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The objectives of this research were to develop the microbeads containing thiolated
pectin–doxorubicin (DOX) conjugates for colorectal cancer treatment. Thiolated pectin–DOX
conjugates with reducible disulfide bond were synthesized from DOX–3,3-dithiopropionic acid and
thiolated pectin prepared from either thioglycolic acid or cystamine dihydrochloride, using two
coupling reactions, i.e., disulfide bond formation reaction and disulfide bond exchange reaction.
The novel oral microbeads containing thiolated pectin–DOX conjugate were fabricated by
ionotropic gelation with cations. In order to protect the microbeads from upper gastrointestinal
environment, the microbeads were coated with enteric polymer. The characteristics of thiolated
pectins, thiolated pectin–DOX conjugates and microbeads containing thiolated pectin–DOX
conjugates were determined. The in vitro cell cytotoxicity was tested on mouse colon carcinoma,
human colorectal adenocarcinoma, and human bone osteosarcoma cell lines. The in vivo
anticancer efficacy of coated microbeads was confirmed in murine colon carcinoma in BALB/c
mice. The results showed that the disulfide bond exchange method provided a simple, fast, and
efficient approach for synthesis of thiolated pectin–DOX conjugates, compared to the disulfide
bond formation method. Thiolated pectin–DOX conjugates containing disulfide bond could be
cleaved at the target site in the reduction potential environment. DOX content in thiolated pectin–
DOX conjugates using low methoxy pectin was found to be higher than that using high methoxy
pectin. The in vitro anticancer activity of thiolated pectin–DOX conjugates was significantly higher
than that of free DOX, in mouse colon carcinoma and human bone osteosarcoma cells, but
insignificantly different from that of free DOX, in human prostate cancer cells. Usually, using zinc
acetate as a crosslinker can produce the hardest microbeads with spherical shape, compared to
other cations. However, the microbeads prepared from thiolated pectin–DOX conjugate were very
soft and irregular in shape. To produce more spherical microbeads with suitable hardness, the
native pectin was then added to the formulations. The particle size of the obtained microbeads
ranged from 0.87 to 1.14 mm. Morphology of the microbeads was characterized by optical and
scanning electron microscopy. DOX contained in the microbeads was still in crystalline form as
confirmed by powder X-ray diffractometry. Drug release profiles showed that the microbeads
containing thiolated pectin–DOX conjugate exhibited redox-responsive character; in reducing
environments, the disulfide linkers in the thiolated pectin–DOX conjugate were cleaved and
consequently DOX was released. The best-fit release kinetics of the microbeads containing
thiolated pectin–DOX conjugate, in the medium without reducing agent, fit the Korsmeyer–Peppas
model while those in the medium with reducing agent fit a zero-order release model. The coated
microbeads containing thiolated pectin–DOX conjugate significantly inhibited the growth of all
cancer cell lines. The in vivo study confirmed the delivery of DOX to colorectal tumor site, redoxresponsiveness, and anticancer efficacy of coated microbeads. The coated microbeads containing
thiolated pectin–DOX conjugate also showed the ability to overcome tumor metastases and
effectively inhibited primary tumor growth, without gross toxicity. No noticeable damage was found
in the GI tissues of the mice, indicating lack of DOX toxicity. The findings suggest that the
microbeads containing thiolated pectin–DOX conjugate is a promising platform for cancer-targeted
delivery of DOX, exploiting the reducing environment typically found in tumors. Based on these
results, it is proposed that the novel microbeads containing thiolated pectin–DOX conjugate could
have potential for clinical delivery of DOX to the colorectal cancer site by oral administration.
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CHAPTER 1
INTRODUCTION
1.1 Statement and significance of the research problem
Cancer is a leading cause of death worldwide. The third most common
cancer in men (about 10.0% of the total) and the second in women (9.2% of the total)
worldwide is colorectal cancer. Almost 55% of the cases occur in more developed
regions. There are wide geographical variations in incidence across the world and the
geographical patterns are very similar in men and women, though incidence rates vary
ten-fold in both sexes worldwide (Ferlay et al., 2015; Torre et al., 2015). In Thailand,
the incidence rate of colorectal cancer is the highest in frequency in males and the
third in females following cancers of the breast and cervix uteri (Information and
Technology Division, 2016). Colorectal cancer is a result of cancer cells that form in
the lining of the colon or rectum. Colorectal cancer often begins as a benign growth
known as a polyp. Adenomas are a type of polyp and are benign tumors in the tissue
lining the colon or rectum. Most polyps will stay benign, but some adenomas have a
potential to turn into cancer over a long term. If they are removed early, this will
prevent them from becoming cancerous. The earliest phase of colorectal cancer is
initiated in the normal mucosa with a generalized disorder of cell replication
and with the appearance of clusters of enlarged crypts (aberrant crypts),
showing proliferative, biochemical and biomolecular abnormalities (Franco et al.,
2014). Treatment decisions are made by patients with their physicians after
considering the best options available for the stage and location of the cancer, as
well as the risks and benefits associated with each.
The main types of treatment that can be used for colon and rectal cancer
are surgery, radiation therapy, chemotherapy and targeted therapy. Depending on the
stage of the cancer, two or more of these types of treatment may be combined at the
same time or used one after the other (Golla et al., 2013). Surgery is the most common
treatment for all stages of colorectal cancer, however surgery may not eliminate all
1
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the cells, so additional treatments after surgery, or adjuvant therapy, for example
chemotherapy or radiation, may also be used to kill any cancer cells that may have
metastasized (spread to other parts of the body). Nevertheless, conventional
chemotherapeutic agents are limited by their undesirable properties, such as narrow
therapeutic window, and cytotoxicity to normal tissues, which may cause failure in
cancer treatment (Pulkkinen et al., 2008). Chemotherapy is treatment with anti-cancer
drugs that can be administered in different ways. Systemic chemotherapy uses drugs
that are injected into a vein or given orally. These drugs enter the bloodstream and
reach all areas of the body. This treatment is useful for cancers that have metastasized
(spread) beyond the organ in which they originated, and regional chemotherapy. In
regional chemotherapy, drugs are injected directly into an artery leading to a part of
the body containing a tumor. This approach concentrates the dose of chemotherapy
reaching the cancer cells in that area. It reduces side effects by limiting the amount of
drugs reaching the rest of the body. Hepatic artery infusion, where chemotherapy is
given directly into the hepatic artery, is an example of regional chemotherapy
sometimes used for colon cancer that has spread to the liver. Reginal chemotherapy is
used less often than systemic chemotherapy (American Cancer Society, 2017).
Oral chemotherapy is attracting increasing attention since it can
provide

convenient

home-based

therapy with lesser collateral effects than

intravenous treatments which in turn leading to a better quality of life. In addition to
systemic absorption, the oral route also enables site-specific treatment of colorectal
cancer. The mucoadhesive properties of the components can provide high local
concentrations of anti-tumor agents and prolonged contact with the tumor tissue,
using lower doses and thus causing less damage to healthy tissues (Puga et al.,
2013). Targeted drug delivery to the colon would therefore ensure direct treatment at
the disease site, lower doses and fewer systemic side effects. The colon-targeted
delivery of drugs has recently gained importance in addressing specific needs in the
therapy of colon-based diseases (Kelloff et al., 2004).

1.2 Objectives
The objectives of this research were:
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(1)

To develop pectin-doxorubicin conjugates for colorectal cancer
treatment

(2)

To investigate factors influencing the preparation, physical
characteristics, loading efficiency and release behaviour of the
developed system

(3)

To evaluate the cytotoxicity, anticancer activity and anticancer
efficacy of the developed system
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2.1 Cancers
Cancer is among the leading causes of morbidity and mortality worldwide,
with approximately 14 million new cases and 8.2 million cancer related deaths in
2012. The number of new cases is expected to rise by about 70% over the next 2
decades. Cancer is a generic term for a large group of diseases that can affect any part
of the body. One defining feature of cancer is the rapid division of abnormal cells that
grow beyond their usual boundaries, and which can then invade adjoining parts of the
body and spread to other organs. Deaths from cancer worldwide are projected to
continue to rise to over 13.1 million in 2030 according to a report updated in 2015
based on GLOBOCAN estimates produced by the International Agency for Research
on Cancer (IARC) (Ferlay et al., 2015; Torre et al., 2015). The major treatments are
surgery, radiotherapy and systemic chemotherapy, and depend on evidence of the best
existing treatment and site of cancer; these may be used alone or in combination.
The cancer therapy may be more effective when placed or injected near, or
delivered directly to the target tumor, and higher accumulated local drug
concentrations can be achieved compared to traditional approaches (Changju et al.,
2009). Anticancer drugs can cause severe adverse side-effects depending on the type
and dose of drugs given and the length of time in which they are taken. Common sideeffects of the drugs can include hair loss, mouth sores, loss of appetite, nausea and
vomiting. Chemotherapy can also affect the haematopoietic cells of the bone marrow,
leading to low blood cell counts. This can lead to increased chances of infection
resulting from the lack of white blood cells, easy bruising or bleeding, and fatigue, all
due to the reduction in blood platelets and red blood cells. However, some side-effects
may continue after cessation of the treatment, as it takes time for recovery and/or drug
elimination, and some side-effects might even be permanent. The opportunity to
deliver drugs locally therefore creates the possibility of improving both the safety and
anticancer efficacy.
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2.1.1 Colorectal cancer
Colorectal cancer is the third most common cancer in men (about 10.0% of
the total) and the second in women (9.2% of the total) worldwide. Almost 55% of the
cases occur in more developed regions. There are wide geographical variations in
incidence across the world and the geographical patterns are very similar in men and
women: incidence rates vary ten-fold in both sexes worldwide, the highest estimated
rates being in Australia/New Zealand (ASR 44.8 and 32.2 per 100,000 in men and
women respectively), and the lowest in Western Africa (4.5 and 3.8 per 100,000
respectively). Mortality is lower (694,000 deaths, 8.5% of the total) with more deaths
(52%) in the less developed regions of the world, reflecting a poorer survival rate in
these regions. There is less variability in mortality rates worldwide (six-fold in men,
four-fold in women), with the highest estimated mortality rates in both sexes in
Central and Eastern Europe (20.3 per 100,000 for men, 11.7 per 100,000 for women),
and the lowest in Western Africa (3.5 and 3.0, respectively) (McGuire, 2016).
Colorectal cancer is a result of cancer cells that form in the lining of the colon (large
intestine) or rectum. Colorectal cancer often begins as a benign growth known as a
polyp. Adenomas are a type of polyp and are benign tumors of the tissue lining the
colon or rectum. Most polyps will stay benign, but some adenomas have the potential
to turn into cancer over the long term. If they are removed early, this prevents them
from becoming cancerous. The earliest phases of colorectal tumorigenesis are
initiated in the normal mucosa, with a generalised disorder of cell replication,
and with the appearance of clusters of enlarged crypts (aberrant crypts)
showing proliferative, biochemical and biomolecular abnormalities. The large
majority of colorectal malignancies develop from adenomatous polyps. These can be
defined as well demarcated masses of epithelial dysplasia, with uncontrolled
crypt cell division. An adenoma can be considered malignant when neoplastic
cells pass through the muscularis mucosae and infiltrate the submucosa (Leon &
Gregorio, 2001). A staging system is a standardized way in which the cancer care
team describes the extent of the cancer.
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Colorectal cancer staging describes the size of the tumor, how far it has
grown into the colon or rectum wall, and whether the cancer has spread to lymph
nodes or other places in the body past the place where it began to grow. The
commonly used staging system for colorectal cancer is that of the American Joint
Committee on Cancer (AJCC), sometimes also known as the TNM system.
Colorectal cancer staging describes the size of the tumor, how far it has
grown into the colon or rectum wall, and whether the cancer has spread to lymph
nodes or other places in the body past the place where it began to grow. The
commonly used staging system for colorectal cancer is that of the American Joint
Committee on Cancer (AJCC), sometimes also known as the TNM system.

Figure 2.1 Colorectal cancer staging
Adapted from: http://singaporeoncology.com.sg/images/4.png

The AJCC defined system for colorectal cancer has five stages:
Stage 0: Cancer cells are located only in the inner lining of the colon or
rectum. Typically, this is confined to the surface of a polyp (a growth that protrudes
from a mucous membrane). It is also known as carcinoma in situ.
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Stage 1: Cancer cells have spread from the inner lining into the middle layers
of the muscular wall of the colon or rectum.
Stage 2: Cancer has spread to the outside surface of the colon or rectum, and
may involve nearby tissues but not the lymph nodes
Stage 3: Cancer has spread to the nearby lymph nodes
Stage 4: Cancer has spread to other distant parts of the body, such as the liver
or lungs.

In addition to the stages of cancer, it is also useful to determine the grade of
the cancer. To determine the grade of a tumor, a biopsy sample is examined under a
microscope. Comparing the cancer cell morphology and behaviour to normal cells
will enable a determination of the grade and help to enable a doctor to estimate how
quickly the cancer may be growing. Colorectal cancer has three grades:
Grade 1 or low grade typically means that cancer is slow growing, also known
as well differentiated,
Grade 2 or moderate grade also known as intermediate differentiation, and
Grade 3 or high grade means that cancer is faster growing, also known a
poorly differentiated.
The TNM system refers to 3 key pieces of information:
• T describes how far the main (primary) tumor has grown into the wall of the
intestine and whether it has grown into nearby areas.
• N describes the extent of spread to nearby (regional) lymph nodes. Lymph
nodes are small bean-shaped collections of immune system cells that are important in
fighting infections.
• M indicates whether the cancer has spread (metastasized) to other organs of
the body (colorectal cancer can spread to almost anywhere in the body, but the most
common sites of spread are the liver and lungs). Numbers or letters appear after T, N
and M to provide more details about each of these factors. The numbers 0 through 4
indicate increasing severity. Table 1 shows the different colon cancer stages according
to the American Joint Committee on Cancer (AJCC) and the TNM.
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Table 2.1 The different colon cancer stagesThe different colon cancer stages
(Franco et al., 2014)

Colon cancer staging is useful for diagnosis and essential for the
determination of the best treatment. As shown in Table 1, the staging depends on the
extent of local invasion, the degree of lymph node involvement and distant metastasis.
For the detection of the metastasis, imaging techniques such as abdominal ultrasound,
computed tomography (CT) and positron emission tomography (PET) scanning are
needed. Of course a definitive classification can only be determined after surgery, and
pathologic analysis (Franco et al., 2014). A key role in the cure of colon cancer is
represented by prevention, followed by surgery when the tumor is still in the early
stages of development. This approach offers patients a good chance of success but
unfortunately the symptoms of the early stages of the disease, such as fecal occult
blood (FOB), occur in just 5% of cases. Nowadays there are two strategies available
for colon cancer screening: the fecal occult blood test (FOBT) and colonoscopy, and
these checks are recommended for 50 year old men and women every 1–2 years
(American Cancer Society, 2017).

2.1.2 The treatment of colorectal cancer
The main types of treatment that can be used for colorectal cancer are
surgery, radiation therapy, chemotherapy and targeted therapy. Depending on the
stage of the cancer, two or more of these types of treatment maybe combined at the
same time or used one after the other.
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Surgery
The types of surgery used to treat colon and rectal cancers are slightly
different depending on the site of the tumor.
Potential side effects of surgery depend on several factors, including the
extent of the operation and a person's general health before surgery. Most people will
have at least some pain after the operation, although medication can usually control
the pain. Eating problems are usually resolved within a few days of surgery. Other
problems may include bleeding from the surgery, blood clots in the legs, and damage
to nearby organs during the operation. Rarely, the new connections between the ends
of the intestine may not hold together completely and may leak, which can lead to
infection including fatigue, possibly for an extended period, constipation or diarrhea,
temporary or permanent colostomy and sexual side-effects, such as erectile
dysfunction in men, after more extensive operations for rectal cancer (American
Cancer Society, 2017).

Radiation therapy
Radiation therapy uses high-energy rays or particles to destroy cancer
cells. It may be part of a treatment for either colon or rectal cancer. Chemotherapy can
make radiation therapy more effective against some colorectal cancers. Using these
two treatments together is known as chemoradiotherapy. Radiation therapy is mainly
used in people with colon cancer when the cancer has attached to an internal organ or
the lining of the abdomen. When this occurs, all the cancer has been removed, and
radiation therapy may be used to try to kill cancer cells that remain after surgery.
Radiation therapy is also used to treat colon cancer that has spread, most often if the
spread is to the bones or brain. For rectal cancer, radiation therapy is usually given to
help prevent the cancer from coming back in the area where the tumor started. It is
often given along with chemotherapy. Many physicians suggest radiation therapy
before surgery for easier removal of the cancer, especially if the size or position of the
cancer make surgery difficult. Radiation therapy before surgery may lower the risk of
the tumor recurring in the pelvis. Radiation therapy can also be given to help control
rectal cancers in people who are not healthy enough for surgery or to ease palliate
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symptoms in patients with advanced cancer causing intestinal blockage, bleeding, or
pain.
There are, however, side-effects of radiation therapy. Potential sideeffects of radiation therapy for colorectal cancer can include skin irritation at the site
where radiation beams were aimed, nausea, rectal irritation, which can cause diarrhea,
painful bowel movements, or blood in the stools, bowel incontinence, bladder
irritation, burning or pain while urinating, or blood in the urine, fatigue/tiredness and
sexual problems including impotence in men and vaginal irritation in women.

Chemotherapy
Chemotherapy is treatment with anticancer drugs. Chemotherapy can be
given in different ways.
 Systemic chemotherapy. Systemic chemotherapy uses drugs that are
administered by injection into a vein or given by mouth. These drugs enter the
bloodstream and reach all areas of the body. This treatment is most useful for cancers
that have metastasized beyond the original organ to other organs.
 Regional chemotherapy. This is used less often than systemic
chemotherapy. In regional chemotherapy, anticancer drugs are injected directly into
an artery leading to the organ near the tumor. This approach concentrates the dose of
the anticancer drug reaching the cancer cells in the injection area. This reduces sideeffects by limiting the amount of drug reaching the other organs. Hepatic artery
infusion, where chemotherapy is given directly into the hepatic artery, is an example
of regional chemotherapy sometimes used for colon cancer that has spread to the
liver.
Chemotherapy may be used at different times during the treatment of
colorectal cancers.
I. Chemotherapy used after surgery to remove the cancer is known as
adjuvant chemotherapy. It restrains the regeneration of cancer cells and has been
shown to help people with stage II and stage III colorectal cancer to live longer. It
works by killing the small number of cancer cells that may have been left behind by
the surgery because they were too small to see.
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II. Adjuvant chemotherapy is not only aimed at cancer cells that might
have escaped from the main tumor and settled in other parts of the body but it also
attacks small cancer cells which are hard to detect. Neoadjuvant chemotherapy, which
is administered before surgery, is often used in treating rectal cancer. Chemotherapy
and/or radiation therapy is given before surgery with the aim to shrink the cancer for
easier and safer surgical removal.
III. Chemotherapy for advanced cancers, Chemotherapy can also be used to
help shrink tumors and relieve symptoms of cancers which have spread to other
organs. Although it is not likely to cure the cancer, it often helps people to live longer.

Side-effects of chemotherapy
Chemotherapy drugs work by attacking cells that are dividing quickly,
which is why they work against cancer cells. However other cells in the body, such as
those in the bone marrow, the lining of the mouth and intestines, and the hair follicles,
also divide quickly. These cells are also likely to be affected by chemotherapy, which
can lead to certain side effects. The side-effects of chemotherapy depend on the type
and dose of drugs given and the length of time for which they are taken. Common
side effects of the drugs can include hair loss, mouth sores, loss of appetite, nausea
and vomiting, and low blood counts. Chemotherapy can affect the blood forming cells
of the bone marrow, leading to low blood cell counts. This can lead to increased
chances of infections, bruising, bleeding or fatigue.
Along with these, some side-effects are specific to certain medicines, for
example Hand-foot syndrome can occur during treatment with capecitabine or 5-FU
(when given as an infusion). This starts out as redness in the hands and feet, which
can then progress to pain and sensitivity in the palms and soles. If it worsens,
blistering or skin peeling can occur, sometimes leading to open, painful sores.
Neuropathy (painful nerve damage) is a common side effect of oxaliplatin. Symptoms
include numbness, tingling, and even pain in the hands and feet. It can also cause
patients to have intense sensitivity to hot and cold in the throat and oesophagus (the
tube connecting the throat to the stomach (American Cancer Society, 2005).
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Chemotherapy also plays a major role in the management of colorectal
cancer. Chemotherapy as a treatment for advanced and metastatic disease remains
disappointing. Treatment of metastatic colorectal cancer with chemotherapy is a
palliative approach. However, all of these chemotherapy agents can have significant
toxicity (gastrointestinal toxicity, myelosuppression, and neurotoxicity) and require
repeated clinical visits and/or infusion pumps for administration on a long-term basis.
One of the main problems associated with cancer drug administration is nonspecific
biodistribution of the therapeutic agent in different parts of the body (Sharma & Saltz,
2000). There has been interest in the development of oral chemotherapy agents for
cancer therapeutics for a long time. Administration of oral chemotherapy has several
potential advantages. These include the potential for greater patient convenience and
acceptance and significant cost savings, both in terms of treatment costs and lost
wages incurred by patients and families during physician visits. There is evidence that
with regular patient education and monitoring, adequate patient compliance with oral
medications can be achieved, although issues of compliance and safety remain a
concern. Recently, there has been a surge in the development of oral therapies for
colorectal cancer (Golla et al., 2013).
Oral delivery of therapeutics remains the most patient accepted form of
medication. The development of an oral delivery formulation for local delivery of
chemotherapeutics in the gastrointestinal tract can potentially alleviate side-effects
including systemic cytotoxicity. The development of colon-targeted drug delivery
systems has attracted significant interest. Particularly, localised colon treatment of
inflammatory based bowel diseases has shown well-documented

advantages

including specific drug targeting after oral administration, reduction of systemic
toxicity and increased drug efficacy (Sharma & Saltz, 2000).
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2.2 Drug delivery systems of chemotherapy
2.2.1 Administration routes of chemotherapy
Chemotherapy provided for treatment differs according to the patient’s
condition, such as type, grade and size of tumor, number of lymph nodes involved and
degree of involvement, metastasis level and clinical state of the patient.
The standard route of chemotherapy administration is via a systemic mode.
The anticancer drug can be administered via various routes:
1. Intravenous access
 peripheral venous
 central venous
 percutaneous lines
 peripherally inserted central catheters
 implant devices
 tunnel venous devices
2. Intrathecally – the chemotherapeutic agents is directly injected into the
cerebrospinal fluid, usually as prophylaxis for leukemia or lymphoma.
3. Intracavitary – injected into a body cavity such as


Intraperitoneal, administrated directly into the peritoneal
cavity.
 Intrapleural, administrated directly into the pleural cavity.
 Intravesical, administrated directly into the bladder.
4. Subcutaneous and intramuscular – injected into the layer of fat under the
skin or muscle respectively.
5. Topical  usually used to treat sun cancers.
6. Orally  enables shorter treatment time, greater independence of the
individual, and improved tolerability.

2.2.2 Oral chemotherapy
Oral chemotherapy should be more advantageous over the current
regimens via the intravenous route providing a relatively prolonged systemic exposure
profile with less fluctuation leading to lower toxicity and improved efficacy.
Moreover, the oral mode of cancer treatment is noninvasive, cost (time and labor)-
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saving, and available for outpatients, resulting in better patient compliance and
improved quality of life, particularly for the elderly and for patients with advanced or
relapsed cancer. Additionally, the oral formulation allows cost savings, attributable
mainly to the reduction in hospital resource utilization, provided by selfadministration at home (Kim et al., 2014; Le Lay et al., 2007)
Oral administration is one of the most accepted and simple systems of drug
delivery. Considering the possibilities of oral administration for chemotherapy, many
benefits, including improved patient compliance and quality of life become evident.
There are several disadvantages of anti-cancer drugs, the main concerns being the
toxicity and distribution to both healthy and cancerous tissue. It is therefore necessary
to develop oral delivery systems able to protect drug molecules from destruction in
the gastrointestinal tract (GIT) which also result in reduced toxicity and other adverse
side effects. Many researchers have tried to overcome this problem by delivering the
drug via intubation at a point after the GIT.
Oral chemotherapy is attracting increasing attention since it can
provide

convenient

home-based therapy with fewer collateral effects than

intravenous treatments, leading to a better quality of life (Le Lay et al., 2007).
Recently, several types of drug carriers intended to modify the drug delivery system
of chemotherapy have been purposed as possible site specific drug delivery systems.
The researcher designed polyelectrolyte-coated liposomes for improving
the oral deliverability of doxorubicin (DOX). The formulation component provided
positive charge to the liposomes, which were subsequently coated with anionic
poly(acrylic acid) (PAA) followed by a coating of cationic polyallyl amine
hydrochloride (PAH).

The layersomes were not only stable in simulated

gastrointestinal fluids but also presented sustained drug release. The in vivo
pharmacokinetic studies revealed about a 5.94-fold increase in the oral bioavailability
of DOX when compared to a free drug. The antitumor efficacy in a DMBA-induced
breast tumor model further exhibited significant reduction in the tumor growth when
compared to control and IV-LipoDox. (Jain et al., 2012)
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2.3 Doxorubicin
Doxorubicin is a prominent antracyclin antibiotic with board spectrum
anticancer activity against a variety of solid tumors, but it shows very low oral
bioavailability (∼5%) due to inherent low permeability, substrate specificity to P-gp
efflux pump, acid catalyzed hydrolysis in the stomach and susceptibility to
cytochrome P450 (CYP450), resulting in high first-pass metabolism. It has a limited
therapeutic index due to toxic side-effects such as depressed immune system, fatigue,
vomiting, and a major problem i.e. cardiotoxicity due to oxidative stress status
characterised by excessive production of reactive oxygen species (ROS) and/or a
reduction in antioxidant defenses (Menna et al., 2007; Tacar et al., 2013; Turakhia et
al., 2007). Doxorubicin contains two major functional groups within its structure. One
is a primary amine group in a sugar moiety and the other is a primary hydroxyl group
in the aliphatic chain ring. While both groups can be used for chemical conjugation,
conjugation through the primary amine group in a sugar moiety allows for
maintaining the quinone ring intact for drug activity since conjugation is performed
far from the activity site of the drug (Arcamone et al., 1997; Campos et al., 2012; Wu
et al., 2015). At present, doxorubicin is available only as an injectable under many
trade names such as Adriamycin and Rubex (solution form), Doxil, Caelyx, and
LipoDox (liposomal formulations) but the chemotherapy clinical efficacy of these
intravenous formulations is often fraught, with the doxorubicin having a toxic reaction
with normal cells and dominant induced cardiotoxicity (El-Agamy et al., 2016; Jain et
al., 2012; Minotti et al., 2004)

Figure 2.2 The chemical structure of doxorubicin
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Moderate water-solubility and toxicity, which are the nature of DOX,
made it difficult to physically load within the carrier safely and in sufficient amounts
for therapeutic efficiency. This difficulty was overcome by chemically conjugating
DOX with the polymers. Furthermore, it is possible that the adverse effects from
various anticancer drugs can be reduced through the design and fabrication of
polymer-drug conjugated drug delivery systems that minimize any systemic side
effects attributed to the parent drug.

2.4 The delivery strategies for reduce the adverse side effect of chemotherapy
Unfortunately, most anticancer drugs especially those with excellent
anticancer effects such as doxorubicin, paclitaxel and docetaxel. The researchers were
used many strategy to decrease side effect thus raise the anti-tumor potency such as
liposome, dendrimer, nanoemulsion, hydrogel and polymer –drug conjugate, etc (Mei
et al., 2013). As an example, Yang and co-worker (Yang et al., 2017) were prepared
DOX and palmitoyl ascorbate co-encapsulated liposomes for improving cancer
therapy of DOX. The co-loaded liposome elevated the uptake of DOX and efficiently
concentrated in the nucleus, therefore, it exhibited higher DOX accumulation in
cancer cells, stronger anticancer effect but lower toxicity. Addition, the Gadolinium
oxide nanoparticle polyethylene glycol coated and doxorubicin loaded for DOX
deliver and imaging applications. The results demonstrated efficient drug delivery and
cytotoxicity on cancer cell line (Kumar et al., 2017). Nanoemulsion, Qureshi and
coworker (Qureshi et al., 2016) were fabricated co-delivered hydrophobic quercetin
and hydrophilic DOX nanoemulsion by developing a biocompatible nanocarrier
comprising of an amphiphilic polymer, methoxy poly(ethylene glycol) and poly (D,
L-lactide-co-glycolide). The nanoemulsion inhibited tumor growth, while maintaining
normal levels of cardiac function indicators in serum and recovering the
histopathological damages in heart tissue.
Addition, Changju and coworker (Changju et al., 2009) formulated
Doxorubicin–polyphosphazene conjugate hydrogels which is based on locally
injectable, biodegradable, and thermosensitive for locally controlled delivery of
cancer therapeutics. The aqueous solution of the polymer–DOX conjugate showed a
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sol–gel transition behavior depending on temperature changes. The conjugate
hydrogel after the local injection at the tumor site was shown to inhibit tumor growth
with less toxicity. The conjugate hydrogel is released slowly over a longer period of
time and effectively accumulated locally in the tumor sites. These conjugates have
been shown to improve the solubility of the hydrophobic drug, produce desirable
pharmaco-kinetics and enhance the antitumor activity. Polymer–drug conjugates also
have other distinct advantages including overcoming multidrug resistance (MDR)
through slow drug release and an enhanced permeation and retention (EPR) effect due
to the accumulation of the polymer–drug conjugate within solid tumors. However,
more strict specificity to tumor cells has been required to enhance antitumor effect as
well as to minimize toxic side effects.

2.5 Polymer-drug conjugates for chemotherapy
In contrast to free drug administration, which usually distributes randomly
throughout the body and thus may exert deleterious side effects, the attachment of the
therapeutic to polymer carriers limits cellular uptake through endocytosis, extends
circulation times to several hours, and facilitates passive targeting of tumors via the
enhanced permeability and retention (EPR) effect (Kim et al., 2009; Liechty et al.,
2010; Qiu et al., 2009). In order to overcome frequent dosing problems, adverse
effects, and enhance anticancer efficacy, anticancer drugs have been conjugated to
polymeric or modified polymers, which are either natural or synthetic. Chemically
conjugating drugs to polymers also effectively prevents the drug from leaking into the
circulation. Chun and coworker fabricated a poly organophosphazene–doxorubicin
(DOX) conjugate that was shown to slowly release DOX to inhibit SNU-601 human
gastric cancer growth more effectively with less toxicity and for a longer period than
free DOX (Changju et al., 2009). Wu and coworkers synthesized micelles from poly
(ethyleneglycol)-β-poly(L-lactide-co-carbonate) conjugated with PTX. The conjugate
had better activity and was promising for the treatment of human breast cancers (Wu
et al., 2015). Joung-Pyo Nam et al. synthesized polymeric micelles as anti-HER2/neu
peptide-polyethylene glycol -tocopherol-doxorubicin conjugated (HPTOC-DOX)
combining a targeting ligand, two anti-cancer drugs (-tocopherol (TP) and DOX),
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and a redox-sensitive function consisting of -tocopherol (TP) also known as vitamin
E, O-carboxymethyl chitosan, and DOX. The anti-HER2/neu targeting peptide
(epitope form LTVSPWY) was used as the targeting moiety to achieve a synergistic
anticancer effect when DOX was released from HPTOC-DOX micelles at acidic pH
(5.2 or 6.2). The results showed more enhanced cellular uptake, lower cytotoxicity
and enhanced therapeutic efficacy than free drug as evidenced by results from both in
vitro and in vivo assays (Nam et al., 2015). Y. Tu and L. Zhu (2015) prepared the
polyethylene glycol -MMP2-sensitive cell-penetrating peptide-doxorubicin conjugate
(PEG-pp-TAT-DOX), a drug delivery platform, containing a polyethylene glycol
(PEG), a matrix metallo proteinase 2 (MMP2), a sensitive peptide linker (pp), a cellpenetrating peptide (TAT), and doxorubicin which was determined in various cancer
cells including drug resistant cell lines such as the lung cancer cells, the fibrosarcoma
(HT1080), breast cancer (MCF7), and MDR ovarian cancer (NCI/ADR-RES) cells.
The results showed excellent self-assembly, stability in plasma, and also the MMP2mediated tumor targetability. In addition, the drug delivery platform improved cell
internalization, intracellular distribution, the P-gp inhibiting capability, and the
potentiated anticancer efficacy in both drug sensitive and resistant cancer cells (Tu &
Zhu, 2015).

2.6 stimuli responsive for chemotherapy
To enhance the efficiency of drug delivery, avoid side effects, and achieve
rapid release at tumor sites, many researchers have designed the drug delivery
systems whose drug release can be triggered in the tumor environment by exogenous
stimuli; ultrasound, magnetic field, near-infrared

(NIR), or endogenous stimuli

responsive conditions e.g. pH, temperature, enzyme concentration, redox gradients
(Mura et al., 2013; Yang et al., 2016). For the targeting drug carriers, stimuliresponsive behavior also played a pivotal role in the controlled drug release. So many
works have been directed toward the introduction of disulfide-functionalized linkages
to use redox potential for controlling drug delivery system (Ding et al., 2016; Pan et
al., 2012)

20
2.7 Redox responsiveness for anti-cancer drug delivery
One of several stimuli utilized to improve the efficiency of drug delivery is
the redox potential gradient existing between the mildly oxidizing extracellular milieu
and the reducing intracellular fluids. The intracellular reduction of disulfide bonds is
most likely mediated by thiol–disulfide exchange reactions with small redox
molecules like glutathione (GSH) and thioredoxin, either alone or with the help of
redox enzymes. Glutathione tripeptide (ɣ-glutamyl-cysteinyl-glycine; GSH) is the
most abundant low-molecular-weight biological thiol and GSH/glutathione disulfide
(GSSG) is the major intracellular reducing species in tumor cells that detoxifies
hydrogen peroxide in conjunction with glutathione peroxidase, so it would seem
logical that depleting GSH would render cells susceptible to oxidative stress. Also of
particular interest is that tumor tissues are highly reducing and hypoxic compared
with normal tissues, therefore higher concentrations of GSH in the tumor tissues over
normal tissues would render the reducible bioconjugates valuable for tumor-specific
drug and gene delivery (Circu & Aw, 2012; Cook et al., 2014; Meng et al., 2009; Yin
et al., 2013).
Glutathione (GSH) is a ubiquitous thiol-containing tripeptide produced in
the cellular cytoplasm, and its concentration in intracellular compartments is
approximately 2-10 mM, while that in the extracellular environment is around 2-10
μM. Moreover, the intracellular concentration of GSH in tumor cells is several folds
greater than that in normal cells (Ballatori et al., 2009; Cheng et al., 2011; Lin et al.,
2005), thus a reduction-responsive linker such as a disulfide bond would remain
stable during blood circulation and in extracellular tissues, but would be cleaved by
GSH in the cytoplasm of cancer cells. Such diversity in the redox potentials between
the intracellular and extracellular compartments has been exploited to develop GSHresponsive micelles. (Teo et al., 2017)
The uniqueness of disulfide chemistry has enabled novel and versatile
designs of multifunctional delivery systems to overcome both extracellular and
intracellular barriers. It is anticipated that GSH-responsive vehicles will have
enormous potential in targeted cancer therapy. This targeted intracellular drug release
approach could significantly enhance drug efficacy, overcome multi-drug resistance,
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and/or reduce drug and carrier-associated side effects. The disulfide chemistry is
particularly robust and versatile, which facilitates novel designs of diverse multifunctional delivery systems for anticancer drugs (Casadoa et al., 2016; Xu et al.,
2015b)
Several disulfide containing hydro- and nanogels have been synthesized as
well. Pan et al. reported a new type of redox/pH dual stimuli-responsive poly
(methacrylic acid) (PMAA)-based nanohydrogels prepared from methacrylic acid and
N,N-bis(acryloyl)cystamine cross-linker via distillate precipitate polymerization. The
nanohydrogels could be easily degraded into individual linear short chains in the
presence of 10 mM dithiothreitol (DTT) or glutathione (GSH). DOX, as a model anticancer drug, was highly efficiently loaded into the nanohydrogels (up to 42.3 wt%)
due to the strong electrostatic interactions between the amine group in DOX and the
carboxyl groups in the nanohydrogels at a physiological pH (Pan et al., 2012). Wang
and co-workers developed amphiphilic polyanhydride copolymer containing disulfide
bonds with redox-responsiveness as a nanocarrier for drug delivery. Both the
qualitative and quantitative results of the antitumor activity in 4T1 tumor-bearing
BALB/c mice revealed that the redox-responsive micelles had a more significant
therapeutic effect on artificial solid tumors compared to the redox-insensitive
micelles. In vivo antitumor activity demonstrated that the redox-responsive micelles
possessed higher safety for the body and a better therapeutic effect in the induction of
tumor necrosis. Based on these principles, redox-sensitivity is a promising approach
for intracellular cancer targeting drug delivery (Wang et al., 2012).

2.7.1 Thiolate polymer
Thiolation is a new interest in polymer modification research as a
way to add special properties to polymers, or improve polymer properties. Over the
last decade a lot of research has attempted to produce a promising new class of
polymeric excipients for drug delivery (Bernkop-Schnu¨rch et al., 2001; BernkopSchnürch et al., 2004; Davidovich-Pinhas et al., 2009). Bernkop-Schnurch, A. and
coworker found interesting properties upon immobilizing thiol groups on chitosan.
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The thiolated chitosan increased the mucoadhesiveness due to the enhanced
permeation of paracellular markers through intestinal mucosa. It showed strong
cohesion and stability for carrier matrices. These results refered to a prolonged
controlled release, a benefit for pharmaceutical science (Bernkop-Schnürch et al.,
2004). In addition, thiolation can be adapted for various polymers such as alginate,
which was suggested as an improved carrier (Davidovich-Pinhas et al., 2009), or
poly(aspartic acid), where the aspartic thiomer was used for the development of safely
injectable formulations with the advantage that the maximum storage time of the
solution before injection could be controlled (Gyarmati et al., 2014). This ensured that
it was safe for drug delivery in mild conditions.
Apart from

improving the mucoadhesive properties, thiolated

polymers from pectin have also been reported to show improved cohesive properties
(Bhalekar et al., 2016), permeation enhancement and controlled drug release (Deutel
et al., 2008; Kumar & Sinha, 2013), enzyme inhibition (Iqbal et al., 2011;
Netsomboon et al., 2016), and peptide delivery (Dünnhaupt et al., 2012; Menzel et al.,
2016).
Tumor tissue has different intracellular microenvironments from
normal tissue, such as a low pH (4.5-6.5), high temperature (40-42°C), and
overexpressed glutathione (GSH) (Cho et al., 2009; Dong et al., 2013; Lv et al., 2014;
Su et al., 2015; Yan et al., 2016). Research on redox-responsive drug delivery systems
has increased over the past decade. This system is dependent on the reductive and
hypoxic environment found in tumor tissue. Additionally, in tumor cells the
glutathione level is approximately 2–10 mM in intracellular compartments, which is
100-1,000 times greater than the concentration in blood plasma. This is an ideal
setting for using a drug delivery system containing degradable disulfide bonds which
will only be cleaved from the polymer-drug conjugate after internalisation into the
tumor cells (Hruby´ et al., 2015; Lv et al., 2014).
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2.8 Pectin
Pectin is a natural polymer that is well known for various applications in
the fields of consumables or health science, such as a being a gelling and thickening
agent, and for colon-specific drug delivery systems or mucoadhesive formulations.
Pectin is a polysaccharide consisting of linear chains of D-galacturonic acid
monomers in α-(1–4) bonds, occasionally interrupted by L-rhamnose α -(1–2) bonds
or other monomers which part of the side chains with neutral sugars such as Dgalactose, L-arabinose, D-xylose, L-rhamnose, L-fucose, and traces of 2-Omethylfucose. The acid residues with different degrees of methyl ester substituents
depend on the degree of substitution of D-galacturonic acid carboxyl groups by
methoxyl groups (–OCH3). Pectin may be classified as follows; (1) high methoxy
pectin (HMP) when the degree of substitution is over 50%, (2) low methoxy pectin
(LMP) when the degree is below 50%. Moreover, pectin has a high molecular weight,
ranging from 50,000 to 180,000 g/mol and is often derivatised to amidated pectin in
which the OCH3 group at C-6 is replaced by NH2 (Maior et al., 2008) . See the
chemical structure in figure 2.2.
Pectin is degraded by colonic microflora in spite of its resistance to the
enzymes presented in the stomach and intestine. Moreover, biodegradable natural
pectin is great and practical interest due to its low cost and wide availability. Pectin is
generally considered the most effective system of colon-selective drug delivery. The
pectin structure contains hydroxyl groups and carboxyl groups which are easy to
modify. In oral controlled release drug delivery systems, pectin has been used for the
preparation of matrix tablets, hydrogels, nanoparticle gel beads, and gel coated pellets
(Auriemma et al., 2013; Izadi et al., 2016; Jung et al., 2013; Paharia et al., 2007;
Sriamornsak et al., 2010). A number of publications relating to modified pectin for
medical and pharmaceutical uses have been steadily growing over the past decade.
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(a)

(b)

(c)

Figure 2.2 Chemical structure of pectin presenting the D-galacturonic acid unit. The
pectin backbone has various functional groups depending on the raw
material; (a) carboxyl group, (b) methoxyl group, and (c) primary amide
group.

2.9 Microbeads for chemotherapeutics

Among the different approaches to achieve targeted drug release at the
colon, there are several ways in which drugs can be selectively delivered to the colon
when they are given by mouth. Microbeads are small and solid particulate carriers
containing dispersed or conjugated drug molecules (Auriemma et al., 2013). Puharia
and coworker was fabricated microbeads for colon-selective delivery of the anticancer
drug 5-fluorouracil (5-FU) in rats. They found the accumulation and toxicity of
encapsulated drug in organs lower than free drug, but higher in the colon tissue,
indicated that these carriers could be promising as controlled release agents for colonselective delivery of 5-FU (Paharia et al., 2007). The recently research has been
undertaken on tailoring the microbeads to form a biopolymeric combination of
alginate–carboxy methyl guar gum (Alg–CMGG) for DOX sustain release for oral
controlled delivery and using congo red as a molecular helper. Alg–CMGG showed
excellent stability at acidic pH with no congo red release and which was more than 5
times slower under simulated intestinal conditions. This result demonstrated the
advantage of encapsulation to reduce the risk of molecular stacking favoring single
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DOX molecule release and reduced the initial values of charge in the carriers (Bosio
et al., 2014). Another interesting piece of research which referred to the benefit of
microbeads showed that 5-fluorouracil (5-FU) loaded biocompatible poly(ethylene
glycol) diacrylate (PEGDA) microbeads exhibited relatively fast elution in the first
12 h and sustained release over the next 156 h and effectively inhibited Huh-7 tumor
cells in vitro, showing the existence of promising carriers with long-term stability in a
drug delivery and screening system for sustained release of 5-fluorouracil during
chemotherapy (Xue et al., 2015).
Nowadays, the chemotherapy which is used for colorectal cancer is not
very effective because of the inefficiencies of the delivery of a sufficient dose to the
target site. As is well known, chemotherapy is mainly limited by its toxicity to normal
tissues, thus increasing the dose will increase the patient’s risks to adverse effects. An
alternative strategy is to find productive ways to deliver the drug to the colon by
targeting the tumor site more specifically (Izadi et al., 2016), and continue research on
the delivery of anticancer drugs using microbeads/spheres such as chitosan beads,
gelatin beads, or dextran based microspheres (beads) administered orally
(Nussinovitch, 2010).

2.10 Eudragit® S-100
Eudragit®S-100 is anionic copolymers based on methacrylic acid and
methyl methacrylate. Eudragit®S-100 is solid substance in the form of white powder
with a faint characteristic odour,available in the form of powder dissolving at pH 7.0,
and used for colon targeted drug delivery. (Patra et al.; Wang et al., 2013). The molar
mass (Mw) of Eudragit® S-100 is approximately 125,000 g/mol.
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3.1 Introduction
Cancer is a leading cause of death worldwide, accounting for 8.8 million
deaths in 2015. Every cancer type requires a specific treatment regimen that
encompasses one or more modalities such as surgery, radiotherapy, and
chemotherapy. DOX, a frontline drug being regarded as one of the most potent of the
U.S. Food and Drug Administration-approved chemotherapeutic drugs, has been used
for treating cancer for over 30 years. While providing a cure in select cases,
doxorubicin causes toxicity to most major organs, especially cardiotoxicity, which
forces the treatment to become dose-limiting (Menna et al., 2007; Tacar et al., 2013;
Turakhia et al., 2007). One of the delivery strategies that could reduce the severe
adverse effects of DOX is polymer-drug conjugates, which are a new class of
nanocarriers for chemotherapeutic drugs (Greco & Vicent, 2008). Most of them are
designed and fabricated to release drugs in tumor tissues or cells upon the triggering
by different stimuli, in order to minimize systemic toxicities of parent drugs and
improve their efficacies (Duncan, 2006).
Among the several polymers available so far, natural polymers or
polysaccharides represent very attractive molecules as they can undergo a wide range
of chemical modifications, are biocompatible and biodegradable, and have low
immunogenic properties. In our study, pectin, a well-known natural polymer, has been
investigated. Pectin is a polysaccharide consisting of linear chains of α-(1-4)-linked
D-galacturonic acid residues, occasionally interrupted by α-(1-2)-linked L-rhamnose.
Some of carboxyl groups of galacturonic acid residues are methyl esterified. If the
percentage of carboxyl groups with methyl esterified (refer to as degree of
esterification; DE) more than 50% is called HMP, and less than 50% is called low
LMP (Sriamornsak, 2003; Thakur et al., 1997).
Previously, pectin has been used in drug delivery carriers across many
platforms, for example, colon-specific drug delivery system, mucoadhesive drug
delivery system, to name a couple. (Sriamornsak, 2011; Thirawong et al., 2008;
Thirawong et al., 2007) Recently, pectin has been conjugated with certain drugs, for
instance, cisplatin (Verma & Sachin, 2008) and metronidazole (Vaidya et al., 2015).
Verma & Sachin (2008) demonstrated that nano-conjugates of pectin-cisplatin could
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enhance blood circulating levels of cisplatin in mice; the drug was found in
circulation even after 24 h. Vaidya et al. (2015) developed microspheres containing a
prodrug of pectin-metronidazole by emulsification method and found that pectin
microspheres maintain their integrity in the hostile environment of stomach and small
intestine and release the drug at the colon site due to the cleavage of glycoside
linkage. To achieve specific release at targeting regions, numerous research studies
has been performed to develop stimuli-responsive drug carriers (Cho et al., 2009;
Dong et al., 2013; Lv et al., 2014; Su et al., 2015; Yan et al., 2016). It is known that
the tumor intracellular environment overexpresses (100-1,000 folds) glutathione, as
compared to blood and normal tissue. The significant difference in the reduction
potential has been used to achieve reduction-triggered drug release (Lv et al., 2014;
Su et al., 2015). The disulfide bond is such a linkage that is easy to break down in the
reduction potential environment and is an ideal setting for using as a crosslink in
polymerdrug conjugates for tumor targeted drug delivery (Hruby´ et al., 2015; Lv et
al., 2014).
To the best of our knowledge, there has been no study done on polymerdrug conjugates of pectin and DOX using disulfide bond linkage. Therefore, the aim
of this research was to synthesize pectinDOX conjugates with disulfide bond from
DOX3,3-dithiopropionic acid and thiolated pectin prepared from either thioglycolic
acid or cystamine dihydrochloride. Two different coupling reactions, i.e. disulfide
bond formation reaction and disulfide bond exchange reaction, were compared. The
thiolated pectinDOX conjugates containing disulfide bond would enable a novel
design of targeted delivery system that could be cleaved at the target site in the
reduction potential environment. Characteristics (free thiol group, disulfide bond,
physicochemical properties, thermal properties, morphology) of thiolated pectins and
thiolated pectinDOX conjugates were determined. Also, the content of DOX in
thiolated pectinDOX conjugates and in vitro anticancer activity in mouse colon
carcinoma, human prostate cancer, and human bone osteosarcoma cell lines were
tested.
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3.2 Materials and methods
3.2.1 Materials
Low methoxy pectin (MW = 70 kDa, type CU701, lot number
00412079) with DE of 38% and high methoxy pectin (MW = 200 kDa, type CU201,
lot number 00501087) with DE of 70% were obtained from Herbstreith & Fox AG,
Germany. Cystamine dihydrochloride (lot number BCBL6131V) was purchased from
Fluka Analytical, Switzerland. Thioglycolic acid (98%) for synthesis (lot number
S5678863411) and N-hydroxysuccinamide (NHS) (lot number A0266926) were from
Merck KGaA (Germany) and ACROS Organic (USA), respectively. L-cystine
hydrochloride (lot number BCBM8363V), 3,3-dithiopropionic acid (lot number
MKBL7043V), 5,5-dithio-bis-(2-nitrobenzoic acid) (lot number MCFD00007140),
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) (lot number
037K0753), DL-dithiothreitol (DTT) (lot number SLBK 4951V), and doxorubicin
hydrochloride (DOX) were purchased from Sigma-Aldrich Co., Ltd. (MO, USA).
3.2.2 Synthesis of thiolated pectins
In this study, thiolated pectins were synthesized by coupling pectins
with either thioglycolic acid or cystamine dihydrochloride (Fig. 3.1a and b).
3.2.2.1 Synthesis of thiolated pectin using thioglycolic acid
The first step to synthesize thiolated pectin using
thioglycolic acid was to dissolve pectin powder (4 g) in warm distilled water and then
slowly add 98% thioglycolic acid (1.65 g) and 7 N HCl (1 mL). The reaction was
carried out at 60°C with stirring at 200 rpm for 150 min. The sample was poured into
300 mL of methanol, and washed 2 times with methanol. The product was harvested
by pouring into acetone, filtering with filter paper, and drying at room temperature in
a fume hood.
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3.2.2.2

Synthesis

of

thiolated

pectin

using

cystamine

dihydrochloride
The reaction was carried out with 0.5 or 1 mole of
cystamine dihydrochloride for every 1 mole of carboxylic group on the pectin
backbone. Different amounts of cystamine dihydrochloride were used in the reaction;
0.5 mole (0.09 g for 1-g HMP, 0.30 g for 1-g LMP) or 1 mole (0.18 g for 1-g HMP,
0.59 g for 1-g LMP). EDC (0.08 g) and NHS (0.05 g), which facilitated the zerolength cross-linking, were also added in the reaction.

3.2.3 Synthesis of thiolated pectin–DOX conjugates
3.2.3.1 Synthesis of thiolated pectin–DOX conjugate by disulfide
bond formation reaction
There are three steps in the synthesis of thiolated
pectinDOX conjugate by disulfide bond formation reaction, which was performed
under inert atmosphere of nitrogen. First, DOX (2 mg) was dissolved in cold distilled
water (protected from light), followed by the addition of EDC (2.64 mg), NHS (2.90
mg), and 3,3-dithiopropionic acid (2.88 mg), to obtain DOX-3,3-dithiopropionic acid
conjugate (Fig. 3.1c). The mixture was gently stirred for 2 h and then adjusted to basic
pH using triethylamine. DTT (100 mM) was then added dropwise and the reaction
was continued for 2 h. Second, the DTT (100 mM) and hydrogen peroxide (200 μL)
were added to the thiolated pectin (previously synthesized from cystamine
dihydrochloride) solution (Fig. 3.1d) and then the solution pH was adjusted to basic
pH by triethylamine. Third, the obtained thiolated pectin with thiol terminals was
added to the stirred solution of DOX–3,3-dithiopropionic acid conjugate with thiol
terminal (Fig. 3.1d); the reaction mixture was further stirred for 6 h. The product of
thiolated pectin-DOX conjugate obtained was purified by dialysis against distilled
water for 72 h with protection from light, and then lyophilized (model Freezone 2.5,
Labconco, USA) under 0.29 mbar and -49 °C.
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Figure 3.1 ((continued)
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3.2.3.2 Synthesis of thiolated pectin–DOX conjugate by disulfide bond
exchange reaction
The synthesis steps for thiolated pectin–DOX conjugate by
disulfide bond exchange reaction were similar to that by disulfide bond formation
reaction with the exception that there was no need to generate the free thiol terminals
for the coupling reaction (Fig. 1d). Firstly, the DOX-3,3-dithiopropionic acid
conjugate was prepared and the obtained conjugate mixture was adjusted to basic pH
by triethylamine, as mentioned above. Subsequently, the thiolated pectin (synthesized
from cystamine dihydrochloride) solution was poured into the mixture and the
reaction was continued for 6 h under atmospheric nitrogen. The crude thiolated
pectin–DOX conjugate obtained was purified and lyophilized in the same manner as
previously described.

3.2.4 Characterization of thiolated pectins and thiolated pectin–DOX
conjugates
3.2.4.1 Determination of free thiol group content in thiolated pectins
The free thiol group content on the thiolated pectins was
quantified by Ellman’s method (Mahajan et al., 2013). Briefly, the thiolated pectin
was hydrated in distilled water. Ellman’s reagent (5,5-dithiobis(2-nitrobenzoic acid);
DTNB) was dissolved in reaction buffer (0.1 M phosphate buffer, pH 8.0, containing
1 mM EDTA). After incubation of the thiolated pectin in the reaction buffer for 15
minutes at room temperature with protection from light, the absorbance of each
sample was measured spectrophotometrically at 412 nm. The amount of thiol groups
was calculated by referring to a standard curve obtained by assaying for the content of
sulfhydryl groups in a series of cysteine hydrochloride solution used as standard.

3.2.4.2 Determination of disulfide bond in thiolated pectin–DOX
conjugates
To demonstrate the disulfide bond in thiolated pectin–DOX
conjugates, the thiolated pectin-DOX conjugates were cleaved in a reductive
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environment. The conjugates (1 mg) were dissolved in phosphate buffer pH 7.0 (2
mL) and the solutions were allowed to stand for 2 h, then DTT solution was added to
obtain the final concentration of 10 mM. The fluorescence intensities of the dissolved
conjugates were scanned, both before and after incubation with DTT, using a
spectrofluorometer (model RF-1501, Shimadzu, Japan) with an excitation wavelength
(Ex) of 485 nm and emission wavelength (Em) of 555 nm.

3.2.4.3 Fourier transform infrared (FT-IR) spectroscopy
The FT-IR spectroscopic method was performed using FT-IR
spectrometer (model 4100, Thermo Nicolet, Japan) on thiolated pectin and thiolated
pectin–DOX conjugate by KBr disc method, to investigate the formation of any new
functional groups from conjugated polymers.
3.2.4.4 1H-nuclear magnetic resonance (1H-NMR) spectroscopy
The 1H-NMR spectra of samples were recorded on NMR
spectroscopy (model ADVANCE 300, Bruker, Germany), operating at 300 MHz
using deuterium oxide as the solvent. The chemical shifts were given in δ (ppm).

3.2.4.5 Differential scanning calorimetry (DSC)
Thermal behavior of thiolated pectins and thiolated pectin–
DOX conjugates was investigated by DSC (model Sapphire DSC, Perkin-Elmer,
Germany). An accurately-weighed amount (2-3 mg) of samples was placed in an
aluminum pan, sealed, and analyzed at the heat rate of 10 °C/min from 25 to 300 °C,
under nitrogen atmosphere.

3.2.4.6 Scanning electron microscopy (SEM)
Surface morphology of thiolated pectin and thiolated pectin–
DOX conjugate was carried out on a SEM (model Maxim-2000, CamScan Analytical,
England), operating at an acceleration voltage of 15 kV. All samples were fixed on
SEM stubs with double-sided adhesive tape and then coated in a vacuum with thin
gold layer before investigation.
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3.2.4.7 Transmission electron microscopy (TEM)
Morphological analysis of thiolated pectins and thiolated
pectin–DOX conjugates was carried out on a TEM (model JEM 1230, JEOL
Corporation, Japan), operating at an acceleration voltage of 80 kV. In order to
measure the morphology and size, the samples were prepared by mounting a drop of
sample solution (1 mg/mL) onto a 200-mesh copper grid (3.5 mm). The grid was
adsorbed with filter paper to remove surface water, followed by air-drying for 30 min
before TEM examination.

3.2.4.8 Atomic force microscopy (AFM)
The samples were prepared by drying the sample solution on
the glass slide in area 11 cm2. The samples were analyzed with tapping mode of
AFM (model Multimode VIII, Veeco Instrument Asia, Singapore). The scan speed at
2.0 Hz was used for imaging. Several images of different zones were examined.

3.2.5 Determination of DOX content
The content of DOX in the thiolated pectin–DOX conjugates, after
incubating the sample with 10 mM DTT for 2 h (protected from light), was
determined by fluorescence spectrometry (model RF 1501, Shimadzu Corporation,
Japan). Fluorescence measurements were recorded at an Ex of 485 nm and an Em of
555 nm. All measurements were performed in triplicate. DOX concentrations were
then calculated based on a standard curve of known amounts of DOX in distilled
water. DOX content was defined as shown in Equation (1).
(

(%) =

)×
(

)

(1)

3.2.6 In vitro anticancer activity test
3.2.6.1 Cancer cell lines
Mouse colon carcinoma (CT26), human prostate cancer (PC3),
and human bone osteosarcoma (143B) cell lines, purchased from the American Tissue
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Culture Collection (ATCC), were cultured in DMEM medium with 1% penicillinstreptomycin and 10% fetal bovine serum (FBS) at 37 °C in a CO2 incubator with 5%
CO2. For all experiments, exponentially growing cells with at least 90% viable were
used (Manchun et al., 2015).

3.2.6.2 In vitro anticancer activity
The CellTiter-Blue® assay (Promega, Melbourne, Australia)
was used for determining the cell viability, in order to evaluate the cytotoxicity of
thiolated pectin and thiolated pectin–DOX conjugate (Manchun et al., 2015). This
assay is based on the ability of living cells to convert a redox dye (resazurin) into a
fluorescent end product (resorufin). Viable cells retain the ability to reduce resazurin
into resorufin while nonviable cells rapidly lose metabolic capacity, do not reduce the
indicator dye, and thus do not generate a fluorescent signal. Three different cancer
cell lines (CT26, PC3, and 143B cell lines were used in this assay. Cells (5103) in
100 μL culture medium per well were seeded into 96-well microtiter plates, incubated
with DMEM containing 10% FBS and 1% penicillin-streptomycin, and exposed in
triplicate to native pectin, thiolated pectin, and thiolated pectin–DOX conjugate for 24
h (37 °C, 5% CO2). After incubation period, CellTiter-Blue® reagent was added to
each well and cell were incubated for another 1 h in the incubator. The fluorescence
intensity was measured at Ex 488 nm/Em 530 nm with a microplate reader (model
Enspire® 2300, Perkin-Elmer, USA). The cytotoxic effect was evaluated on the basis
comparison with the viability of untreated (control) cells, taken as 100%.

3.2.7 Statistical analysis
Data were analyzed using SPSS version 11.5 for Windows (SPSS
Inc., USA). The results were represented as mean ± standard deviation (SD).Student’s
t test or analysis of variance (ANOVA) was used to determine differences among the
groups, and pairs were compared using either the Scheffé or Games-Howell test. The
statistical significance was set at p < 0.05.
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3.3 Results and discussion
3.3.1 Synthesis of thiolated pectins and thiolated pectinDOX
conjugates
Thiolation is one of the new interests in polymer modification
research as a way to add special properties to the polymers. In this study, thiolated
pectins were synthesized by coupling reaction using either thioglycolic acid or
cystamine dihydrochloride. By the first approach using thioglycolic acid, the
esterification reaction occurred, using HCl as catalyst, and led to covalent bond
formation between hydroxyl groups on pectin chains and carboxyl groups of
thioglycolic acid. The ratio of 1 mole of galacturonic acid derivative unit (including
acid and methyl ester unit) on pectin backbone to 2 moles of thioglycolic acid was
used in the reaction (Sharma & Ahuja, 2011). Theoretically, the thioglycolate
moieties could possibly be attached to any hydroxy groups in pectin chains. To
increase the possiblility of thioglycolate attachments, in this study, the mole ratios of
galacturonic acid derivative unit to thioglycolic acid used in the synthesis were 1:3,
1:5, and 1:7.
However, from the fact found out later that these thiolated pectins
were unstable due to oxidation of free thiol groups on thioglycolate moieties, they
would not be used for further investigation. By the second approach using cystamine
dihydrochloride, the covalent attachment of cystamine to pectin conjugates was
achieved by the formation of amide bonds between the primary amino group of
cystamine and the carboxylic acid group of galacturonic acid on pectin backbone
using EDC and NHS as coupling reagents. Some of the carboxylic acid functional
groups of galactulonic acids should be left intact to sustain the pectin physical
properties.
Therefore, the mole ratios of galacturonic acid unit to thioglycolic
acid used in the synthesis were 1:0.5 and 1:1. This thiolated pectin synthesized from
cystamine dihydrochloride was called ‘S-protected thiolated pectin’, since they had no
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free thiol group in the structure, which may be accountable for its more stability than
the thiolated pectin synthesized from thioglycolic acid.
Similar results were reported by Hintzen and co-workers (Hintzen
et al., 2013). From the above mentioned results, thiolated pectin synthesized from
cystamine dihydrochloride was chosen for conjugating with DOX.
In an attempt to attach DOX to thiolated pectin, two different
methods were employed and compared. The first method was called ‘disulfide bond
formation’ reaction. Generally, thiols easily undergo oxidation to produce disulfide
bond. The process is initiated, in basic pH condition, with the deprotonation of the
thiols to generate a thiolate anion, which functions as a nucleophile. In this case, the
disulfide bond was formed upon oxidation between the thiol end group of thiolfunctionalized pectin (pectin-linker-SH) and the thiol end group of thiolfunctionalized DOX (DOX-linker-SH) in the presence of hydrogen peroxide. The
second method was named ‘disulfide bond exchange’ reaction. The disulfide bridge of
pectin-linker-S-S-linker-DOX conjugate was occurred through a disulfide exchange
reaction between the disulfide bond of the thiolated pectin (synthesized from
cystamine dihydrochloride) and the disulfide bond of DOX-3,3-dithiopropionate
conjugate. The thiolated pectin–DOX product was purified by dialysis against
distilled water with protection from light and then dried by lyophilization.

3.3.2 Characterization of thiolated pectins and thiolated pectin–DOX
conjugates
3.3.2.1 Free thiol group in thiolated pectins
The free thiol group can be estimated by colorimetric method
using a classical chromogenic reagent, 5,5′-dithiobis-(2-nitrobenzoic) acid (also
known as Ellman’s reagent). This compound has a highly oxidizing disulfide bond,
which is stoichiometrically reduced by free thiols in an exchange reaction, forming a
mixed disulfide and concomitantly releasing one molecule of 5-thio-2-nitrobenzoic
acid. To prove the success of synthesis and analyze the degree of conjugation, the
disulfide bonds in thiolated pectins were cleaved by DTT, and the free thiol groups
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were determined. In Fig. 3.2, the effect of storage time on the amounts of free thiol
groups of the different thiolated pectins prepared by using mole ratios of galactulonic
acid unit in pectin to thioglycolic acid or cystamine dihydrochloride was
demonstrated. It was shown that the amounts of free thiol groups increased with the
increased molar amounts thioglycolic acid used in the reaction (Fig.3.2 a and b). After
storage at ambient temperature (25 C) for 6 months, the amounts of free thiol groups
were found to decrease significantly (almost 50%). This is probably due to air
oxidation of the thiol groups. After the treatment of thiolated pectins prepared from
cystamine dihydrochloride with DTT, the reaction mixture was dialyzed with water
and lyophilized. The free thiol groups of thiolated pectins increased significantly (Fig.
3.2 c and d), indicating the success of thiol linker grafting onto the pectin chain. It
was observed that the thiolated pectins prepared from disulfide bond exchange
method were more stable than those prepared from disulfide bond formation method
since the disulfide bond was more resistible to air oxidation than the free thiol group
(Bernkop-Schnürch et al., 2004; Sharma & Ahuja, 2011). Moreover, the amounts of
free thiol groups of thiolated pectins synthesized from cystamine dihydrochloride
(especially the thiolated pectin using 1:1 mole ratio of galactulonic acid unit in pectin
to cystamine dihydrochloride) were higher than those of thiolated pectins synthesized
from thioglycolic acid. Therefore, the thiolated pectin synthesized from cystamine
hydrochloride using mole ratio 1:1 was chosen for further use in the synthesis of
thiolated pectinDOX conjugates.
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Figure 3.2 Effect of storage time (6 months) on the amount of free thiol group of
thiolated pectins; (a) thiolated LMP and (b) thiolated HMP prepared with
mole ratios of galactulonic acid derivative unit in pectin to thioglycolic
acid of 1:3, 1:5, and 1:7, and the (c) thiolated LMP and (d) thiolated HMP
prepared from cystamine dihydrochloride with mole ratios of galactulonic
acid unit in pectin to cystamine dihydrochloride of 1:0.5 and 1:1.

3.3.2.2 Disulfide bond in thiolated pectin–DOX conjugates
The appearance of disulfide bonds in thiolated pectin–DOX
conjugates was confirmed by the cleavage of disulfide bonds in the reductive
environment, resulting in the change in the fluorescence intensity of DOX. From the
previous study (Su et al., 2015), it was demonstrated that the fluorescence emission of
DOX quenched when DOX was covalently conjugated with a polymer and recovered
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when it was separated from polymer. In this study, DTT was used to simulate the
reductive environment which would cleave the disulfide bond and sever the
connection between free DOX and thiolated pectins. After incubation with DTT, the
fluorescence intensities of DOX from all types of synthesized thiolated pectin–DOX
conjugates were significantly higher (1.5-2.7 times), compared to those without DTT
incubation (p<0.05) (Fig. 3), indicating that the thiolated pectins and DOX were
successfully coupled through disulfide bond and free DOX was generated under
reductive environment.

Figure 3.3 Fluorescence intensity of DOX in thiolated pectin –DOX conjugates
synthesized by disulfide formation reaction or disulfide exchange reaction,
in the presence or absence of reducing agent (DTT).

3.3.2.3 FTIR analysis
The characterization of thiolated pectin and thiolated pectin–
DOX conjugate was confirmed by the presence of newly formed amide bonds and the
shifts of carbonyl stretching peaks. The FT-IR spectra of native pectins (LMP and
HMP), thiolated pectins, physical mixture of thiolated pectins and DOX, and thiolated
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pectin–DOX conjugates are depicted in Fig. 3.4. The FT-IR spectra of all compounds
or mixtures containing pectins show characteristic broad absorption bands of
overlapping O-H stretching of carboxylic acid group and O-H stretching of hydroxyl
group of pyranose units in pectins at about 3,400 cm−1. The native pectins show
characteristic peaks at 2,930-2940 cm−1 corresponding to the C-H stretching of CH2
group. The signals at 1,745 cm−1 of both LMP and HMP were assigned to ester C=O
stretching of methyl esterified carboxylic group. The peaks at 1,630 cm−1 and 1,417
cm−1 were due to asymmetric and symmetric stretching of carboxylate, respectively.
The peaks at 1,340 cm−1 due to C-H bending and 1,300-1,000 cm-1 due to C-O
stretching were also observed. The FT-IR spectrum of thiolated pectin was found to
be in good agreement with the previous research (Sharma & Ahuja, 2011; Umoren et
al., 2015). The thiolated pectin showed additional peaks of newly formed amide bond
and peaks of thiol groups from cystamine. The C=O stretching vibration (amide I
band) of secondary amide was probably combined with the asymmetric C=O
stretching of carboxylate group, which was noticeable from the slightly shift of the
band from 1630-1620 cm−1 to lower wavenumber 1617-1614 cm−1. This evidence
suggested the achievement of the attachment of thiolated linker to pectins.
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Figure 3.4 FT-IR spectra of DOX, native pectins, thiolated pectins, physical mixtures
of thiolated pectins and DOX, and thiolated pectin–DOX conjugates
prepared by disulfide bond formation and disulfide bond exchange
methods; (a) HMP and (b) LMP.
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The FT-IR spectrum of pure DOX showed characteristic
peaks at 3,526 cm−1 due to N-H stretching vibration for primary amine structure and
at 3,330 cm−1 due to O-H stretching vibration. Also, the N-H bending was observed in
the range of 1,617 and 1,580 cm-1. In case of the thiolated pectinDOX conjugates,
the peaks due to N-H stretching vibration and O-H stretching vibration of DOX were
overlapped and broadened by the O-H stretching of pectins, and shifted to the
frequency range (~3,415 cm−1); these results were similar to the previous report (Rana
et al., 2007). The characteristic signal of carbonyl group of DOX at 1,729 cm-1 were
shifted and combined with the ester C=O stretching of pectin at 1,745 cm-1 to 1,742
cm-1. Moreover, the peak of asymmetric stretching of carboxylate was shifted to lower
wavenumbers from 1,630 to 1,617 cm-1 for thiolated HMP–DOX conjugate and from
1,620 to 1,614 cm-1 for thiolated LMP–DOX conjugate due to the overlap with the
carbonyl stretching of amide I band. These results indicated that pectins formed amide
bond with the thiolated linker. Unfortunately, whether DOX was conjugated with
thiolated pectin could not be ascertained by IR spectroscopy since no obvious band of
DOX were observed in IR spectra of thiolated pectin–DOX conjugates; however, the
conjugation of thiolated pectins and DOX could be confirmed by the fluorescence test
as mentioned in 3.3.2.2.

3.3.2.4 1H-NMR analysis
The chemical structure of thiolated pectin–DOX conjugates
was confirmed by 1H-NMR (Fig. 3.5). The characteristic peak of native pectin was
found at 4.8 ppm assigned to protons of carboxylic group (H-5) on galacturonic acid
chain. The spectra of thiolated HMP and thiolated LMP demonstrated the upfield
shifted signal (from 4.8 ppm to lower ppm), due to the amide formation at this
carboxylic group. Even when the samples were carefully dried and evaporated several
times with D2O, the DOH peak was inevitable. In addition, the H-4 proton signal at
4.6 ppm was slightly upfield shifted to 4.5-4.4 ppm, which was influenced by the
reaction at carboxylic group in the same manner as H-5 proton. This indicated the
success of synthesis reaction (Renard et al., 1995; Rosenbohm et al., 2003).
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The 1H-NMR spectrum of DOX showed the peaks for anthracene
aromatic protons at 8.3 ppm and for its methyl group at nearly 1.8-2.0 ppm (Dong et
al., 2013; Gabizon et al., 1994; Su et al., 2015; Xu et al., 2015a; Yousefpour et al.,
2011). The weak signals of DOX in the spectrum might be resulted from poor
solubility of DOX in D2O (Su et al., 2015). The spectrum of thiolated pectin–DOX
conjugate exhibited a distinct signal at approximately 8.3-8.4 ppm, corresponding to
the anthracene protons.
The existence of the disulfide linker between DOX and pectin
backbone was confirmed by the proton peaks of ethylene groups located next to both
sides of the disulfide bond, which appeared at 2.8-3.0 ppm in the spectrum. Li et al.
(2010) and Liu et al. (2017) also reported the same range of ethylene proton signals of
cystamine and 3,3-dithiopropionic acid, next to disulfide bond, when conjugated with
the polymers.
The spectrum of thiolated HMP–DOX conjugate synthesized from
disulfide bond formation reaction was similar to that from disulfide bond exchange
reaction as shown in Fig. 3.5a. Similar results were observed for thiolated LMPDOX
conjugate as shown in Fig. 3.5b. The results could confirm the attachment of DOX to
the pectins through disulfide linker.
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Figure 3.5 1HNMR spectra of native pectins, their thiolated pectins, and thiolated
pectin–DOX conjugates prepared by disulfide bond formation and
disulfide bond exchange methods; (a) HMP and (b) LMP.
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Figure 3.5 (continued)

50
3.3.2.5 DSC analysis
DSC analysis of DOX, native pectin, physical mixture of
thiolated pectin and DOX, and thiolated pectinDOX conjugates was also carried out
(data shown in Fig.3.6). The thermograms of native pectins, physical mixture of
thiolated pectin (HMP and LMP) and DOX, and thiolated pectin–DOX conjugates
showed the first onset temperature at 50-70 °C, which is attributed to the evaporation
of moisture absorbed by the specimen. The DSC thermogram of DOX displayed the
onset temperature at 236.7 °C, indicating the melting point of DOX. This is similar to
the reported data of DOX (Patil & Bhoskar, 2014). Additionally, a sharp peak at 243.1
°C due to the thermal decomposition of the drug was observed. However, the onset
temperature of DOX in physical mixture was shifted to 230.5 °C and 224.5 °C for that
used thiolated HMP and thiolated LMP, respectively. This reduction in the DOX
melting point might be attributed to the presence of an amorphous state of DOX in the
mixture. In case of thiolated HMPDOX conjugate and thiolated LMPDOX
conjugate, the peak disappeared even at high temperature, suggesting that no free
DOX existed in the thiolated pectinDOX conjugate (Yousefpour et al., 2011).
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3.3.3 Morphology studies by SEM, TEM and AFM
The morphology of thiolated pectin-DOX conjugate, as observed by
SEM, showed a slight change after coupling DOX to thiolated pectin (Fig. 3.7a). SEM
images, in a dry state, of the thiolated pectinDOX conjugates using both HMP and
LMP displayed fibrous-like structure. TEM images observed in hydrated condition
demonstrated spherical or ellipsoidal aggregates with a size range of 300-500 nm
(Fig. 3.7b); the morphology of the conjugated samples was different from that
observed by SEM, attributed to the sample preparation technique. Due to the solvent
effect, the morphological transformation, e.g., polymeric aggregates assembled may
occur during TEM observation (Chassenieux et al., 2011; Xu et al., 2015c).
AFM does not depend in the conductivity of the materials and is
therefore the favored technique to allow biological macromolecules to be examined in
their native state without any chemical treatment. Fig. 3.7c shows AFM images of
thiolated pectins and thiolated pectinDOX conjugates using both HMP and LMP.
From AFM images, it is possible to observe a difference between thiolated pectins
and thiolated pectinDOX conjugates. The thiolated pectinDOX conjugates showed
a small size of semispherical particles, corresponding to the TEM analysis. It is likely
that, in wet state, self-aggregated particles were formed, resulting from the
amphiphilic structure of DOX and pectin (Pang et al., 2016; Su et al., 2015; Xu et al.,
2015c; Yan et al., 2016).
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Note: SEM images at magnification of 50X; (a-1) thiolated HMP, (a-2) thiolated
HMPDOX conjugate synthesized from disulfide bond formation reaction, (a-3)
thiolated HMPDOX conjugate synthesized from disulfide bond exchange reaction,
(a-4) thiolated LMP, (a-5) thiolated LMPDOX conjugate synthesized from disulfide
bond formation reaction, (a-6) thiolated LMPDOX conjugate synthesized from
disulfide bond exchange reaction. TEM images (scale bar in each image); (b-1)
thiolated HMPDOX conjugate synthesized from disulfide bond formation reaction,
(b-2) thiolated HMPDOX conjugate synthesized from disulfide bond exchange
reaction, (b-3) thiolated LMPDOX conjugate synthesized from disulfide bond
formation reaction, (b-4) thiolated LMPDOX conjugate synthesized from disulfide
bond exchange reaction. AFM images; (c-1) thiolated HMP, (c-2) thiolated
HMPDOX conjugate synthesized from disulfide bond formation reaction, (c-3)
thiolated HMPDOX conjugate synthesized from disulfide bond exchange reaction,
(c-4) thiolated LMP, (c-5) thiolated LMPDOX conjugate synthesized from disulfide
bond formation reaction, (c-6) thiolated LMPDOX conjugate synthesized from
disulfide bond exchange reaction.
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3.3.4 Drug content
Table 3.1 shows DOX content of different thiolated pectinDOX
conjugates. It is found that the thiolated LMPDOX conjugate (synthesized by
disulfide bond exchange reaction) revealed the highest DOX content. In case of LMP,
the synthesis of thiolated pectinDOX conjugates using disulfide bond exchange
reaction provided a significant higher DOX content (p<0.05) than that using disulfide
bond formation reaction. For the HMP, the result was similar but the content was not
significantly different (p>0.05). It is also obvious that, by using LMP, the DOX
content was higher. This may be due to lower molecular weight and more carboxylic
groups of LMP, compared to HMP, allowing the reaction to occur easily.

Table 3.1 DOX content of different thiolated pectinDOX conjugates
Drug content
Type of thiolated pectin–DOX conjugate

(g DOX/mg polymer)

Thiolated HMPDOX conjugate (disulfide bond formation)

1.97  0.20

Thiolated HMPDOX conjugate (disulfide bond exchange)

2.02  0.36

Thiolated LMPDOX conjugate (disulfide bond formation)

2.04  0.23

Thiolated LMPDOX conjugate (disulfide bond exchange)

4.77  0.47

3.3.5 In vitro anticancer activity
To verify whether the thiolated pectinDOX conjugates were
pharmacologically active, in vitro anticancer activity was tested on different cancer
cell lines (CT26, 143B and PC3) using CellTiter-Blue® cell viability assay. The
activity, presented as percentage of cell viability of cancer cell lines, of native pectins,
thiolated pectins and thiolated pectinDOX conjugates was investigated. The results
show that the percentage of cell viability of native and thiolated pectins against all
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cancer cell lines was relatively the same and not significantly different, compared to
the control (untreated cell lines) (Fig. 3.8). The native pectins and thiolated pectins
(both LMP and HMP) had no effect on all cancer cell lines tested, indicating that
native pectins and thiolated pectins were safe and practically non-toxic. In mouse
colon carcinoma (CT26) cells, the cell viability of cell lines incubated with thiolated
pectinDOX conjugates was significantly lower than that incubated with free DOX
(p<0.05), suggesting that the thiolated pectinDOX conjugates had higher anticancer
activity than free DOX. The results were consistent with the cell culture results
(shown in appendix). It is likely that the conjugation through primary amine group of
sugar moiety of DOX did not disturb the active quinone ring, thus allowing the
anticancer activity.
The anticancer activity of thiolated pectinDOX conjugates against
human bone osteosarcoma (143B) cells was significantly higher (p<0.05) than that of
free DOX, except the thiolated LMPDOX conjugate synthesized from disulfide bond
exchange reaction (LMPSSDOX). In prostate cancer (PC3) cells, the anticancer
activity of thiolated pectinDOX conjugates was not significantly different from that
of free DOX. The aggressive PC3 cells produced the largest number of colonies and
are known to be more resistant to DOX than other cell lines tested (Davis-Beabes et
al., 2000). However, the percentage of cell viability of PC3 cells was about 80% while
that of 143B and CT26 cells was 32-55% and 18-57%, respectively. From the above
results, the thiolated LMPDOX conjugate synthesized from disulfide bond formation
reaction (LMPSHDOX) showed the most effective, as determined by lowest
percentage of cell viability (18.10  5.46%).
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Figure 3.8 Cell viabiliity of (a, b) mouse colon carcinom
ma (CT26), (c, d) hum
man bone
osteosarcom
ma (143B), and (e, f) prostate
p
can
ncer (PC3) ccells incubaated with
native pecttins, thiolatted pectins,, thiolated pectin–DO
OX conjugattes, free
DOX (5 M
M), and unttreated cellss (as control) for 24 h. Data are presented
as means ± standard deeviations (n
n=6).
Note: * p<0.055; ** p<0.01; n.s. = not signnificant differen
nt; HMPSHD
DOX = thiolateed HMPDOX
X conjugate
synthesized frrom disulfide bond formatiion reaction; HMPSSDOX
X = thiolatedd HMPDOX conjugate
synthesized froom disulfide bon
nd exchange reeaction; LMPS
SHDOX = thio
olated LMPDO
OX conjugate synthesized
s
from disulfidee bond formation reaction; L
LMPSSDOX = thiolated LMPDOX
L
connjugate synthessized from
disulfide bond exchange reacttion.
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3.4 Conclusion
Thiolated pectins were synthesized by coupling reaction using either
thioglycolic acid or cystamine dihydrochloride. To conjugate thiolated pectin with
DOX, two different methods were compared, that is, disulfide bond formation
reaction and disulfide bond exchange reaction. The disulfide bond exchange provided
a simple, fast and efficient approach for synthesis of thiolated pectinDOX
conjugates. The cleavage of disulfide bonds in the reductive environment was
confirmed.

Characteristics,

physicochemical

properties,

DOX

content

and

morphology of thiolated pectins and thiolated pectinDOX conjugates were
determined. The in vitro anticancer activity of thiolated pectinDOX conjugates was
significantly higher than that of free DOX, in CT26 and 143B cells, but
insignificantly different from that of free DOX, in PC3 cells. Due to their excellent
anticancer activity in CT26 cells, the thiolated pectinDOX conjugates might be
suitable for building drug platform for colorectal cancer-targeted delivery of DOX.
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4.1 Introduction
Colorectal cancer (CRC) is the third most common cancer in the world,
with nearly 1.4 million new cases diagnosed in 2012 (Torre et al., 2015). CRC, also
known as colon cancer and rectal cancer, is a type of abnormal growth occurs in the
colon or rectum (parts of the large intestine). Treatments used for CRC may include
some combination of surgery, radiation therapy, chemotherapy (Labianca et al., 2010;
Manchun et al., 2015) and targeted therapy. Surgery is the primary treatment for
patients affected with potentially curable followed by adjuvant therapy, often suitable
in the initial stages; the majority of patients undergo recurrences and metastases. This
phenomenon frequently correlates with an acquired resistance to conventional
therapies such as chemo- and radio-therapy (Labianca et al., 2010; Manchun et al.,
2015). In metastatic cancer, chemotherapy represents the first-line treatment with the
goal of prolonging survival and improving or maintaining quality of life.
Chemotherapeutic drugs, such as doxorubicin (DOX), fluorouracil, cisplatin,
leucovorin and mitomycin, are commonly used to kill cells that may have remained
and metastasized or spread to other parts of the body after surgery and have many side
effect (Labianca et al., 2010; Manchun et al., 2015).
DOX, an anthracycline antibiotic has been used for a decade in
chemotherapy of various types of cancers (Gutiérrez-Salmeán et al., 2015; Lyu & Liu,
2012; Menna et al., 2007; Minotti et al., 2004; Tacar et al., 2013). While providing a
cure in many cases, DOX introduces toxicity to most major organs, especially
cardiotoxicity, which forces the treatment to become dose-limiting (Tacar et al.,
2013). For this reason, many researchers have designed and developed strategies
being capable of restricting the toxicity of DOX, to aim its effects directly at the
tumor as much as possible. Promising drug delivery systems include the entrapment
of drugs into polymeric drug carriers, such as hydrogels, nanoparticles, and liposomes
(Tacar et al., 2013). Recently, stimuli-responsive drug delivery systems that deliver a
drug in response to specific stimuli, either exogenous (variations in temperature,
magnetic field, etc.) or endogenous (changes in pH, enzyme concentration or redox
gradients), have become possible (Ding et al., 2016). Joo and co-workers used a pHresponsive DOX–fibrinogen microspheres for tumor-specific drug delivery by
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conjugating DOX to fibrinogen via arginine–glycine–aspartate peptide sequences (Joo
et al., 2015). They found that the drug can be released under a mild acidic condition,
the microspheres have low cytotoxicity to normal cells and high antitumor effect
toward cancer cells. Manchun and co-workers (Manchun et al., 2015). developed pHresponsive dextrin nanogels as anticancer drug carriers with pH-controlled drug
release. They also found that the anti-cancer efficacy of DOX is increased by using
pH-responsive dextrin nanogels Vong and Nagasaki developed an intraperitoneal
treatment of murine colon cancer with pH-responsive and redox-responsive
nanoparticles containing DOX. The developed nanoparticles could inhibit cancer
growth and prolong mice lifespan with low adverse effects (Vong & Nagasaki,
2016).
The redox-responsiveness is one of the frequently adopted strategy for
fabricating stimuli-responsive drug delivery vehicles. Reducing substances, such as
glutathione (GSH), are widely distributed in the human body and higher in tumor
intracellular environment. The GSH level in tumor cells has been found to be at least
four times higher than in normal cells. Due to its reducibility, GSH mediates disulfide
bond (S−S) cleavage reactions, through a dithioldisulfide exchange process. Upon
cleavage, it may lead to the disassembly of polymeric backbone materials. This
phenomenon provides an opportunity for drug to triggered-release from disulfidelinked polymer−drug conjugates within the tumor cells (Su et al., 2015; Wen & Li,
2014; Xu et al., 2015b). Su and coworker (Su et al., 2015). have used this advantage
to develop stearic acid-grafted chitosan oligosaccharide−DOX conjugates synthesized
via disulfide linkers The polymerdrug conjugates have a good anti-tumor efficacy, a
selective accumulation in tumor and a reduced non-specific accumulation in hearts.
Yang and co-workers

developed redox/pH dual stimuli-responsive PEGylated

polymeric micelles for intracellular doxorubicin delivery. DOX can be selectively
released in response to a lower intracellular pH of 5.0 (endosomal pH) and a higher
reducing environment, demonstrating redox/pH-responsive controlled drug release
capability (Yang et al., 2016).
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Oral administration is one of the most accepted and simple modes of drug
delivery. In general, oral administration has the following benefits: patient preference,
preservation of quality of life, skipping complication of IV route, and cost reduction.
Only in the treatment of hematological and central nervous system tumors has been
widely accepted, but in the case of other tumors, it remains an exception (Mei et al.,
2013). A number of reasons may justify the low introduction of oral compounds; the
most important limitation of oral chemotherapy is probably the concern around its
bioavailability and potential side-effect (Batlle et al., 2004; Sahoo et al., 2013).
Designing and formulating an oral dosage form for chemotherapeutic agent through
GI tract requires a number of strategies. The drug release should be suppressed in
stomach and small intestine, which would reduce the toxicity to normal cells, and able
to deliver the drug to the tumor site in colon or rectum. Sahoo et al. (Sahoo et al.,
2013) prepared gellan gum microbeads containing fluorouracil for oral administration
by simple ionotropic gelation. They have found that gellan gum or gellan gum/ethyl
cellulose microbeads lead to sustained release of drug and, thus, delay apoptosis over
a long period of time. Recently, DOX was encapsulated in microbeads composed of
alginate–carboxy methyl guar gum for oral controlled delivery (Bosio et al., 2014).
No DOX release from the microbeads at pH 1.2 was detected; however, 16% DOX
were released from the microbeads at pH 7.4 within 8 h.
In this research, pectin was used as a gel-forming polymer for fabricating
oral microbeads. In fact, pectin, a polysaccharide found in the cell walls of most
plants (Sriamornsak, 2003), has long been used to prepare gel beads for oral delivery
of various drugs to different parts of GI tract (Sriamornsak, 2011; Sriamornsak et al.,
2005; Sungthongjeen et al., 2004; Thirawong et al., 2007). Pectin beads have also
been used as a carrier for colon-specific drug delivery system (Sriamornsak &
Nunthanid, 1998; Sriamornsak et al., 2003), as it is selectively digested by colonic
microflora to release drug with minimal degradation in upper gastrointestinal tract
(Wong et al., 2011). Chemically, pectin consists of the partial methyl esters of
polygalacturonic acid and their salts, with a molecular weight of up to 150 kDa.
Pectin is usually classified according to the degree of methoxylation (DM), a
percentage of esterified galacturonic acid units to total galacturonic acid units in the
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molecule of pectin. Pectin containing more than 50% of methoxyl groups is classified
as high methoxyl pectin (HMP) while that containing less than 50% methoxyl groups
is classified as low methoxyl pectin (LMP).
The purpose of the current study was, therefore, to fabricate novel
microbeads containing pectin and thiolated pectin–DOX conjugates, by simple
ionotropic gelation technique, for anticancer drug delivery to colon via oral
administration. The morphology of microbeads was characterized by scanning
electron microscopy (SEM). Particle size, drug crystallinity, drug content in the
microbeads, and in vitro drug release were also investigated.

4.2 Materials and methods
4.2.1 Materials
Low methoxy pectin (type CU701, lot number 00412079) with DE of
38% and high methoxy pectin (type CU201, lot number 00501087) with DE of 70%
were obtained from Herbstreith & Fox AG, Germany. Cystamine dihydrochloride (lot
number BCBL6131V) was purchased from Fluka Analytical, Switzerland.
Thioglycolic acid (98%) for synthesis (lot number S5678863411) and Nhydroxysuccinamide (NHS) (lot number A0266926) were from Merck KGaA
(Germany) and ACROS Organic (USA), respectively. LCystine hydrochloride (lot
number BCBM8363V), 3,3dithiopropionic acid (lot number MKBL7043V), 5,5dithio-bis-(2-nitrobenzoic

acid)

(lot

dimethylaminopropyl)-N-ethylcarbodiimide

number

MCFD00007140),

hydrochloride

(EDC)

(lot

N-(3number

037K0753), DL-dithiothreitol (DTT) (lot number SLBK 4951V), and DOX
(hydrochloride salt) (lot number SLB 1340V) were purchased from Sigma-Aldrich
Co., Ltd. (MO, USA). Ethylene diamine tetraacetic acid disodium salt dehydrate
(EDTA) (lot number J069H11) and zinc acetate (lot number 1501186173) were
purchased from Rankem, Ltd. (India) and Ajax Finechem (Australia), respectively.
All other chemicals used were of reagent grade or analytical grade.
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4.2.2 Preparation of thiolated pectinDOX conjugates
The preparation of thiolated pectinDOX conjugates in this Chapter
were the same as in Chapter 3 (see 3.2.3)

4.2.3 Microbead preparation
The microbeads containing thiolated pectin–DOX conjugates were
fabricated by a simple ionotropic gelation technique (El-Gibaly, 2002; Jung et al.,
2013; Sriamornsak et al., 2010). Various cross-linking agents, namely calcium
chloride (CaCl2), aluminum chloride (AlCl3), zinc chloride (ZnCl2) and zinc acetate
(Zn(OAc)2), were used in this study. The lyophilized thiolated pectin–DOX conjugate
was dissolved in distilled water and then mixed with the solution of native (raw
material) pectin. The final concentration of native pectin is 2% (w/w). The mixture
solution was extruded dropwise, through a 27-gauge needle, into cross-linking
solution with continuous stirring at room temperature for 20 min. The gel beads
formed were filtered and washed 3 times with distilled water, put on the
polytetrafluoroethylene tray, and then dried at room temperature for 12 h and in hotair oven at 40°C for another 2 h. Fig. 4.1 depicts the microbead preparation procedure
using ionotropic gelation method. The microbeads were kept in a desiccator until
used.
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The light microscope (model IX51, Olympus, Japan) was also used to
determine the particle size and shape of the microbeads. The images were captured
and processed by ImageJ software (National Institutes of Mental Health, USA).

4.2.6 Drug content determination
The drug content of the microbeads containing thiolated pectin–DOX
conjugates was determined after extracting DOX from the microbeads. The samples
were dissolved into phosphate buffer, pH 7, containing 0.25 M EDTA and 0.01 M
DTT. The mixture was continuously stirred for 4 h (protection from light) and then
filtered through 0.22-m filter. The DOX content was determined by fluorescence
spectrometry (model RF 1501, Shimadzu Corporation, Japan). Fluorescence
measurement was recorded at an excitation wavelength (Ex) of 485 nm and an
emission wavelength (Em) of 555 nm. All measurements were performed in triplicate.
DOX concentration was then calculated based on a calibration curve of known
amounts of DOX in distilled water. DOX content was defined as:

(%) =

(
(

)×
)

Equation (1)

4.2.7 In vitro drug release study
The release profiles of DOX from the microbeads containing
thiolated pectin–DOX conjugates were performed using a dialysis method modified
from previous reports (Izadi et al., 2016; Manchun et al., 2014; Rana et al., 2007).
Briefly, the microbeads with 1-mL distilled water were filled into dialysis tube (CelluSep® T2, MWCO 6,000-8,000 Da, Membrane Filtration Products Inc., Belgium). The
simulation of gastrointestinal transit conditions was achieved by using different
dissolution medium pHs at the specified time interval. The dialysis tube was
immersed in the vessel containing 20-mL pH 1.2 simulated gastric fluid (SGF) for the
first 2 h, pH 6.8 phosphate buffered saline (PBS) for 2 h and then pH 7.4 PBS for
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another 6 h. The vessels were shaken at 150 rpm using shaker-incubator (model ES20, Biosan, Latvia), maintained at 37 °C with a thermostatic control. At specified time
points, the outside buffer was withdrawn and replaced with fresh buffer. The DOX
concentration in the collecting buffer was analyzed by using fluorescence
spectroscopy (model RF 1501, Shimadzu Corporation, Japan). Fluorescence
measurements were recorded at an excitation wavelength (Ex) of 485 nm and an
emission wavelength (Em) of 555 nm.

4.2.8 Drug release kinetics
The kinetics of DOX release were computed by fitting the dissolution
curve to standard empirical equations, that is, Korsmeyer–Peppas, Higuchi, zero order
kinetics and first order kinetics equations (Higuchi, 1963; Korsmeyer et al., 1983) by
using curve fitting software, KinetDS (free open source software) (Huanbutta et al.,
2017). The data were evaluated according to the following equations:

Zero-order model : Mt/M∞ = kt

Equation (2)

First-order model : ln(1−(Mt/M∞)) = −kt

Equation (3)

Higuchi equation :

Mt/M∞ = k t1/2

Korsmeyer − Peppas model :

Mt/M∞ = nkt

Equation (4)
Equation (5)

where Mt/M∞ is the fraction of drug released, k is a constant incorporating structural
and geometric characteristics of dosage form, and n is the diffusional exponent. The
equation was treated logarithmically to determine the value of release exponent, n
(Higuchi, 1963; Huanbutta et al., 2017; Korsmeyer et al., 1983).

4.2.9 Statistical analysis
Data were analyzed
Chapter 3 (see 3.2.7)

using in this Chapter were the same as in

68
4.3 Results and discussion
4.3.1 Fabrication of microbeads containing thiolated pectin–DOX
conjugates
The microbeads containing thiolated pectin–DOX conjugates were
fabricated by ionotropic gelation method using various cross-linking agents. When the
aqueous dispersion of pectin or thiolated pectin–DOX conjugates was extruded into
cross-linking solutions (Ca2+, Al3+ or Zn2+ counter ions), gelled microbeads were
produced instantaneously, according to a so-called “egg-box model” (Grant et al.,
1973; Sriamornsak, 2003). In this process, intermolecular cross-links were formed
between negatively charged carboxyl groups of pectin and positively charged counter
ions (Sriamornsak & Nunthanid, 1998). Table 4.1 shows the appearance, firmness and
morphology of fresh and dry microbeads prepared from various cross-linking agents.
It is observed that the type of cross-linking agent influenced the appearance, firmness
and morphology of the microbeads obtained. The fresh microbeads were almost
spherical for all cross-linking agents used. However, upon air-drying, the microbeads
of all preparations shrank significantly. The microbeads using zinc chloride and
aluminum chloride as cross-link agent were insufficiently strong and showed the
collapsed structure. The strong association of zinc acetate and calcium chloride
resulted in spherical microbeads. The rank order of firmness of the microbeads using
different cross-linking agents is as follow: aluminum chloride < zinc chloride <
calcium chloride < zinc acetate. It is likely due to the strong association of Zn2+ to
pectin chain. Assifaoui and co-workers (Assifaoui et al., 2015) suggested that Zn2+
interacts with both carboxylate and hydroxyl groups of galacturonate units in a similar
way to that described in the egg-box model, whereas calcium ions only interact with
carboxylate groups. Therefore, zinc acetate was used for preparing all further batches.
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4.3.2 Characterization of microbeads containing thiolated
pectinDOX conjugates
4.3.2.1 Particle size of microbeads
Table 4.2 presents particle size of microbeads prepared
from different pectin samples, which are native pectin, thiolated pectin and thiolated
pectin–DOX conjugates. The particle size of microbeads prepared from LMP ranged
from 1.01 to 1.15 mm. The size of microbeads prepared from native HMP was 0.871
 0.077 mm. Using thiolated HMP–DOX conjugate (prepared by both disulfide bond
formation and disulfide bond exchange reaction), the size was 1.097  0.129 mm
which is larger (about 10%) than using native HMP.

Table 4.2 Particle size of microbeads prepared from different pectin samples
Pectin sample

Particle size
(mm) ± SD,
n =15

Native LMP

1.04  0.07

Thiolated LMP with terminal thiol group

1.11  0.19

Thiolated LMP with disulfide bond

1.04  0.13

Thiolated LMPDOX conjugate (prepared by disulfide bond formation)

1.14  0.24

Thiolated LMPDOX conjugate (prepared by disulfide bond exchange)

1.10  0.07

Native HMP

0.87  0.08

Thiolated HMP with terminal thiol group

0.93  0.10

Thiolated HMP with disulfide bond

0.93  0.09

Thiolated HMPDOX conjugate (prepared by disulfide bond formation)

1.10  0.13

Thiolated HMPDOX conjugate (prepared by disulfide bond exchange)

1.08  0.11
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4.3.2.2 PXRD ananlysis
PXRD was applied to resolve the sample which can be
correlated with the formation of a homogeneous, single phase with a higher apparent
solubility than the crystalline/partially crystalline drug (Puranik et al., 2016).
According to the previous reports (Abdekhodaie et al., 2012; Kalaria et al., 2009;
Kamba et al., 2013; Puranik et al., 2016), the PXRD pattern of pure DOX in native
form showed sharp distinctive crystalline peaks at 2θ of 16.6, 19.2, 20.4, 22.4, and
24.9° while that of native pectin showed a typical amorphous pattern (data not
shown). The PXRD patterns of zinc acetate, microbeads containing native pectin,
thiolated pectin, thiolated pectinDOX conjugate synthesized by disulfide exchange
reaction or disulfide formation reaction, compared to that of DOX-loaded microbeads,
are shown in Fig. 3. The PXRD peaks associated with the DOX crystal were observed
in the DOX-loaded thiolated pectin microbeads, suggesting that the DOX was in
native form. From the PXRD patterns of microbeads containing thiolated
pectinDOX conjugate, the characteristic peaks of DOX were still found but in less
extent, suggesting that crystalline DOX was not fully phase-transformed to
amorphous (Kalaria et al., 2009; Puranik et al., 2016). Moreover, all microbead
formulations exhibited the characteristic peaks of zinc acetate at the same 2θ with
standard zinc acetate (2θ of 12.9, 16.9, 20.5, 22.8, 25.5 and 28.0°).
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Figure 4.2 Powder X-ray
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4.3.2.3 Morphology of microbeads
After coupling to DOX, pectin properties were changed
slightly. It is suggested that the functionality of pectin depends on the amount of ionbinding groups attached to the polymer (Sriamornsak, 2003). The free carboxyl
groups of thiolated pectin were reduced after coupling with DOX, compared to native
pectin; the gelation resulted from the ionic interaction between galacturonic residues
of pectin backbone and divalent cations was decreased. Therefore, the strength of
microbeads fabricated from thiolated pectin was low, resulting in soft microbeads
with irregular shape (data not shown). To produce more spherical microbeads with
suitable strength, the native pectin was then added to all formulations. Fig. 4.3 depicts
the optical microscopic images of microbeads fabricated from only native pectin,
thiolated pectin (plus native pectin) and thiolated pectin–DOX conjugates (plus native
pectin). The microbeads fabricated from only native pectin were less spherical than
those fabricated from thiolated pectin (plus native pectin) and thiolated pectin–DOX
conjugates (plus native pectin). The morphology of microbeads observed by SEM is
presented in Fig. 4.4. The images show that the surface of microbeads containing
thiolated HMPDOX conjugate was smoother than that containing thiolated
LMPDOX conjugate. The internal structure of the microbeads was dense and
showed no pore (Fig. 4.4b, d).
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Figure 4.3 O
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synthesized by disulfide exchange reaction had the highest DOX content, i.e., 1,014.1
 52.0 g of DOX in 1 g of microbeads, followed by those synthesized by disulfide
bond formation reaction. Similar results were observed in the case of the microbeads
containing thiolated HMPDOX conjugate. It is suggested that the disulfide exchange
reaction had a higher efficiency than the disulfide bond formation reaction. The
disulfide exchange reaction required only a few steps for synthesis, which could
minimize DOX loss during synthesis.

Table 4.3 DOX content in microbeads containing thiolated pectinDOX conjugates

Type of thiolated pectinDOX conjugate in microbeads

DOX content (g/g
bead) ± SD, n =3

Thiolated LMPDOX conjugate (disulfide bond formation)

681.1  99.7

Thiolated LMPDOX conjugate (disulfide bond exchange)

1014.1  52.0

Thiolated HMPDOX conjugate (disulfide bond formation)

501.8  54.4

Thiolated HMPDOX conjugate (disulfide bond exchange)

567.0  114.4

4.3.4 In vitro drug release
We expected that the presence of disulfide bridges linking between
thiolated pectin and DOX should allow a redox-responsive DOX release. The in vitro
release of DOX from the microbeads was performed under typical GI transit
conditions. To demonstrate the responsiveness of our drug delivery system, DTT (at a
concentration of 10 mM) was incorporated in order to mimic the tumor environment
in the colon. Fig. 4.5 shows in vitro release profiles of DOX from different microbead
formulations. The control formulations, DOX-loaded microbeads prepared from
thiolated pectins (both LMP and HMP), showed the DOX burst release; almost 60%
DOX release were observed within 2 h (Fig. 4.5b). This is probably due to small
molecular size of the physically entrapped DOX.
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The DOX burst release could be reduced when DOX was conjugated with
pectin before loading into the microbeads (Fig. 4.5b). Moreover, the microbeads
containing thiolated pectinDOX conjugate were stable in upper part of
gastrointestinal (GI) tract (simulated media using pH 1.2 SGF and pH 6.8 PBS). The
results in Fig. 4.5a demonstrate that the microbeads containing thiolated LMPDOX
conjugate exhibited a slower DOX release, in the first 2 h. After that, the release in
pH 6.8 buffer was dramatically increased; this phenomenon was influenced by pectin
properties. Although the disulfide bond could not be cleaved in the upper GI tract,
some amounts of DOX release from the microbeads were observed. This probably
resulted from the other bonds formed during synthesis of thiolated pectinDOX
conjugate, e.g., degradable amide bond, ionic bond, hydrazone bond or ester bond that
can be broken easily by hydrolysis under acidic conditions (Anbharasi et al., 2010;
Cao et al., 2010; Timin et al., 2016).
In the presence of 10 mM DTT, the release of DOX from microbeads
containing thiolated pectinDOX conjugate was significantly higher than the release
in the medium without DTT (p<0.05). These results confirmed the redox-responsive
properties of the microbeads containing thiolated pectinDOX conjugate. In theory,
DOX should not be released from the microbeads containing thiolated pectinDOX
conjugate in the medium without a reducing agent. However, in the synthesis process,
other non-specific bonds (as mentioned above) might be occurred, resulting in an
unwanted DOX release. These observations agreed well with previous reports
(Anbharasi et al., 2010; Timin et al., 2016), which suggested that the polymer and
DOX are linked through degradable amide bond that can be hydrolyzed under acidic
conditions. From these results, it is not surprising that the thiolated pectinDOX
conjugate was triggered to release DOX rapidly in response to redox environment.

4.3.5 Drug release kinetics
Release kinetic models can be used to describe the overall release of
drug from the dosage forms. The changes in a formulation may alter drug release and
in vivo performance. The use of in vitro drug release data to predict in vivo

79
performance can be considered as the rational development of controlled release
formulations. Model dependent methods (e.g., zero-order, first-order, Higuchi,
KorsmeyerPeppas model, etc.) can be used to investigate the kinetics of drug release
from controlled release formulations. In order to investigate the drug-release kinetics,
release data of DOX were fitted to various kinetic models such as zero-order, firstorder, Higuchi equation, and Korsmeyer–Pappas equation. Table 4.4 shows the
mathematical modeling and drug release kinetics from microbeads, analyzed by
regression coefficient method. A correlation coefficient (R2) was chosen to define the
approximation accuracy of an individual model. In the medium without DTT, the
Korsmeyer–Pappas model showed higher R2 values for both microbeads containing
thiolated HMP–DOX conjugate and thiolated LMP–DOX conjugate than other
models. The Korsmeyer–Peppas model has been used very often to describe the drug
release from several different modified-release dosage forms. There are several
simultaneous processes considered in this model, e.g., diffusion of water into the
microbeads, swelling of the microbeads as water entered, formation of gel, diffusion
of drug out of the microbeads, and dissolution of the polymer matrix. In this model,
the mechanism of drug release is characterized using the release exponent (“n” value).
For a spherical particle, an “n” value of 0.85 corresponds to zero-order release
kinetics (case II transport); 0.43 < n < 0.85 means an anomalous (non-Fickian)
diffusion release model; n = 0.43 indicates Fickian diffusion, and n > 0.85 indicates a
super case II transport relaxational release (Higuchi, 1963; Korsmeyer et al., 1983).
The results revealed that the microbeads containing thiolated HMP–DOX conjugate
and thiolated LMP–DOX conjugate obeyed case II transport (zero-order release
kinetics), since they fitted well with the Korsmeyer–Peppas model (R2 is in range of
0.974–0.976 and n value closed to 0.85).
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Table 4.4 Mathematic modeling and drug release kinetics from microbeads, analyzed
by regression coefficient method.
Formulation

Zero order
2

First order
2

Higuchi
2

Korsmeyer-Peppas

R

R

R

R2

n

0.938

0.838

0.471

0.974*

0.87

0.948

0.648

0.762

0.976*

0.85

0.980*

0.825

0.816

0.973

0.67

0.926*

0.879

0.677

0.792

0.58

0.827

0.570

0.909

0.942*

0.56

0.839

0.765

0.917

0.956*

0.44

Medium without reducing agent
Microbeads containing
thiolated HMPDOX
conjugate
Microbeads containing
thiolated LMPDOX
conjugate

Medium with reducing agent (DTT)
Microbeads containing
thiolated HMPDOX
conjugate
Microbeads containing
thiolated LMPDOX
conjugate
DOX-loaded thiolated HMP
microbeads
DOX-loaded thiolated LMP
microbeads

The DOX release kinetics in the medium with DTT showed different
results. For the microbeads containing thiolated HMP–DOX conjugate and thiolated
LMP–DOX conjugate, a biphasic release profile was observed. The initial slow drug
leakage, nearly linear behavior, was found in the first 4 h (in pH 1.2 SGF, followed by
pH 6.8 buffer). For the remaining time, after the reducing agent was added, a burst
release was observed. Zero-order release model was found to be the best fitted model
for these formulations. The release of DOX followed the non-fickian release
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mechanism with n value varying from 0.58 to 0.67, suggesting a combination of
diffusion and swelling effect. However, the best-fit release kinetics for the DOXloaded thiolated HMP and LMP microbeads was achieved with Korsmeyer–Peppas
model (R2 of 0.926-0.980); the DOX release followed the non-fickian release
mechanism with n value varying from 0.44 to 0.56. The release from DOX-loaded
microbeads was also suited to the Higuchi model, with R2 of 0.909-0.917, suggesting
the release controlled by diffusion.

4.4 Conclusion
The oral microbeads containing thiolated pectin–DOX conjugate were
fabricated by ionotropic gelation method using various cations. Zinc acetate can
produce the strongest microbeads with spherical shape. The microbeads prepared
from thiolated pectin–DOX conjugate were, however, very soft and have irregular
shape. When native pectin was added to the formulations, more spherical microbeads
with suitable strength were obtained. Drug release profiles showed that the
microbeads containing thiolated pectin–DOX conjugate exhibited reductionresponsive character. The thiolated pectin–DOX conjugate could uncouple in
reducing environments, resulting from a cleavage of the disulfide linkers, and release
the DOX. The best-fit release kinetics of the microbeads containing thiolated pectin–
DOX conjugate, in the medium with reducing agent, was achieved with zero-order
release model. The study indicated the suitability of microbeads containing thiolated
pectin–DOX conjugate in delivering DOX for targeting to colorectal cancer.
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5.1 Introduction
Colorectal cancer is the third most common cancer in men (10% of the
total) and the second in women (9.2% of the total) worldwide. Approximately 95% of
colorectal cancer are adenocarcinoma (Ferlay et al., 2015; Torre et al., 2015).
Decisions about treatment depend on the stage of the cancer. Some treatments are
called local therapies, meaning they treat the tumor without affecting the rest of the
body. Types of local therapy used for colorectal cancer include surgery, radiation
therapy, and embolization. These treatments are more likely to be useful for earlier
stage cancers, although they might also be used in some other situations. Colorectal
cancer can also be treated using drugs, which can be given orally or directly into the
bloodstream (systemic therapy). Depending on the type of colorectal cancer, several
different types of drugs might be used, including chemotherapy, targeted therapy, and
immunotherapy. Depending on the stage of the cancer and other factors, different
types of treatment may be combined at the same time or used after one another.
Better patient convenience is the biggest apparent advantage of orally
administered drugs. The flexibility of timing and drug exposure, location of
administration, and non-invasiveness are among the other advantages. Oral
administration provides more prolonged drug exposure compared with intermittent
intravenous infusion, which may be important for drugs with schedule-dependent
efficacy. The use of oral chemotherapy may be associated with a better quality of life
compared to parenteral administration (Bhattacharyya, 2010). Doxorubicin (DOX), an
anthracycline antibiotic drug, is one of the most widely used chemotherapeutic agents
and is generally prescribed in combination with other drugs. DOX is one of the most
effective drugs for solid tumor treatment, e.g., breast cancer, small cell lung cancer,
colorectal cancer and ovarian carcinoma treatments. DOX is available only as
injections but the chemotherapy clinical efficacy of these intravenous formulations is
often fraught with a toxic with normal cells and cardiotoxicity (El-Agamy et al., 2016;
Jain et al., 2012; Minotti et al., 2004; Tacar et al., 2013).
Stimuli-responsive systems for the delivery of chemotherapeutic agents to
a given location at a specific time have been pursued with great interest due to their
advantages

such

as

controlled

release,

improved

pharmacokinetics

and
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pharmacodynamics, and reduced side effects of the drugs. The characteristics of the
delivery system are dictated by the requirements of a particular application, which
include the nature of the stimulus for actuation of the delivery process. Electron
transfer has moved to the forefront as a stimulus for responsive delivery systems,
particularly for those used in drug delivery. Interest in redox-activated drug delivery
arises from the abundance of redox-active stimuli that can be used to make delivery
occur, the often simple chemical nature of the activation process, and the ease of
constructing delivery vehicles with an integrated redox-responsive trigger group
(McCarley, 2012; Singh et al., 2016). In our previous work, thiolated pectin–DOX
conjugates were fabricated by coupling thiolated pectin with DOX derivative (i.e.,
DOX-3,3-dithiopropionic acid conjugate) by two different methods, disulfide bond
formation and disulfide bond exchange (Cheewatanakornkool et al., 2017b). In
reducing environments, the thiolated pectin–DOX conjugate could uncouple, resulting
from a cleavage of the disulfide linkers and consequently release the DOX.
There is noticeable concern toward targeted delivery of chemotherapeutic
drugs specifically to the affected site of the colon in a predictable and reproducible
manner. However, the main challenge in drug targeting for the colon is avoidance of
drug absorption or degradation in the upper gastrointestinal tract before reaching the
colon (Izadi et al., 2016). There are several ways in which drugs can be selectively
delivered to the colon when they are given orally. For example, microbeads made of
alginate and carboxymethyl guar gum (Alg–CMGG) have been used for orally
administering DOX; the Alg–CMGG microbeads provided excellent stability at acidic
pH where no drug release, and 5-time slower drug release under simulated intestinal
conditions (Bosio et al., 2014). Poly(ethylene glycol) di-acrylate microbeads
containing fluorouracil (5-FU) exhibited relatively fast release in the first 12 h and
sustained release over the next 156 h; the microbeads effectively inhibited of Huh-7
tumor cells in vitro (Xue et al., 2015). Paharia and coworkers (2007) tested the
encapsulated pectin microspheres for colon-selective delivery of 5-FU in rats and
found that the accumulation and toxicity of encapsulated drug in organs was lower
than free drug but higher in colon tissue (Paharia et al., 2007)
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Chemically, pectin consists of the partial methyl esters of polygalacturonic
acid and their salts, with a molecular weight of up to 200,000 Da. Pectin is obtained
by extraction of edible plant materials, mainly from citrus peel and apple pomace,
followed by a selective precipitation using alcohol or salts. Pectin is usually classified
according to the degree of esterification (DE). The DE is expressed as a percentage of
esterified galacturonic acid units to total galacturonic acid units in the molecule of
pectin. Commercial pectin is categorized according to their DE and whether they from
gels quickly or slowly. Pectin can be divided in to high methoxy pectin (>50% DE)
and low methoxy pectin (<50% DE) (Sriamornsak, 2003). Pectin has a high potential
to be used as a colon-selective drug delivery carrier because it can prolong retention
in upper GI tract and can be degraded by colonic enzymes. Pectin shows promise in
this regard, as indicated by the large number of studies published since 1990s
(Mohnen, 2008; Sriamornsak, 2011; Zouambia et al., 2009).
The objective of this research was, therefore, to evaluate the redoxresponsive microbeads fabricated from thiolated pectin–DOX conjugate and coated
with an enteric polymer. The in vitro and in vivo anticancer efficacies were studied.
Furthermore, the histopathology of the organ along the GI tract and at the tumor site
was also evaluated.

5.2 Materials and methods
5.2.1 Materials
Low methoxy pectin (type CU701, lot number 00412079) with
molecular weight 70 KDa and degree of esterification (DE) 38%, High methoxy
pectin (type CU201, lot number 00501087) with molecular weight 200 KDa and DE
70% were obtained from Herbstreith & Fox AG, Germany. Cystamine
dihydrochloride (lot number BCBL6131V) was purchased from Fluka Analytical,
Switzerland. Thioglycolic acid (98%) for synthesis (lot number S5678863411) and Nhydroxysuccinamide (NHS) (lot number A0266926) were from Merck KGaA
(Germany) and ACROS Organic (USA), respectively. L-cystine hydrochloride (lot
number BCBM8363V), 3,3-dithiopropionic acid (lot number MKBL7043V), 5,5-
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dithio-bis-(2-nitrobenzoic acid) (lot number MCFD00007140), N-(3-dimethy
laminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) (lot number 037K0753),
DL-dithiothreitol (DTT) (lot number SLBK 4951V), doxorubicin hydrochloride (lot.
SLB 1340V) were purchased from Sigma-Aldrich Co, Ltd (MO, USA). Ethylene
diamine tetraacetic acid disodium salt dehydrate (EDTA) (lot. J069H11) and Zinc
acetate (lot.1501186173) were purchased from Rankem, Ltd, India and Ajax
finechem, Australia respectively. Eudragit® S-100, lot no. B141205008, Evonik
industries, Germany. All others chemical used were of analytical grade. Dulbelco’s
modified Eagle medium (DMEM), Fetal Bovine serum Penicillin streptomycin were
purchased from Invitrogen, U.S.A, L-glutamine and 0.25% trypsin-EDTA solution
were purchased from Invitrogen, UK, CellTiter-Blue (CBT) Promega, Melbourne,
Australia, Mouse colon carcinoma cell line (CT26), Human prostate cancer cell line
(PC3),

Human

bone

osteosarcoma

cell

line

(143B),

Human

colorectal

adenocarcinoma cell line (HT29) all cellines purchased from ATCC; Manassas, VA

5.2.2 Cell line and animal
Mouse colon carcinoma (CT26), human prostate cancer (PC3),
human bone osteosarcoma (143B), human colorectal adenocarcinoma (HT29) cell
lines were purchased from ATCC (Manassas, VA). Four weeks old male Balb/c mice
were purchased from the Animal Resources Centre (Perth, Australia).

5.2.3 Fabrication of coated microbeads containing thiolated pectinDOX conjugate
The
pectinDOX

microbeads

conjugate

were

containing
fabricated

thiolated
by

pectin

ionotropic

and

gelation

thiolated
method

(Cheewatanakornkool et al., 2017a; El-Gibaly, 2002; Jung et al., 2013; Sriamornsak et
al., 2010) which used zinc acetate as a crosslinking agent. Briefly, the lyophilized
thiolated pectinDOX conjugate was dissolved in distilled water and mixed with raw
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material pectin solution to final concentration of 2% w/w. The mixture solution was
dropped into 0.3 M zinc acetate and stirred for 20 minutes. The obtained microbeads
were

filtered,

washed

with

distilled

water

for

3 times

and

dried

on

polytetrafluoroethylene tray at room temperature for 12 h, and followed by hot-air
oven at 40°C for 2 h. The microbeads were then coated with an enteric coating
material, Eudragit® S-100.

This was accomplished by spraying method, using

methanolic solution of Eudragit® S-100 (2% w/w). Finally, the coated microbeads
were collected and dried on polytetrafluoroethylene tray at room temperature for 2 h.

5.2.4 Microbeads characterization
5.2.4.1 Morphology and particle size determination
The morphology of coated microbeads was observed by light
microscope (model IX51, Olympus, Japan). The images were captured and processed
by ImageJ software (National Institute of Health, USA). The scanning electron
microscopic images were taken by scanning electron microscope (SEM; model
Maxim-2000, CamScan Analytical, England), operated at 15 kV. All samples were
fixed on SEM stubs with double-sided adhesive tape and then coated in a vacuum
with thin gold layer before investigation.

5.2.4.2 Drug content
The drug content of the coated microbeads was determined after
extracting DOX from the coated microbeads. The coated microbeads were dissolved
in pH 7.4 phosphate buffer containing 0.25 M EDTA and 0.01 M DTT. The mixture
was continuously stirred for 4 h and then filtered through 0.22-m filter. The DOX
content was determined by fluorescence spectrometry (model RF 1501, Shimadzu
Corporation, Japan). Fluorescence measurement was recorded at an excitation
wavelength (Ex) of 485 nm and an emission wavelength (Em) of 555 nm. All
measurements were performed in triplicate. DOX concentration was then calculated
based on a standard fluorescence curve of known amounts of DOX in distilled water.
Drug content was defined as:
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(%) =

(
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(1)

5.2.5 In vitro drug release study
The dialysis method was applied to investigate the release of DOX
from coated microbeads. This method was modified from previous research
(Cheewatanakornkool et al., 2017a), using simulated gastric fluid USP without pepsin
(SGF, pH 1.2), phosphate buffer pH 6.8 and 7.4 as release media. The DOX
concentration at specific time point was analyzed by using fluorescence spectrometry
mentioned above.

5.2.6 Stability of microbeads in cultured medium
The stability of microbeads was investigated by soaking in
Dulbecco's modified Eagle medium (DMEM), pH 7.0. The morphology of the
microbeads was observed by using inverted and fluorescent microscope (model IX 51,
Olympus, Japan). The images were captured at initial, 24 h and 7 days after soaking.

5.2.7 Cell viability study
The cell viability of cells was observed by clonogenic (or colony
forming) assay modified from the previously published method (Dass et al., 2007;
Luu et al., 2005). In this study, mouse colon carcinoma (CT26), human colorectal
adenocarcinoma (HT29) and human bone osteosarcoma (143B) cell lines maintained
in a 24-well plate, with cell seeding at 1,000 cells/well, were investigated. A bottom
layer of 0.6% agarose and a top layer of 0.3% agarose were set in 96-well plates. The
complete medium (100 L/well) was added. The human collagen I concentrated
(1 mg/mL) was mixed with cells and then incubated at 37°C for 24 h before starting
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the studies. The microbeads and free DOX solution were applied on the gel surface; a
seeding density of 200 cells/well was used and all colonies were left to form for 3
weeks. Colonies were enumerated at low power magnification and images were taken
at random field.
5.2.8 In vivo anticancer efficacy studies
5.2.8.1 Preparation of colon carcinoma cells for orthotopic
implantation
The murine CT26 colon carcinoma tumor cells were seeds
in 75-cm3 cell culture flasks containing DMEM supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin in 5% CO2 incubator for 48 h. The cells were
harvested by trypsinizing with trypsin EDTA (2 mL) for 2 min. Thereafter, the cells
were re-suspended by DMEM (8 mL) into the flask and collected the cells into a 50mL conical-shaped centrifuged tube. Then, the suspended cells were centrifuged for 5
min at 400g, 4°C, to form a pellet. The pelleted cells were re-suspended in 1 mL of
culture medium and then 10 µL of the cell suspension was sampling and mixed with
90 µL of 0.04% w/v trypan blue dye in the mixing bed of hemocytometer. The
mixture (10 mL) was withdrawn and put to each capillary of hemocytometer for cell
counting. The cells were examined under an inverted light microscope equipped with
10 objective lens (model CX41RF, Olympus, Japan). The cells were re-suspended in
sterile PBS with 50% Matrigel to yield 2x104 cells/25 µL.
.
5.2.8.2 Preparation of animal for orthotopic implantation
The in vivo experiments were done according to protocol
approved by the Curtin University Animal Ethic Committee no. 2016-34. The female
mice were anesthetized by isoflurane using a nose cone apparatus (1-2% isoflurane in
0.2 L oxygen/min). Mice hair was shaved at the left of midline under the rib cage,
then swapped the area with a sterile surgical alcohol pad. The mice were made a
small, 0.5 cm, vertical incision in the skin over the left lateral abdominal area, just to
the left (towards midline) of the spleen using sterile operating scissors and tissue
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forceps. The inner peritoneal lining was cut in a similar manner to the skin, using
forceps to pull the layer upward before dissecting with the scissors to prevent damage
to underlying and surrounding organ and tissues. Once the abdominal cavity is
exposed, the spleen and pancreas, or the cecum which lies caudal (toward the tail) to
the spleen, to the incision area were gently exteriorized using sterile dressing forceps
with gentle traction. To prevent drying of the tissue, the exteriorized cecum was
soaked by saline using sterile gauze sponges.

5.2.8.3 The in vivo experiment
Four weeks old male Balb/c mice were purchased from the
Animal Resources Centre (Perth, Australia). CT26 cells at passage 15 were injected
orthotopically in to the cecum wall of mice with 50% Matrigel at the concentration of
2x104 cells/25 µL. Tumors were allowed to grow for 7 days before treatment (JonesBolin & Ruggeri, 2007; Manchun et al., 2015). Two treatment groups, that is,
thiolated pectin microbeads, and coated microbeads containing thiolated pectinDOX
conjugate (equivalent to DOX 0.15 mg/kg) were established and compared with
untreated control group. Each group consisted of 6 mice.
The microbeads were administered orally via pipette on day
7, 9, 11, 13 and 15 and termination of the experiment on day 15. Animal weight was
measured at least twice a week. After termination, the organs were isolated and the
tissues were preserved at -20°C till the complete analysis was performed; the tumor
volumes were determined using Equation (2) (Manchun et al., 2015).
Tumor volume =

( ×

× )

where L is tumor length (mm), W is tumor width (mm), H is tumor height (mm).

(2)
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The animals were randomly divided into 3 groups having 6 rats in each group

Animal group

treatment

Preparation

Group 1

Control without any

-

treatment
Group 2

Thiolated pectin microbeads

weigh beads equivalent to

(empty, ie. no DOX) fed on

microbeads containing thiolated

days 7, 9, 11, 13, 15

pectinDOX conjugate were
administered orally using pipette.

Group 3

Microbeads containing

microbeads containing thiolated

thiolated pectinDOX

pectinDOX conjugate (equivalent

conjugate , 0.15 mg/kg, fed

to a dose of 0.15 mg/kg of DOX each

on days 7, 9, 11, 13, 15

time were administered orally using
pipette.

The treatment regimen had doses of 0.15 mg/kg of DOX, fed on days 7,
9, 11, 13, 15. The weight of all the animals was recorded prior to treatment. At the end
of day 15, all the animals were weighed, euthanized and organs isolated. The tissues
were preserved at −20 ◦C till the complete analysis was performed.

5.2.9 Histological analyses
Hematoxylin and eosin (H&E) staining was used to study the
cytotoxicity of the thiolated pectinDOX conjugate microbeads to the mice organs.
After treated, the tongue, stomach, liver, small intestine, large intestine and tumor of
different treated groups were subjected to the histopathological evaluation. Briefly,
the tissues and tumors of the different groups were formalin fixed and paraffin
embedded pre-processing and microtome sectioning (5 m). The tissue sections were
stained with hematoxylin and eosin (H&E) in order to study the toxicity of the
thiolated microbeads and coated microbeads containing thiolated pectinDOX
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conjugate to the mice organs (tongue, stomach, liver, small intestine, large intestine
and tumor). The stained tissues were observed via light microscopy (model CX41RF,
Olympus, Japan).
5.2.10 Statistical analysis
Data were analyzed using SPSS version 11.5 for Windows (SPSS
Inc., USA). The results were represented as mean ± standard deviation (SD) of at least
three independent experiments. Student's t test or analysis of variance (ANOVA) was
used to determine difference among the groups, and pairs were compared using either
the Scheffé or Games-Howell test. The statistical significance was set at p<0.05.

5.3 Results and discussion
5.3.1 Characterization of coated microbeads containing thiolated
pectinDOX conjugate
Microbeads were prepared by ionotropic gelation of pectin with
zinc acetate in aqueous media. Zinc ions bound with -COOH group of pectin to form
a junction zone, known as the egg-box model, where four galacturonic acid residues
form a structure that resembles a rhombus with a zinc ion in the center (Assifaoui et
al., 2015; Sriamornsak, 2003); The microbeads were then coated with an enteric
polymer to reduce burst release in the upper GI tract. The particle size of coated
microbeads containing thiolated pectin or thiolated pectinDOX conjugate ranged
from 0.91 to1.15 mm (Table 5.1). The average size of microbeads before and after
coating with Eudragit® S100 was not significant different (data not shown). DOX
content was determined after extracting DOX from the coated microbeads. It could be
seen from Table 1 that the coated microbeads containing thiolated LMPDOX
conjugate had a higher DOX content than those containing thiolated HMPDOX
conjugate. It is probably because LMP has more carboxylic acid groups available for
coupling with DOX. With such a higher DOX content, the amount of the coated
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microbeads used could be reduced; therefore, the microbeads containing thiolated
LMPDOX conjugate were used for the in vivo anticancer efficacy test.
The morphology of coated microbeads was visualized by optical
microscope and scanning electron microscope (Fig. 5.1). It is evident that the coated
microbeads were spherical in shape without collapsed. SEM analysis confirmed that
the coated microbeads had a rough surface (Fig. 5.1e and g); this is probably due to
the sprayed coating with Eudragit® S 100 polymer. In addition, SEM micrograph of
cross-section of the coated microbeads showed an additional thin coating.

Table 5.1 Particle size and drug content of coated microbeads containing thiolated
pectinDOX conjugate
Sample

Particle size ± SD

Drug content

(mm)

(g DOX /g
bead)

Coated microbeads containing thiolated LMP

1.010 ± 0.113

N/A

Coated microbeads containing thiolated HMP

0.907 ± 0.073

N/A

Coated

microbeads

containing

thiolated

1.147 ± 0.114

882.9  35.8

containing

thiolated

1.063 ± 0.107

596.8  19.7

LMP-DOX conjugate
Coated

microbeads

HMP-DOX conjugate
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Figure 5.1 Optical im
mages of cooated micro
obeads conttaining (a) thiolated LMP,
L
(b)
thiolated LMPDOX
L
X conjugatte, (c) thiiolated HM
MP, (d) thiolated
t
HMPDOX
X conjugatee and SEM
M images of
o (e) surfaace and (ff) crosssection of coated micrrobeads con
ntaining thiiolated LMP
MPDOX co
onjugate,
and (g) su
urface and (h) cross-section of coated
c
micrrobeads containing
thiolated HMPDOX
H
cconjugates.
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5.3.2 Stability of microbeads in cultured medium
The stability of coated microbeads containing thiolated pectinDOX
conjugate was also evaluated. Fig. 5.2 demonstrates the fluorescence images of the
microbeads and coated microbeads containing thiolated pectinDOX conjugate,
incubated in cell culture medium (DMEM) at initial time, and for 24 h and 7 days. It
is observed that, at the initial time, gas bubbles released from inside of the microbeads
(Fig. 5.2d-1) and the outer layer of microbeads was dissolved concurrently (Fig. 5.2b1). After 7 days, the microbeads were similar to those at the initial time (Fig. 5.2 b-2).
Similar results were observed for the microbeads containing thiolated HMPDOX
conjugate.
Under fluorescence miscroscopy, the integrity of coating layer in
DMEM pH 7.0 was observed. Moreover, the breaking of the coating layer was
observed in the first 24h (Fig. 5.2 c-2 and d-2), then no further breakage until 7 days
(Fig. 5.2 c-3 and d-3). This result indicates that the microbeads would theoretically by
durable enough for delivery through the gastrointestinal tract.
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obeads and coated miccrobeads co
ontaining
Figure 5.2 Fluorescencce images oof the micro
thiolated pectinDOX
p
X conjugatee, incubated in cell cculture medium at
initial time,, and for 244 h and 7 days.
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5.3.3. In vitro drug release
The DOX release profiles of coated microbeads are shown in Fig.
5.3. The cumulative DOX release, in SGF for first 2 h, from coated microbeads was
lower (15-20%) than that from uncoated microbeads. DOX release, in pH 6.8 buffer
for the next 2h, from coated microbeads was also significantly lower (p<0.05) than
that from uncoated microbeads by 30-40% (data not shown). A decrease in DOX
release from coated microbeads may be due to the coating material, Eudragit® S,
which has enteric properties. The result indicated that the coated microbeads are
suitable for delivering DOX to tumor site in the colon via mouth.
Although the disulfide bond could not be cleaved in the upper GI
tract, certain amount of DOX release from the microbeads was observed. This
probably resulted from the other bonds formed during synthesis of thiolated
pectinDOX conjugate, which can be broken easily by hydrolysis under acidic
conditions (Anbharasi et al., 2010; Cao et al., 2010; Timin et al., 2016). However, the
obvious difference in DOX release was found after adjusting the medium pH to 7.4,
which could dissolve Eudragit® S coated on the surface of microbeads. Furthermore,
the presence of a reducing agent representing reducing agent in tumor environment,
DTT, also influenced the DOX release. In the presence DTT in the release medium,
DOX release from the coated microbeads was significantly higher (p<0.05), after 8 or
10 h; DOX release was more than 90% for both coated microbeads. In the absence of
DTT, DOX release from both coated microbeads was about 75%. These results
suggested that the disulfide bond in thiolated pectinDOX conjugate had a huge
impact on DOX release in the presence of a reducing agent. This verified the redoxresponsiveness of the coated microbeads containing thiolated pectinDOX conjugate.
Recently, the reducing agent-triggered release strategy for targeted drug delivery has
been reported and proven its effectiveness for cancer therapy (Cheng et al., 2011; Teo
et al., 2017; Yan et al., 2016).
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Figure 5.3 In vitro reelease profiiles of DOX
X from miicrobeads ccontaining thiolated
t
LMPDOX
X conjugatee and microbeads con
ntaining thioolated HM
MPDOX
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a intestin
nal media w
with and without
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reducing ag
gent, 10 mM
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Fig 5.4 show that the CT26 cells (Fig. 5.4a) were most aggressive in terms of growth,
followed by the HT29 (Fig 5.4b) and 143B (Fig 5.4c) cells. The count cells number
found the least adherent as 143B cells. All cells were significantly different (p < 0.01)
when comparison was made between the thiolated pectin microbeads and the
microbeads which consisted of thiolated pectinDOX conjugate. The picture in the
supplement data show the cell line that growth in 3D network of collagen being
treated with various microbeads formulation. It demonstrated that the thiolated pectin
microbeads have no cytotoxicity when compared with microbeads containing
thiolated pectinDOX conjugate, which displayed significant inhibition of cancer cell
lines growth. Therefore, a similar pattern was also found from coated microbeads
(Fig. 5.4d-f). All cell lines exhibited significantly different (p < 0.01) cell growth
when comparions are made between the microbeads thiolated pectin and microbeads
containing thiolated pectinDOX conjugate. The picture in the appendix 4-6 showed
the cell lines that grew in 3D network of collagen being treated with various
microbead formulations. Additionally, number of cell growth depend on cell lines
type CT26 (Fig.5.4d), HT29 (Fig.5.4e) and 143B (Fig. 5.4f) respectively. The number
of cells found the 143B cells were the least adherent and found the the similar to the
results of uncoated microbeads. These results indicate the coated thiolated pectin
microbeads not found anticancer efficacy and the coated microbeads containing
thiolated pectinDOX conjugate can release DOX and inhibit cancer cell line growth
by significantly.
.
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Figure 5.4

The cells viabilityy assay ressults of

th
hiolated HM
MP,thiolateed LMP

microbeeads, microbbeads containing thiolaated HMPD
DOX conjug
gate and
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OX conjugaate for 3 ceell lines;
CT26 (aa,d) , HT299 (b, e) and 143B (c,f) as uncoateed (left) and
d (right)
respectively
coated microbeads
m
y.
Data are representedd as averagee  standard deviation. (n= 6) afterr applied
microbeaads for 3 weeeks, Note: **
* p < 0.01
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5.3.5 In vivvo antitumoour efficacy
y test
Cliniccally, it is ttumor metaastasis that results in a high morrtality of
cancer patient (Li et al., 2015a). IIn our modeel, a higherr number off metastatic nodules
a mice treeated with thiolated
t
in intestinee and colon was observved in untreated mice and
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b/c mice
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Fig. 5.6 show the results after feeding the mice with different treatments,
that is, thiolated pectin microbeads that contain no anticancer drug (DOX),
microbeads containing thiolated pectinDOX conjugate and untreated group as a
control . The results are follow: The body weight of mice was distinct different after
day 5 of treatment (Fig. 5.6a). Its is suggeste that the reduction in body weight was as
a result of DOX induced toxicity (Kalaria et al., 2009). On the other hand, the body
weight of mice treated with thiolated pectin microbeads and microbeads containing
thiolated pectinDOX conjugate was insignificantly different, suggesting the DOX
toxicity was unfounded. The body weight in treatment groups was significantly lower
than that of the control group, indicating that the tumor can grow up freely in the
control group.
A significant volume (p > 0.05 or p < 0.01) in tumor volume as shown in
Fig. 5.6b was observed in mice treated with thiolated pectin microbeads and
microbeads containing thiolated pectinDOX conjugate, in comparison to the control
group. The tumor volume found was 203.4122.5, 153.851.2, 39.432.7 mm3 for
untreated mice, mice treated with thiolated pectin microbeads and mice treated with
microbeads containing thiolated pectinDOX conjugate, respectively. The smallest
tumor volume found in the mice treated with microbeads containing thiolated
pectinDOX conjugate suggested the attractive antitumor efficacy. Additionally, mice
treated with thiolated pectin microbeads show no statistical difference in tumor
volume, compared to control group, suggesting that the thiolated pectin microbeads
(with no DOX) had no antitumor effect.
The antitumor efficacy of different formulations was tested against the
CT26 murine colon carcinoma bearing BALB/c mice and scored as the number and
tumor size of secondary metastases. As expected, the number and tumor size of
untreated mice were larger than that of mice treated with thiolated pectin microbeads
and mice treated with microbeads containing thiolated pectinDOX conjugate,
respectively (Fig. 5.6c and 6d). The experiment results showed that the microbeads
containing thiolated pectinDOX conjugate possessed a strong ability to overcome
tumor metastases and effectively inhibit primary tumor growth. In short, the in vivo
anticancer efficacy test revealed that the tumor volume, number and size of secondary
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metastases of the micce treated with micro
obeads conttaining thioolated pectiinDOX
conjugate were
w found to be less thhan the otheer groups.
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conjugates and untreatted as control, p-value * p>0.05, ***p>0.01
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Figure 5.6 ((continue)
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5.3.6 Histological analyses
To further assess the DOX toxicity of the developed formulations,
the representative section of tumor, liver and gastrointestinal organs including the
tongue, stomach, small intestine, large intestine from CT26 murine colon carcinoma
bearing BALb/c mice treated with different formulations were harvested and stained
with H&E. The stained tissues were observed by optical microscope. The tissue
appearance images of mice treated with thiolated pectin microbeads, microbeads
containing thiolated pectinDOX conjugate and untreated are shown in Fig. 5.7.
There is no significant damage to the architecture of the tissues, except the slightly
thinner mucus layer of the stomach of the mice treated with the microbeads
containing thiolated pectinDOX conjugate. Additionally, no increase in the number
of goblet cells was observed in the villus region of the small intestine.
.
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5.4 Conclusion
The in vitro cell cytotoxicity study of the microbeads prepared from
thiolated pectin exhibited a large amount of cancer cell growth while the microbeads
containing thiolated pectinDOX conjugate revealed a significant inhibition in all cell
lines. The mice body weight, tumor volume, number and size of secondary metastases
results indicated that the microbeads containing thiolated pectinDOX conjugate
could deliver DOX to tumor site and have ability to overcome tumor metastases, and
effectively inhibit primary tumor growth.
Furthermore, No noticeable damage was found in the GI tissues, indicating
lack of DOX toxicity. Based on these results, we propose that the novel microbeads
containing thiolated pectinDOX conjugate could have potential for clinical delivery
of DOX to the colorectal cancer site by oral administration.

.
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CHAPTER 6
SUMMARY AND GENERAL CONCLUSIONS
Deaths from cancer worldwide are projected to continue to rise to over
13.1 million in 2030. Particularly, colorectal cancer is the third most common cancer.
Chemotherapy may be used during the treatment of colorectal cancers. However,
chemotherapeutic agents can have significant toxicity such as gastrointestinal toxicity,
myelosuppression, and neurotoxicity
In this research, we successfully fabricated redox-responsive thiolated
pectin–DOX conjugates via disulfide bond. Thiolated pectins were prepared by crosslinking pectin with thioglycolic acid or cystamine dihydrochloride and then coupling
with DOX–3,3-dithiopropionate to obtain thiolated pectin–DOX conjugates. The
thiolated pectin and thiolated pectin–DOX conjugated were confirmed by FTIR and
1

H-NMR. In addition, their morphology was investigated by AFM, TEM and SEM.

The disulfide bridge of thiolated pectin-linker-S-S-linker-DOX was occurred through
a disulfide exchange reaction between the disulfide bond of the thiolated pectin
synthesized from cystamine dihydrochloride and the disulfide bond of DOX–3,3dithiopropionate conjugate. The presence of disulfide bond in thiolated pectin–DOX
conjugates was confirmed by the cleavage of disulfide bond in a reducing
environment. The in vitro cell cytotoxicity used to study the anticancer activity of
thiolated pectinDOX conjugate against various cancer cell lines namely CT26, 143B
and PC3. The thiolated LMPDOX conjugate synthesized from disulfide bond
formation reaction showed the most effective, as determined by the lowest percentage
of cell viability.
The ionotropic gelation technique was applied for microbead preparation.
The morphology study showed spherical shape; the surface of microbeads containing
thiolated HMPDOX conjugate was smoother than that containing thiolated
LMPDOX conjugate. The internal structure of the microbeads was dense and
108
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showed no pore. From the PXRD patterns of microbeads containing thiolated
pectinDOX conjugate, the characteristic peaks of DOX were still found but in less
extent, suggesting that DOX was still in crystalline form. DOX released, in simulated
tumor microenvironment, from the microbeads containing thiolated pectinDOX by
the cleavage of disulfide linkage. The best-fit release kinetics of the microbeads
containing thiolated pectin–DOX conjugate, in the medium without reducing agent, fit
the Korsmeyer–Peppas model while those in the medium with reducing agent fit a
zero-order release model. The anticancer efficacy of microbeads containing thiolated
pectinDOX conjugate was confirmed by the cell viability assay in CT26, HT29 and
143B cell lines.
The microbeads were then coated with an enteric polymer, Eudragit® S, to
reduce burst release in the upper GI tract. A decrease in DOX release from coated
microbeads was observed, resulting from the enteric coating polymer. The stability of
coated and uncoated microbeads implied the durability for delivery through the GI
tract. The in vivo anticancer efficacy was studied in tumor bearing mice under the
different treatments, i.e., thiolated pectin microbeads, microbeads containing thiolated
pectinDOX conjugates and untreated group. The tumor volume, mice body weight,
number of secondary metastases and size of secondary metastases in the control group
were found to be greater than those in the treated groups. The in vivo study showed
that the microbeads containing thiolated pectinDOX conjugate clearly inhibit the
tumor growth. The tissue staining was used to study the DOX toxicity in mice organs,
that is, tongue, stomach, liver, small intestine, large intestine and tumor. No
noticeable damage was observed in all tissues, indicating no toxicity of DOX.

Future direction of research
This study has revealed the possibility of delivering anticancer drug to
colorectal cancer via oral route. The polymerdrug conjugate was prepared by using
pectin as staring polymer and DOX as anticancer drug. The DOX content of thiolated
pectinDOX conjugate was limited but could be improved by synthesis method;
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therefore, the synthesis method efficiency should be improved. The increased amount
of DOX conjugated can reduce the amount of microbeads for one dose.
Cytotoxicity and cellular uptake mechanisms of thiolated pectinDOX
conjugate and microbeads containing thiolated pectinDOX conjugate should be
investigated to allow us to a better understanding.
Furthermore, the coating method could be developed in order to
completely prevent the adverse effects of DOX in the GI tract, which strongly impacts
the quality of life of patient.
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Appendix1: Photo images of CT26 cell lines; (a) untreated, as a control, and after treating with (b) 5 M free DOX, (c) native HMP, (d) thiolated
pectin synthesized using thioglycolic acid, (e) thiolated pectin synthesized using cystamine dihydrochloride, (f) thiolated HMP–DOX conjugate
synthesized from disulfide bond formation reaction, (g) thiolated HMP–DOX conjugate synthesized from disulfide bond formation reaction, (h)
native LMP, (i) thiolated pectin synthesized using thioglycolic acid, (j) thiolated pectin synthesized using cystamine dihydrochloride, (k) thiolated
LMP–DOX conjugate synthesized from disulfide bond formation reaction and (l) thiolated LMP–DOX conjugate synthesized from disulfide bond
exchange reaction.
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Appendix2: Photo images of 143B cell lines; (a) untreated, as a control, and after treating with (b) 5 M free DOX, (c) native HMP, (d) thiolated
pectin synthesized using thioglycolic acid, (e) thiolated pectin synthesized using cystamine dihydrochloride, (f) thiolated HMP–DOX conjugate
synthesized from disulfide bond formation reaction, (g) thiolated HMP–DOX conjugate synthesized from disulfide bond formation reaction, (h)
native LMP, (i) thiolated pectin synthesized using thioglycolic acid, (j) thiolated pectin synthesized using cystamine dihydrochloride, (k) thiolated
LMP–DOX conjugate synthesized from disulfide bond formation reaction and (l) thiolated LMP–DOX conjugate synthesized from disulfide bond
exchange reaction.
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Appendix3: Photo images of PC3 cell lines; (a) untreated, as a control, and after treating with (b) 5 M free DOX, (c) native HMP, (d) thiolated
pectin synthesized using thioglycolic acid, (e) thiolated pectin synthesized using cystamine dihydrochloride, (f) thiolated HMP–DOX conjugate
synthesized from disulfide bond formation reaction, (g) thiolated HMP–DOX conjugate synthesized from disulfide bond formation reaction, (h)
native LMP, (i) thiolated pectin synthesized using thioglycolic acid, (j) thiolated pectin synthesized using cystamine dihydrochloride, (k) thiolated
LMP–DOX conjugate synthesized from disulfide bond formation reaction and (l) thiolated LMP–DOX conjugate synthesized from disulfide bond
exchange

reaction
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Appendix 4:
4 Photo images of CT 26 cell linees; coated th
hiolated HM
MP microbeeads (a),
(b) coatedd microbead
ds containiing thiolated HMPD
DOX conjuugates, (c) coated
thiolated LMP
L
microbeads annd (d) coaated

micrrobeads coontaining thiolated
t

LMPDOX
X conjugates after appliied microbeeads 2 a nd 3 weeks
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5 Photo im
mages of 1433B cell linees; coated th
hiolated HM
MP microbeeads (a),
Appendix 5:
(b) coatedd microbead
ds containiing thiolated HMPD
DOX conjuugates, (c) coated
thiolated LMP
L
micrrobeads annd (d) co
oated micrrobeads coontaining thiolated
t
LMPDOX
X conjugates after appliied microbeeads 2 and 3 weeks
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6 Photo images of HT 29 cell linees; coated th
hiolated HM
MP microbeeads (a),
Appendix 6:
(b) coatedd microbead
ds containiing thiolated HMPD
DOX conjuugates, (c) coated
thiolated LMP
L
micrrobeads annd (d) co
oated micrrobeads coontaining thiolated
t
LMPDOX
X conjugates after appliied microbeeads 2 and 3 weeks
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