained was then added to 20 mL of distilled water and stirred as in Example 1, the suspension
obtained was dialyzed using a MWCO 300 D membrane. Dialysis was performed against
distilled water for 3 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant
was added to the compound. In this way, a nanocrystalline powder was obtained from which
the nano suspension for use was prepared by dissolving the powder in distilled water containing

5% wt. glucose.
Example 6
Preparation of nanocrystals based on lipotecan and curcumin (LiCN) - structure see Fig. 3

Lipotecan hydrochloride (8.8 mg) and curcumin (3.5 mg) in a 1: 1 molar ratio were dissolved in

0.3 mL of DMF at room temperature to form a self-assembled ionic complex, to which 1.8 mg
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of nonionic surfactant poloxamer 105 was subsequently added. The organic solution thus
obtained was then added to 30 mL of distilled water and stirred as in Example 1, the suspension
obtained was dialyzed with a membrane of MWCO 500 D. Dialysis was performed against
distilled water for 2 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant
was added to the compound. In this way, a powder was obtained from which the
nanosuspension was prepared before use by dissolving the powder in distilled water containing

5 wt. % glucose and 0.96 wt. % sodium chloride.
Example 7
Preparation of nanocrystals based on afeletecan and curcumin (ACN) - structure see Fig. 3

Afeletecan hydrochloride (9.0 mg) and curcumin (7.5 mg) at amolar ratio of 1: 2 were dissolved
in 0.5 mL DMSO at room temperature to form a self-assembled ionic complex, to which 2.5
mg of a nonionic surfactant poloxamer 105 was subsequently added. The organic solution thus
obtained was then added to 40 mL of distilled water and stirred as in Example 1, and the
suspension obtained was dialyzed with a MWCO 1000 D membrane to remove the organic
solvent. Dialysis was performed against distilled water for 2 hours. Before lyophilization, 1%
wt. mannitol serving as a cryoprotectant was added to the compound. Thus a powder was
obtained from which a nanosuspension was subsequently prepared by dissolving in distilled

water containing 5% wt. glucose in a weight ratio of 0.01:99.99 (lyophilisate: medium).
Example 8
Preparation of nanocrystals based on lurtotecan and curcumin (LuCN) - structure see Fig. 3

Lurtotecan dihydrochloride (6.0 mg) and curcumin (3.5 mg) in a 1:1 molar ratio were dissolved
in 0.3 mL DMSO at room temperature to form a self-assembled ionic complex, to which 1.4
mg of a nonionic surfactant poloxamer 105 was subsequently added The organic solution thus
obtained was then added to 15 mL of distilled water and stirred as in the previous examples,
the obtained suspension was dialyzed using a MWCO 300 D membrane, the process was
performed against distilled water for 2 hours. Before lyophilization, 1% wt. mannitol serving
as a cryoprotectant was added to the compound. Within this procedure a powder was obtained
from which the nanosuspension was prepared for purposes of application by dissolving in

distilled water containing 5% wt. glucose in a weight ratio of 2:98 (lyophilisate: medium).
Example 9

Preparation of nanocrystals based on simmitecan and curcumin (SCN) - structure see Fig. 3
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Simmitecan hydrochloride (6.2 mg) and curcumin (7.4 mg) at a molar ratio of 1:2 were
dissolved in 0.4 mL of DMF at room temperature to form a self-assembled ionic complex, to
which 2 mg of poloxamer 105 was subsequently added as a nonionic surfactant. The organic
solution thus obtained was then added to 30 mL of distilled water and stirred as in the previous
examples, and the suspension obtained was dialyzed using a MWCO 300 D membrane. Dialysis
was performed against distilled water for 3 hours. Before lyophilization, 1% wt. mannitol
serving as a cryoprotectant was added to the compound. In this way a powder was obtained
from which the nanosuspension was prepared for application by dissolving in distilled water

containing 5% wt. glucose in a weight ratio of 3:97 (lyophilisate: medium).
Example 10
Preparation of nanocrystals based on elomotecan and curcumin (EmCN) - structure see Fig. 3

Elomotecan hydrochloride (5.5 mg) and curcumin (7.4 mg) in a molar ratio of 1:2 were
dissolved in 0.4 mL DMSO at room temperature to form a self-assembled complex, to which 2
mg of poloxamer 105 were subsequently added. The organic solution thus obtained was then
added to 30 mL of distilled water and stirred as in the previous examples, the obtained
suspension was dialyzed using a MWCO 300 D membrane. Dialysis was performed against
distilled water for 3 hours. Before lyophilization, 1% wt. mannitol serving as a cryoprotectant
was added to the compound. In this way a powder was obtained from which the application
nanosuspension was prepared by dissolving in distilled water containing 5% wt. glucose in a

weight ratio of 2:98 (lyophilisate: medium).
The compositions described in Examples 3 to 10 exhibited the following properties:

In the case of nanoparticles based on curcumininoid and other protonated nitrogen-containing
derivatives of camptothecin and its analogues as shown in Examples 3 to 10, e.g. topotecan
hydrochloride (TCN), belotecan hydrochloride (BCN), exatecan mesylate (ECN), lipotecan
hydrochloride (LiCN) ), afeletecan hydrochloride (ACN), lurtotecan dihydrochloride (LuCN),
simmitecan hydrochloride (SCN) or elomotecan hydrochloride (EmCN), they were discovered
to have similar properties to irinotecan based particles in terms of size, size distribution, surface

charge and morphology.

The concentration of bioactive components (ICN, TCN, BCN and ECN) - see Examples 1to 5
in the prepared nanoparticles was verified by high performance liquid chromatography (HPLC).

As can be seen from Fig. 4D, the detected proportion of bioactive substances in the particles
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was 70% wt. In the case of camptothecin and curcuminoid derivatives, their proportional
presence in nanoparticles was almost identical with the initial ratio before the start of the

reaction.

Changes in the selected characteristics of irinotecan-based nanoparticles were also observed
under various environmental conditions. Fig. 5 shows the behaviour of nanoparticles at different
pH or ionic strength. The surface tension of nanoparticles decreased with the increasing acidity
of the environment (pH less than 7). Negative zeta potential values of nanoparticles were
recorded in an alkaline environment (pH greater than 7). On the contrary, only minor changes
occurred in the size of nanoparticles and the width of their polydispersity as a consequence of
further impact of repulsive steric forces induced by the presence of nonionic complexes. In
addition, nanoparticles are stable even after 8 hours in phosphate buffer (pH 7.4) at 37.5 ° C,

with a slight increase in particle diameter and polydispersity.
Example 11

Preparation of the composition and experimental verification of the therapeutic effect - see Fig.

7- 13.

Irinotecan hydrochloride 6.2 mg and curcumin 3.7 mg were dissolved in 0.4 mL
dimethylsulfoxide (DMSO) at room temperature and 15% wt. d. poloxamer 105 was added.
The obtained organic solution was added to 20 mL of distilled water with stirring (500 rpm) for
4 min at room temperature. The obtained suspension was transferred to a dialysis tube where
MWCO (molecular-weight-cut-off) =300 D, and dialyzed against distilled water to remove the
organic solvent. Mannitol was added as a cryoprotectant. Irinotecan-curcumin powder was
obtained by lyophilisation. By dissolving it in distilled water containing 5% wt. glucose, an

anticancer emulsion for injection applications was obtained.

The anti-cancer effects of this injectable formulation were investigated in vivo using intestinal
cells of the HT-29 line on a tumour created by subcutaneous graft of these cells applied in

mouse (nude mouse). The experiment strategy is shown in Fig. 7.
Progress and monitoring:

Once the average tumour volume reached about 100 mm3, mice were randomly separated into
three groups of 4-5 in each group and injected intravenously with 1) PBS, 2) I, 3) ICN
(equivalent to the amount of irinotecan alone - 27.5 mg / kg) every other day for a total of 19

days.
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Course of treatment: Body weight and tumour volume were measured every 3 days. Tumour
volume was calculated according to the formula Tv = length x width?/2. 5 days after interruption
of medication, mice were sacrificed, by tumours were subsequently (day 25 from the start of

the experiment) removed, weighed and photographed.

Monitoring of undesirable side effects: Diarrhea was reported according to the following scale:
stool 0 - normal or none, 1 - slightly wet and soft, 2 - moderately soft and unshaped with
moderate peri-anal contamination, 3 - intense, watery with critical contamination in the peri-

anal area.
Evaluation of therapeutic effects:

Compared to the PBS group in mice in both treatment groups, the average tumour volumes
were effectively regulated and there were significant differences from the untreated group at
day 9 (about 1 week after the first administration - Fig. 8). Tumour volume decline occurred in
the treatment groups on day 15 (about 2 weeks after the first administration, Fig. 9). The
treatment groups also show significant differences in tumour weight compared to PBS (blind)

- Fig. 10. Photodocumentation of the removed tumours is shown in Fig. 11.

There was no statistical difference between the two treatment groups throughout the
experiment. The results confirm that the efficacy of the combined nanoformulation of the ICN
according to the invention isthe same as the anti-cancer effect of irinotecan hydrochloride itself,
and that the tumour regression effect is induced by irinotecan instead of curcumin in the ICN
according to the invention. This can be attributed to a significant difference in half maximal
inhibitory concentration of the both substances. Curcumin can generally be considered as

biologically safe at the therapeutic level / concentration of irinotecan used.

In addition, no significant weight loss was observed in any of the mice throughout the whole
experiment, which would indicate even minor side effects of the ICN nano-formulation

according to the invention at the dosage used in the treatment of the tumour - Fig. 12.
Evaluation of undesirable side effects:

Ascan be seen from Fig. 13, diarrhea was significantly delayed in mice treated with irinotecan
alone on day 10 after the first administration (p <0.01), with no distinct diarrhea in the PBS
group (blind - no treatment) throughout the whole experiment, but also not in the ICN group
(mice treated with the composition according to the invention). Reduction of diarrhea in mice

in this group shows that the presence of curcumin together with irinotecan in the
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nanofonnulation according to the invention can reduce intestinal load and thus protect the
intestines, thus increasing the patients’ comfort. This can be attributed either to the therapeutic
effects of the curcumin molecule or to a change in the drug formulation from irinotecan alone

to its combination with curcumin according to the invention.

Industrial applicability

The composition for the preparation of nanocrystals for medicaments with the enhanced
biological availability, the method of the preparation of nanocrystals and the use of nanocrystals
in injectable applications according to the invention will find use preferably in the field of
production of medicaments with the increased requirement for biological availability and
tolerability. It will be used especially in the field of preparation of cytostatics - anticancer

agents.
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CLAIMS

1. A method of preparation of nanocrystals with enhanced biological availability,
characterized by that the procedure of preparation in the powder form contains

the following steps:

a) dissolving the protonated nitrogen containing derivatives 150f camptothecin and
curcuminoids in an organic solvent leading to formation of self-assembled ionic

complex followed by subsequent addition of nonionogenic injectable surfactant;

b) transferring the obtained mixture into aqueous medium under -continuous

homogenization including mixing, shaking and/or using ultra-sound;
c¢) removing the solvent in order to obtain powder form;
d) lyophilisation of the product with the previously added cryoprotectant.

2. The method of preparation of nanocrystals according to claim 1, characterized
b y that the organic solvent used in the step a) is dimethylsulphoxide, propylen
carbonate, acetonitrile, acetone, dimethylformamide, tetrahydrofurane,
methylpyrrolidone, hexamethylphosphoramide, methanol, ethanol, acetic acid or their

combination.

3. The method of preparation of nanocrystals according to claim I,characterized
b y that the cryoprotectant used in step d) is lactose, mannitol, sucrose, trehalose,

fructose, glucose, sodium alginate, gelatine or their combination.

4. A composition for preparation of nanocrystals with enhanced biological availability and
nanocrystals prepared from this composition by the method according to claim 1,
charac terize d by that the composition comprises of injectable nonionic surfactant
and self-assembled ionic complex based on curcuminoids and protonated nitrogen
containing camptothecin derivatives and its analogues in the molar ratio between 10:1

and 1:10.

5. A composition for preparation of nanocrystals according to claim 4,ch aracteriz-
e d b y that the camptothecin analogues contain protonated nitrogen and include

camptothecin and homocamptothecin.
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6. A composition for preparation of nanocrystals according to claim 4 and 5,ch aract-
erized by that the protonated nitrogen containing derivatives of camptothecin
contain in their chemical structure at least one of functional groups including primary

amine, secondary amine, tertiary amine, cyclic amine and/or their combinations.

7. A composition for preparation of nanocrystals according to claim 4 and 6,ch aract -
erized by that the derivatives of camptothecin, which contain primary amine
included in their chemical structure, include one or more substances from the group of

9-aminokamptothecin, exatecan, delimotecan, namitecan.

8. A composition for preparation of nanocrystals according to claim 4 and 6,ch aract -
erized by thatthe derivatives of camptothecin, containing secondary amine in their

chemical structure, include belotecan.

9. A composition for preparation of nanocrystals according to claim 4 and 6,ch aract -
erized by that the derivatives of camptothecin, containing tertiary amine in their

chemical structure, include topotecan and/or lipotecan.

10. A composition for preparation of nanocrystals according to claim 4 and 6,ch aract-
erized by that the derivatives of camptothecin containing cyclic amine in their
chemical structure, include one or more compounds from the group of irinotekan,

lurtotecan, afeletecan, simmitecan, elomotecan.

11. A composition for preparation of nanocrystals according to claim 4,characteriz-
ed by that the derivatives of nitrogen containing camptothecin analogues are present
in form of salts of organic or inorganic acids selected from the group including
hydrochloric acid, sulphuric acid, phosphoric acid, hydrobromic acid, perchloric acid,
methanesulfonic acid, acetic acid, maleic acid, tartaric acid, citric acid or their

combinations.

12. A composition for preparation of nanocrystals according to claim 4,characteriz-
e d by in that the injectable nonionogenic surfactant is based on cholesterol,

poloxamers, polyoxyl castor oil, polysorbates or their combinations.

13. Utilization of nanocrystals prepared according to the claim 1 for the anticancer
injectable drug application, characterized by that the nanocrystals in the powder

form are dissolved in the liquid medium comprised of distilled water with 5 wt. % of
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glucose where the weight ratio of nanocrystals and liquid medium is in the range

between 0.01:99.99 and 3:97.
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ARTICLE INFO ABSTRACT

Keywords: Various design and fabrication strategies of carrier-based drug delivery systems have been quickly established
Irinotecan and applied for cancer therapy in recent years. These systems contribute greatly to current cancer treatments but
Curcumin further development needs to be made to eliminate obstacles such as low drug loading capacity and severe side
Charge conversion effects. To achieve better drug delivery, we propose an innovative strategy for the construction of easy manu-
i:lrf;f::;:]};empy factured drug self-delivery systems based on molecular structures, which can be used for the co-delivery of
Diarchea curcuminoids and all the nitrogen-containing derivatives of camptothecin for better targeted cancer therapy

with minimized side effects. The formation mechanism investigation demonstrates that the rigid planar struc-
tures of camptothecin derivatives and curcuminoids with relevant leaving hydrogens make it possible for them
to be assembled into nanoparticles under suitable conditions. These nanoparticles show stabilized particle sizes
(100 nm) under various conditions and tunable surface charges which increase from around —10 mV in a
normal physiological condition (pH 7.4) to +40 mV under acidic tumor environments. In addition, in vivo mice
experiments have demonstrated that, compared to irinotecan (a derivative of camptothecin) itself, the co-de-
livered irinotecan curcumin nanoparticles exhibited significantly enhanced lung and gallbladder targeting,
improved macrophage-clearance escape and ameliorated colorectal cancer treatment with an eradication of life-
threatening diarrhea, bringing hope for better targeted chemotherapy and clinical translation. Lastly, the
strategy of structure based design of drug self-delivery systems may inspire more research and discoveries of
similar self-delivered nano systems for wider pharmaceutical applications.

1. Introduction

Cancer is the second largest cause of death globally. Chemotherapy
based on small molecules remains one of the most effective ways to
fight against various cancers. For example, topotecan (Fig. 1a), a de-
rivative of camptothecin, has been used for the treatment of ovarian
cancer, cervical cancer and lung cancer, among which lung cancer
causes the largest cancer-related death in 2018 (1.8 million deaths) and
still remains the leading diagnosed malignancy in 2018 (2.1 million
new cases). Irinotecan (Fig. 1a), another camptothecin derivative, has
been used as the first-line treatment for colorectal cancer [1], the third
most commonly diagnosed malignancy (1.8 million new cases in 2018)

causing the second largest number of cancer-related deaths (0.86 mil-
lion deaths in 2018). These small molecular chemotherapeutic agents
are usually intravenously injected into the body yielding systemic ef-
fects. This approach is especially advantageous when dealing with
metastatic cancer but the concomitant challenge involves balancing the
therapeutic effects of the drug with their undesirable side effects [2].
Many approaches have been explored to minimize the adverse ef-
fects of drugs as well as to solve other problems, such as the poor water
solubility of more than 80% of drug candidates [ 3,4], including altering
their chemical structures by covalently conjugating with hydrophilic
moieties [5,6] and making advantages of various carriers [7]. Never-
theless, these newly introduced moieties or carriers themselves need
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Fig. 1. Structures and properties of camptothecin derivatives and curcuminoids. (a) Chemical structures of irinotecan hydrochloride and topotecan hydrochloride.
(b) Protonated nitrogen-containing derivatives of camptothecin by forming salts with medicinal acids (left); the pH-dependent lactone hydrolysis equilibria of
camptothecin derivatives (right). (¢) Chemical structures of curcuminoids in enol-keto tautomeric equilibria. (d) Dissociation equilibria between curcuminoids and
their anions. (e) Three-dimensional grid planar structures and sizes of camptothecin and curcumin (color by partial charge; red, negative; blue, positive; ;\, ang-
strom).
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vigorous trials before clinical use [8] and they usually display a more
complicated path through the clinic [9]. Furthermore, the involute
design and fabrication procedures of many nanomedicines become real
obstacles in the practical industrial manufacture [10-12].

Camptothecin is a natural hydrophobic alkaloid with multiple
conjugated aromatic rings and rigid planar structure [13,14] (Fig. le),
allowing it to sustain the DNA/topoisomerase complex and subse-
quently result in cell death [15]. Due to the lone pairs, the nitrogen-
containing camptothecin derivatives are industrially protonated by
forming salts with relevant medicinal acids to further improve their
water solubility and minimize the toxicity (Fig. 1b). However, one
common problem for all the derivatives of camptothecin is that they
undergo pH-dependent lactone hydrolysis to get pharmacologically
inactive carboxylate forms which show little topoisomerase inhibitory
activity [16,17]. Besides, these camptothecin derivatives also cause
many side effects, such as the vascular discomfort due to the low pH
value (pH 3.5) of their commercial injections and the severely life-
threatening diarrhea [18].

Curcuminoids (Fig. 1c) are linear diarylheptanoids extracted from
Curcuma longa. They exhibit many pharmacological effects and have
been reported to attenuate cell resistance [19,20], ameliorate gastro-
intestinal toxicity [21], protect heart tissue [22] and also possess anti-
tumor activities [23,24]. However, the applications of curcuminoids are
heavily limited due to their extremely poor water solubility.

So far, no nano formulations based on these two molecular species
have been reported. For the first time, we propose a strategy for the
construction of easy manufactured drug self-delivery systems based on
molecular structures, which can be used for the co-delivery of curcu-
minoids and all the nitrogen-containing derivatives of camptothecin for
better targeted cancer therapy via charge conversion. The formation
mechanism investigation demonstrates that the two molecular species
can self-assemble into complex of ion pairs in polar organic solvents
through intermolecular non-covalent interactions, resulting in a uni-
form distribution with certain molar ratios before being penetrated into
anti-solvents to form nanoparticles. As shown in Scheme 1, these na-
noparticles show stabilized particle sizes (100 nm) under various con-
ditions and tunable surface charges which increase from around —10
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mV in a normal physiological condition (pH 7.4) to +40 mV under
acidic tumor environments. The water solubility of curcuminoids is
dramatically improved and the lactone hydrolysis of camptothecin de-
rivatives is also restricted to keep their pharmacologically active forms.
Besides, the formulation with a pH value close to that of normal blood
would reduce the side effects caused to blood vessels and improve the
patient compliance compared to commercial injections of camptothecin
derivatives (pH 3.5). More importantly, in vivo mice experiments have
confirmed that, compared to irinotecan itself, the co-delivered ir-
inotecan curcumin nanoparticles exhibited dramatically enhanced lung
and gallbladder targeting, improved macrophage-clearance escape and
better colorectal cancer treatment with an eradication of life-threa-
tening diarrhea, which brings great hope for better targeted che-
motherapy and clinical translation. The strategy of construction of drug
self-delivery systems based on molecular structures may inspire more
discoveries of similar formulations for wider pharmaceutical applica-
tions.

2. Materials and methods
2.1. Materials

Irinotecan hydrochloride, topotecan hydrochloride, curcumin, po-
loxamer 105, mannitol, glucose, paraformaldehyde and dimethyl sulf-
oxide (DMSO) were purchased from Sigma-Aldrich and used as re-
ceived. Wortmannin, cytochalasin D, genistein and methyl-B-
cyclodextrin were purchased from Meilun Biotechnology Co. Ltd
(Dalian, China). Chlorpromazine was obtained from Selleck Chemicals
(China). Phosphate buffered saline (PBS, pH = 7.4) was prepared in
laboratory and ultrapure water was produced using a Milli-Q integral
water purification system.

2.2. Nanoparticle preparation

Surfactant stabilized irinotecan hydrochloride curcumin nano-
particles (SICN) were prepared based on a simple precipitation method.
Briefly, irinotecan hydrochloride (6.2 mg) and curcumin (3.7 mg)
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Fig. 2. Sizes, surface charges, redispersity, morphologies, appearance and stability of nanoparticles. (a) Particle sizes of ICN increase from about 70 nm in water to
1000 nm in PBS while (b) its surface charges decrease from 50 mV to -10 mV; (c) Stabilized particle sizes of SICN under various conditions; (d) Tunable surface
charges of SICN increase from -7 mV in PBS (pH 7.4) to +41 mV in water; SICN powder shows easy redispersity with narrow size distribution (e) and strong surface
charges (f); (g) Spherical SICN with smooth surfaces; (h) Morphology of lyophilized SICN with mannitol; (i) Apparent appearance of SICN and curcumin in water
exhibits the dramatically improved water solubility of curcumin by forming nanoparticles with irinotecan hydrochloride. (j) Anti-dilution ability of SICN in water
after serial dilution; (k) Storage stability of SICN in PBS at 37.5°C; (1) SICN shows stabilized sizes and distribution although its surface charges decrease with an
increase of acidity in an acidic environment and the addition of alkaline buffer makes the surface charges become negative. < br > Tag as simple
para: < br > Abbreviation: ICN: Irinotecan hydrochloride Curcumin Nanoparticles; SICN: Surfactant stabilized Irinotecan hydrochloride Curcumin Nanoparticles;

PBS: Phosphate Buffer Saline, pH = 7.4.

(Molar ratio 1:1) were dissolved in dimethyl sulfoxide (DMSO, 300 pL),
inside which 0.5 mg of injectable non-ionic surfactant poloxamer 105
was added. The obtained organic solution was added into ultrapure
water (30 mL) with magnetic stirring to get a suspension which was
then dialyzed to remove the organic solvent. Nanoparticle powder was
obtained after lyophilization with mannitol, which was then dispersed
into ultrapure water containing glucose to get an injectable nano-
particle suspension.

Irinotecan  hydrochloride curcumin nanoparticles without

surfactants (ICN) and topotecan hydrochloride curcumin nanoparticles
without surfactant (TCN) were also prepared using the same proce-
dures.

2.3. Nanoparticle characterization

The hydrodynamic sizes and surface charges of nanoparticles in
different conditions were characterized by dynamic light scattering
(DLS). To investigate the morphologies of nanoparticles, a drop of
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nanoparticle water suspension was evaporated on an aluminum foil. All
nanoparticles were coated with a thin layer of gold (conductive coating)
before investigation under a scanning electron microscope (SEM). The
diffraction and thermal behavior of nanoparticles were characterized by
powder x-ray diffraction (PXRD) and differential scanning calorimetry
(DSQ), respectively.

2.4. Fluorescence quenching

The stock solution was prepared by dissolving 10 mg of irinotecan
hydrochloride or curcumin into 10 mL of DMSO. The working solution
was obtained by mixing 10 pL of irinotecan hydrochloride stock solu-
tion with different volumes (from 1 pL to 10 pL) of curcumin stock
solution and the final volume was adjusted to 1 mL with DMSO. The
fluorescence spectra and lifetime were recorded on a spectro-
photometer (FL980, Edinburgh, England). The excitation and emission
wavelengths were set at 385 nm and 428 nm, respectively. For fluor-
escence synchronous spectra, the emission off wavelength was 43 nm.

The working solution containing topotecan was prepared using the
same method. The excitation and emission wavelengths were set at
395 nm and 433 nm, respectively. For fluorescence synchronous
spectra, the emission off wavelength was 38 nm.

2.5. Cells and mice

HT-29 colorectal adenocarcinoma cells were obtained from Boster
Biological Technology Co. Ltd (Wuhan, China). Male BALB/c nude
mice, aged 5 weeks (18-22 g, SPF grade), were purchased from Dashuo
experimental animals Co., Ltd. (Chengdu, China). All animal experi-
ments were conducted under the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of Chengdu
University of Traditional Chinese Medicine.

2.6. In vivo therapeutic efficacy and biosafety

HT-29 cell suspension (2 X 10° cells per 200 uL) were sub-
cutaneously injected into the flank of male BALB/c mice. When tumor
volume reached around 100 mm?®, the HT-29 tumor bearing nude mice
were randomly divided into three groups (four or five mice for each
group) and were intravenously injected with PBS, irinotecan hydro-
chloride (27.5 mg/kg/mouse) or SICN (equivalent irinotecan 27.5 mg/
kg/mouse) every other day for consecutive 20 days. Tumor volume was
measured every third day and calculated according to the formula:
Tumor volume = length x width?/2. Mice were weighted every three
days and the severity of diarrhea was scored according to the following
standards [25]: O (normal, normal stool or absent); 1 (slightly wet and
soft stool); 2 (moderate, wet and unformed stool with moderate peri-
anal staining of the coat); and 3 (severe, watery stool with severe
perianal staining of the coat). Mice were sacrificed after 5 days of
medication discontinuation. Tumors were excised, weighted and pho-
tographed. The excised tissues (heart, liver, spleen, lung, kidney, brain
and tumor) were fixed in 4% paraformaldehyde to prepare paraffin
sections. Hematoxylin/eosin (H&E) staining was used for histological
analysis.

2.7. Ex vivo biodistribution

Mice with subcutaneous tumors of around 100 mm® were in-
travenously injected with irinotecan hydrochloride or SICN (equivalent
irinotecan 27.5 mg/kg/mouse). Fluorescence based visual distribution
of drugs and their average signal on excised tissues were obtained on a
FUSION FX7 live animal imaging system.
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3. Results and discussion
3.1. Stabilized particle sizes and tunable surface charges

The hydrodynamic sizes and surface charges of ICN nanoparticles
under various conditions are displayed in Fig. 2. As can be seen, by
changing the solvent from water to PBS (pH 7.4), the particle sizes of
ICN increase from about 70 nm to more than 1000 nm (Fig. 2a) while
their surface charges decrease from around 50 mV to about —10 mV
(Fig. 2b). Compared to ICN in water, the addition of injectable non-
ionic surfactant poloxamer 105 slightly increases the hydrodynamic
sizes of SICN nanoparticles to around 100 nm (Fig. 2¢) while slightly
decreases their surface charges to about 40 mV in water (Fig. 2d). In
addition, altering the solvent to PBS further decreases the surface
charges of SICN to around —10 mV, while their hydrodynamic sizes
keep almost the same due to the additional steric repulsion provided by
the non-ionic surfactants [26], making SICN become independent of
environmental pH values and ionic strength.

The stabilized particle sizes and tunable surface charges can benefit
the drug self-delivery system by ameliorating their biodistribution and
enhancing their passively targeted cellular internalization.
Nanoparticles with negative surface charges can be repulsed by the
negatively charged cell membrane under normal physiological condi-
tions, resulting in prolonged circulation times [27,28] and facilitating
tumor accumulation via enhanced permeability and retention (EPR)
effect [29]. While the positively charged nanoparticles under neutral or
acidic environments become efficient at cell penetration, leading to an
improved accumulation in acidic tumor tissues [28]. Besides, compared
to the commercial irinotecan hydrochloride injection (pH 3.5), the in-
jectable SICN suspension with a pH value close to that of normal blood
would reduce the side effects caused to blood vessels during injection
and improve the compliance of patients.

3.2. Morphology and appearance

The morphologies of evaporated SICN nanoparticles and their lyo-
philized powder with mannitol were characterized by SEM. For the
evaporated SICN, spherical particles with smooth surfaces are displayed
in Fig. 2g and their sizes are similar to those in suspension (around
100 nm). The morphologies and sizes of evaporated SICN nanoparticles
under environments with different pH values keep almost the same
(Figs. S1 and S2), demonstrating the good stability of nanoparticle.
After lyophilization with mannitol, from Fig. 2h, we have observed only
rod-like crystalline mannitol. The apparent appearance of SICN and
curcumin in water is shown in Fig. 2i. Compared to pure curcumin in
water, the water solubility of curcumin is markedly improved by
forming nanoparticles with irinotecan hydrochloride.

3.3. Stability

The stability of SICN nanoparticles under various conditions was
characterized by DLS. As shown in Fig. 2j, the particle sizes, surface
charges and size distribution of SICN change little even though the
concentration is low to about 10 pg/mL in suspension, implying their
strong anti-dilution ability. Besides, SICN can keep stable in PBS (pH
7.4) at 37.5 °C for 8 h (Fig. 2k) though their absolute surface charges
are less than 10 mV. Besides, although the surface charges of SICN
decrease with an increase of acidity in an acidic environment and the
addition of alkaline buffer makes the surface charges become negative
(Fig. 21), the hydrodynamic sizes and size distribution of SICN stay the
same with few changes. In addition, the size and surface charges of
redispersed SICN powder in water (Fig. 2e and f) keep almost the same
compared to those before lyophilization. All these results demonstrate
the good stability and easy redispersity of SICN nanoparticles.
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Fig. 3. Crystalline profiles of SICN nanoparticles and fluorescence quenching of irinotecan chloride in DMSO caused by curcumin. Physical mixture of irinotecan
hydrochloride and curcumin (c, molar ratio 1:1) shows superimposed PXRD patterns of both irinotecan hydrochloride (a) and curcumin (b); vacuum dried powder of
methanol solution containing irinotecan hydrochloride and curcumin (d, molar ratio 1:1) shows evident novel diffraction peaks; SICN (e) shows new peaks at 11.22°,
23.68°, 25.66°, 28.66° and 29.42° compared to its components including irinotecan hydrochloride (a), curcumin (b) and P105 (f). DSC profile of P105 (g) implies its
amorphous state; DSC profile of irinotecan hydrochloride and curcumin mixture (h, ratio 1:1) indicates their amorphous state after cooling from high temperature;
Melting point of SICN at 155.6°C (i). The fluorescence excitation (j, emission at 428 nm), emission (k, excitation at 385 nm), synchronous (l, emission off 43 nm)
spectra and fluorescent lifetime (m, excitation at 385 nm, emission at 428 nm) of irinotecan hydrochloride (Iri) in presence of various amounts of curcumin (Cur) in
DMSO at room temperature; (n) The Stern-Volmer plots for the fluorescence quenching of irinotecan hydrochloride at room temperature; (o) The plots of log
(I < span data-format ="subscript" > 0 < /span > /I - 1) versus log(concentration of quencher (mol/L)). < br > Tag simple para as: < br > Abbreviation: PXRD,
powder x-ray diffraction; DSC, differential scanning calorimetry; SICN, Surfactant stabilized Irinotecan hydrochloride Curcumin Nanoparticles; IR, instrumental
response; DMSO, dimethyl sulfoxide; < br > Notes: I < span data-format ="subscript" > 0 < /span > and I represent the fluorescent intensity of irinotecan hy-
drochloride in the absence and presence of curcumin, respectively. t < span data-format="subscript' > 0 < /span > and t represent the fluorescent lifetime of
irinotecan hydrochloride in the absence and presence of curcumin, respectively.
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Fig. 4. Iillustration of the formation of surfactant stabilized irinotecan hydrochloride and curcumin nanoparticles. Irinotecan hydrochloride and curcumin initially
self-assemble into homogeneous complexes of ion pairs in polar organic solvents. Nanoparticles are obtained by precipitation in presence of large volume of their
unfavorable solvents regarding to the solubility. Surfactant stabilized nanoparticles become independent of environmental pH values and ionic strength because of
the additional steric force provided by surfactants. < br > Tag as simple para: Abbreviation: [O], oil phase; [W], aqueous phase.

3.4. PXRD analysis

The PXRD analysis of SICN and its components is displayed in Fig. 3.
As can be seen, the physical mixture of irinotecan hydrochloride and
curcumin with molar ratio 1:1 (Fig. 3¢) shows superimposed diffraction
patterns of both irinotecan hydrochloride (Fig. 3a) and curcumin
(Fig. 3b). While the vacuum dried powder of methanol solution con-
taining both irinotecan and curcumin (Fig. 3d) shows several evident
novel diffraction peaks, indicating these two molecules are ordered in a
new crystalline state with the help of methanol. SICN powder (Fig. 3e)
shows new diffraction peaks at 11.22°, 23.68°, 25.66°, 28.66° and
29.42° compared to its components (Fig. 3a, b, and 3f), implying the
formation of a novel crystal. By forming cocrystals, not only could the
water solubility be improved (Fig. 2i), but the lactone hydrolysis in
irinotecan is also restricted by the strong order effect of crystalline
lattices.

3.5. Melting behavior

The melting and crystallization behavior of SICN and its compo-
nents were analyzed by DSC. In the DSC curves of surfactant poloxamer
105 (Fig. 3g), no evident endothermic or exothermic peaks appears in
both the heating and cooling runs, indicating its amorphous state. In the
second heating run of physical mixture of curcumin and irinotecan
hydrochloride (molar ratio 1:1, Fig. 3h), a glass transition occurs at
about 140 °C, which implies that the mixture stays in an amorphous
state after the first cooling from high temperature. However, there is a
sharp endothermic peak at 155.6 °C in the heating run and an exo-
thermic peak at 119 °C in the cooling run of SICN (Fig. 3i), which
should be attributable to the melting and crystallization processes, re-
spectively. The unique melting point of SICN at 155.6 °C also

demonstrates they are in a crystalline form because an amorphous solid
does not have a definite melting point.

3.6. Static quenching

The fluorescence excitation (Fig. 3j), emission (Fig. 3k), synchro-
nous (Fig. 31) spectra and fluorescent lifetime (Fig. 3m) of irinotecan
hydrochloride in DMSO in the presence of various amounts of curcumin
were measured by a fluorospectrometer at room temperature. Ir-
inotecan hydrochloride shows an excitation maximum at 385 nm and
an emission maximum at 428 nm. The addition of curcumin causes the
fluorescence quenching in excitation, emission and synchronous
spectra. However, the fluorescence lifetime of irinotecan hydrochloride
keeps the same.

The fluorescence quenching data are analyzed by the Stern-Volmer
equation [30]:

I/I=1+Ky % [Ql =1+ ky #1 * [Q]

The binding number is calculated according to the following equa-
tion [30]:

Log (I/T — 1) = LogK, + n * log [Q]

where I and I represent the fluorescent intensity of irinotecan hydro-
chloride in the absence and presence of curcumin, respectively. Ky, is
the Stern-Volmer quenching constant and K, is the bimolecular
quenching constant; 1 is the fluorescence lifetime of fluorophore in the
absence of quencher. K, is the association constant, n is the binding
number and [Q] represents the concentration of quencher.

As shown in Fig. 3n, a linear Stern-Volmer plot and the unchanged
fluorescence lifetime in the absence and presence of curcumin (Fig. 3m)
reveals that the quenching of irinotecan hydrochloride in DMSO is
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caused by assembling into ground state complexes with curcumin
(static quenching) [30] with a molar ratio of 1:1 (Fig. 30) through in-
termolecular interactions, such as hydrophobic interactions, hydrogen
bonding, st-it stacking [31] and electrostatic adsorption [32].

3.7. Formation mechanism

Based on all the evidence obtained, a possible formation process of
the SICN nanoparticles is illustrated in Fig. 4. Curcumin and irinotecan
hydrochloride self-assemble into complexes of ion pairs in polar organic
solvents through intermolecular interactions. The extremely poor
water-solubility of curcumin and camptothecin (the parent compound
of irinotecan), the relatively exposed hydrogen atoms and the rigid
planar structures (Fig. 1e) of both molecules with multiple conjugated
aromatic rings [33-35] provide the possibility of hydrophobic inter-
actions, hydrogen bonding and st-;t stacking between these two mole-
cules [36], respectively. In addition, due to the active methylene hy-
drogen of (-diketones and two other phenolic hydrogen in curcumin,
there are three pKa values for the dissociation of acidic protons in
curcumin, namely 7.8, 8.5 and 9.0 (Fig. 1d) [36-38]. The partial io-
nization of weak acids in polar organic solvents [39] grants curcumin
the opportunity to interact with cationic irinotecan which is protonated
by forming salts with hydrochloride. In return, the electrostatic ad-
sorption between cationic irinotecan and anionic curcumin promotes
the dissociation of curcumin in polar organic solvents.

The organic solution of ionic complexes is then drop-wisely added
into large volume of their unfavorable solvents regarding to the solu-
bility to form nanoparticles by precipitation [40], during which the
presence of water with pH values lower than the pKa of curcumin re-
sults in the shifts of curcumin dissociation equilibria towards the mo-
lecular form [38] and therefore leads to the positively charged surface
of SICN nanoparticles. The high magnitudes of surface charges play a
pivotal role during the formation of nanoparticles, which allows them
to be repulsed from each other electrostatically and prevented from
aggregation in suspension.

However, the positive surface charges attributed from the proto-
nated irinotecan also result in the environmental pH sensitivity of the
ICN nanoparticles (Fig. 2a). The relatively alkaline nano-environment
deprotonates not only cationic irinotecan but also the weakly acidic
curcumin molecules, therefore leading to the neutral irinotecan mole-
cules and partially negatively charged curcumin (depending on the
specific pH values of the environment) on the surface of nanoparticles
(Fig. 2b). In addition, the high ionic strength in suspension compresses
the electric double layer of the nanoparticles [41], further leading to
the decrease of their surface charges. The relatively lower magnitudes
of the surface charges decrease the electrostatic repulsion between
nanoparticles, resulting in the failure in preventing their aggregation
and subsequently obtaining microscale particles.

The introduction of non-ionic surfactant, which is partially hy-
bridized inside SICN nanoparticles through hydrophobic interactions,
not only will not interrupt the electrostatic interactions between ir-
inotecan hydrochloride and curcumin during the formation of nano-
particles, but also provides an additional repulsive steric force to pre-
vent their aggregation [41], making the particle size and distribution of
SICN nanoparticles become independent of environmental pH values
and ionic strength (Fig. 2c).

3.8. Mechanism verification

The strategy for design of drug self-delivery systems based on the
molecular structures of curcuminoids and camptothecin derivatives was
verified by preparing topotecan hydrochloride curcumin nanoparticles
(TCN) using the same method. As can be seen in Fig. 5a, TCN shows a
hydrodynamic size of around 126 nm with a narrow size distribution
(PDI 0.18) in water and they also have positive surface charges with
large magnitudes (Fig. 5b). TCN also shows smoothly spherical
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structure (Fig. 5d). In addition, similar fluorescence quenching beha-
vior (Fig. 5j, k and 51) and lifetime decay (Fig. 5m) between topotecan
hydrochloride and curcumin in DMSO were observed, revealing the
static quenching between the two molecules.

The physical mixture of topotecan hydrochloride and curcumin
(molar ratio 1:1, Fig. 5g) shows superimposed diffraction patterns of
both topotecan hydrochloride (Fig. 5e) and curcumin (Fig. 5f). How-
ever, TCN shows novel diffraction peaks at 11.20°, 23.67°, 24.57,
25.66°, 28.66° and 29.44° (Fig. 5h), demonstrating the different crystal
state of TCN. More interestingly, these patterns have the same diffrac-
tion angles with those of ICN nanoparticles (Fig. 5i), further verifying
that molecules with the same chemical skeletons of camptothecin and
curcumin can form nanoparticles via the similar formation mechanism
by utilizing this strategy. However, their dissimilar relative diffraction
intensity (e.g., 24.57° and 29.44°) and different melting points (Fig. 5c)
evince the divergent subtle structures in both nanoparticles and also
indicate their different molecular composition and arrangements.

3.9. Invitro cytotoxicity, uptake efficiency and internalization pathways

The in vitro cytotoxicity and fluorescence-based cellular uptake ef-
ficiency of SICN nanoparticles under various environmental pH values
were explored on HT-29 cells.

As shown in Fig. S3, the half maximal inhibitory concentration
(ICsp) of irinotecan hydrochloride on cells under normal environment
(pH 7.4) is 15.25 uM. The ICso of SICN nanoparticles on cells with
environmental pH of 7.8, 7.4 and 6.5 are 0.278 mg/mL, 0.112 mg/mL
and 0.019 mg/Ml, equaling to 7.720 uM, 3.112 uyM and 0.537 uM of
irinotecan hydrochloride, respectively. Significant difference between
groups at every dosage level is obtained (p < 0.001). Compared to the
free irinotecan hydrochloride, the in vitro cytotoxicity of SICN is sig-
nificantly improved by forming nanoparticles. Besides, the acidic en-
vironments could result in greater in vitro cytotoxicity of SICN on HT-
29 cells than the alkaline condition because of the conversional positive
surface charges of nanoparticles under tumor environments and the
negative surface charges under normal physiological conditions.

The fluorescence-based cellular uptake of SICN nanoparticles under
different environmental pH values are shown in Fig. S4. The blank
group, namely cells under normal conditions without SICN nano-
particles, shows no fluorescence. For SICN groups, cells under acidic
environments exhibit significantly stronger fluorescence than those in
alkaline conditions (p < 0.001), demonstrating the higher uptake ef-
ficiency of SICN under tumor environments.

The cellular internalization pathways of SICN nanoparticles on HT-
29 cells were also tested by confocal laser scanning microscopy (Fig.
S5). From the statistical results, the cellular uptake of SICN nano-
particles is significantly blocked at 4 °C, suggesting an energy-depen-
dent internalization. Moreover, the cellular uptake is not affected by the
macropinocytosis inhibitors (cytochalasin D and wortmannin), but
significantly inhibited by the clathrin-mediated endocytosis inhibitor
(chlorpromazine) and the caveolin inhibitors (genistein and methyl-p-
cyclodextrin), indicating the SICN particles are at nano scale during
internalization because nano-sized particles (smaller than 500 nm) are
mainly endocytosed though clathrin- and caveolin-mediated endocytic
pathways while micro-sized particles are internalized via macro-
pinocytosis [42,43]. Besides, as shown in Figs. S4 and S5, SICN nano-
particles are evenly distributed in the cytosol around the nucleus due to
the caveolin-mediated endocytosis which can bypass lysosomes [43].

3.10. Nanoparticle disposition

The plasma concentration-time profiles of free irinotecan hydro-
chloride and SICN nanoparticles are shown in Fig. S6. The plasma
concentration for irinotecan hydrochloride group decreases by around
80% after 2 h while the concentration for SICN group still keeps at
about 50% in plasma. Mice receiving a single injection of SICN
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Fig. 6. < span data-format ="italic" > In vivo < /span > anticancer efficacy of SICN on HT-29 subcutaneous xenograft nude mice. (a) A schematic diagram of the
experimental design of anticancer efficacy; (b) Tumor volume (b), tumor growth rate (c), tumor weight (d) and tumor images (e) from mice treated with PBS, I or
SICN; (f) Negligible changes of Body weight; (g) H&amp;E staining images of excised tumors and major organs (magnification of 400x). (h) Delayed diarrhea degree
of mice (significant difference between SICN and I treated groups, no statistical difference between SICN and PBS treated groups). < br > Tag as simple
para: < br > Abbreviation: IV, intravenous therapy; PBS, Phosphate buffered saline, pH 7.4; I, Irinotecan hydrochloride; SICN, Surfactant stabilized Irinotecan
hydrochloride and Curcumin Nanoparticles. Significance of differences between groups are analyzed using 2way ANOVA. * p &It; 0.05, ** P &It; 0.01, *** P &It;

0.001, **** P &It; 0.0001.

nanoparticles achieve an obvious improvement in plasma concentration
and exposure compared to free irinotecan, which is consistent with the
previous report in literature [44].

3.11. In vivo therapeutic efficacy and biosafety

The anti-tumor effect of SICN nanoparticles was invested on HT-29
subcutaneous xenograft nude mice. The experimental strategy is illu-
strated in Fig. 6a. Compared to the PBS group, the average tumor vo-
lumes of mice in medication groups are effectively controlled and sig-
nificant difference occurs on day 9 (around one week post first
administration, Fig. 6b). The regression of tumor volume in the medi-
cation groups occurs on day 15 (around two week post first adminis-
tration, Fig. 6¢). The medication groups also show significant differ-
ences in tumor weight (Fig. 6d) and the photography of excised tumor is
shown in Fig. 6e. No statistical difference between the two medication
groups occurs during the whole experiment. These results confirm that
the SICN nanoparticles is as equally effective in colorectal cancer
treatment as free irinotecan hydrochloride and the tumor regression
effect of SICN is caused by irinotecan instead of curcumin. This should
be attributed to the significant difference in half maximal inhibitory
concentration of the two molecules. Curcumin can be generally re-
garded as a biosafe molecule at the dose level.

No significant loss of body weight was observed in all the mice
during the whole experiment, indicating the negligible side effects of
the SICN nanoparticles for tumor therapy at the employed dose
(Fig. 6f). Besides, the H&E staining images of tumors and major organs
(heart, liver, spleen, lung, kidney and brain) from HT-29 tumor-bearing
mice treated with PBS, free irinotecan or SICN are shown in Fig. 6g.
Except for the glandular cavities, the H&E staining of colon cancer
sections from the PBS group shows intact tumor cell structure. Cells
exhibit distinct nuclei with a nearly spherical thin cytoplasmic region.
H&E-stained sections of colon cancer from medication groups have
distinct damage of tumor cell nuclei and distorted membranes sur-
rounding necrotic tissues. However, compared to the PBS treated group,
neither noticeable organ damage nor inflammation lesion can be ob-
served in the medication groups, indicating the negligible organ dys-
function after being treated with SICN nanoparticles or irinotecan. All
these results demonstrate that the SICN nanoparticles exhibit high
biosafety for cancer treatment presenting no significant side effects to
the treated mice.

As shown in Fig. 6h, significant delayed diarrhea in the mice treated
with free irinotecan occurs on day 10 (10 days post first administration,
p < 0.01) while no obvious diarrhea is observed in PBS or SICN
treated group during the whole experiment, demonstrating the pre-
sence of curcumin in the nano formulation could protect the intestine
and ameliorate the gut toxicity by alleviating diarrhea in mice. This can
be due to whether the protective effects of curcumin molecule [21] or
the formulation changes of irinotecan with the help of curcumin.

3.12. Ex vivo biodistribution

The ex vivo biodistribution investigation was carried out according
to Fig. 7a. The normalized fluorescence spectra of irinotecan hydro-
chloride in water containing 50% of DMSO (Fig. 7b) and SICN in PBS
(Fig. 7c¢) show that irinotecan in both forms display similar fluorescence
behavior with an excitation maximum at around 370 nm and an
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emission maximum at about 430 nm.

The fluorescence based biodistribution of irinotecan hydrochloride
and SICN on excised tissues are shown in Fig. 7d and e, respectively.
Except for the high accumulation of irinotecan hydrochloride in tumor
(Fig. 7d), a relatively higher biodistribution in liver can also be ob-
served. Their relatively average signals are 27% and 37%, respectively
(Fig. 7f). Compared to irinotecan hydrochloride, a visually higher ac-
cumulation of SICN in tumor is observed (Fig. 7e) and its relatively
average signal figures prominently (36% in Fig. 7g, around 33% larger
than that of free irinotecan, 27% in Fig. 7f), showing an improved
tumor targeting of SICN. Besides, the relative accumulation of SICN in
liver is lower (18% in Fig. 7g) than that of free irinotecan (37% in
Fig. 7f), which might also be one of the reasons that relieve the side
effects. Clinically, the severe diarrhea caused by irinotecan hydro-
chloride is due to the biliary elimination and the subsequent micro-
biome reactivation in intestines [45,46]. Therefore, except for the
protective effect of curcumin on intestines [21], the diarrhea alleviation
effect of SICN could also be attributable to the improved tumor tar-
geting, which relatively reduces their quick accumulation in liver and
lessens the chances of being rapidly metabolized and excreted into in-
testines.

To further verify this, the relative accumulation of irinotecan and
SICN in tissues including heart, liver, gallbladder, spleen, lung, kidney,
brain, tumor and stomach & intestine at different time post intravenous
injection were explored in Fig. 7h. The relatively average signals of
irinotecan are mainly distributed in liver, tumor and stomach & intes-
tine. The relative accumulation in liver decreases from around 15% at
10 min to about 8% at 2 h post injection. The relative biodistribution in
tumor increases from around 3%-12% while the relative accumulation
in stomach & intestine keep at about 70%. However, except for the high
accumulation in liver, tumor and stomach & intestine, high distribution
of SICN in gallbladder and lung can also be observed. Compared to free
irinotecan, the relative accumulation of SICN in liver and spleen de-
crease by around 50% during 30 min post injection (Fig. 7i), which
could benefit the nanoparticles via escaping the rapid clearance by
mononuclear phagocytic cells and prolonging their residence time in
the body. Besides, their relative biodistribution in tumor increase by
more than 50%, further evidencing their improved tumor targeting due
to the uniform nano sizes (EPR effect) and convertible surface charges.
In addition, their relative accumulation in stomach & intestine decrease
by about 50%, which directly explains the diarrhea eradication effect of
SICN. More interestingly, the relative accumulation of SICN in gall-
bladder and lung increase by two or more times. It shows significantly
improved accumulation in lung and prolonged residence time in gall-
bladder, which not only explains the reduced accumulation in stomach
& intestine but also brings hope for the treatment of lung and gall-
bladder cancer.

4. Conclusions

For the first time, we propose a strategy for the construction of drug
self-delivery systems based on molecular structures, which can be used
for the co-delivery of curcuminoids and all the nitrogen-containing
derivatives of camptothecin for better targeted cancer therapy. The
formation mechanism investigation demonstrates that these two mo-
lecular species can self-assemble into complex of ion pairs in polar or-
ganic solvents through intermolecular non-covalent interactions,
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Fig. 7. < span data-format="italic' > Ex < /span > < span data-format="italic" > vivo < /span > distribution of SICN nanoparticles on HT-29 subcutaneous
xenograft nude mice. (a) A schematic diagram of the experimental design of ex vivo biodistribution by using HT-29 tumor-bearing nude mice; Irinotecan hydro-
chloride in water containing 50% of DMSO (b) and SICN in PBS (c) exhibit similar behavior in their normalized fluorescence spectra; Fluorescence based relative
biodistribution of irinotecan hydrochloride (d) and SICN nanoparticles (e) on tissues from mice sacrificed at 10 min post intravenous injection; The relatively average
signal of irinotecan hydrochloride (f) and SICN nanoparticles (g) on excised tissues; (h) Heat map of relatively average signal of irinotecan and SCIN on tissues within
120 min post intravenous injection; (i) Heat map of relatively average signal increase rate of SICN compared to irinotecan within 120 min post intravenous
injection. < br > Tag as simple para: < br > Abbreviation: PBS, Phosphate buffered saline, pH 7.4; SICN, Surfactant stabilised Irinotecan hydrochloride Curcumin

Nanoparticles.

resulting in a uniform distribution of them before being penetrated into
anti-solvents to form nanoparticles. These nanoparticles show stabilized
particle sizes (100 nm) with mono distribution (PDI < 0.2) under
various conditions and conversional surface charges which increase
from around —10 mV in a normal physiological condition (pH 7.4) to
+40 mV under acidic tumor environments. The water solubility of
curcuminoids is dramatically improved and the lactone hydrolysis of
camptothecin derivatives is also restricted to keep their pharmacolo-
gically active forms. Besides, the formulation with a pH value close to
that of normal blood would reduce the side effects caused to blood
vessels and improve the patient compliance compared to commercial
injections of camptothecin derivatives (pH 3.5). More importantly, in

vivo mice experiments have demonstrated that, compared to irinotecan
itself, the co-delivered irinotecan curcumin nanoparticles exhibited
dramatically enhanced lung and gallbladder targeting, improved mac-
rophage-clearance escape and ameliorated colorectal cancer treatment
with an eradication of life-threatening diarrhea, exhibiting great pro-
mise for better targeted chemotherapy and clinical translation. Lastly,
the strategy of structure based design of drug self-delivery systems may
inspire more research and discoveries of similar self-delivered nano
systems for wider pharmaceutical applications.
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Abstract

In recent years, a great deal of attention has been paid to the combined use of multiple antitumor
drugs for better cancer treatment. The aims of the study are to construct a nanoparticle drug
delivery system for the co-delivery of irinotecan hydrochloride and curcumin and to develop an
analytical method for simultaneously quantifying these molecules, which is essential for further
studies of the co-delivered nano system. The irinotecan hydrochloride and curcumin co-delivered
nanoparticle (ICN) were prepared by combinatorially entrapping them into polyethylene glycol-
poly lactic acid-co-glycolic acid (PEG-PLGA) polymeric nanoparticles. A simple, sensitive and rapid
high-performance liquid chromatography method was developed and validated to simultaneously
quantify the compounds in the co-delivered nanoparticle system. Acetonitrile and ultrapure water
containing sodium dodecyl sulfate (0.08 mol/L), disodium phosphate (NazHPQO4, 0.002 mol/L) and
acetic acid (4%, v/v) were used as the mobile phase and their ratio was set at 50:50. The flow rate was
set to 1.0 mL/min, and the temperature in the column oven was maintained at 40°C. The analysis
was carried out at 256 and 424 nm to assess irinotecan hydrochloride and curcumin, respectively.
Detectors with only one channel can also visualize both analytes in one chromatogram at 379 nm
and still demonstrate acceptable sensitivity. The retention times for irinotecan hydrochloride and
curium were 3.317 and 5.560 min, respectively. The method developed was confirmed to be
sensitive, accurate (recovery, 100 4+ 2%), precise (relative standard deviation, RSD < 1%), robust
and linear (R2 > 0.9996) in the range from 2.05to 1050 pg/mL. The presented method has been used
to quantify irinotecan hydrochloride and curcumin in the co-delivered ICN nano system to assess
the drug delivery quality of the nanoparticles and can also be used for routine analysis because of
its simplicity and accuracy.

Introduction pharmaceutical systems have been designed to simultaneously deliver
a number of active ingredients to achieve synergistic effects in cancer

Combining multiple antitumor drugs in the treatment of cancer has therapy (3-5).

been demonstrated as one of the most effective ways to reduce the Irinotecan hydrochloride is a potent inhibitor of topoisomerase I,

side effects of drugs, overcome multiple drug resistance (MDR) and which has been utilized to treat various cancers, especially colorec-

improve the therapeutic efficacy of the same (1, 2). Many novel tal and lung conditions (6). Irinotecan is prone to interconversion

© The Author(s) 2020. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oup.com
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Active Lactone form

Inactive Carboxylate form

Curcumin  Demethoxycurcumin Bisdemethoxcycurcumin

Figure 1. Chemical structures of irinotecan and curcuminoids. (A) Irinotecan undergoes pH-dependent hydrolysis to form the pharmacologically inactive

carboxylate form; (B) Three representative components of curcuminoids.

between its carboxylate and lactone forms (Figure 1A), exhibited
through changes in the pH of the molecular environment; notably,
only the closed lactone form is pharmacologically active (7).

Curcuminoids are naturally hydrophobic polyphenols found in
the extract of Curcuma longa, a medicinal plant widely used in Asian
countries (8). As shown in Figure 1B, they contain three main compo-
nents, namely curcumin, demethoxycurcumin and bisdemethoxycur-
cumin. These molecules evince an intrinsic anticancer effect and other
pharmacological properties, such as anti-inflammatory, antioxidant
and antimicrobial qualities (9). But their clinical use has been very
limited due to the extremely low water solubility (10).

When combined with curcuminoids, the anticancer effect of
irinotecan hydrochloride can be heightened by regulating relevant
pathways inside cancer cells (11, 12), or by furthering the apoptosis
of cancer cells (13). Co-delivering irinotecan hydrochloride and
curcuminoids via nanotechnologies could represent a good strategy
to overcome the drawbacks of the two molecular species as well
as to achieve an enhanced cancer treatment. The authors, however,
are unaware of any studies in the literature on the co-delivery and
simultaneous determination of these compounds despite that many
separate nano systems (14, 15) and analytical methods for both
molecular species (16-18) have been reported.

The present study prepares a nanoparticle drug delivery system
for the co-delivery of irinotecan hydrochloride and curcuminoids
and provides a high-performance liquid chromatography (HPLC)
method for simultaneously separating and analyzing these molecules.
Chromatographic conditions are optimized to separate and quantify
the compounds by adjusting the composition of the mobile phase and
selecting UV-Vis wavelengths suitable for detection. The analysis was
carried out at 256 and 424 nm to assess irinotecan hydrochloride
and curcumin, respectively. Detectors with only one channel can also
visualize both analytes in one chromatogram at 379 nm and still
demonstrate acceptable sensitivity. The method has proven to be
sensitive, accurate (recovery, 100 £ 2%), precise (relative standard
deviation, RSD < 1%), robust and linear (R? > 0.9996) in the range
from 2.0 to 1050 pg/mL. The presented method has been used to
quantify irinotecan hydrochloride and curcumin in the co-delivered
irinotecan hydrochloride and curcumin co-delivered nanoparticle
(ICN) nano system to assess the drug delivery quality of the nanopar-
ticles and can also be used for routine analysis with related analytes.

Materals and Methods

Materials and instrumentation

Curcumin (curcuminoid content >94%, curcumin >80%), irinote-
can hydrochloride (> 98% HPLC, powder), acetonitrile (ACN,
HPLC grade), methanol (MeOH, HPLC grade), dimethyl sulfoxide
(DMSO, HPLC grade), acetic acid (HPLC grade), hydrochlo-
ride, sodium dodecyl sulfate (SDS, > 98% GC, powder) and
polyethylene glycol-poly lactic acid-co-glycolic acid (PEGpin 2000—
PLGA M 4500,) were purchased from Sigma-Aldrich (Czech Repub-
lic) and utilized as received. Disodium phosphate (DSP, NayHPOy4)
was provided by PENTA s.r.o. (Czech Republic). Ultrapure water was
prepared in laboratory using a Milli-Q integral water purification
system. Spectroscopic analyses were performed on a DIONEX
UltiMate 3000 HPLC system, equipped with an LPG-3400SD
Standard Quaternary Pump and a DAD-3000 Diode Array Detector
(DAD).

Nanoparticle preparation

The ICN were prepared via an antisolvent method using PEG-PLGA
as drug carriers. Briefly, curcumin (1.0 mg), irinotecan hydrochloride
(1.0 mg) and PLGA-PEG (10 mg) were dissolved in DMSO (1.0 mL),
which was then added dropwise into ultrapure water (10 mL) under
stirring (400 RPM, 10 min). Nanoparticle water suspension was
obtained after removing organic solvent by dialysis against ultrapure
water (Molecular Weight Cut-Off of dialysis membrane, 3000).
The hydrodynamic sizes and surface charges of nanoparticles were
recorded by dynamic light scattering (DLS).

Assessment of drug delivery quality
To assess the drug delivery quality of this nanoparticle co-delivery
system, ICN nanoparticle suspensions with or without centrifugation
(10,000 RPM, 10 min) were diluted with ACN before being injected
into HPLC to determine any difference in drug content prior to
and following centrifugation. The drug-loading capacity (DL %),
drug entrapment efficiency (EE %) and drug molar ratio (DR) were
calculated according to the following equations:

DL (%, irinotecan hydrochloride) = (I1 o 2)/(Iy + Pgy) x100%

(1).
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Figure 2. The optimization of chromatographic conditions. (A) Curcuminoids were eluted with acetonitrile and water (containing 4% acetic acid). Three

curcuminoids can be well separated by decreasing the amount of acetonitrile from 70 to 50%; (B) Adding salts (sodium phosphate and sodium dodecyl sulfate)
overcomes the peak tailing of irinotecan and does not affect the elution of curcuminoids; (C) 3D UV-Vis absorption of irinotecan and curcuminoids; (D) Overlap

of UV-Vis absorption of irinotecan and curcumin.

DL (%, curcumin) = (Cy o, 2)/(Co + Pg) x 100% (2).

EE (%, irinotecan hydrochloride) = Iy o, 2/Ip x 100% (3).

EE (%, curcumin) = Cq o, 2/Cy x 100% (4).

DR = molar amount of Cy/molar amount of I, (5).

Above, DL represents the drug-loading capacity, EE represents
the drug entrapment efficiency and DR means drug molar ratio.
C stands for the weight of curcumin, I represents the weight of
irinotecan hydrochloride and P represents the weight of polymer
PEG-PLGA. The right subscript 0 represents the amount of relevant
drug molecule initially added; the right subscripts 1 and 2 represent
the amount of relevant drug molecule before and after centrifugation,
respectively.

Preparation of stock solution

Curcumin stock solution (1.05 mg/mL) was prepared by accurately
weighing 10.5 mg of curcumin and dissolving it into 10 mL of ACN.
Irinotecan hydrochloride stock solution (1.05 mg/mL) was prepared
by weighing 10.5 mg of irinotecan hydrochloride and dissolving it
into 10 mL of ACN. Additionally, to prepare a combined stock solu-
tion containing both curcumin and irinotecan hydrochloride, 10.5 mg
of curcumin and 10.5 mg of irinotecan hydrochloride were accurately
weighed and dissolved into 10 mL of ACN. All the prepared stock
solutions were stored at 4°C in darkness for further use.

Development of analytical method

Chromatographic separation was carried out on a Cyg column
(Kinetex 2.6 p Cyg 100A, 150 mm x 4.6 mm) fitted with a pre-
column (WATREX 50 mm x 4 mm, ReproSil 100 Cyg, 5 pm). ACN
and ultrapure water containing DSP (0.002 mol/L), SDS (0.08 mol/L)
or acetic acid (4%, v/v) were used as the mobile phase. The flow
rate was set to 1.0 mL/min, and the temperature in the column
oven was maintained at 40°C. The volume injected for all injections
equaled 0.5 pL. The UV-Vis absorption of curcumin or irinotecan
hydrochloride was determined by HPLC, on the aforementioned
system equipped with a DAD detector.

Validation of analytical method
Validation of the method was carried out according to current

guidelines issued by the International Conference on Harmonization
(ICH), ref. Q2 (R1) (ICH, 2017) (19).

Specificity. Blank ACN, standard curcumin solution, standard
irinotecan hydrochloride solution, mixed irinotecan hydrochloride
curcumin solution and ICN nanoparticles diluted with ACN were
injected into HPLC so as to determine the specificity of the analytical
method.
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Figure 3. Specificity for detecting irinotecan and/or curcuminoids in different forms under various wavelengths. (A) Specificity for detecting irinotecan at 256 nm;
(B) Specificity for detecting curcuminoids at 424 nm; (C) Specificity for detecting both irinotecan and curcuminoids at 379 nm.

Linearity and range. Serial dilutions were prepared of a mixture of
curcumin and irinotecan hydrochloride in ACN at concentrations
ranging from 2.05 pg/mL to 1.05 mg/mL. The calibration curve was
plotted in triplicate, displaying peak area versus concentration. Anal-
ysis of least square regression was conducted on the data obtained
and analysis of variance (ANOVA) test (« = 0.05) was used to assess
the regression significance.

Sensitivity. The sensitivity of the analysis method was observed with
respect to the limit of detection (LOD) and limit of quantitation
(LOQ). The LOQ was determined as the first concentration of
calibration curves. The LOD was estimated based on the standard
deviation (o) of y-intercepts and the slopes (s) of the regression lines.
The equations are represented below:

LOD = 3.3 o/s (6).

Accuracy. To evaluate the accuracy of the method, a recovery experi-
ment was performed. Three different levels (30, 200 and 500 pg/mL)
of curcumin and irinotecan hydrochloride were added to the matrix
samples: ACN and nanoparticle ACN solution. Their responses
were estimated from the relevant calibration curve. Accuracy was
determined by recovery with a relative error based upon actual and
estimated concentrations.

Precision. Repeatability was analyzed by injecting three different lev-
els (30,200 and 500 pg/mL) of curcumin and irinotecan hydrochlo-
ride solution into the HPLC system in three replicates within a single
day. Intermediate precision was also determined by analyzing the
same three concentrations of curcumin and irinotecan hydrochloride
solutions on 2 days in five replicates. RSD (%) with a confidence
interval pertaining to the estimated concentrations was calculated for
each set of data according to the calibration curve.

Robustness. The robustness of the proposed method was determined
by changing a chromatographic condition, such as the mobile phase
ratio (+£0.5%), flow rate (0.1 mL/min) and column temperature
(£3°C). Figures for mean recovery (£ % confidence interval) as well
as relative error were reported.

Results

Development of analytical method

Selection of solvents

Curcuminoids eluted with ACN and water containing 4% acetic acid
are shown in Figure 2A. The detective wavelength of curcuminoids

used during solvent selection was set at 420 nm according to the
literature report (20). When the ratio of ACN in the mobile phase
decreases from 70 to 50%, three curcuminoids can be well separated
and the retention time for bisdemethoxycurcumin, demethoxycur-
cumin and curcumin were 4.790, 5.100 and 5.560 min, respectively.
Besides, the resolutions of two adjacent peaks stand at 2.30 and
2.41, respectively. In addition, the asymmetry factor of 1.00 &+ 0.10
demonstrates good symmetry of the chromatographic peaks.

Irinotecan hydrochloride was also eluted with the same mobile
phase and detected at 250 nm (21). However, as shown in Figure 2B,
a tailing peak with an asymmetric factor of 2.01 is observed. Adding
DSP (0.002 mol/L) and SDS (0.08 mol/L) into water increases the
retention time of irinotecan hydrochloride from 2.187 to 3.317 min,
and the asymmetric factor decreases to an acceptable value of 1.16
(22). The addition of DSP and SDS in the mobile phase keeps
irinotecan hydrochloride in its neutral form and gets rid of the peak
tailing. Besides, adding salts does not affect the elution of curcum-
inoids, hence the mobile phase comprising 50% ACN and 50%
water containing DSP (0.002 mol/L), SDS (0.08 mol/L) and acetic
acid (4%, v/v) was chosen as the mobile phase for the simultaneous
separation and quantification of irinotecan hydrochloride and three
curcuminoids.

Selection of wavelength. Figure 2C shows 3D UV-Vis absorbance
profile of irinotecan hydrochloride and curcuminoids, within which
the representative chromatographic peaks are well separated from
each other. In order to obtain far more sensitivity and a high degree
of precision, the maximum UV-Vis absorption at 256 and 424 nm
(Figure 2D) were chosen to detect irinotecan hydrochloride and
curcumin, respectively. Since overlap exists in the UV-Vis absorption
spectra of irinotecan hydrochloride and curcumin, 379 nm was
selected for detecting both irinotecan hydrochloride and curcumin
in one chromatogram concurrently.

Validation of analytical method

System suitability test. An assay was performed in duplicate six times,
the detection wavelength having been set to 379 nm. The statistical
results of the suitability study for the given system are displayed in
Table 1.

Specificity. The chromatograms of the blank solution, irinotecan
hydrochloride, curcumin and the mixture at 256, 424 and 379 nm
are given in Figures 3A, B and C, respectively. Within these, each
compound is verified as not interfering with one another.
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Table . System Suitability Results (379 nm, n = 6)

Parameters Acceptable criterion Irinotecan Bisdemethoxycucumin ~ Demethoxycucumin Curcumin
Retention time (min) N.A. 3.317 £ 0.001 4.795 £ 0.002 5.100 £ 0.001 5.560 + 0.001
Precision of retention time RSD (%) < 1% 0.03 0.00 0.02 0.02

Precision of peak area RSD (%) <2% 0.63 0.62 0.96 0.68
Asymmetry factor (European 0.95-1.05 1.02 £ 0.01 1.03 £ 0.01 1.03 £ 0.01 1.01 +£0.01
pharmacopoeia)

Plate number (N) N > 2000 9785 £ 67 11943 £ 102 11673 £ 83 12197 £ 67
Resolution (European > 2.0 9.12 2.33 2.35 N.A.

pharmacopoeia)

Linearity and range. The assay for each standard was performed
in duplicate three times and the representative chromatograms of
irinotecan hydrochloride and curcuminoids detected at different
wavelengths are shown in Figure 4. The linearity of the detector
response for the standards was analyzed by least-square regression
method and the regression equations for the calibration curves are
displayed below:

For irinotecan hydrochloride detected at 256 nm:

Y = 0.02061 % X + 0.1129, R? = 0.9997 and F = 24238.

For curcumin detected at 424 nm:

Y = 0.03954 X + 0.007464, R? = 0.9996 and F = 18881

For irinotecan detected at 379 nm:

Y =0.01275 % X + 0.08087,R? = 0.9997 and F = 21810

For curcumin detected at 379 nm:

Y =0.01619 * X + 0.01796, R? = 0.9996 and F = 19268

The results showed that the squares of the linear correlation coef-
ficients (R?) were above 0.999, indicating the good linearity of the cal-
ibration curves. ANOVA of regression showed that obtained F values
critical = 5.5914)
(Fegitical < < Fobtained)> Which demonstrates that the linear regres-

(Fobtained) are far superior to the critical value (F,

sion is significant and the method is linear over the whole tested
concentration range (23). The validity of the assay was verified by
means of ANOVA, which showed that there is linear regression with
no deviation from linearity (P < 0.001) and can be used for the
quantification of irinotecan hydrochloride and curcumin in the tested
range.

In addition, the regression coefficients of equations at 256 and
424 nm, representing the rate of change of one variable (Y) as a
function of change in the other (X), are larger than those at 379 nm,
demonstrating the greater sensitivity of signal response when altering
the concentration of the analytes.

Sensitivity. The calculated method LODs for irinotecan hydrochlo-
ride at 256 nm and curcumin at 424 nm equal 2.12 and 4.94 ng/mL,
respectively, hence are lower than those at 379 nm (6.26 ng/mL for
irinotecan hydrochloride and 8.71 ng/mL for curcumin), indicating
higher sensitivity. The LOQ value was taken as the lowest concen-
tration of calibration curves that could be quantitatively measured,
namely 2.05 pg/mL.

Accuracy. Table II details results on the accuracy of the analytical
method. The overall recovery (%) determined by multiple analysis
is within 101.07 £ 0.54, and the RSD values for the experimental
data are less than 1%.

Precision. The precision of this analytical method describes the
degree of accord between a series of data from an identical sample

(24). Such precision has been evaluated at three different levels, and
the results of inter- and intra-day precision are expressed as RSD
(in percent) of a statistically monumental number of experimental
samples, as shown in Tables III and IV, respectively.

The values of RSD for validation of precision were found to be less
than 1%, which demonstrates good agreement between the experi-
mental data obtained from multiple analysis of the same sample.

Robustness. Table V details results for robustness under differing
chromatographic conditions. The variations in column temperature,
flow rate and mobile phase ratio within given limits that were
exhibited engendered mean recoveries (%) ranging between 98.0 and
102.0, while the maximum RSD (%) equaled 1.50, indicating it to be
a sufficiently robust method.

Application of analytical method

As shown in Figure 5, the average hydrodynamic size of ICN
nanoparticles in water is 210.7 £ 0.9074 nm, with a polydispersity
index (PDI) of 0.206 + 0.013; hence sufficient to instigate enhanced
permeability and retention (EPR) for the treatment of solid cancers.
The surface Zeta Potential of ICN nanoparticles in water suspension
stood at —24.19 £ 0.954 mV, indicating good stability under normal
conditions.

Regarding HPLC analysis, as shown in Figure 3, no unexpected
peaks or variations in the chromatograms were found, this being
an analytical method considered specific to and practicable for
simultaneously quantifying both curcumin and irinotecan hydrochlo-
ride in the given ICN nanoparticle water suspensions. Variations
in drug content in the nanoparticles preceding and subsequent to
centrifugation are presented as DL (%) and EE (%), as displayed
in Figure 5. DL reflects the amount of drug delivered per amount
encapsulated and EE is the percentage of drug that is successfully
entrapped into the nanoparticles. No significant differences were
discerned between either group, indicating that the prepared ICN
nanoparticles were uniformly distributed and suspended in water and
that the irinotecan hydrochloride and curcumin molecules are not
adsorbed on the nanoparticle surface. The loss of drugs should be
because of the operation during preparation and harvest.

Discussion

In the present study, a drug co-delivery polymeric nanoparticle sys-
tem based on irinotecan hydrochloride and curcumin was con-
structed. Their drug loading and entrapment quality was assessed
based on the established HPLC method. Optimization of HPLC
conditions was performed by adjusting the mobile phase and selecting
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Figure 4. Chromatogram at 256 nm for detection of irinotecan (A) with different concentrations (B); Chromatogram at 424 nm for detection of curcuminoids (C)
with different concentrations (D); Chromatogram at 379 nm for detection of both irinotecan and curcuminoids (E) with different concentrations (F); Regressed

calibration curve at 256 nm (G), 424 nm (H) and 379 nm (I).

the detective wavelengths. Acetonitrile and ultrapure water con-
taining sodium dodecyl sulfate (0.08 mol/L), disodium phosphate
(NapyHPO4, 0.002 mol/L) and acetic acid (4%, v/v) were used as
the mobile phase and their ratio was set at 50:50. DSP and SDS
were used in the mobile phase to keep irinotecan hydrochloride in
its neutral form and get rid of the peak tailing. The analysis can
be carried out to simultaneously quantify irinotecan hydrochloride
and curcumin at two different detective wavelengths, namely 256
and 424 nm. Detectors with only one channel can also visualize
both analytes in one chromatogram at 379 nm and still demonstrate
acceptable sensitivity. The method developed was validated to be
sensitive, accurate (recovery, 100 & 2%), precise (RSD < 1%), robust
and linear (R? > 0.9996) in the tested range.

The molar ratio of curcumin to irinotecan hydrochloride in the
co-delivered nanoparticles was approximately 2:1, indicating more
hydrophobic curcumin molecules entrapped inside the nanoparticles
than amphiphilic irinotecan hydrochloride. The authors surmise that
during formation of the nanoparticles the extremely hydrophobic
curcumin molecules aggregate together with the hydrophobic part of
PLGA-PEG polymer, forming hard inner cores, and the hydrophobic
portion of the irinotecan molecules are embedded inside the inner
cores; this is due to hydrophobic interactions between the molecules
themselves. The water-soluble part of PLGA-PEG and hydrophilic
piperidine rings of irinotecan (25) stretch out and decrease the contact

area between the nanoparticles, thereby boosting the stability of the
nanoparticles owing to steric repulsion. During the formation of
nanoparticles, the functions of curcumin and irinotecan hydrochlo-
ride differ. The hydrophobic curcumin molecules form an inner core
with the hydrophobic part of PLGA-PEG. Meanwhile, the entire
amphiphilic irinotecan hydrochloride molecule serves as a surfactant
and heightens particle stability (26, 27).

Based on the current assessment of the drug loading and entrap-
ment quality of this co-delivered nanoparticle system, further work
such as the in vitro and in vivo therapeutic efficacy of both molecules
will be carried out on relevant cancer models.

Conclusions

In this research, development has focused on innovative pharmaceuti-
cal systems for co-delivering irinotecan hydrochloride and curcumin,
giving rise to the simple, sensitive and rapid analytical method
described herein with its basis on HPLC. The analytical method devel-
oped was confirmed to be sensitive, accurate (recovery, 100 + 2%),
precise (RSD < 1%), robust and linear (R? > 0.9996) in the range
from 2.0 to 1050 pg/mL, which has been used for the simultaneous
quantification of irinotecan hydrochloride and curcumin in the co-
delivered pharmaceutical systems to assess their drug delivery quality
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Figure 5. Typical hydrodynamic size (A) and zeta potential (B) of irinotecan and curcuminoids co-delivered nanoparticles. The drug-loading capacity and drug
entrapment efficiency prior to and following centrifugation process (C).

Abbreviation: DL (I, %), drug-loading capacity of irinotecan; DL (C, %), drug- loading capacity of curcumin; EE (I, %), drug Entrapment Efficiency of irinotecan;
EE (C, %), drug Entrapment Efficiency of curcumin.
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