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Abstract: Nanotechnology is a promising tool for the treatment of 
cancer. In the past decades, major steps have been made to bring 
nanotechnology into the clinic in the form of nanoparticle-based drug 
delivery systems. The great hope of drug delivery systems is to reduce the 
side effects of chemotherapeutics while simultaneously increasing the 
efficiency of the therapy. An increased treatment efficiency would greatly 
benefit the quality of life as well as the life expectancy of cancer patients. 
However, besides its many advantages, nanomedicines have to face 
several challenges and hurdles before they can be used for the effective 
treatment of tumors. Here, we give an overview of  the hallmarks of cancer, 
especially colorectal cancer, and discuss biological barriers as well as how 
drug delivery systems can be utilized for the effective treatment of tumors 
and metastases.

Keywords: drug delivery system; nanomedicine;  
nanoparticles; cancer; biological barriers
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CHAPTER 1

1.	 INTRODUCTION

The development of new technologies allows the improvement of several 
scientific fields, such as the field of medicine, where essential discoveries 
have been made by applying knowledge and tools that culminate in the 
improvement of specialized and personalized therapy strategies [1]. The 
application of improved medical technologies increases the life expec-
tancy as well as the quality of life of patients and, thereby, the standard 
of life of the general population. Due to technological advances, the 
equipment and procedures used in the clinic have become less invasive, 
safer, more effective and optimized. As a result, the patient’s recovery time 
has decreased along with the risk of complications from surgery, which 
improves quality of life and reduces the cost of health care [2].

Nanotechnology is a consolidated ally in the search for solutions to as 
yet unanswered questions regarding some diseases, as well as in the 
improvement of existing technologies for prevention, diagnosis, control 
and treatment [3]. The nanomedicine area uses the properties and 
physical characteristics of materials, structures, devices and systems of a 
nanoscale size, which approaches the molecular level where changes in 
biological processes originate and culminate in many pathologies, such as 
mutated genes, protein defects and infections, among others [4].

With all the molecular knowledge available, it is possible to better under-
stand the pathophysiology of a disease and continuously develop new 
tools or improve existing ones, which are applied to assist the health of 
patients. Such improvements are, e.g., sensors and surgical instruments 
that give detailed information about the location and exact size of a 
tumor, innovative imaging agents that are specific for a certain tissue, 
monitoring technologies with improved resolution and sensitivity, and 
mainly biomaterials with improved targeting characteristics, amongst 
others [5]. These medical devices are also often used in the diagnosis and 
treatment of disease and are associated with cell therapy to improve drug 
delivery, tissue engineering and tissue regeneration. Some technologies 
integrate multifunctional systems by combining diagnostics, targeted 
therapy and response tracking, which is an emerging, promising approach 
that is known as theranostics, a portmanteau  derived from the blending 
of the words therapeutic (thera) and diagnostic (nostic) [6,7].
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In the area of drug development, nanomedicine has a prominent role by 
providing potential solutions to approach challenging medical problems 
and needs. Nanomedicine applications can provide solutions to diagnostic 
problems, to therapy monitoring, as well  as to the control, prevention 
and treatment of diseases. Within the therapeutic context, the search 
for a combination for better treatment efficacy is promoted through the 
application of innovative molecules, exploring multiple mechanisms of 
action and maximizing the effectiveness of known drugs, as well as their 
targeted, accurate and controlled delivery, in order to treat patients more 
effectively while reducing unwanted adverse effects [8].

2.	 CANCER

Cancer is a disease with genetic changes in DNA, which involves two 
categories of genes: oncogenes and tumor suppressor genes [9,10]. 
Oncogenes and tumor suppressor genes are involved in the process of 
carcinogenesis. Their classification is due to the type  of regulation they 
make in the processes that lead to the promotion of the tumor: (i) if the 
gene promotes this process, it is called an oncogene, and (ii) if the gene 
prevents this  process, it is called a tumor suppressor gene [11].

2.1 	 Characteristics of Cancer

Hanahan and Weinberg were the first to describe the specific charac-
teristics of tumor cells in the literature [9]. Tumor cells are independent 
of any growth factor supply. Therefore, avoidance of growth 
suppressors, prevention of cell death and stimulation of angiogenesis 
in the environment of tumor cells are observed, and their replicative 
potential is maintained [9,10]. This list of characteristics was updated 
later with emerging characteristics (reprogramming of energy metab-
olism, avoidance of immune destruction) and facilitating characteristics 
(genomic instability, inflammation) [9,10]. These hallmarks explain the 
invasion/metastasis of tumors and can be used to find a new approach 
to diagnosis and treatment [9].

Three of these characteristics of cancer are: preventing cell death, 
invasion/metastasis and inflammation, which will be discussed in more 
detail in the next paragraphs.
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2.1.1. 	 Preventing Cell Death

The development of resistance to cell death, specifically to apoptosis, 
is one of the most important factors for the progression and survival 
of a cancer cell [12]. Apoptosis is a cellular suicide program that 
leads to the elimination of damaged or abnormal cells during 
development or after stress mechanisms, and this process involves 
a series of events that culminate in the activation of initiating 
caspases (caspase-2, -8, -9 or -10), and these lead to the activation of 
the executing caspases (caspase-3 or -7) resulting in the cleavage of 
specific cell substrates in the nucleus and cytoplasm that leads to 
cell death [12].

There are two ways of signaling cell death due to apoptosis, the 
extrinsic pathway (related to death receptors) and the intrinsic 
pathway (mitochondrial; Figure 1) [13]. The extrinsic pathway is 
initiated in response to the binding and activation of receptors of 
the tumor necrosis factor (TNF) receptor superfamily; then, there is 
the coupling of these by the Fas-associated death domain protein 
(FADD), and this subsequently leads to activation of caspase-8 and 
formation of a signaling complex on the plasma membrane called 
the death-inducing signaling complex (DISC), which in turn activates 
the downstream effector caspases [13]. Caspase-8 also cleaves 
other substrates, such as Bid, which will stimulate the release of 
cytochrome c and the activation of the intrinsic pathway [14].

The intrinsic pathway is initiated by the permeabilization of the 
mitochondrial outer membrane (MOMP—mitochondrial outer 
membrane permeabilization) and release of apoptogenic factors, 
such as cytochrome c, apoptosis-inducing factor (AIF) and second 
mitochondria-derived activator of caspases (SMAC), from the 
mitochondrial intermembrane space into the cytosol [14]. The 
release of cytochrome c results in the formation of apoptosomes 
(cytochrome c + pro-caspase-9 + APAF-1). These complexes promote 
the activation of caspase-9, which in turn activates effector caspases 
that result in the execution of apoptosis, while AIF contributes to 

2. 	 CANCER
2.1 	 Characteristics of Cancer
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Figure 1. Pathways of apoptosis. Apoptosis can occur through two pathways: The extrinsic or the intrinsic 

pathway. The extrinsic pathway begins with the binding of extracellular ligands to death- promoting 

receptors, through the Fas-associated death domain adapter protein (FADD), then recruits procaspase-8, 

which in turn activates caspase-8. The intrinsic (or mitochondrial) pathway is regulated by a series of 

specific death-promoting molecules released from the mitochondria. Members of the pro- and antia-

poptotic BCL-2 family compete on the surface of the mitochondria to control the release of cytochrome 

c. The released cytochrome c is associated with Apoptotic protease activating factor-1 (Apaf-1) and 

procaspase-9, which activate caspase-9. The two pathways share a common end point at the level of 

caspase-3 activation. The interaction between these pathways occurs through the Bid cleavage triggered 

by caspase-8. Bid’s interaction with Bax or Bak in the outer mitochondrial membrane results in the release 

of cytochrome c. The antiapoptotic BCL-2 family can prevent such a release by direct interaction with Bax 

and/or Bak.
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DNA fragmentation and subsequent chromosomal condensation. 
Next, SMAC binds to apoptosis inhibitor proteins (IAP), also 
promoting caspase activation [15].

The main regulators of the intrinsic pathway of apoptosis are the 
BCL-2 family of proteins that are classified into an antiapoptotic 
and proapoptotic category, which exist in a competitive flow state. 
The proportion in a cell can be altered due to the process of cellular 
stress, since, in harmful situations, BCL-2 of the proapoptotic type 
called pore-forming executioners are activated and trigger MOMP, 
which finally results in apoptosis [16].

2.1.2.	 Invasion/Metastasis

One of the characteristics of cancer is the ability of primary cancer 
cells to invade adjacent tissues and metastasize elsewhere in the 
body [17]. This process is complex and requires success in all its 
stages: from the exit of the primary tumor cells to their transition 
through the bloodstream, to the escape of the immune system and 
its stabilization and proliferation at the new location [17]. Studies that 
aim to understand this process in more detail can help to identify 
new therapeutic targets to reverse this process, which is the cause of 
a poor treatment prognosis and high death rates [17].

The expression of some molecules can be used as a metastasis 
marker. C-X-C chemokine receptor type 4 (CXCR4) is one of these 
markers of metastasis. Evidence shows that when its ligand, CXCL12, 
binds to the CXCR4 receptor, it triggers angiogenic properties [18,19]. 
The prognosis of cancer patients who have an overexpression of 
CXCR4 in cancer cells is poor, and these patients are at a high risk of 
recurrence [18].

The chemokine ligand 22 of the C-C motif (CCL22) is a member of 
the family of chemokines secreted by macrophages and tumor 
cells and binds to the chemokine [C-C motif] receptor 4 (CCR4) [20]. 

2. 	 CANCER
2.1	  Characteristics of Cancer

2.1.1.	 Preventing Cell Death
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The interaction between CCL22 and the CCR4 receptor is related 
to cell proliferation and tumor progression. It is also responsible 
for attracting regulatory T cells (Treg) to tumor sites, leading to the 
suppression of antitumor immunity [20]. Based on this, CCL22 levels 
in serum can be used as a metastasis marker [20].

2.1.3.	 Inflammation

A wide variety of diseases, including cancer, are mediated by 
chronic inflammation, which contributes to the maintenance of 
the inflammatory tumor microenvironment (TME) and predisposes 
to tumorigenesis [21,22]. Chronic inflammation is characterized by 
sustained tissue damage and induces cell proliferation and repair. It 
is associated with all stages related to the formation and promotion 
process (increased proliferation/survival, activation of angiogenesis 
and metastasis) of cancer phenotypes [21,22].

Cancer-related inflammation is directly linked to genetic instability: 
activated leukocytes produce reactive oxygen species (ROS) and 
reactive nitrogen intermediates (RNI), and inflammatory cells 
produce cytokines and chemokines that can induce mutations and 
a neoplastic transformation [23]. In addition, DNA damage itself can 
also lead to inflammatory processes, such as the release of oncop-
roteins that can also activate signaling pathways related to this 
process, in a cycle that culminates in cancerous development [23].

Oxidative stress, a physiological state in which free radicals and 
ROS are present at high levels, plays an important role in the devel-
opment of several diseases, including neurodegenerative, metabolic 
and inflammatory diseases. It has an impact on the initiation and 
progression of cancer and consequently on its therapy [24].

There are many biomarkers for the measurement of oxidative stress, 
including the production of lipid peroxidation malondialdehyde 
(MDA) and the antioxidant tripeptide glutathione (GSH), which 
can be used to identify different types of cancer. These biomarkers 
can verify the antioxidant status of patients and thus have great 
diagnostic and prognostic relevance in oncology, contributing to 
assessing the most appropriate treatment regime [25–27].
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2.2.	 Colorectal Cancer

Colorectal cancer (CRC) is one of the most common types of cancer: 
CRC takes third place in terms of incidence rate and second in terms 
of highest lethality rate [28]. Men are  more affected by this disease 
than women. Risk factors that increase the prevalence of CRC include 
smoking, excessive alcohol intake, a sedentary lifestyle, a diet with 
large amounts of red and processed meat, obesity and having a family 
history of CRC (Figure 2) [29]. 

2. 	 CANCER

Figure 2. Characteristics of CRC. This figure presents data from CRC statistics [28], such as incidence, 

number of deaths and risk factors related to CRC.

CRC is a slow-developing disease, which is initiated by a single cell that 
has accumulated genetic and epigenetic mutations over time and, 
thereby, inactivated tumor suppressor genes and activated oncogenes 
[30,31]. The sequence of events that culminates in the appearance of 
the tumor is called carcinogenesis, a complex process that involves 
modification and mutation in genes that regulate cell growth [32]. 
Genome instability, named tumor initiation, is part of carcinogenesis, 
and it can progress to CRC in two ways. The traditional adenoma-car-
cinoma pathway, which takes place in 70–90% of CRCs, is initiated 
by a polyp that evolves to an early adenoma. On the other hand, the 
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serration neoplasia pathway takes place in 10–20% of CRCs and evolves 
from a hyperplastic polyp to a serrated polyp, ending in an adenocar-
cinoma [30,33].

In the colon, the epithelial renewal of the intestinal mucosa that 
occurs due to the loss of cells that remain on the tissue surface, and 
the controlled proliferation that occurs at the base of the crypt where 
the stem cells are located, are physiological processes. However, 
mutated cells can divide and reach the colonic lumen, forming discrete 
adenomas, which over time acquire more mutations and increase in 
size, developing dysplastic peculiarities that can acquire the capacity to 
invade other tissues. Thus, the vast majority of tumors in the colorectal 
region originate from precancerous polyps classified as traditional 
tubular adenomas, which arise when there is a dysregulation of DNA 
repair mechanisms, thus causing disordered cell proliferation [34–36].

The dysregulation of DNA repair mechanisms occurs due to alterations 
in genes that regulate cell growth. When mutated, the gene that 
encodes a tumor suppressor, adenomatous polyposis coli (APC), gives 
rise to traditional adenomas, while the oncogene BRAF, when mutated, 
gives rise to serrated polyps [34]. The APC mutation promotes the 
activation of the Wnt pathway, which leads to the chromosomal insta-
bility pathway (CIN), while BRAF mutations promote tumorigenesis 
through the serrated neoplasm pathway, which leads to microsatellite 
instability (MSI) [37]. Moreover, not all adenomas will progress to cancer, 
and carcinogenesis will depend on the accumulation of specific 
mutations. Furthermore, the time to reach the neoplastic stage will 
depend on the carcinogenic process and the individual’s exposure to 
factors that influence progression, such as inflammatory processes. 
As an example, tumorigenesis via CIN can take 10 years or more, while 
tumor development via MSI can occur in a few years [38,39].

Despite having similar histopathological characteristics, different 
CRCs differ in clinical symptoms, response to treatment, molecular 
characteristics and prognosis [40]. Molecular factors have an influence 
on prognosis. Patients at a similar stage of the disease at the time of 
diagnosis may show different treatment responses and different evolu-
tions of the disease due to heterogeneity in their molecular factors [41].
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2. 	 CANCER
2.2 Colorectal Cancer

2.2.1.	 Treatment of Colorectal Cancer

In the past decades, chemotherapy treatment options have 
advanced from the use of single agents to regimens with a 
combined use of therapeutic agents. Additional, targeted agents 
that have improved treatment efficacy in metastatic disease are 
being used [33,42]. In addition to chemotherapeutic methods for 
the treatment of CRC, other therapies such as surgery, radiotherapy, 
targeted therapies, immunotherapy, radiofrequency ablation and 
palliative treatments are also available.

The choice of treatment depends on several factors, such as the 
location and tumor stage, which relates to tumor size, tumor 
growth/infiltration and the presence of locoregional and distant 
metastases, which are also related to the tumor microenvironment 
-affected genes, comorbidity and patient prognosis [43]. Thus, if CRC 
is diagnosed early, there is a greater chance of success in therapy, 
given that CRC is one of the most treatable cancers when it is 
discovered in the early stages [30,44].

CRC can be classified into different stages, according to the charac-
teristics of the tumor and the involvement of the nearby lymph 
nodes, into the TNM classification of malignant tumors (Table 1). This 
classification is also used to choose the optimal treatment for the 
cancer patient [45].

In stage I, endoscopic examination of a pedunculated malignant 
polyp or surgical resection of the tumor and nearby lymph nodes 
is indicated. Thus, at the time of surgery, it is crucial to examine 
the number of lymph nodes for the correct staging of the CRC. 
Malignant polyps are T1 lesions where the cancerous cells have 
reached the muscle from the mucosa to the submucosa.  They may 
appear benign through endoscopic analysis, but histology should 
be performed to check for the presence of malignant cells. After the 
histological analysis, it should be decided whether the endoscopic 
resection is sufficient or whether it is necessary to execute an 
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endoscopic resection of the mucosa, or other methods, such as 
endoscopic submucosal dissection or segmental colon resection 
(performed if the resection margin is less than 2 mm and there is 
involvement of blood vessels) [46–48].

In stage II, the surgical method is performed and the use of adjuvant 
chemotherapy is not indicated in most cases. According to the 
European Society of Medical Oncology (ESMO), the treatment using 
chemotherapy and adjuvants is indicated only when the following 
criteria are  met: little tumor differentiation, vascular invasion, 
perineural invasion, intestinal obstruction, localized perforation and 
positive margins. Adjuvant chemotherapy lasts for 3–6 months on 
one of the following regimens shown in Table 1 [49,50]. In case of 
stage III, CRC treatment consists of a surgical procedure to remove 
the tumor, and afterwards adjuvant chemotherapy should be 
performed, which includes 3–6 months of FOLFOX or CAPOX. In 
stage IV, the CRC can be controlled by monotherapy or a combi-
nation of chemotherapy, targeted biological therapy, immuno-
therapy, palliative surgery, radiotherapy, and radiofrequency ablation 
or radio-embolization, as shown in Table 1 [51–53].
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Stage of 
Cancer

Clinicopathological Characteristics

Stage 1

Primary tumor (T): Tis—carcinoma in situ;
T1—tumor invades submucosa;
T2—tumor invades muscularis propria;
(N): N0—no regional lymph node metastasis;
Distant metastasis (M): 
M0—no distant metastasis.

Stage 2

T: T3—tumor invades through muscularis propria into subserosal;
T4—tumor directly invades other organs or structures, and/or  
perforates visceral peritoneum;
N: N0—no regional lymph node metastasis;
M: M0—no distant metastasis.

Stage 3

Any T;
N: N1—metastasis in one to three regional lymph nodes; N2— 
metastasis in four or more regional lymph nodes;
M: M0—no distant metastasis.

Stage 4
Any T; Any N;
M: M1—distant metastasis.

Table 1. Most common treatment options based on the stage of colorectal cancer (excluding rectal cancer) 

using the TNM classification.
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Treatment Modalities Chemotherapeutic Agents

Targeted 
Therapy 

(Combined 
with Chemo-

therapy)

Local or surgical resection 
of malignant polyp or 
surgical procedure of 
tumor and local lymph 
nodes.

Not applied Not applied

Surgical procedure 
without adjuvant 
chemotherapy. Adjuvant 
chemotherapy indicated 
in special cases, where 
high-risk characteristics 
are observed.

3–6 months of 5-flurouracil (FU) 
with leucovorin (LV), capecit-
abine or combination of 5-FU 
with LV and oxaliplatin (FOLFOX) 
or capecitabine and oxaliplatin 
(CAPOX).

Not applied

Surgery followed by 
adjuvant chemotherapy.

3–6 months of FOLFOX or 
CAPOX.

Not applied

Radiotherapy, chemo-
therapy, immunotherapy, 
targeted therapies, 
palliative surgery/stenting, 
radiofrequency ablation, 
radio-embolization.

FOLFOIRI, FOLFIRI (5-FU, LV 
and irinotecan), FOLFOX, CAPIRI 
(capecitabine and irinotecan), 
CAPOX, 5-FU with LV, irinotecan, 
capecitabine and trifluridine 
plus tipiracil (Lonsurf).

Bevaci-
zumab; 
cetuximab/
panitu-
mumab;
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Oxaliplatin

Oxaliplatin (OXA) has been considered an important chemothera-
peutic drug and one of the most effective for the treatment of CRC, 
often used in conjunction with 5-FU/leucovorin or capecitabine, 
called the FOLFOX or CAPOX regimen; it provides a better response 
rate and prolonged survival in both treatment metastases and 
as adjuvant therapy, being considered the gold standard for this 
condition [54–57]. It is believed that about 50% of patients with CRC 
benefit from treatment with OXA [58].

OXA is a third-generation platinum compound characterized 
by a diaminocyclohexane molecule. It was identified in 1976 and 
approved for cancer treatment only in 1996, thereby being the first 
platinum compound to demonstrate efficacy in the treatment of 
CRC [59]. OXA exerts its cytotoxic activity through direct damage 
to the tumor cell’s DNA, through the formation of adducts, which 
induce the formation of DNA lesions, the interruption of DNA repli-
cation and transcription, as well as the triggering of immunological 
reactions that culminate in apoptosis and cell death [60,61].

As with other chemotherapeutic agents, it is known that the use of 
OXA is associated with certain limitations such as systemic toxicity 
and innate and acquired resistance, which are related to an increase 
in patients’ morbidity and mortality [62]. This drug has a wide 
spectrum of adverse effects that affect the most diverse organs and 
can cause anemia and cytopenia; nausea, vomiting and diarrhea; 
mucositis and stomatitis; hearing loss; hepatic, cardiac and renal 
dysfunctions; neurosensory toxicity and neuropathies; as well as 
alopecia, anorexia and asthenia [46,47,63,64].

Resistance of tumor cells to OXA, which is one of the main reasons 
for treatment failure, can be caused by increased DNA repair 
mechanisms and increased expression of  drug efflux pumps (Figure 
3), as well as by genetic mutations in target pathways (such as folate, 
VEGF, EGF and microsatellite instability). However, these factors can 

2. 	 CANCER
2.2 Colorectal Cancer



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 23PDF page: 23PDF page: 23PDF page: 23

23

INTRODUCTION

Figure 3. Tumor cell resistance mechanisms to OXA. The image shows the mechanisms of DNA 

repair and drug efflux.

be used as predictive markers for the response of the tumor cells to 
therapy [58].

Other Treatments

Radiotherapy, as well as other treatments, depends on the clinical 
stage of the tumor and the age of the patient. This treatment is 
mainly administered in patients with an advanced stage of cancer, 
i.e., III or IV or even nonmetastatic CRC with positive lymph nodes 
[48]. Several methods are used for this purpose, such as short-term 
radiation therapy, which has been a popular method applied in 
Europe for resectable rectal cancer and also in patients with locally 
invasive tumors [30,51].
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In addition to the aforementioned treatments, palliative treatment 
emerges as a crucial component of standard cancer care for patients 
with stage IV disease, and, more recently, it has also been included in 
the treatment of earlier cancer stages. Palliative treatments include: 
combination of surgery, combined chemotherapy/targeted therapy, 
immunotherapy and radiotherapy regimens [52,53]. Palliative 
surgery is the most used for cases where patients have symptoms 
such as obstruction, perforation or bleeding [65]. Hence, palliative 
therapy for advanced CRC aims to prolong the patient’s survival, 
providing greater quality of life and lower costs in health care [45,65].

Taken together, the choice of the approach used in the current 
treatments is based on the stage of evolution and progression of 
CRC, considering the occurrence of invasion and/or metastasis in a 
standardized way for all cancer patients. However, the incorporation 
of the use of nanoparticles (NPs) as a treatment in CRC could make 
the treatment more specific to the needs of each patient. The use of 
these NPs as a drug delivery system (DDS)  may help to overcome 
the biological barriers that hinder conventional treatment [66,67].

3. 	 BIOLOGICAL BARRIERS

Biological barriers are major difficulties to overcome in the use of 
nanosystems for the treatment of cancer patients. The unique interactions 
between NPs and the biological components of the body are intrinsic to 
each patient, making it difficult to systemically apply nanomedicine in 
cancer [68,69].

3.1.	 Reticuloendothelial System

One of the biological barriers to overcome is the mononuclear 
phagocyte system (MPS). This is one of the constituents of the immune 
system and is formed by phagocytic cells and macromolecules that 
can interact with NPs and trigger an immune response, which makes 
it difficult for nanocarriers to enter cells [70]. To escape the MPS, the 
physicochemical properties of the NP’s surface are a key factor, which 
may increase their time in the blood. A good example are NPs coated 
with polyethylene glycol (PEG), which are able to escape the MPS, thus 
increasing the possibility of the drug reaching its site of action [71].
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These physical and chemical properties also affect which components 
of the MPS will act on the NPs, as, for example, a hydrophobic surface of 
NPs allows them to be normally captured by the liver, spleen and later 
by the lungs. NPs with a hydrophilic surface have less absorption by the 
liver and spleen [72]. The size of the NPs is another characteristic that 
determines the recognition by the MPS, which has been researched. 
NPs bigger than 250 nm are removed by the MPS, opsonized and 
captured by macrophages [73]. Even if the modification of the surface 
reduces recognition by the MPS, complete evasion has not yet been 
achieved [71].

3.2.	 Renal System

Another difficulty when using NPs in vivo is the renal system, which 
filters the circulating blood, produces hormones and promotes homeo-
stasis of the body [74]. When formulating NPs, the physicochemical 
properties must be taken into account so as not to affect the rate of 
renal clearance. Research has observed that a change in size, even if it is 
only by 2 nm (from 6 to 8 nm), can affect kidney clearance, because the 
smaller the size, the higher the clearance rate [71,75].

However, changing the size of NPs to prevent or decelerate renal 
clearance can affect the performance of NPs. One way to solve this 
problem would be the formulation of biodegradable nanosystems, 
which could be eliminated more easily by the kidneys. However, they 
can alter the delivery of the drug by altering the surface load [71,76]. 
Thus, before formulating the DDS, one must choose which are the 
main benefits that are necessary for their objective [71,76].

3.3.	 Blood-Brain Barrier

The blood-brain barrier (BBB) is a structure that protects the brain. As 
a consequence, blood vessels of the BBB only allow specific molecules 
to pass through, to allow nutrition of the central nervous system and 
to prevent the entry of harmful agents [77]. Normal BBB is formed 
by brain capillary endothelial cells and is organized as a barrier that 
surrounds brain capillaries. It has specific transporters that deliver 
essential biomolecules to the brain, while larger molecules cross the 
barrier through receptor-mediated transcytosis [77].
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On the other hand, the BBB can be an obstacle for the systemic 
treatment of diseases, such as cancer, in the central nervous system.  
During progression, brain tumors alter the BBB, which then becomes 
the blood-tumor barrier (BTB), being quite heterogeneous and 
consisting of capillaries with the following characteristics: (i) continuous 
and without perforations (such as the vasculature of a healthy brain), 
(ii) continuous and having perforations (changes permeability) and (iii) 
noncontinuous (with interendothelial gaps). Even though it is more 
permeable to smaller and larger molecules, the BTB still possesses BBB 
characteristics, making it one of the biggest obstacles in the treatment 
of brain tumors and metastases [78,79].

Brain tumors or brain metastasis have high rates of tumor recurrence, 
even after initial surgical interventions and pharmacological treat-
ments, since the delivery of pharmaceutical active agents to invasive 
cells behind the BBB is a challenge. To increase BBB permeability in 
cancer patients, current treatments consist of direct, intraventricular or 
intracerebral injections, infusion and even implantation. However, these 
therapies are toxic, can cause infections and can improperly release 
medications, which can lead to the accumulation of the drug in the 
ventricles, subarachnoid space, cerebrospinal fluid or blood [80,81].

NPs seem to be a good method to overcome the BBB, since the 
functionalization of their surface and their size can be changed [80]. 
Gold NPs (AuNPs) have been investigated for their advantages, such 
as stability, ability to interact with light, synthesis of different  sizes, 
and functionalization with peptides, proteins and other biomolecules. 
Additionally, they can be visualized easily with computed tomography 
(CT), a noninvasive procedure for patients [82].

3.4.	 Pathophysiological Barriers in Cancer

Finally, pathophysiological barriers are another challenge for nanofor-
mulations. The enhanced permeability and retention (ERP) effect, 
attributed to the deficiency of lymphatic vessels in the tumor, causes 
the intratumoral accumulation of NPs [76,83]. The tumor-associated 

3.	 BIOLOGICAL BARRIERS
3.3.	 Blood-Brain Barrier
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angiogenesis process leads to the formation of irregular vessels, with 
more gaps, promoting an increase in factors such as nitric oxide, VEGF, 
tumor necrosis factor (TNF) and bradykinin, making it difficult for NPs 
to enter and act. The proliferation of tumor cells leads to stress in the 
TME, causing compression of the vessels, making it difficult for NPs to 
penetrate the tumor tissue [76,84].

In addition to the physicochemical properties of NPs, already 
mentioned characteristics of the TME, such as the ERP effect and the 
pressure of tumor cells, are the factors that influence the entry of NPs 
into the tumor. Furthermore, the location of the tumor, the type of 
cancer, the stage of cancer and other factors intrinsic to each patient 
affect the penetration of NPs [85]. Therefore, measures must be taken 
to facilitate the penetration of NPs into tumors, such as previous treat-
ments to reduce the pressure of the TME, as well as the inhibition of 
signaling by VEGF and TGFβ, thus minimizing the stress of the TME and 
increasing entry of the NPs into the tumor [76].

4.	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS

Among nanomedicine projects, studies on NPs that are used for the 
purpose of drug delivery are one of the most widespread. NPs are complex 
molecules, composed of superficial layers, which can be functionalized 
with a variety of elements (such as ions and surfactants), cores (different 
chemical materials) and nuclei (central portion) [86]. Several methods 
can be used for their synthesis, which can be classified into either the 
destructive approaches starting from a larger molecule, called “top-down”, 
or the constructive ones, called “bottom-up”. They can also be charac-
terized with different morphological, structural and optical techniques 
in order to thus obtain control of their reactivity, resistance and other 
properties [86].

The formulation of NPs, which can be used as DDSs, occurs through the 
association of active drugs with colloidal nanostructures of a size smaller 
than a micrometer and a large surface area in relation to their volume. The 
type of material used for these nanostructures can include organic (such 
as polymers, dendrimers, solid lipids, micelles and liposomes), inorganic 
(such as silica, gold, quantum dots, carbon NPs and nanotubes) and 
hybrid nanocarriers, which combine the advantages of both materials 
(Figure 4) [87]. 
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Figure 4. Different representations of the two large groups of NPs. These NPs are commonly used for 

biomedical applications and offer a significant potential as DDSs for cancer. They are divided into organic 

or inorganic, depending on the kind of material used for their composition.

Polymer-lipid hybrid NPs (PLHNPs) are an example of hybrid nanocarriers 
for cancer therapy; this nanosystem has a polymeric core where the drug 
is encapsulated, surrounded by a lipid layer. The combination of polymeric 
NPs and liposomes increases the biodistribution of the system, in addition 
to overcoming the limitations that each system would have alone [88–90]. 
Another example of a hybrid nanocarrier is mesoporous silica NPs (MSNs) 
covalently bonded with poly (oligo(ethylene glycol) monomethyl ether 
methacrylate) (POEGMA) and targeting peptide (RDG) to perform system 
stabilization and deliver the drug 5-fluorouracil (5-FU) in a targeted and 
effective manner. This hybrid nanocarrier has a better efficacy against CRC 
than the free drug, thus showing the importance of hybrid nanosystems 
and how they can be efficient in cancer therapy [91].

Among the organic NPs are the micelles, which are spherical macromol-
ecules formed by a hydrophilic outer layer and a hydrophobic interior in 
an aqueous solution [92]. This type of nanocarrier is thermodynamically 
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stable as well as considered nontoxic and safe due to its composition 
of biocompatible material, being able to transport hydrophobic drugs, 
in vivo, inside or on the surface through a covalent connection with the 
carrier [92]. Its small diameter allows for the gradual administration of 
drugs and prevents their recognition by the immune system and their 
filtration by the spleen epithelial cells. In addition, the micelles can be 
modified in order to alter their functionalization, thus promoting the 
delivery of the drug and prolonging the therapeutic effect of the drug [92]. 
As an example of micellar nanoparticles, researchers recently formulated 
micellar NPs targeting small-sized trastuzumab by removing a surfactant 
that produced concentrated phthalocyanines with strong near-infrared 
absorption. In combating tumor lymph node metastases in CRC in vitro 
and in vivo, targeted micellar phthalocyanine (T-MP) showed  promising 
results [93].

Liposomes are spherical lipid vesicles composed of a lipid outer layer and 
an aqueous interior, with variable sizes ranging from nm to µm [94,95]. 
They are biocompatible and stable colloidal macromolecules. Their 
structure, being very specific, allows for the fusion of membranes with the 
target cell. Liposomes can encapsulate hydrophobic drugs, promoting 
solubilization in water and prolonging the release of drugs that have a 
short half-life, which is of great importance for cancer therapy and other 
diseases [94,96]. Moreover, the functionalization of liposomes is advan-
tageous: PEGylated liposomes have a longer half-life in the circulation, 
and various other ligands (such as proteins, carbohydrates and peptides) 
can also be used on the surface of the liposome in order to reach the 
tumor site [97]. A recent study formulated and characterized liposomes 
containing irinotecan (IRI) to treat CRC; this research achieved a reduction 
in prostaglandins in colonic tissue in addition to a reduction in tumors in 
mice, demonstrating promising results with these vesicles [98].

In addition to the abovementioned systems, the most-used system for 
delivering and targeting anticancer drugs are polymeric NPs. They are 
solid colloidal systems formed by the polymerization of monomers or 
polymers that surround the drug [99]. Their structure can vary in size and 
molecular weight depending on the method of preparation. This variation 
in structure can produce nanocapsules, where the drug is confined in an 
aqueous cavity and is surrounded by a single polymeric membrane or 
nanospheres, in which the drug is dispersed within the particles [100]. The 
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formulation of nanocapsules and nanospheres is complex. Nevertheless, 
these NPs have many advantages: they are biocompatible, stable, have a 
nontoxic nature and large-scale production is feasible [101].

Inorganic NPs are also widely studied as agents in antitumor therapy. 
Among them are AuNPs that have versatile physical and chemical 
properties, such as surface plasmon resonance (SPR), a large surface-
to-volume ratio, fluorescence quenching and the ability to form stable 
chemical bonds with groups containing sulfur and nitrogen [102]. 
AuNPs are effective for medical imaging purposes and medication 
administration, due to their shape and diameter (1 to 150 nm) [103]. This 
nanosystem contains a large surface area that can be adjusted for drug 
loading, conjugation or binding of genetic material, thus enabling drug 
solubility, stability and more useful pharmacokinetic parameters [103,104]. 
Studies have shown that AuNPs reduce the population of tumor-asso-
ciated fibroblasts and type I collagen production in CRC. In addition, 
AuNPs decrease vascular endothelial growth factor (VEGF) signals via 
the Akt signaling pathway, thereby reducing the pressure applied by the 
tumor and increasing vascular permeability (reviewed in [92]). A disad-
vantage of  using these NPs must be noted: the possible toxicity, since 
recent research has shown that smaller AuNPs can accumulate in organs, 
such as the brain, kidney, liver, spleen and lung, and can be internalized by 
cells, promoting more cellular toxicity [105,106]. AuNP systems containing 
cetuximab (cetuximab-AuNPs) have shown promising results in in vitro 
studies against CRC. Cetuximab is a monoclonal antibody against the 
epidermal growth factor receptor (EGFR), and it has been widely inves-
tigated since EGFR is overexpressed in CRC and plays important roles in 
tumor survival. Thus, when blocked, EGFR would reduce damage caused 
by tumor cells. Results showed the cytotoxicity of cetuximab-AuNPs 
to cancer cells, with NPs mainly possessing a size of 60 nm. It was also 
possible to analyze the change in the expression of biomarkers on the 
surface of the cancer cell, where, after treatment with cetuximab-AuNPs, 
there was a greater expression of epithelial cell markers: epithelial cell 
adhesion molecule (EpCAM), melanoma cell adhesion molecule (MCAM) 
and human epidermal growth factor receptor-3 [107].

4.	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
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Silica NPs are studied for targeting drugs to tumors, as they are more 
advantageous than other inorganic NPs due to their ability to release 
drugs and their biodegradability [97]. Within the category of silica NPs, 
there are mesoporous silica NPs (MSNs) that are attractive due to their 
physicochemical properties: adjustment of the particle size (about 10 nm), 
adjustment of the pore size between 2 to 50 nm (according to the shape 
and size of the drug) and greater surface area linked to low cytotoxicity 
[97]. In addition,  MSNs have a rich surface of silanol groups, which can be 
changed with molecules and functional groups such as polymers, metals, 
metal oxides and targeting binders, among others, for the final function 
of MSNs [97]. Anti-miR-155-loaded MSNs modified with polymerized 
dopamine (PDA) and AS1411 aptamer (MSNs-anti-miR-155@PDA-Apt) were 
used in a study to assess their therapeutic potential against CRC. miR-155 
is expressed at high levels in the CRC TME, so the researchers studied 
miR-155 and its correlation with NF-kB. The results showed that there 
was a correlation between NF-kB and miR-155, and that NP MSNs-an-
ti-miR-155@PDA-Apt were promising for the treatment of CRC [108].
The physicochemical properties of the material can also be adjusted by 
modifying its compositions, dimensions, shapes and surfaces, thereby 
creating more effective, biodegradable, biocompatible, targeted and 
responsive products [109]. Currently, a considerable number of potential 
drugs and those that are already in use would benefit from improvements 
in their pharmacokinetics and biopharmaceutical properties [110]. The 
NPs can carry drugs by various methods, such as encapsulation and 
surface fixation. They efficiently penetrate through barriers, such as cell 
membranes, and deliver the drug to the target site [111].

The use of DDSs is a strategy that has been developed and widely investi-
gated to improve the transport of drugs to the site of action in target cells 
or tissues. More specifically, it is defined by the enhancement of bioavail-
ability through nanoengineering, which improves the pharmacological 
and therapeutic properties of the DDSs [112]. DDSs have also become 
relevant with regard to the: (i) solubility of hydrophobic drugs; (ii) reduction 
of systemic toxicity, enzymatic degradation and side effects; (iii) creation 
of absorption and targeting mechanisms; (iv) increased specificity and 
efficiency; (v) continued release to maintain the therapeutic dose; and (vi) 
structure of various special applications such as ocular, neurological and 
anticancer therapy [113,114].
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Some characteristics are desirable for the design of biological NPs, such as: 
(i) chemical compatibility with physiological solutions; (ii) ease in designing 
and modifying; (iii) natural composition of material; and (iv) biocompatible, 
biodegradable and noncytotoxic nature [115]. When used as a strategy 
to fight cancer, the NPs used as DDS have an additional feature, besides 
advancing the bioavailability and solubility of drugs. Tumor cell-specific 
binding systems can be added to the surface of NPs, which protects 
healthy tissues, resulting in decreased cytotoxicity [67,116].

4. 	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS

4.1.	 Poly-Lactic-Co-Glycolic Acid

The effectiveness of NPs, organic ones in particular (liposomes, micelles, 
polymers, dendrimers), is remarkable due to the biocompatibility and 
biodegradation of these systems [117]. Thus, polymers stand out in 
the delivery of drugs due to their formulation, stability, longer half-life 
and nontoxic nature [117]. Polymeric NPs consist of nanospheres or 
nanocapsules, and the preparation methods of such nanosystems 
vary depending on the drug to be encapsulated and the route of 
administration. However, there are two general methods of preparing 
polymeric NPs: the “top-down” and the “bottom-up” methods, and 
both methods used generate products that are obtained with aqueous 
colloidal suspensions. The steps of the technique that are used in the 
“top-down” method include: emulsion evaporation, emulsion diffusion, 
coacervation and nanoprecipitation. The “bottom-up” method steps 
include: emulsion polymerization, interfacial polymerization, interfacial 
polycondensation and molecular inclusion. Thus, both use organic 
solvents to dissolve the polymer. Therefore, the solvent must be 
removed in subsequent reactions to avoid compound toxicity [118,119].

Polymers are classified by their form of extraction, which can be natural 
or synthetic. Among the natural ones, the most studied are: chitosan, 
alginate, dextran, and polymers such as pullulan and hyaluronic acid 
(HA). Among the synthetic polymers, polylactic acid (PLA), poly-ε-capro-
lactone (PCL), PEG and poly-lactic-co-glycolic acid (PLGA) are the most 
frequently studied [120].

PLGA, also known as “smart polymer”, is a biodegradable synthetic 
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polymer that started to be used in the early 1970s in the composition of 
absorbable filaments of surgical articles [121]. Its application has been 
extended in the last decades, becoming one of the most successful 
DDSs due to its remarkable properties: its biocompatibility, sustained 
release, nontoxicity, nonimmunogenicity, easy adaptation of the 
polymer to various types of drugs and hydrolysis result in endogenous 
and easily metabolized compounds [122–124].

Regarding its physicochemical properties, PLGA is a linear aliphatic 
copolymer made of lactic acid and glycolic acid monomers in different 
proportions. PLGA is quite adaptable and can be processed in 
completely amorphous or highly crystalline forms, in almost any shape 
and size, being able to encapsulate the most diverse molecules (both 
hydrophobic and hydrophilic) [125,126]. In addition, PLGA is soluble 
in a wide range of common solvents, including chlorinated solvents, 
tetrahydrofuran and ethyl acetate [127]. All these and other character-
istics can still be modulated by structural changes, which makes PLGA 
suitable for various biomedical devices and which promotes improve-
ments in drug stability, degradation, release and targeting [125].

In the clinic, PLGA NPs have already been used as DDSs in various 
pathological conditions, such as different types of tumors [128–132], 
bone metastasis [133], tuberculosis [134], leishmaniasis [135,136], fungal 
infections [137], bacterial infections [138,139], atherosclerosis [140], 
inflammation [141,142], cystic fibrosis [143] and glaucoma [144]. An 
example of PLGA NPs investigated as therapy for CRC are the PLGA 
nanoparticles encapsulated in α-mangostine (Mang-NPs). These 
nanoparticles have demonstrated the ability to inhibit  the viability of 
CRC cells, epithelial-mesenchymal transition, formation of colonies and 
to induce apoptosis. Mang-NPs were also able to inhibit the signaling 
of the Notch pathway by reducing the expression of Notch receptors 
(Notch1 and Notch2). Thus, polymer-based Mang-NP nanoparticles are 
potential therapeutic targets, demonstrating the potential of polymers 
in CRC therapy [145].

4.2.	 Properties of Nanocarriers

When formulating NPs, some characteristics need to be ideal in order 
to use them  as a DDS, such as size, shape, solubility, surface charge and 
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targeting capacities. These characteristics must be controlled during 
the formulation process of the NPs and can be measured at the end 
[67].

4. 	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
4.2.	 Properties of Nanocarriers

4.2.1.	 Physicochemical Properties

With regard to size, two factors must be taken into account and 
balanced: (i) internalization by cells and (ii) clearance from the 
system of the organism in vivo [67]. The smaller the NPs, the greater 
the levels of cellular internalization. However, NPs smaller than 10 nm 
will be more easily eliminated by renal clearance. In addition, larger 
NPs (>200 nm) are eliminated from the bloodstream more quickly, 
by the complement system, and will accumulate in the liver and 
spleen [146].

In addition to the size, the shape of the NPs affects the surface-
area-to-volume ratio, which changes the NPs’ pharmacokinetic 
properties, cell internalization and toxicity. Thereby, the shape 
influences the effectiveness of the DDS [147,148]. The shape of NPs 
is crucial to determine the drug’s destination in vivo, as the shape 
influences the permanence in the bloodstream, the uptake of the 
NPs by macrophages and the biodistribution [149]. Currently, most of 
the nanocarriers studied are spherical, but nonspherical nanocarriers 
are promising because they are hydrodynamic, spending more time 
circulating. The shape of the NPs interferes with biodistribution: 
aspheric nanocarriers accumulate less in the liver than spherical 
ones [149,150].

Another important feature is the surface chemistry, which deter-
mines the surface charge, hydrophobia and ligands, among others. 
This parameter plays a fundamental role in the interaction of the 
nanocarrier system with the biological microenvironment, as it 
influences colloidal behavior, interactions with plasma proteins 
and transmembrane permeability, thus being able to change the 
direction of the nanocarriers in vivo [151].
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In the case of nanocarriers in cancer therapy, the surface charge is 
important. Cells in the human body have a predominantly negative 
charge on their surface (−40 to −80 mV). However, the surface 
of tumor cells is even more negatively charged, since the cell 
membrane contains more negative phospholipids, such as chorionic 
gonadotropin, anionic RNA residues and sialic acid. In contrast, the 
surfaces of normal cells in the human body have higher amounts of 
phospholipids with a neutral charge [152]. Nanosystems with high 
positive charges are nonspecific and can interact with the surface 
of blood vessels, being internalized by cells and eliminated from the 
blood circulation. Therefore, the surface charge must be analyzed 
in order not to interact with other cellular components in the circu-
lation and thus be able to reach the TME [153,154].

Another important characteristic of NPs is their stability in solution, 
which is reflected by the absolute value of the zeta potential. Zeta 
potential values between 0 mV and ± 5 mV are not ideal, as they 
indicate the high instability of the NPs and consequently a rapid 
aggregation, whereas values greater than ± 30 mV are desirable and 
indicate the stability of the colloidal system [155]. Such a desirable 
zeta potential, which will ensure the stability of the system, can 
be acquired by modifying the surface of the particle through the 
addition of a coating. Various coatings can be used for this purpose, 
such as acrylate, bovine serum albumin (BSA), citrate, N-acetyl 
cysteine, polyacrylic acid (PAA), PEG and polyvinyl pyrrolidone (PVP) 
[155].

4.2.2.	 Solubility, Degradation and Clearance

The ability to solubilize a drug is one of the many advantages of 
nanomedicine. Many drugs used to treat cancer are insoluble in 
water and require the administration of aggressive solvents. As an 
example, the use of paclitaxel requires polyethoxylated castor oil, 
and, to avoid side effects of the solvent, corticosteroids and antihis-
tamines are administered to patients [156,157]. Importantly, due to its 
benefits, Abraxane®, the albumin- based NP containing paclitaxel, 
has been approved by the FDA as a therapy against various types of 
cancer. It causes less neutropenia and has a lower risk of hypersensi-
tivity reactions [158,159].
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4. 	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
4.2.	 Properties of Nanocarriers

4.2.2.	 Solubility, Degradation and Clearance

To be successful, NPs must also be formulated with the ability to 
escape from phagocytic cells and endolysosomes in order to reach 
the cytosol of tumor cells. In this way, different nanocarriers have 
been created to reach the site of action [160]. A good example is 
the coating of NPs with polymers containing amine groups (such 
as PLGA); these polymers are able to evade endosomes due to the 
“proton-sponge effect” [160]. Nanosystems that  use the “proton-
sponge effect” contain cations on their surface, which sequester 
protons through the proton pump, thereby increasing the amount 
of water molecules within the endosomes, leading to the swelling 
and subsequent rupture of the endosomal vesicle [160]. 

In addition to escaping degradation, nanocarriers must be  formu-
lated  in  order  to avoid rapid clearance in the bloodstream. The 
main system that carries out the elimination of nanosystems is the 
MPS, also known as the reticuloendothelial system (RES), which is 
composed of the liver (Kupffer cells), spleen and bone marrow. This 
system retains and eliminates NPs [161].

Nanosystems without surface changes are quickly recognized by 
macrophages of the MPS. One way to avoid this phenomenon is to 
add nonionic polymers or surfactants to the surface of the system, 
which allows a longer circulation of NPs [162,163]. PEG is a polymer 
that has exceptional physical properties, such as water solubility, 
total biodegradability and a high degree of conformational entropy, 
being ideal on the surface of NPs to improve stability and prolong 
the circulation of the nanocarrier [162,164]. Thereby, PEG increases 
the systemic circulation time of the NPs [165].

4.2.3.	 Targeting

Nanomedicine has allowed an improvement in traditional therapies, 
which would normally be swiftly cleared from and are widely 
distributed throughout the body [166]. The use of targets, specific 
for tumor cells, through their addition on the surface of NPs, allows 
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the drug to be delivered to a specific tissue [167]. This targeted DDS 
increases the efficiency of the drug by accumulating in the target 
tissue and decreases the drug’s side effects elsewhere in the body 
[166]. For the targeting of drugs, there are two basic strategies: 
passive or active targeting. Passive targeting is based on the physical 
and chemical properties of the NPs and their retention at the 
disease site, using blood irrigation and vessel permeability. Active 
targeting, on the other hand, depends on an interaction between 
a ligand on the surface of the NPs and exclusive receptors on the 
target cells, providing a better performance by increasing the uptake 
of the NPs and thereby the effectiveness of the drug [168]. There are 
several types of moieties, ranging from small organic compounds, 
such as trisodium citrate, to large polymers, such as polyethylene 
glycols. In addition, functional biomolecules, such as proteins,  
hyaluronic acid, folic acid (FA), carbohydrates/polysaccharides, lipids, 
antibodies and oligonucleotides, can be applied as targets (Figure 5) 
[169,170].

Figure 5. Delivery strategies for the active targeting of NPs. Graphical representation of surface 

modified NPs with targeting molecules (antibodies, peptides, lipids and carbohydrates) for the 

delivery of cancer drugs.
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The use of antibodies on the surface of NPs to target tumor cells 
is a promising strategy for their specific high-affinity binding to 
target cells. An example is the use of cetuximab or matuzumab on 
the surface of liposomes for drug delivery in CRC [171]. This antibody 
binds to the EGFR, which is overexpressed in several types of cancer 
such as colorectal carcinoma. The antibody promotes the inhibition 
of EGFR signaling, thereby reducing a factor that is responsible for 
tumor development and progression [172,173].

Carbohydrates, such as galactose, are a category that is widely used 
to target NPs. This molecule binds to the asialoglycoprotein (ASGP) 
receptor, found in abundance in liver tumor cells [174]. Research 
carried out shows that the galactose-lithocholic acid-PEG-lacto-
bionic acid nanosystem that carries doxorubicin (DOX) increases 
the internalization of NPs by human liver cancer cells (SK-HEP-1), 
promoting the death of tumor cells and reducing tumor growth 
when compared to untargeted NPs [175].

Another molecule that has been widely studied for its characteristics 
in directing the delivery of NPs is HA, a natural polysaccharide 
present in the human body which constitutes the extracellular 
matrix and is biodegradable, chemically modifiable and hydrophilic 
drawing attention in the field of nanomedicine [176,177]. In addition, 
its CD44 receptor is overexpressed on the surface of the tumor 
cells of many types of cancer, and its interaction with the ligand is 
related to tumor progression, infiltration and metastasis [178]. Thus, 
formulations of NPs containing HA have been of major interest for 
cancer therapy. As an example, micelles formulated with HA-PLGA 
containing DOX demonstrated an increased uptake and greater 
cytotoxicity for human colon cancer cells when compared to a 
system without HA [179].

One of the most used biomolecules as a target in NPs is cholesterol 
(CHOL), an indispensable structural component of cell membranes. 
CHOL has attracted attention in recent years for providing structural 

4. 	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
4.2.	 Properties of Nanocarriers

4.2.3.	 Targeting
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and functional improvements in DDSs with regard to their size, drug 
load, encapsulation efficiency, hydrophobicity, biocompatibility and 
biodegradability [180].

It is also important to highlight the role of CHOL in tumor cells, since 
tumor cells require more nutrients due to their high rate of prolifer-
ation [181]. Consequently, more CHOL is needed for the formation of 
new cell membranes and to maintain tumor progression. Therefore, 
conjugation with CHOL selectively targets the NPs for tumor cells 
and allows for an increased drug concentration with a desired thera-
peutic effect inside the cell [181]. This active targeting will facilitate 
the capture of NPs in cancer cells via endocytosis [182]. Since tumor 
cells, compared to normal cells, require higher amounts of CHOL 
due to their high metabolism, this will increase the internalization of 
CHOL and, consequently, the internalization of the NPs as well as the 
drug they carry [181,182].

An alternative to improve targeting and to reduce side effects are 
FA ligands, which recently gained popularity. FA is known for its 
high affinity to folate receptors, which are often overexpressed 
in tumor cells, thereby promoting the selective uptake of NPs. In  
addition, FA is an important vitamin for DNA biosynthesis and is 
widely consumed by proliferating cells [183,184]. Folate receptors are 
overexpressed in, for example, colorectal, lung, breast, ovarian and 
endometrium cancers [183]. The properties of FA, such as stability, 
nonimmunogenicity, simple conjugation chemistry and rapid 
internalization, are advantageous over other ligands. In addition, 
this vitamin improves cytotoxic and apoptotic activity. Therefore, FA 
has the potential to be used in many types of cancer treatments 
[185–187].

4.3.	 Application of Nanoparticles As Drug Delivery Systems for  
	 Cancer Treatment

Current cancer treatment approaches face challenges regarding 
disease control and patient survival, which result from a failure to 
control metastasis, promotion of systemic toxicity, adverse effects and 
drug resistance, and subsequent death [188–190]. The characteristics 
of the tumor, such as the fact that the molecular environment of 
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4. 	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
4.3.	 Application of Nanoparticles As Drug Delivery Systems for  
	 Cancer Treatment

solid tumors is unstable due to the accumulation of several genetic 
mutations over successive cell cycles, also contribute to treatment 
failure [191]. The genetic variability of the tumor depends on the tumor 
type, the tumor growth site, the intrinsic characteristics of each patient 
and the occurrence of metastases, among others [192,193]. Due to this 
variability, the success rate related to the treatment of solid-tumor 
cancers is still minimal. Therapeutic failures of medications are often 
connected to difficulties regarding an efficient direction to the tumor 
sites, i.e., targeting, and their ability to penetrate physical barriers. The 
immunosuppressive TME is also a barrier to the chemical recognition of 
drug molecules and promotes genetic changes in cancer cells, leading 
to drug tolerance [194,195].

Characteristics that are intrinsic to solid tumors make it difficult to 
achieve therapeutic efficacy. These characteristics are: the histo-
pathological structure, the insufficiency of specific antigens and an 
immunosuppressive microenvironment. The stroma of solid tumors 
develops a physical barrier that inhibits and regulates the movement of 
fluids, gases and cells, and which is also able to limit the influx of drug 
molecules [196]. The tumor stroma, in addition to acting as a structural 
support for the development of the tumor, also contributes to new 
genetic and molecular changes [196]. Moreover, the tumor’s immuno-
suppressive microenvironment is a barrier to the action of chemother-
apeutics, promoting genetic changes in cancer cells that lead to drug 
tolerance [197]. These factors make it difficult for the drugs to penetrate 
the tumor mass, thereby promoting a delay in the patient’s clinical 
responses and even disease progression [198].

In order to improve antitumor therapy, several studies based on 
targeted or personalized therapies and even immunotherapy trials are 
being developed [195]. These studies  resulted in the identification of 
molecules expressed by tumor cells as well as released growth factors, 
proteins, chemokines and cytokines that were associated with tumors, 
in order to develop individualized treatment [195,199,200].



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 41PDF page: 41PDF page: 41PDF page: 41

41

INTRODUCTION

Targeted or personalized therapy can be achieved through the use 
of DDSs when chemotherapy is incorporated into NPs and specific 
targeting molecules are added to the surface. As a consequence, the 
targeting of the therapeutic compound to the specific tumor site can 
promote therapeutic efficacy and reduce adverse effects. Adverse 
effects would be caused by chemotherapy alone, due to a lack of speci-
ficity and selectivity for the tumor sites during systemic administration 
[199,200]. In addition, DDSs have a longer circulation time due to their 
favorable pharmacokinetics, which delay elimination and/or excretion. 
Prolonged circulation results from the nanometric size of the DDSs 
as well as their composition containing tumor site-specific targeting 
moieties [201,202].

The TME strongly promotes angiogenesis, which leads to leaky spacings 
in the endothelial vessels and, consequently, a high vascular permea-
bility. The space between tumor vascular cells depends on the type of 
tumor, ranging from 100 nm to 800 nm, which allows molecules within 
this size range to reach the tumor tissue [160]. In tumor blood vessels, 
there is also a significant absence of pericyte cells, which are important 
for the stabilization and support of blood vessels as well as smooth 
muscle cell layers. These structural changes cause a high vascular 
pressure, with a larger influx of molecules [160]. In addition, these 
factors, which are associated with the reduction of lymphatic drainage 
in tumors, ensure that the nanometric agents preferentially reach the 
tumor site and, due to their size, accumulate in this tissue [203–205]. 
This process is known as the EPR effect. Therefore, the size of the DDSs, 
their prolonged circulation and the characteristics of the tumor vessels 
allow for the majority of the nanometric agents to accumulate in the 
tumor tissue and release their therapeutic content in a target-specific 
manner, thereby avoiding side effects [206].

The search for better treatments has led to NPs being used as DDSs 
and diagnostic tools as well as for the molecular imaging of gene 
delivery approaches [207]. Several formulations have already been 
approved for use in the clinic by the US Food and Drug Administration 
(FDA) or the European Medicines Agency (EMA). Once approved, NPs 
have proven their safety and efficacy in humans and, if commercialized, 
are likely to meet standards of good manufacturing practice [207]. 
The first approved formulation was Doxil®, a liposome used to deliver 



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 42PDF page: 42PDF page: 42PDF page: 42

42

CHAPTER 1

DOX, and the most recently approved NP is Apealea®, a micelle system 
used to deliver Paclitaxel (PTX) [207]. For Doxil®, these approvals by the 
FDA and EMA took place in 1995 and 1996, respectively, and Apealea® 
was approved by the EMA in 2018 [158,207]. Approvals were granted 
for several types of systems, such as liposomes, polymeric micelles, 
albumin or inorganic NPs [207]. The design characteristics of these 
already approved nanomedicines are similar, such as the inclusion of 
PEGylated or non-PEGylated structures, encapsulating a single drug 
[207].

Some of these formulations are already available for use in the clinic, 
while others are in Phase II/III clinical trials; most of these are used for 
intravenous administration, but some have been developed for intra-
tumoral administration [207]. Among these, several nanomedicines are 
being tested in solid cancers and CRC. A cyclodextrin-based NP-camp-
tothecin conjugate is currently in clinical trials for the treatment of 
CRC. This conjugate NP will be used for theranostics via intravenous 
administration but has not yet been clinically approved [207].
Taken together, nanosystems need to meet several of the above-men-
tioned properties at the same time to be suitable as efficient DDSs.

4. 	 NANOPARTICLES AS DRUG DELIVERY SYSTEMS
4.3.	 Application of Nanoparticles As Drug Delivery Systems for  
	 Cancer Treatment

5. CONCLUSIONS

Novel theranostic tools provided by cutting-edge nanotechnology 
could be helpful in overcoming the challenge faced in the treatment of 
patients with cancer. This review presents an overview of state-of-the-art 
nanomedicine-based cancer therapies, with special attention paid to CRC. 
This review does not only explore alternatives for the treatment of tumors 
by means of NPs but also highlights several strategies to hurdle these 
biological barriers which prevent effective treatment.

The biological barriers discussed in this review include the reticuloendo-
thelial system, the renal system, the blood-brain barrier and several other 
pathophysiological barriers in cancer. Once these barriers are overcome, 
nanoformulations benefit from the ERP effect of the TME, which results in 
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intratumoral accumulation and treatment.

Nevertheless, factors such as the location of the tumor, tumor character-
istics and the TME are different for each patient and affect the penetration 
of the DDS. Therefore, future nanotechnologies for drug delivery need 
to be tailored to tumor biology, which will significantly increase the 
efficacy of the treatment and, at the same time, reduce the side effects 
of anticancer drugs that arise from systemic administration. Therefore, 
the application of novel nanotechnologies increases the quality of life of 
patients and their life expectancy in general.
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Abstract: The inflammation has been identified as factor of tumor 
progression, which has increased the interest and use of molecules with 
anti-inflammatory and antioxidant activities in the cancer treatment. In 
this study, the antioxidant, anti-inflammatory, and antitumor potentials 
of carvedilol was explored in a different approach. The cholesterol (CHO) 
was investigated as facilitated agent in the action of carvedilol-loaded 
nanoparticles. Different formulations exhibited spherical and stable 
nanoparticle with mean diameter size < 250 nm. The cholesterol changed 
the copolymer-drug interactions and the encapsulation efficiency. The in 
vitro cancer study was performed using murine colorectal cancer cell line 
(CT-26) to observe the cell viability and apoptosis on MTS assay and flow 
cytometry, respectively. The experiments have demonstrated that choles-
terol improved the performance of drug-loaded  nanoparticles, which 
was much better than free drug. The in vivo inflammation peritonitis 
model revealed that carvedilol-loaded nanoparticles increased the level 
of glutathione and leukocyte migration mainly when the funcionalized 
drug-loaded nanoparticles were tested, in a lower dose than the free drug. 
As hypothesized, the experimental data suggest that cholesterol-function-
alized carvedilol-loaded PLGA nanoparticles can be a novel and promising 
approach in the inflammation-induced cancer therapy since showed 
anti-inflammatory, antioxidant, and antitumor effects.

Keywords: Cancer; Inflammation; Oxidative stress; Colloidal nanocarriers; 
Functionalized nanoparticles; Drug delivery systems.
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INTRODUCTION

Inflammation and cancer are two interrelated pathological processes, it is 
well known that inflammation plays a role in tumor progression and that 
anti-inflammatory  therapy can be an ally in the treatment of tumor devel-
opment (Coussens and Werb 2002; Ghuman et al. 2017). Colorectal cancer 
(CRC) is an example of cancer whose risk factor is inflammatory bowel 
disease, which participates in the process of tumor progression (West et 
al. 2015). The inflammation-mediated CRC tumorigenesis mechanism is 
correlated to an action of pro-inflammatory cytokines and reactive oxygen 
species, activating transcription factors, such as NF-kB and STAT3, involved 
in tumor proliferation pathways and apoptosis inhibition (Elinav et al. 2013; 
Ghuman et al. 2017; Taniguchi and Karin 2018). The development of new 
anticancer approach that can take cancer cells to apoptosis, without the 
harmful side effects caused by conventional cancer therapies, is one of 
exciting chal lenges of modern medicine. Even though carvedilol (CVDL) 
is classified as a non-selective beta-adrenergic receptor blocker (β1, β2), 
which has been used for treating hypertension, angina pectoris, small 
myocardial infarction, tachyarrhythmia, and congestive heart failure 
(Balaha et al. 2016), studies have shown that it has also antioxidant, anti-in-
flammatory, pro-apoptotic, antifibrotic, antiproliferative, and anticancer 
properties (Araújo Júnior et al. 2016; Areti et al. 2017; De Araujo  et al. 2018; 
Félix et al. 2017; Yao et al. 2016).

As one alternative to the smart use of drug efficiency, nanoparticles can 
be used as drug delivery systems (DDSs) enable to increase the solubility 
of hydrophobic drugs, the distribution of higher drug concentrations 
to target areas due to an Enhanced Permeation and Retention (EPR) 
effect and provides the sustained and controlled release of encapsulated 
drugs. This can lead to lower doses of drugs, thus reducing side effects 
(Goyal et al. 2016; Lee et al. 2015). Different types of nanoparticles (NPs) 
can be formulated such as liposomes, dendrimers, carbon nanotubes, 
inorganic, and NPs based on proteins and polymers, each with their own 
properties. Poly (D, L-lactide-co-glycolide) (PLGA) is a type of polymer 
approved by the European Medicines Agency (EMA) and Food and Drug 
Administration (FDA), applied in the development of DDSs (Masloub et al. 
2016; Ramezanpour et al. 2016). In this way, nanoparticles can be used for 
targeted site-specific de livery, which facilitates their internalization into 
cancer cells and for co-delivering multiple factors to the same cell/tissue 
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site (Bahrami et al. 2017; Kapadia et al. 2015; Milling et al. 2017). Several 
targeting ligands are used for drug delivery such as antibodies, peptides, 
folate, glycoproteins, and cholesterol (CHOL) (Bahrami et al. 2017; Varan et 
al. 2016). Cholesterol is an important structural component in cells which is 
involved in many biological processes such as endocytosis of materials and 
proliferation of cancer and metastasis. Cancer cells have rapid metabolism, 
requiring more nutrients. Therefore, CHOL is required for synthesizing new 
membranes (Lee et al. 2016; Varan et al. 2016). In this context, the large 
number of reports on PLGA NPs used as drug delivery systems for cancer 
treatment highlights the potential of PLGA NPs as carriers of cancer 
therapy drugs.

Therefore, the aim of the present study was to verify the in vitro and in vivo 
performance of carvedilol-loaded polymeric nanoparticles and the effects 
of mod ifying particle surfaces induced by CHOL to improve cell uptake of 
carvedilol as a chemotherapy agent. The interactions among the involved 
compounds and physicochemical properties of distinct formulations 
were carefully monitored using an analytical approach.  Enhancing the 
biological efficacy in the inflammatory process and against tumor cells 
by carvedilol-loaded polymeric induced by CHOL is an interesting and 
relevant achievement which is not yet reported in literature.

EXPERIMENTAL SECTION

Reagents

For formulation of the nanoparticles, the following compounds were 
used: copolymer PLGA (poly (lactic-coglycolic acid) (Sigma-Aldrich, Saint 
Louis, MO, EUA), CVDL (Espaço Pharma®, RN, Brazil), CHOL (92.5%, Vetec®, 
Sigma-Aldrich, Saint Louis, MO, USA), and poly vinyl alcohol (PVA) with 
viscosimetric molecular mass of 4.7 × 104 g/mol Vetec (São Paulo, Brazil). 
The organic solvents: acetone (ACE) and dichloromethane (DCM) (were 
purchased from Labsynth® (São Paulo, Brazil). Dimethyl sulfoxide (DMSO) 
was purchased from Sigma-Aldrich (CA, USA). For in vitro assays, the 
following reagents were used: CellTiter 96 AQueous One Solution (MTS) 
solution (Promega Corporation, Madison, WI), DAPI (Life Technologies, the 
Netherlands), and Annexin V-FITC (BD Pharmingen, CA, USA). Purified 
water (1.3 μS) was obtained from reverse osmosis purification equipment 
model OS50 LX (Gehaka, SP, Brazil). All other chemicals and reagents were 
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of analytical grade.

Preparation and Characterization of Nanoparticles

Nanoparticles were prepared by the emulsification- solvent evapo-
ration method (Pooja et al. 2016; Zhu et al. 2012), following a previously 
standardized nanoparticulate system (dos Santos-Silva et al. 2017). First, 
the organic phase (OP) (6 mL) containing the PLGA was injected into the 
aqueous phase (AP) (14 mL containing the solution of PVA surfactant in 
water) under magnetic stirring at 720 rpm at 25 °C. The AP was previously 
filtered using 0.45-μm membranes. Emulsification was followed in Ultra-
turrax equipment (IKA Labortechnik, Germany) at 25 °C for 18 min and 
evaporation of the solvent occurred under magnetic stirring at 720 rpm 
overnight. Samples were placed in hermetically sealed glass flasks and 
stored at 5 °C in a freezer.

Preparation of Surface-Modified Nanoparticles

Surface-modified and CHOL NPs were prepared as in the “Preparation 
and characterization of nanoparticles” section. The CHOL was inserted in 
a ratio of 1:10 relative to the CVDL in the polymeric OP following the same 
evaluation procedure in which nanoparticles were not functionalized.
Preparation of drug-loaded nanoparticles

The PLGA 1.0% w/v solution in the OP composed by DCM:ACE at 25:75 v/v 
was injected in the aqueous solution of PVA 0.5% w/v, using a burette in 
a flow of 1.0 mL/min under magnetic stirring at 720 rpm. Emulsification 
followed a stirring speed of 20,000 rpm for 18 min (dos Santos-Silva et al. 
2017). Different concentrations of drug were dissolved with the polymer in 
the organic solvent to supply drug/copolymer ratios of 1:2.5, 1:5, 1:10, and 1:20 
relative to the PLGA.

Particle Size and Zeta Potential Measurements

Mean particle size and polydispersity index (PdI) were assessed by using 
the dynamic light scattered (DLS) by the particle size analyzer (Zetasizer 
Nano ZS, Malvern instruments, Malvern, UK) at 659-nm wavelength, 

EXPEERIMENTAL SECTION
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temperature of 25 ± 2 °C, and an angle of 173° to the incident beam. Zeta 
potential measurements were performed in the same equipment using 
Zeta Potential Analyzer software by electrophoretic mobility. The measure-
ments average of ten determinations for each sample diluted at 1:100 (v/v) 
with purified water were carried out in triplicate and data expressed as 
mean ± standard deviation (SD).

Atomic Force Microscopy

The topographic image and the surface of the particles in atomic 
resolution of drug-free and CVDL-loaded nanoparticles were observed by 
using atomic force microscopy (AFM) images. The dispersions were freshly 
diluted in a ratio of 1:25 (v/v) using purified water and placed on a glass 
coverslips, dried under a desiccator for 24 h, and then analyzed in an AFM 
SPM-9700 Shimadzu microscope (Tokyo, Japan) at room temperature with 
a non-contact cantilever and 1-Hz scanning (Dos Santos-Silva et al. 2019).

Physicochemical Stability

The drug-free nanoparticles and CVDL-loaded nanoparticles were 
hermetically stored for 7 weeks in closed flasks at 5 °C. The samples 
were collected at intervals of 7 days and had their size and zeta potential 
evaluates. The measurements were performed using the parameters 
described in the “Particle size and zeta potential measurements” section.
Attenuated total reflectance Fourier transform infrared spectroscopy.
The drug-copolymer interactions in the nanoparticles without carvedilol 
(NP), carvedilol-loaded (NP CVDL), and carvedilol-loaded functionalized 
with cholesterol (NP CVDL CHOL) were assessed by attenuated total 
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The 
colloidal dispersion of nanoparticles was concentrated using the vacuum 
concentrator (Labconco Centrivap) for 7–8 h. The spectra were recorded 
with a resolution of 4 cm−1 between 4000 and 500 cm−1 at 20 scans, for 
pure compounds (PLGA, CVDL, CHOL), and polymeric nanoparticles in a 
SHIMADZU IR Prestige 21 FTIR-ATR spectrophotometer (Tokyo, Japan).

Drug Loading Efficiency

The samples were centrifuged for during 60 min at 4 °C (Eppendorf® 
Microcentrifuge 5404R) at 16.0 ×g using the ultra-centrifugal filter 
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(Sartorius®, Vivaspin 2, Ultra-15 MWCO 10 kDa). The drug in the super-
natant was analyzed at 241 nm, which was the maximum absorption 
wavelength for the CVDL using the previously validated UV-Vis spectro-
photometry. All analyses were performed in triplicate, and the data 
expressed as mean ± standard deviation (SD). The encapsulation efficiency 
(EE%) was calculated using Eq. (1), as described by Dos Santos Silva (dos 
Santos Silva et al. 2019)
.

EE (%) = (total drug − drug in the supernatant) / = total drug × 100

In Vitro Drug Release Performance

In vitro drug release analyzed was made using static Franz vertical 
diffusion cells (Crown Scientific, Sommerville, USA) thermostatted at 
37 ± 0.5 °C. First, 3.0 mL of distinct nanoparticles (NP CVDL, NP CVDL 
CHOL) and CVDL solution were applied and hermetically sealed in the 
donor compartment and separated from the receptor compartment by 
a synthetic cellulose acetate 0.45-μm filter, previously hydrated for 24 h 
in phosphate buffer solution (PBS). The receptor compartment was filled 
with 11.0 mL of PBS adjusted for pH 7.4, which remained under magnetic 
stirring at 360 rpm during the entire experiment. Aliquots of 1.0 mL were 
withdrawals at seven specific intervals (30 to 600 min) and analyzed by 
previously validated UV spectrophotometry at 241 nm. The same volume 
of freshly buffered solution replaced the medium to maintain the sink 
conditions (Ng et al. 2010). The release data were then analyzed using 
linear regression according to mathematical models to determine the 
release mechanism of carvedilol from its NPs. The correlation coefficient 
[R] was determined in each case, and the orders of release were accord-
ingly determined.

EXPERIMENTAL SECTION

In Vitro Anti-CRC Studies

Cell line and cultivation

The murine CRC cell line CT-26 (CT-26.WT, ATCC® CRL-2638™; ATCC, 
Manassas, VA, USA) was cultivated in Dulbecco’s Modified Eagle 
Medium (DMEM) (Thermo Fisher Scientific, MA, USA) supplemented 

https://ct-26.wt/
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with 10% (v/v) fetal bovine serum (FBS) and 1% antibiotics (penicillin/
streptomycin) in 37 °C incubator with atmosphere of 5% CO2 and was 
passaged twice a week by removing the adherent cells with trypsin/
EDTA in buffered saline.

Cell viability assay (MTS)

MTS assay for the PLGA nanoparticles conjugated with CVDL was 
determined based on the reduction of the MTS tetrazolium compound 
to formazan product by living cells in culture. CT-26 cell lines were 
plated in 96-well plates with a density of 3 × 103 cells/well. Applications 
of free CVDL and drug-loaded nanoparticles at concentrations of 0.3 
μg/mL, 0.78 μg/mL, 1.56 μg/ mL, 3.12 μg/mL, and 6.2 μg/mL were then 
performed after 24 h under culture conditions (De Araujo et al. 2018). 
MTS solution was added to medium without cells as a blank control. 
Treatments were evaluated at 24 h and 48 h by the addition of 20 μL/
well of MTS solution after replacing the treatment medium with a new 
one. After incubation for 2 h, the fluorescence was measured using a 
microplate reader (VersaMax Molecular Devices, Sunnyvale, CA) with 
absorbance being measured at 490 nm. All data points represent 
triplicates for each treatment.

Evaluation of in vitro cell death

The effect of free CVDL and nanoconjugates on CT-26 cells was 
determined by double-labeled flow cytometry with Annexin V-FITC and 
DAPI, which enables identifying apoptotic and necrotic cells through 
loss of membrane integrity. Cell lines were arranged in 24-well plates 
with a density of 1 × 104 cells/well, at a total volume of 500 μL. After 24 
h of incubation under culture conditions, the cells were treated with 
the samples at doses of 0.3 μg/mL, 0.78 μg/mL, and 1.56 μg/ mL at 24 
h and 48 h. The cells were obtained after each  period by collecting 
the supernatant from the wells, washing with PBS, trypsinization, and 
centrifugation at 3200 rpm at 4 °C for 5 min. Finally, they were labeled 
with Annexin V-FITC and DAPI, and analyzed with BD LSR-II (BD 
Biosciences, CA, USA) and FlowJo soft ware version 7.6.5 (Tree Star Inc., 
CA, USA).
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In vivo Inflammation and Oxidative Stress Studies

Animal preparation

Female Swiss mice at 9 weeks old (40 ± 2.0 g) were obtained from 
the UFRN Vivarium Center of Biosciences. Animals were maintained 
under standard 12-h light/dark cycle, 22 ± 0.1 °C, and 50–55% humidity 
with ad libitum access for food and water. The mice were subjected 
to 12-h fasting prior to the experiments. Euthanasia was performed 
with a subcutaneous administration of 90 mg/kg sodium thiopental 
(0.5%, Tiopentax, Cristália, São Paulo, Brazil). This study was carried 
out in strict accordance with the recommendations in the Guide for 
the Care and Use of Laboratory Animals of the National Institutes 
of Health. The protocol was approved by the Committee on the 
Ethics of Animal Experiments of the UFRN (CEUA, Permit Number: 
001/2015).

The carrageenan-induced peritonitis model

Mice were randomly distributed into twelve groups (n = 5/group). 
The mice were orally pre-treated with a vehicle (0.9% saline solution)/
carrageenan group, drug-free nanoparticle (NP) (1 mL of a 1 mg/mL 
preparation), free CVDL (3 mg/kg and 0.3 mg/kg), NP CVDL (0.3 mg/
kg, 0.1 mg/kg and 0.05 mg/kg), NP CVDL CHOL (0.3 mg/kg, 0.1 mg/
kg, and 0.05 mg/kg), or Diclofenac (10 mg/kg) in order to evaluate 
the effect of PLGA, the association of PLGA with CVDL or CVDL and 
CHOL combined on leukocyte recruitment into the peritoneal cavity. 
After 30 min, 0.25 mL of a 1% carrageenan solution (Sigma-Aldrich, 
São Paulo, Brazil) was intraperitoneally (i.p.) injected. The sham 
group received a vehicle (1 mL water/10 g) and a 0.9% sterile saline 
solution intraperitoneal injection (0.1 mL/10 g) (Ribeiro et al. 1991). 
Then, the mice were euthanized 4 h later with an overdose of 90 
mg/kg sodium thiopental. Three milliliters of saline solution was 
then injected into each abdominal cavity and peritoneal fluid was 
collected and diluted (1:20) in Turk’s solution. A total leukocyte count 
was performed for each sample with a Neubauer counting chamber. 

EXPERIMENTAL SECTION
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The samples were stored at − 80 °C for subsequent analyses of 
malondialdehyde (MDA) and total glutathione (GSH) levels.

Glutathione levels

GSH levels assessment was performed according to the method 
described by Anderson (Anderson 1985). Briefly, 100 μL of each 
inflammatory lavage was diluted in a 5% trichloroacetic acid (TCA)/
distilled water solution and centrifuged at 10,000 rpm for 15 min 
at 4 °C. Each standard dilution (20 μL), TCA solution (20 μL, Vetec, 
São Paulo, Brazil) for the blank, and each sample supernatant (20 
μL) were added to 96-well plates in duplicate. In addition, 15 μL 
PBS-EDTA, 20 μL dithiobisnitrobenzoic acid (DTNB) solution, and 
140 μL NADPH were added to each well. After an incubation step 
at 30 °C for 5 min, 15 μL of an enzyme solution and GSH reductase 
(Sigma-Aldrich, São Paulo, Brazil) were added to each well.  Absor-
bance values at 412 nm were recorded by spectrocopical UV/VIS 
analysis (Biotek, São Paulo, Brazil) for 3 min. Total GSH content was 
calculated based on interpolations from a standard curve that 
was generated with purified glutathione (γ-L-Glutamyl-L-cyste-
inyl-glycine, GSH, Sig- ma-Aldrich, São Paulo, Brazil, G4251). The 
results of this assay are expressed in nanomoles per microliter of  
sample.

Malonyldialdehyde assay

Malonyldialdehyde (MDA) is a product of lipid peroxidation. 
To quantify the increase in free radicals in liver sample, MDA 
content was measured via the assay described by Esterbauer and 
Cheeseman (Esterbauer and Cheeseman 1990). First, each sample 
(50 μl) was diluted in Tris HCl buffer (250 μL, 20 mM) (Trizma hydro-
chloride, Sigma Aldrich, São Paulo, Brazil) in distilled water (20 mM, 
pH 7.4). Peritoneal fluid samples were homogenized and centrifuged 
(10.000 rpm for 10 min at 4 °C), then 750 μL of 10.3 mM 1-methyl-2- 
phenylindole and 225 μL HCl (37%) were added to each sample. 
Samples were incubated in a water bath for 40 min at 45 °C, and 
centrifuged at 10.000 rpm for 5 min at 4 °C. Absorbance values at 
586 nm were recorded with a spectroscopic UV/VIS analysis (Biotek, 
São Paulo, Brazil) and the results were interpolated from a standard 
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EXPERIMENTAL SECTION
In vivo inflammation and oxidative stress studies

curve that was established with 1,1,3,3- tetraethoxypropane. The results 
from this assay are expressed as nanomoles per microliter of sample.

Statistical analysis

All analyses of nanoparticles were performed in triplicate and 
data expressed as mean ± standard deviation (SD). The significant 
differences between the groups were calculated using the analysis of 
variance (ANOVA) and the Bonferroni’s test as indicated, in which p < 0. 
05 was considered statistically significant.

RESULTS

Preparation and characterization of nanoparticles

Figure 1a shows the results of the nanoparticles prepared for emulsifi-
cation-solvent evaporation method, using a concentration of PLGA 1.0% 
and PVA 0.5%, with solvent ratio DCM: ACE 25:75 (v/v). Nanoparticles were 
prepared as CVDL-free nanoparticles (NP) and nanoparticles in different 
CVDL: copolymer ratios (NP CVDL 1:10, NP CVDL 1:5, and NP CVDL 1:2.5) 
(Fig. 1a). The nanoparticles showed the formation of the smallest particles 
(209.1 ± 2.03 nm at 373.4 ± 19.3 nm, desirable values of zeta potential (− 2.0 
± 4.2 mV at − 5.7 ± 1.3 mV) and polydispersity index (0.137 ± 0.01 at 0.248 ± 
0.07). The highest drug loading efficiency (95.06 ± 0.4%) was observed for 
the nanoparticle containing CVDL:PLGA weight-ratio of 1:10, which corre-
sponds to a final drug concentration in the nanoparticle of 1 mg/mL. CHOL 
was inserted as functionalizing substance in this best drug:polymer ratio. 
The results obtained are shown in Table 1. A slight increase in particle size 
was observed when NP CVDL (227.3 ± 9.07 nm) and NP CVDL CHOL were 
compared (234.7 ± 18.7 nm), and a consequent decrease in encapsulation 
efficiency (95.06 ± 0.4 at 37.45 ± 1.8)



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 69PDF page: 69PDF page: 69PDF page: 69

69

Nanoparticles
Diameter (nm)  

± SD
PDI (nm)  

± SD
ZP (mV)  

± SD
EE%  
± SD

NP
209.1  
± 2.03

0.137  
± 0.01

-1.03  
± 0.2

-

NP CVDL
227.3  
± 9.07

0.223  
± 0.03

-2.04  
± 0.2

95.06  
± 0.4

NP CVDL CHOL
234.7  
|± 18.7

0.081  
± 0.01

2.08  
± 0.1

37.45  
± 1.8

Table 1. Results of diameter, polydispersity index, zeta potential and encapsulation efficiency in the analysis 

of the chosen nanoparticles.

Notes: PDI (Polydispersity Index), nm (Nanometer), Standard Deviation (SD), Millivolt (mV).
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RESULTS
Preparation and characterization of nanoparticles

The AFM images (Fig. 1) assessed topography aspects such as the shape 
and the surface of particles. The 2D images were obtained for the 
nanoparticles without  drug (Fig. 1(B1)), the nanoparticle with drug in the 
proportion of 1:10 (Fig. 1(B2)), and the nanoparticle with drug and CHOL 
were observed in 2D and 3D images, respectively (Fig. 1(B3, B4)). Both 
drug-free, drug-containing nanoparticles and drug-containing function-
alized nanoparticles showed slightly spherical shapes with smooth and 
uniform surfaces.

Figure 1. Mean diameter and zeta 

potential as a function of concen-

tration of the drug: PLGA copolymer. b 

AFM images of (B1) NP, (B2) NP CVDL, 

and (B3, B4) NP CHOL in 2D and 3D 

respectively.
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Figure 2 a shows the 
comparisons of the ATR-FTIR 
spectrum bands for the 
pure compounds (CVDL, 
PLGA, and CHOL), for the 
drug-free nanoparticle (NP), 
for the nanoparticle with the 
drug (NP CVDL), and for the 
functionalized nanoparticle 
with the drug (NP CVDL 
CHOL). The result was 
presented mainly comparing 
the bands of the nanoparticle 
with drug with the bands of 
the pure compounds, still 
highlighting the behavior of 
the functionalized nanopar-
ticles. Carvedilol showed N–H 
peak of aromatic amines at 
3400 cm−1 and weak peak 
of angular deformation N–H 
bonds at 1.580 cm−1 used 
to characterize secondary 
amines of the drug structure. 
It is possible to observe peaks 
of aliphatic C–H between 2960 
and 2850 cm−1, while bands 
of C=C vibrations of aromatic 
nuclei are observed between 
1600 and 1450 cm−1. The 
isolated PLGA showed charac-
teristic absorption peaks with 
significant N–C stretch peaks 
close to 1300 cm−1 and C=O 
monomeric peaks of the 
carboxylic acid at about 1750 
cm−1. The CHOL spectrum 
alone shows a broad band 

Fig. 2: a ATR-FTIR spectra for pure compounds (CVDL, 

PLGA, and CHOL) and nanoparticles (NP, NP CVDL, 

and NP CHOL). b Experimental in vitro release profile 

from CVDL solution and nanoparticles CVDL content 

(NP CDVL and NP CHOL). c Physicochemical stability 

is expressed in mean diameter and zeta potential as a 

function of storage time for the drug-free nanoparticles 

(NP) and drug-loaded nanoparticles (NP CVDL and NP 

CHOL). Note: The data are expressed as mean ± standard 

deviation (SD) (n = 3)
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between 3250 and 3500 cm−1 due to the elongation vibration of the O–H 
bond. The NP, NP CVDL, and NP CVDL CHOL specters were also compared 
(Fig.2a). In the spectrum of NPs, the peaks in the  region of 1750 cm−1, 1180 
cm−1, and 1050 cm−1 stand out, respectively, corresponding to monomeric 
peaks of the C=O, aliphatic peaks of the C–N and C–O peaks present in the 
aromatic group.

Figure 2 b shows the release profile of CVDL and distinct formulations 
of the CVDL-loaded polymeric nanoparticles. The successful drug 
efficiency in the PLGA nanoparticles, previously demonstrated, assured 
the desired slow release rate for all formulations (Danhier et al. 2012; Hans 
and Lowman 2002; Lee et al. 2016). We further subjected the data to four 
different diffusion kinetic linear models, which include the first-order 
model, the Bhaskar model, the modified Freundlich model, and parabolic 
model [Araújo et al.]. The calculated parameters are shown in Table 2. 
In these  equations, Mt/M∞, t, and k correspond to the fractional drug 
release, release time and release rate constant, respectively. The a is a 
constant whose chemical significance is not clearly resolved. The Bhaskar 
model showed the best correlation (R = 0.96 ± 0.02 to 0.97 ± 0.02) for all 

Formu-
lations

Kinetic Match

a
(R ± DS)

First order Bhaskar Freundlich Parabolic Diffusion

NP 
CVDL

0.0059 h-1 

(0.91 ± 0.02) 
 0.52 h0.65 

(0.97 ± 0.02)
 42.16 h  

(0.92 ± 0.03) 
1.26 h-0.5  

(0.59 ± 0.03) 

NP  
CVDL 
CHOL

0.0059 h-1 
(0.90 ± 0.03) 

0.52 h0.65 
(0.96 ± 0.02) 

50.43 h  
(0.93 ± 0.03) 

0.30 h-0.5  
(0.47 ± 0.03) 

Table 2. Fitting parameters of different kinetic models applied for the in vitro CVDL release from PLGA 

nanoparticles.
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formulations.

The physicochemical stability test was performed to monitor the time-de-
pendent changes in the NP, NP CVDL, and NP CVDL CHOL. The analysis 
intervals were 7 days (for 7 weeks). The performed tests were of particle 
size, polydispersity index, and zeta potential, as shown in Fig. 2c. Analyses 
from the first to the seventh week particle size for NP values ranged from 
~ 209 to 213 nm, and the PDI values ranged from ~ 0.130 to 0.165 nm. The 
particle size for NP CVDL ranged from ~ 227 to 233 nm and the PDI values 
ranged from ~ 0.223 to 0.229 nm. The particle size for NP CVDL CHOL 
ranged from ~ 234 to 239 nm and the PDI values ranged from ~ 0.081 to 
0.109 nm. The zeta potential for all formulations ranged from ~ − 2 to − 4 
mV.

In vitro anti-CRC studies

The results obtained with MTS assay showed that after the time points 
treatment with free CVDL, NP, NP CVDL, and NP CVDL CHOL, the prolif-
eration of the CRC cell line CT-26 was compared with the negative control. 
The NP treatment did not alter the cell line viability after 24 h and 48 h 
(Fig. 3a, b).

After 24 h of treatment, CVDL (3.12 μg/mL and 6.25 μg/mL) decreased the 
proliferation rate of CT-26, p < 0.01 and p < 0.05, respectively. NP CVDL 
CHOL also showed the same result in a lower dose (0.78 μg/ mL, p < 0.01) 
(Fig. 3a). There was a decrease in the CT- 26 cell viability when NP CVDL 
was used in 0.35 μg/ mL (p < 0.05), 1.56 μg/mL, (p < 0.0001), 3.12 μg/mL (p 
< 0.0001), and 6.25 μg/mL (p < 0.0001) doses for 48 h. Free CVDL and NP 
CVDL CHOL presented similar activity after 48 h by reducing the prolifer-
ation of the tumor line with the same statistical value (p < 0.0001) at 0.78 
μg/mL, 1.56 μg/mL, 3.12 μg/mL, and 6.25 μg/mL concentrations (Fig. 3b).

According to the flow cytometry, Fig. 2 shows the percentage of cell death 
of the treatments with free CVDL, NP CVDL, and NP CVDL CHOL (0.35 μg/ 
mL, 0.78 μg/mL, 1.56 μg/mL) for 24-h or 48-h treatment when compared 
with the negative control. The percentage is the sum of Annexin 
V-FITC-positive/ DAPI-negative and Annexin V-FITC-positive/DAPI- positive 
cells. Dot plots of flow cytometry for 24 (A) hours and 48 h (B) are shown in 
supplementary material.
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All the samples presented antitumor activity in both time points. After 24 
h, the treatment at 0.35 μg/mL concentration increased the total death 
with CVDL (p < 0.001), NP CVDL (p < 0.0001), and NP CVDL CHOL (p < 
0.0001). The NP CVDL also increased the total death at 0.78 μg/mL, p < 
0.05 (Fig. 3c). When treatment time was increased to 48 h, the quantity of 
death also increased, in which CVDL 0.78 μg/mL induced cell death (p < 
0.0001), as well as NP CDVL and NP CVDL CHOL for the three doses used 
(p < 0.0001) (Fig. 3d).

When free CVDL with NP CVDL and NP CVDL CHOL at the same concen-
tration is compared, it is observed that there is a difference between 
antitumor activity of the nanoconjugates and the free CVDL. An increase 
in this activity for the three evaluated concentrations was observed at 48 h 
(Fig. 3e). The p values for this comparison are as follows: (i) for 0.35 μg/mL, 
CVDL vs NP CVDL (p < 0.0001) and CVDL vs NP CVDL CHOL (p < 0.0001); (ii) 
for 0.78 μg/mL, CVDL vs NP CVDL (p < 0.0001) and CVDL vs NP CVDL CHOL 
(p < 0.0001); and (iii) for 1.56 μg/mL, CVDL vs NP CVDL (p < 0.01) and CVDL 
vs NP CVDL CHOL (p < 0.0001) (Fig. 3e).

Fig. 3: Antitumor activity of nanoparticles in CT-26 cells. a, b Mean cell viability of CT-26 cells treated with 

CVDL, NP, NP CVDL, and NP CVDL CHOL for 24 h (a) and 48 h (b). The concentrations used were as follows: 

0.35 μg/mL, 0.78 μg/mL, 1.56 μg/mL, 3.12 μg/mL, and 6.2 μg/mL. All treatment groups were compared 

with the negative control group (****p < 0.0001, **p < 0.01, *p < 0.05). c, d The mean cell death statistic of 

the treatments of free CVDL, NP CVDL, and NP CVDL CHOL at CT-26 cells at 24 h (c) and 48 h (d) when 

compared with the negative control (*p < 0.05, ***p < 0.001, and ****p < 0.0001). Negative control and 25% 

DMSO were used. The concentrations of CVDL, NP CVDL, and NP CVDL CHOL used were as follows: 0.35 

μg/mL, 0.78 μg/mL, and 1.56 μg/mL. e Comparison between CVDL, NP CVDL, and NP CVDL CHOL at the 

concentrations 0.35 μg/mL, 0.78 μg/mL, and 1.56 μg/mL. The duration of treatment of CT-26 cells was 48 h 

(**p < 0.01 and ****p < 0.0001)
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In vivo inflammation and oxidative stress studies

Global leukocyte counting was used in this study to evaluate the leukocyte 
migration to the injury sites. As shown in Fig. 4a, every tested treatment 
proved to be efficient in reducing the inflammation in comparison with 
the positive control group (p < 0.0001). No significant difference was 
observed when the NP groups were compared with the gold standard 
treatment group (diclofenac) and CVDL 3 mg/kg (p > 0.05). There was no 
difference among the NP group and the NP CVDL and NP CVDL CHOL 
combination groups in this parameter.

GSH levels (Fig. 4b) were higher in all the treated groups than in the 
positive control group (p < 0.0001), proving that PLGA is involved in 
antioxidant processes. Interestingly, NP lead to higher GSH levels than 
the NP CVDL (p < 0.0001), but the addition of CHOL seems to boost the 
antioxidant effects of NP, since no difference was observed between NP 
group and the NP CVDL CHO (0.05 mg/kg) group (p > 0.05), whereas the 
levels were higher in the NP CVDL CHOL (0.1 mg/kg) and NP CVDL CHOL 
(0.3 mg/kg) (p < 0.0001).

MDA is a secondary product of lipid peroxidation caused by oxidative 
stress. If there is an inflammatory process in course, MDA levels are 
expected to be increased, whereas GSH should remain low or decreased 
(Falcao et al. 2018). All tested treatments in this study were able to prevent 
oxidative stress and therefore MDA levels were kept low compared with 
the positive control (Fig. 4c) (p < 0.0001).

DISCUSSION

The nanoparticles obtained by the emulsification-solvent evaporation 
method showed the formation of small particles and desirable zeta 
potential values. Similar particle size results as in the paper about 
carvedilol- loaded solid lipid nanoparticles for intranasal drug delivery 
had already been obtained in later works, where a concentration of 
0.5–2.5% surfactant obtained a particle size in the range 174.35 nm ± 1.34 
to 492.40 nm ± 8.20 (Qi et al. 2013). The best results were obtained with 
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Fig. 4: a Number of leukocytes, b 

glutathione levels, and c malond-

ialdehyde. ANOVA followed by 

Bonferroni’s multiple comparisons 

test. ****p < 0.0001, #p > 0.05
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particles smaller than 300 nm and are ideal because they are smaller and 
have better adsorption (Aboud et al. 2016). The zeta potential reflects the 
surface charge of the particles, and the use of PLGA as the main polymer 
dispersed in the organic phase gave us a negative zeta potential in all 
results as expected (Table 1). This can be explained by considering the 
anionic nature of the polymer (Némethová et al. 2017). The choice of three 
ratios of drug:copolymer is justified because factors such as the nature 
and concentration of the polymer in the organic phase, the polarities of 
the solvents, the nature and ratio of the internal/external phases, and the 
nature and concentration of the surfactants are essential. Therefore, it 
was necessary to choose which of the nanoparticles among the various 
ratios have the best results among such factors (Baena-Aristizábal et al. 
2016). The highest drug loading efficiency was observed in the formulation 
containing CVDL:PLGA in the weight ratio of 1:10. Other papers dealing 
with carvedilol nanoparticles have shown incorporation efficiency of 
up to 97%, being slightly higher than ours. However, the drug amount 
used was greater than 1 mg/mL (Luxenhofer 2015). Thus, we had higher 
incorporation efficiency for the drug quantity. The drug proportion plays 
a critical role in determining drug loading, particle size, and particle size 
distribution, as well as the physical stability of the resulting products 
(El-Say et al. 2018). In this same reasoning, CHOL was incorporated as a 
functionalizing substance to increase the targeting for cancer cells, where 
there was a slight increase in particle size and a consequent decrease in 
encapsulation efficiency. Variations in particle size are indicative that there 
was an interaction between the copolymer and the drug. In addition, 
smaller particle size is also indicative of a larger surface area which directly 
reflects the encapsulation efficiency (de Oliveira et al. 2013).

The AFM images assed topography aspects such as the shape and the 
surface of particles. Comparisons of the images of CVDL-free nanopar-
ticles with CVDL- loaded nanoparticles and drug-loaded functionalized 
nanoparticles confirmed that the drug loading did not affect the 
formation of sub 250-nm spherical nanoparticles, corroborating the 
particle size measurements performed by DLS. The analysis of the AFM tip 
over the surface of nanoparticles records the topography, elucidating the 
shape and giving information about the size and surface of particles after 
to desiccants the samples. The more spherical and uniform the particle 
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size, the better the release kinetics of the drug (Bazylińska et al. 2014; 
Doquet and Barkia 2016; M. Hoo et al. 2008).

By analyzing the infrared spectra of the nanoparticles, it is possible to 
observe slight shortening of peaks while adding drug and CHOL, as in 
the regions of 1750 cm−1, 1180 cm−1, and 1050 cm−1 which respectively 
corresponded to monomeric peaks of the C=O, derivative of PLGA. Peaks 
of the C–N aliphatic and C–O peaks were present in the aromatic group. 
These changes in the spectrum are indicative of the incorporation of CVDL 
as well as of CHOL to the nanoparticles.

The Bhaskar model explains that the drug release rate in the particles 
may be limited (1-MT/M ∞) Kb = t0.65 + b). This fact suggests that the 
drug release was controlled by diffusion dependent on the drug loading 
ratio from spherical particles (Gocalinska et al. 2015). This result also 
corroborates AFM data (Neupane et al. 2014). However, it is possible to 
observe that the systems show a controlled release for at least 600 min 
(although with a low percentage of release), differently from the drug that 
released 100% in the first minutes. Similar results were found in a work on 
CVDL-loaded solid lipid nanoparticles to improve the oral bioavailability, 
in which a maximal release of 25% of CVDL from the nanoparticles was 
found (Venishetty et al. 2012). Thus, our work brings even more favorable 
release results. In addition, the previous work does not address what kind 
of kinetic model causes release, which makes a difference. This capacity of 
nanoparticulate systems to maintain the entrapped drug into polymeric 
matrix in the release medium potentially improve the biological activity. 
This fact avoids the CVDL release before the nanoparticles arrive to the 
target cells, mainly considering the internalization of nanoparticles by 
endocytosis phenomena (Cheng et al. 2014; Lin et al. 2010; Son and Kim 
2010).

Good results were obtained within the analysis in the stability study of the 
nanoparticles containing CVDL:PLGA at the 1:10 ratio and the nanoparticle 
without the drug (Fig. 2c). There were no significant variations between 
particle size and zeta potential values over the 7 weeks, as the zeta 
potential values remained positive without large variations and the 
particle size remained below 250 nm. Previous studies with nanoparticles 
generally do not report the physical stability of proposed formulations or 
just consider small intervals of hours or days. These results show that there 
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were no instability phenomena such as creaming, flocculation, sedimen-
tation, phase separation, or coalescence (Binder et al. 2014; Grouchko et al. 
2014).

The MTS viability assay is based on the ability of viable cells to transform a 
tetrazolium salt into a soluble formazan product through their mitochon-
drial activity (Malich et al. 1997). In this work, the antiproliferative activity 
of the samples after 24 h of incubation showed that the free CVDL (3.12 
μg/mL and 6.25 μg/mL) and NP CVDL CHOL (0.78 μg/mL) were able to 
decrease the proliferation of tumor cells when compared with the control. 
Increasing the incubation time of the treatment (48 h) also increased the 
amount of non-viable cells.

All compounds induced cell death by flow cytometry at both treatment 
times, although the amount of total cell death was more significant after 
48 h. This result confirms the data observed in the MTS, corroborating that 
the release of the drug by the nanoparticles occurs later (Liu et al. 2015). 
Low-dose CVDL (0.35 μg/mL) does not induce cell death when compared 
with control at 48 h, whereas NP CVDL and NP CVDL CHOL induce cell 
death; this outcome is an important finding which can prevent side 
effects in future use as an antitumor agent. It may be possible to use less 
amount of CVDL when encapsulated in nanoparticles and thus reduce 
likely side effects when higher doses of the drug are used (Waghela et 
al. 2015). There is a difference between the amount of cell death when 
comparing the free CVDL and the nanoparticle systems at the same 
concentration (Fig. 3e). This result demonstrates the increased efficiency 
of the antitumor activity of CVDL when present in a functionalized system 
(Wang et al. 2018). NP CVDL CHOL showed greater efficiency in inducing 
cell death than NP CVDL at doses 0.78 μg/mL and 1.56 μg/mL at 48 h, and 
this data corroborates other works which showed the promising choles-
terol-targeting characteristic (Kong et al. 2019; Lee et al. 2016; Li et al. 2018; 
Mazumdar et al. 2018).

Many studies have proven that PLGA is an efficient delivery system of 
different active components, mainly if functionalized with cholesterol 
(Lee et al. 2016; Mazumdar et al. 2018). In this study, the treatment with NP 
CVDL CHOL (0.05 mg/kg and 0.1 mg/kg) is more efficient in decreasing 
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leukocyte migration as well as increasing the GSH levels at all tested doses 
(0.05 mg/kg, 0.1, and 0.3 mg/kg) than free CVDL and NP CVDL. As shown 
in Fig. 4, NP CVDL or NP CVDL CHOL (0.05 mg/kg) show similar activity 
regarding leukocyte levels, MDA and GSH when these data are compared 
with free CVDL at a concentration of 3 mg/kg. Thus, using functionalized 
nanoparticles with CHOL decreased the amount of CVDL without 
compromising its anti-inflammatory and antioxidant effects. These results 
suggest that PLGA nanoparticles functionalized with cholesterol can 
enhance the cellular uptake of pharmacological compounds, preventing 
lipid peroxidation and leukocyte migration in inflammatory processes 
(Alqahtani et al. 2015; Astete et al. 2011; Nallamuthu et al. 2013; Pereira et al. 
2018).

CONCLUSION

In this study, we successfully developed carvedilol-loaded polymeric 
nanoparticles and improved cell uptake of carvedilol as chemotherapy 
agent. Nanoparticles have shown suitable structure features as small and 
stable particles able to induce both the high encapsulation efficiency 
and the slow drug release profile for CVDL. The data presented indicates 
that the NP CVDL CHOL can be used as a drug carrier with promising 
antitumor, antioxidant, and anti-inflammatory activity.
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Abstract: Apoptosis signaling pathways, drug resistance, and metastasis 
are important targets to develop new cancer treatments. We developed 
cholesterol-coated Poly(d,l-Lactide-co-Glycolic Acid) (PLGA) nanoparticles 
for effective encapsulation and delivery of retinoic acid and oxaliplatin to 
analyze their antitumor activity in colorectal cancer. The cell viability and 
proliferation of tumoral cells lines (CT-26 and SW-480) decreased when 
compared to control in vitro after treatment with the nanoparticles. In 
addition, apoptosis of CT-26 cells increased. Importantly, cytoprotection 
of nontumor cells was detected. Expression of pro-apoptotic proteins was 
upregulated, while anti-apoptotic proteins were downregulated either in 
vitro or in vivo. In addition, drug resistance and metastasis factors were 
downregulated in vivo. Human colorectal tumors that highly expressed 
BCL-2 and Ki-67 had a greater tendency towards death within 60 months. 
Our results show that loading oxaliplatin combined with retinoic acid 
and cholesterol in a nanoparticle formulation enables determination of 
optimal antitumor activity and subsequent treatment efficacy.

Keywords: PLGA nanoparticles; oxaliplatin; colorectal cancer;  
drug resistance; apoptosis
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INTRODUCTION

Colorectal cancer (CRC) is the third most commonly occurring malignancy 
around the world with significant morbidity and mortality rates. Every 
year, 1.2 million people are diagnosed with CRC [1–4]. Evasion of apoptosis 
is one of the hallmarks of cancer, in general, and correlated to drug resis-
tance and metastatic spread, which urges the development of new drugs 
[5–7]. Apoptosis occurs through the extrinsic pathway or intrinsic pathway. 
Both pathways converge at the activation of caspase-3, which then 
induces other caspases downstream of caspase-3 and eventually leads to 
apoptosis of the cancer cells [6,8]. 

Oxaliplatin (OXA) is used to treat CRC, in combination with other drugs. 
OXA binds to nucleophilic molecules and forms adducts that inhibit gene 
transcription [9,10]. Unfortunately, tumor resistance to OXA treatment is 
not uncommon and can occur via a mutation in the intrinsic apoptosis 
pathway, which results in metastatic spread [7,11]. In addition, toxic effects 
are also observed. Neurotoxicity through reversible sensory neuropathy or 
chronic cumulative neuropathy is frequently observed [12].

To overcome these limitations of OXA, a drug delivery system (DDS) 
that can increase efficacy and reduce adverse effects by increasing the 
circulation time and bioavailability of the drug can be used [13]. This would 
result in a high resistance to clearance and increased concentration of the 
drug in the target tissues, thus, requiring lower doses of drugs [14]. One 
of the most widely used DDSs is the biodegradable and biocompatible 
copolymer poly (d,l-lactic-co-glycolic acid) (PLGA) due to its metabolite 
monomers: Lactic acid and glycolic acid. This polymer is approved by the 
Food and Drug Administration (FDA) and the European Medicine Agency 
(EMA) in several clinically applied DDS [15]. Nanoparticles (NPs) are a form 
of DDS. The commonly utilized techniques for the preparation of NPs are 
the nanoprecipitation technique [16], the emulsification solvent extraction/
evaporation method [17,18], the emulsification solvent diffusion [19,20], and 
the double emulsion solvent evaporation [21]. The choice of a particular 
method of encapsulation is mainly determined by the solubility and 
molecular stability of the drug. In this study, we prepared NPs made from 
PLGA using the emulsification solvent extraction/evaporation method.

Cholesterol (CHO) is involved in the endocytosis of materials as well as 
cancer proliferation and  metastasis. Different types of cells have different 
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amounts of cholesterol in their membranes. This difference becomes 
clearer when comparing healthy cells with cancer cells. Cancer cells have a 
high proliferation rate. Thus, the membranes of these cells are synthesized 
rapidly, which requires more nutrients and leads to higher CHO content of 
the membrane [22,23].

Retinoic acid (RA) binds to the heterodimers of the retinoic acid receptor 
(RARs) and the retinoid X receptor (RXRs) present in the nuclear 
membrane of cancer cells, which leads to growth inhibition,  differenti-
ation, or apoptosis in these cells. Studies have shown that, when used in 
combination with chemotherapeutic agents such as OXA, those charac-
teristics of RA lead to increased cytotoxicity and decreased side effects via 
synergistic action of therapeutic agents [24–26].

In this study, PLGA, OXA, CHO, and RA were combined to formulate 
distinct NPs for the delivery of drugs to targeted cells. It is expected that 
CHO-coated PLGA NPs have an enhanced tumor-targetability when 
compared to exclusive PLGA NPs. Therefore, the aim of the present work 
was to evaluate the biological efficacy of OXA against CRC cells when 
co-encapsulated with RA in CHO-coated PLGA NPs.

2.	 MATERIALS AND METHODS

2.1.	 Preparation of PLGA Nanoparticles

The PLGA NPs were synthesized using a solvent extraction/evaporation 
method [27,28]. We hypothesized the emulsification solvent extraction/
evaporation technique could result in better encapsulation yield of 
hydrophilic (OXA) and hydrophobic (RA) molecules simultaneously. 
Briefly, 100 mg of PLGA (Corbion, Amsterdam, The Netherlands) were 
dissolved in 3 mL of dichloromethane (DCM). Depending on the PLGA 
NPs, the following substances were added: 20 mg of OXA (European 
Pharmacopoeia Reference Standards), 0.5 mg of IR-780 iodide 
(Sigma-Aldrich, St. Louis, MO, USA), and/or 20 mg of RA (Sigma-Aldrich, 
St. Louis, MO, USA). The solution containing the NPs constituents was 
added dropwise to 25 mL of aqueous 2.5% (w/v) polyvinyl alcohol (PVA) 
and emulsified using a sonicator (250 watt, Sonifier 250; Branson, 
Danbury, CT, USA). PVA acted as a surfactant molecule, which stabilized 
the emulsion nanoparticles, avoided aggregation, and prevented them 



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 96PDF page: 96PDF page: 96PDF page: 96

CHAPTER 3

96

from coalescing with each other. In addition, PVA acted as an effective 
stabilization and the PVA surfactant molecules allowed us to achieve 
small particle size and narrow size distribution. A very low concentra-
tions of PVA remained on the surface of nanoparticles [29]. The solution 
was transferred to a new vial that contained an air-dried solution of 
20 mg CHO (Avati Polar Lipids, Alabaster, AL, USA), dissolved in 0.4 mL 
of chloroform, and homogenized by sonication. After evaporating the 
solvent, the NPs were collected by centrifugation and lyophilized for 3 
days. The concentration of each encapsulated constituent was deter-
mined by reverse phase high-performance liquid chromatography 
(RP-HPLC), as described elsewhere [30,31].

2.2.	 Physicochemical Properties of PLGA NPs

PLGA NPs were characterized by average size, polydispersity index, and 
surface charge (zeta-potential) by dynamic light scattering. PLGA NP 
samples were measured for size using a Zetasizer (Nano ZS, Malvern 
Ltd., Worcestershire, UK), and were analyzed for surface charge by laser 
Doppler electrophoresis on the same device.

2.3.	 Atomic Force Microscope (AFM)

The shape and surface of PLGA NPs were visualized by AFM. The 
nanoparticle dispersion was deposited and left to dry overnight on 
the mica for analysis using a JPK NanoWizard® 3 NanoOptics AFM 
System (JPK BioAFM Business, Berlin, Germany) with intermittent 
contact mode cantilevers (70 kHz). Raw data (height (measured) trace) 
obtained from the microscope were processed with JPKSPM Data 
Processing software using the plane flattening algorithm.

2.4.	 Viability Assay

An initial screening was performed by adding free OXA (5 µg/mL, 10 
µg/mL, 25 µg/mL, 50 µg/mL, 100 µg/mL, and 200 µg/mL) to the CT-26 
plated in a 96-well plate. Then a second assay was performed using 
free OXA as well as all PLGA NPs formulation systems (Table 1) at 

2.	 MATERIALS AND METHODS
2.1.	 Preparation of PLGA Nanoparticles
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concentrations of 5 µg/mL, 10 µg/mL, and 25 µg/mL. Culture medium 
without drug (negative) and 25% DMSO (positive) were used as controls. 
After incubation for 24, 48, or 72 h, 20 µL/well of MTS [3-(4,5-dimeth-
ylthiazol-2-yl)- 5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt] (Promega Corporation, Madison, WI, USA) solution 
was added and incubated for 3 h. Absorbance was measured at 490nm.

Samples

Loading 
oxaliplatin 
efficiency 

(µg/mg 
NPs)

Loading 
retinoic 

efficiency 
(µg/mg 

NPs)

Size  
± S.D.  
(nm)

PDI
(Polydis-
persity 
Index)

Zeta 
potential 

± S.D. 
(mV)

NPs 1  
(OXA, RA)-CHO

44 40
801.7 
±165.4

0.598
-21.4
±8.4

NPs 2  
(OXA)-CHO

48 --
678.3 
±118.5

0.694
-25.8
±15.9

NPs 3  
(RA)-CHO -- 46

539.8 
±87.6

0.438
-28.5
±16.1

NPs 4 
(empty)-CHO

-- --
443.1 
±27.1

0.253
-23.6
±9.13

NPs 5  
(empty)

-- --
496.7 
±35.35

0.255
-28.8
±8.6

NPs 6  
(OXA)

55 --
391.5 

±60.53
0.182

-29.6
±9.9

NPs 7  
(OXA, RA)

46 44
505.6 

±64.30
0.199

-27.6
±42.1

Table 1: Physicochemical properties of Poly(D,L-Lactide-co-Glycolic Acid) (PLGA) nanoparticles (NPs). 

Determination of retinoic acid (RA) and oxaliplatin (OXA) content, size distribution, and zeta-potential of 

PLGA NPs. Particles were characterized by Dynamic Light Scattering (DLS) and zeta-potential measure-

ments. Particle size data represent the mean value ± standard deviation (SD) of dynamic light scattering 

data. Zeta-potential data represent the mean value ± SD of 10 readings. OXA and RA contents of PLGA 

NPs were determined by particle digestion and measured by reversed-phase high-performance liquid 

chromatography (RP-HPLC) analysis.



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 98PDF page: 98PDF page: 98PDF page: 98

CHAPTER 3

98

For SW-480 cells, Hoechst labelling and flow cytometric analysis were 
performed. The cells were cultured in a 96-well plate for 24 h. Next, free 
OXA (5 µg/mL, 25 µg/mL, 50 µg/mL), NPs 1, and NPs 2 (5 µg/mL, 25 µg/
mL, 50 µg/mL) were added and incubated for 24 and 48 h. Afterwards, 
the cells were labelled with Hoechst, measured with a flow cytometer 
BD LSR II (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo 
(version 10.1, BD Life Sciences, Franklin Lakes, NJ, USA).

2.5.	 Detection of Cell Death and Proliferation by Flow Cytometry

CT-26 was arranged in 24-well plates and treated with free OXA and 
PLGA NPs (NPs 1, NPs 2, NPs 6, and NPs 7, 5 µg/mL and 25 µg/mL) for 24 
and 48 h. For 3T3 cells, the same experimental design was performed 
during the 48 h of treatment. At each time point, the cells were labeled 
with Annexin V- fluorescein isothiocyanate (FITC) (BD Biosciences, San 
Jose, CA, USA) and 4,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher 
Scientific, Cambridge, MA, USA), and analyzed with a flow cytometry.

For proliferation analyses, CT-26 and SW-480 cells were seeded in 
12-well plates. The following day, the cells were treated with 25 µg/
mL of free OXA and 5 µg/mL of PLGA NPs (NPs 1 and NPs 2) for 48 h. 
After treatment, the cells were incubated with the allophycocyanin 
(APC)-conjugated anti-mouse Ki-67 (1:100) (Thermo Fisher Scientific, 
Cambridge, MA, USA). The analyses were performed as described 
above.

2.6.	 Immunofluorescence, FADD, BCL-2, and Caspase-3 Activity

CT-26 cells and SW-480 cells were treated with OXA (5 µg/mL and 25 
µg/mL) and PLGA NPs (NPs 1 and NPs 2, both 5 µg/mL) for 24 and 48 
h. At each time point, CT-26 cells were incubated with the primary 
antibodies (Abcam, Burlingame, CA, USA), fas-associated protein 
with death domain (FADD) (ab24533), BCL-2 (ab32124), and caspase-3 
(ab13847), and SW-480 cells were incubated with caspase-3 (ab13847). 
The primary antibody was detected with goat anti-rabbit Alexa Fluor 
555 secondary antibody (ab150078; Abcam) and DAPI was used for 

2.4.	 Viability Assay
2.	 MATERIALS AND METHODS
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nuclear staining. Specimens were examined with a Leica DM5500 B 
fluorescence microscope, equipped with a Leica DFC365 FX digital 
camera. Digital images were acquired and stored using Leica Appli-
cation Suite X (LAS X) software.

2.7.	 Internalization of PLGA NPs by Cells and Visualization by  
	 Fluorescence Imaging

CT-26 cells were seeded on 12-mm coverslips placed at the bottom of a 
12-well plate. After 24 h of incubation, NPs 1 and NPs 2 (5 µg/mL) were 
added. After 4 h and 24 h of incubation with NPs, the cells were stained 
with a membrane stain and the nuclei were counterstained with DAPI. 
For the visualization, a Leica DM5500 B fluorescence microscope was 
used as described above.

2.8.	 CRC Xenograft Models and Treatment Regimens

For xenographic tumor induction, a suspension of CT-26 cells (5×106) 
was subcutaneously injected into the right flank of male Balb/c mice. 
The protocol was approved by the Committee on the Ethics of Animal 
Experiments of the UFRN (Universidade Federal do Rio Grande do 
Norte) (CEUA, permit number: 170.020/2019).

Once the tumor volume reached 3–4 mm [32], the animals were 
categorized into four groups (N = 8, each group) and treated intratu-
morally three times in 15 days with: (1) Control (CTRL) = 5 mg/kg saline 
solution, (2) OXA = 5 mg/kg, (3) NPs 1 = 5 mg/kg, and (4) NPs 2 = 5 mg/
kg. Then, the tumor size was monitored every two days for 21 days or 
until the tumor reached a volume of 2000 mm3 [33,34]. Their size was 
calculated with the following equation [35]:

Volume = (length × width2 × 0.523))

Animals were euthanized with (80 mg/kg, i.p.) 2% thiopental (Cristália, 
São Paulo, Brazil) on day 21. Subcutaneous tumor masses were 
harvested and immediately frozen at −80 ◦C for qPCR analysis. Other 
tumors fragments were immersed in 10% paraformaldehyde for histo-
pathological analysis.
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2.	 MATERIALS AND METHODS

2.9.	 Immunohistochemical Staining of FADD, APAF-1, and BCL-2

From tumors of each treatment group, 4-µm-thin tissue sections 
were cut using a microtome and transferred to gelatin-coated 
slides [36]. Tissue sections were incubated with primary antibodies 
anti-FADD (ab24533), anti-apoptotic protease activating factor 1 
(APAF-1) (ab2001), and BCL-2 (ab32124; Abcam, Burlingame, CA, USA) 
at 4 ◦C overnight. Slices were washed with phosphate-buffered saline 
(PBS) and incubated with a streptavidin/Haptoglobin Related Protein 
(HRP)-conjugated secondary antibody (Biocare Medical, Concord, CA, 
USA). Immunoreactivity to the various proteins was visualized with a 
colorimetric-based detection kit following the protocol provided by 
the manufacturer (TrekAvidin-HRP Label + Kit from Biocare Medical, 
Pacheco, USA). Light microscopy (Nikon Eclipse 2000 equipped with 
Nikon DS-Fi2; Nikon Corporation, Tokyo, Japan) with a high-power 
objective (40×) was used to acquire digital images. The intensity of cell 
immunostaining was scored as follows: 1 = absence of positive cells, 2 = 
small number of positive cells or isolated cells, 3 = moderate number of 
positive cells, and 4 = large number of positive cells. Labelling intensity 
was evaluated by two previously trained examiners in a double-blind 
fashion.

2.10.	 Analysis of mRNA Expression

Total RNA was extracted from fragments of tumor tissue with a trizol 
reagent (Invitrogen Co., Carlsbad, CA, USA) and the SV Total RNA 
Isolation System (Promega, Madison, WI, USA). Real-time quantitative 
PCR analyses of β-actin, FADD, APAF-1, multidrug resistance protein 
1 (MDR1), survivin, C-X-C chemokine receptor type 4 (CXCR4), and 
monocyte-derived chemokine (CCL22) mRNAs were performed with 
SYBR Green Mix in the Applied Biosystems1 7500 FAST system (Applied 
Biosystems, Foster City, CA, USA), according to a standard protocol with 
the primers listed in Table 2.

The standard PCR conditions were as follow: 50 ◦C for 2 min and 95 
◦C for 10 min, followed by 40 30-s cycles at 94 ◦C, a variable annealing 
primer temperature for 30 s, and 72 ◦C for 1 min. Mean threshold cycle 

xxx
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mRNA Oligonucleotides Primers
Temper- 

ature

β-actina
5’ AAC TTT GGC ATCGTG 

GAA GG 3’
5’GTGGATGCAGGGAT-

GATGTTC 3’
60°C

FAAD
5’ AGAAGAAGAACG-

CCTCGGTG 3’
5’ GCTCACAGATTCCTG-

GGCTT 3’
56.5°C

APAF-1
5’TTCCAGTGGCAAGGA-

CACAG 3’
5`CCACTCTCCACAGG-

GACAAC 3’
56..8°C

MDR1
5’ TCAGCAACAG-
CAGTCTGGAG 3’

5’ ACTATGAGCACAC-
CAGCACC 3’

55.2°C

Survivin
5’AGAACAAAATTG-
CAAAGGAGACA 3’

5’GGCATGTCACTCAG-
GTCCAA 3’

55.2°C

CXCR4
5’ACCTCGGT-

GTCCTCTTGCTGTCCA3’
5’GCTTGACGTTG-

GCTCTGGCGATGT`3
56.5°C

CCL22
5’GAGACAACAGTGGTC-

CCAGG 3’
5` CTGGCACTGT-
CAATCCCTGT 3’

56..8°C

Table 2: Primer sequences used for PCR.

(Ct) values were used to calculate the relative expression levels of the 
target genes for the experimental groups, relative to those in the 
negative control group; expression data were normalized relative to the 
housekeeping gene β-actin using the 2−∆∆Ct formula.

2.11.	 Primary CRC Tissue Microarray

Biopsies were obtained from 180 patients undergoing surgical 
resection of CRC at the Cancer Referral Center of Natal, Brazil. 
Additional clinical information has been previously described together 
with the method to generate the tissue microarray (TMA) blocks 
[37]. This research was approved by the institutional committee (No. 
030/0030/2006, 20th July, 2006).

For immunohistochemistry (IHC), anti-BCL-2, anti-caspase-8, and 
anti-Ki-67 antibody were used (Abcam, Burlingame, CA, USA) at a 
dilution of 1:1500. The number of positive cells within each TMA core was 
counted under a light microscope with a high-power magnification 
(40×).
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2.	 MATERIALS AND METHODS
2.11.	 Primary CRC Tissue Microarray

BCL-2, caspase-8, and Ki-67 expression in the tumor tissue and 
surrounding stromal tissue was independently assessed by two 
researchers, who were blinded to the clinical data. Disease staging was 
performed according to the modified Dukes’ criteria classification [37].

2.12.	 Statistical Analysis

All in vitro experiments or in vivo were performed in triplicate and a 
one-way ANOVA was used, followed by Bonferroni’s post hoc test for 
parametric data and Kruskal–Wallis test followed by a Dunn’s multiple 
comparison test. A p-value of <0.05 was considered to be statistically 
significant (p < 0.05, p < 0.01, p < 0.001, and p < 0.0001). Statistical signif-
icance was measured using parametric testing of the TMA samples, 
assuming equal variance, with a standard t-test for two paired samples 
used to assess the difference between test and control samples, unless 
stated otherwise. The probability of survival over time compared to 
positivity of immunohistochemical labeling for Ki-67, caspase-8, and 
BCL-2 was estimated using Kaplan–Meier product limit survival curves 
with a log-rank (Mantel–Cox) comparison test.

3.	 RESULTS

3.1.	 Preparation and Physicochemical Properties of PLGA NPs

We loaded NPs with OXA and then studied their therapeutic potential 
(Table 1). Besides the empty NPs (control), each batch was a combi-
nation of the following compounds: OXA, RA, and CHO. CHO improved 
and facilitated the uptake of the PLGA NPs into cancer cells. First, the 
PLGA NPs were characterized to ascertain their size and surface charge 
(Table 1). The average size ranged from 400 nm to 800 nm in diameter. 
The average zeta potential ranged between −21.4 mV and −29.6 mV. 
Figure 1 shows two representative examples of AFM analysis of PLGA 
NPs, which revealed that all PLGA NPs were spherical in shape with a 
uniform size distribution.
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Figure 1. Representative AFM images of blank glass, NPs 1 and NPs 2 in alternating contact (AC) mode 

in air (scale bar = 500 µm) are showed in the left column of the panel. Fluorescence images in the right 

columns of the panel show the internalization of NPs by CT-26 cells. The nanoparticles (yellow) were 

detected in all treated groups and time points. Scale bar: 20 µm.
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3.	 RESULTS

3.2.	 Viability Assay

After incubation with the samples for 24 and 48 h, the viability of CT-26 
was assessed by MTS assay in a concentration-dependent manner 
(Figure 2A,B). To assess the possible improvement of drug efficacy, 
two cell viability tests were performed: (1) With free OXA and (2) with 
CHO-coated PLGA NPs containing OXA and/or RA. The range of 5 µg/
mL to 200 µg/mL of OXA highly reduced cell viability after 24 and 48 
h (Figure S1). However, concentrations of 5, 10, and 25 µg/mL of this 
chemotherapeutic agent were closest to the half maximal inhibitory 
concentration (IC50). Therefore, these concentrations were used in a 
second step.

NPs 1, NPs 2, NPs 6, and NPs 7 reduced cell viability comparable to free 
OXA. Cell proliferation reduced in a dose-dependent manner, thereby, 
confirming the efficacy and successful uptake of our nanoparticulate 
systems (Figure 2A,B). The others system, i.e., NPs 3, NPs 4, and NPs 8, 
did not demonstrate satisfactory cytotoxicity for CT-26 cells because 
they did not have OXA in their composition. The formulation of NPs 
5 (empty control) did not show cytotoxicity, confirming that PLGA is 
biocompatible and did not influence the results (Figure 2A,B).
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Figure 2. Cell viability (A,B), proliferation (C), total death for CT-26 for 24 h (D), total death for CT-26 for 48 h 

(E) and total death for 3T3 cells for 48 h (F). Mean cell proliferation of CT-26 cells treated with OXA and PLGA 

NPs for 24 h (A) and 48 h (B). Ki-67 immunostaining of CT-26 cells treated with OXA (5 µg/mL), NPs 1 (5 µg/

mL), and NPs 2 (5 µg/mL) and compared to negative control for 48 h (C). The statistic of the treatments for 

the total death when compared to the negative control is displayed (* p < 0.05, ** p < 0.01, *** p < 0.001, and 

**** p < 0.0001). Comparison between OXA (5 µg/mL) and NPs 1 (5 µg/mL, ◆) as well as between OXA (5 µg/

mL) and NPs 2 (5 µg/mL, ◆◆).
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3.	 RESULTS

To evaluate the effect of free OXA, NPs 1, and NPs 2 on the viability of the 
human CRC cell line SW-480, cells were treated with doses of 5, 25, and 
50 µg/mL for 24 and 48 h. The results showed that free OXA as well as 
the NPs induced cell death, as determined by Hoechst labelling and flow 
cytometric analysis (Figure 3A,B). Thus, in conclusion, free OXA as well as 
NPs 1 and NPs 2 (5 µg/mL and 25 µg/mL) showed cytotoxicity in CT-26 and 
SW-480 cells after 24 and 48 h of incubation.

3.2.	 Viability Assay
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Figure 3. Cell viability, proliferation, and detection of caspase-3 of SW-480 cells. Mean cell proliferation 

of SW-480 cells treated with OXA and PLGA NPs for 24 h (A) and 48 h (B). All treatment groups were 

compared to the negative control group (**** p < 0.0001 and ** p < 0.01). Ki-67 immunostaining of SW-480 

cells treated with OXA, NPs 1, and NPs 2, and compared to negative control for 48 h (C). All treatments were 

statistically significant (**** p < 0.0001). Representative photomicrographs of caspase-3 in SW-480 cells 

stained with 4,6-diamidino-2-phenylindole (DAPI) (blue) and anti-caspase-3 antibody (red). Contrast index 

for caspase-3 after 24 h (D) and 48 h (E) (*** p < 0.001). Scale bar: 50 µm.
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3.	 RESULTS

3.3.	 Detection of Apoptosis and Proliferation by Flow Cytometry

The dot plots generated by flow cytometric analysis show counts of 
cells with initial apoptosis (Annexin V-FITC-positive/DAPI-negative) in 
the lower right quadrant, while the upper right quadrant represents 
late apoptosis (Annexin V-FITC-positive/DAPI-positive) (Figures S2–S4). 
The total apoptosis was calculated with the sum of early (Q3) and late 
(Q2) apoptotic cells.

In CT-26 cells, the antitumor activity of OXA (5 µg/mL and 25 µg/mL) 
induced apoptosis after 24 h (p < 0.001, Figure 2D). However, after 48 
h, only a concentration of 25 µg/mL OXA showed significant activity (p 
< 0.0001, Figure 2E). Similarly, NPs 1 (5 µg/mL, p < 0.001), NPs 2 (5 µg/
mL and 25 µg/mL, p < 0.0001 and p < 0.01, respectively), and NPs 7 (5 
µg/mL, p < 0.01) induced apoptosis after 24 h (Figure 2D). However, 
unlike free OXA, NPs 1 (5 µg/mL, p < 0.0001), NPs 2 (5 µg/mL and 25 µg/
mL, p < 0.0001 and p < 0.05, respectively), NPs 6 (5 µg/mL, p < 0.01), 
and NPs 7 (5 µg/mL, p < 0.05) induced apoptosis after 48 h (Figure 2E). 
When compared to free OXA at the same concentration, NPs 1 (5 µg/
mL, p < 0.0001) and NPs 2 (5 µg/mL, p < 0.0001) showed statistically 
significant antitumor activity after 48 h (Figure 2E). Importantly, our 
NPs did not induce apoptosis in nontumor 3T3 cells at any dose (Figure 
2F). However, nontumor cells showed a significant death rate when 
exposed to free OXA (5 µg/mL and 25 µg/mL, p < 0.001 and p < 0.0001, 
respectively) after 48 h (Figure 2F).

A Ki-67 immunostaining was performed on CT-26 cells to evaluate the 
cell growth fraction after treatment with free OXA (5 µg/mL), NPs 1 (5 
µg/mL), and NPs 2 (5 µg/mL), which was expressed in the G1, S, and 
G2/M cell cycle phases and was absent in resting (G0) cells. CT-26 cells 
treated with NPs 1 and NPs 2 showed a higher Ki-67 expression (p < 
0.001 and p < 0.0001, respectively) than free OXA when compared to the 
negative control (p < 0.0001, Figure 2C). However, SW-480 cells treated 
with NPs 1 and NPs 2 exhibited a lower Ki-67 expression than free OXA 
when compared to the negative control (p < 0.0001, Figure 3C).
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Figure 4. Detection of fas-associated protein with death domain (FADD), BCL-2, and caspase-3 after 24 h of 

treatment. CT-26 cells stained with DAPI (blue), anti-FADD, anti-BCL-2, and anti-caspase-3 antibodies (red). 

Contrast index for FADD, * p < 0.05, ** p < 0.01 (A); BCL-2, p > 0.05 (B); and caspase-3, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001 (C). Scale bar: 50 µm.
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3.	 RESULTS

3.4.	 Immunofluorescence of FADD, BCL-2, and Caspase-3
	
To investigate the activated apoptosis pathway in CT-26 cells treated 
with free OXA and NPs 1 and NPs 2, three different proteins were inves-
tigated by means of immunofluorescence microscopy. 

After treating with OXA (5 µg/mL and 25 µg/mL), NPs 1 (5 µg/mL), 
and NPs 2 (5 µg/mL), antibody staining (FADD and caspase-3) was 
statistically significant when compared to the control for all samples 
after 24 h. However, BCL-2 staining did not show significant results (p > 
0.05, Figure 4). For FADD, it was p < 0.05, p < 0.01, p < 0.01, and p < 0.01, 
respectively, and for caspase-3 it was p < 0.001, p < 0.0001, p < 0.001, and 
p < 0.01, respectively.

Our analysis showed significant FADD staining for NPs 1 (5 µg/mL, p < 
0.05) and NPs 2 (5 µg/mL, p < 0.05) only 48 h after treatment. However, 
a decrease in BCL-2 immunoreactivity for all treatments (p < 0.001, p < 
0.01, p < 0.01, p < 0.001) was observed. When compared to the control, 
caspase-3 staining of CT-26 treated with OXA, NPs 1, and NPs 2 was 
significant (p < 0.01 for all treatments, Figure 5).

When caspase-3 staining was evaluated in SW-480 cells, a higher 
expression of caspase-3 was perceived in cells treated with OXA (5 µg/
mL, p < 0.01) when compared to control cells after 24 and 48 h (Figure 
3D,E). However, OXA (25 µg/mL), NPs 1 (5 µg/mL), and NPs 2 (5 µg/mL) 
did not show significant caspase-3 expression when compared to the 
control.

3.5.	 Internalization of NPs by CT-26 Cells

Internalization of NPs 1 and NPs 2 by CT-26 cells was studied using 
fluorescence microscopy (Figure 1). After 4 h and 24 h of incubation, the 
cell membranes were stained to visualize internalization of NPs 1 and 
NPs 2 by cells. NPs 1 and NPs 2 showed accumulation within the cells at 
both time points.
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Figure 5. Detection of FADD, BCL-2, and caspase-3 after 48 h of treatment. CT-26 cells stained with DAPI 

(blue), anti-FADD, anti-BCL-2, and anti-caspase-3 antibodies (red). Contrast index for FADD, * p < 0.05 (A); 

BCL-2, ** p < 0.01, *** p < 0.001 (B); and caspase-3, ** p < 0.01 (C). Scale bar: 50 µm.v
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3.	 RESULTSV

3.6.	 In Vivo Study

To confirm whether NPs 1 and NPs 2 were more efficient DDSs to 
downregulate apoptosis pathways, drug resistance, and metastasis 
factors in vivo when compared to free OXA, the expression of FADD, 
APAF-1, BCL-2, caspase-3, MDR1, survivin, CXCR4, and CCL22 was 
observed in tumors of Balb/c mice using qPCR and/or immunohisto-
chemistry. As shown in Figure 6, tumor growth and volume decreased 
in groups treated with free OXA, NPs 1, and NPs 2 (5 mg/kg, p < 0.0001). 
After 15 days of treatment with free OXA (5 mg/kg), NPs 1 (5 mg/kg), and 
NPs 2 (5 mg/kg), immunohistochemical analyses revealed an increased 
expression of FADD (Figure 7A,B, p < 0.0001) and caspase-3 (Figure 7A,D, 
p < 0.0001), and a decreased expression of BCL-2 (Figures 7A and 8C, p 
< 0.0001 for NPs 1 and p < 0.001 for OXA and NPs 2) in tumors of Balb/c 
mice when compared to the control group. A comparison between the 
different treatment groups showed a higher expression of FADD and 
caspase-3 in tumors of groups treated with NPs 1 (Figures 7B and 8D) 
than in groups treated with free OXA and NPs 2. On the other hand, 
BCL-2 had a lower expression in groups treated with NPs 1 (Figure 7C) 
than in the other two groups. Indeed, genes of FADD and APAF-1 were 
evaluated in tumors by means of RT-PCR after 15 days of treatment. 
From the gene expression analysis, it was observed that the increase 
of FADD was statistically significant in groups treated with free OXA (5 
mg/kg) and NPs 1 (5 mg/kg) when compared with the control (Figure 
7E, p < 0.05 and p < 0.001, respectively). The increase of APAF-1 was 
statistically significant in groups treated with NPs 1 (5 mg/kg) and NPs 
2 (5 mg/kg) when compared to the control (Figure 7E, p < 0.001 and p 
< 0.05, respectively). When the gene expression of FADD and APAF-1 
is compared between the treatment groups, it is apparent that their 
expression was higher after treatment with NPs 1 than after treatment 
with either free OXA or NPs 2 (Figure 7E).
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Figure 6. Morphology of all the tumors collected from (A) control, (B) OXA (5 mg/kg), (C) NPs 1 (5 mg/kg), 

and (D) NPs 2 (5 mg/kg) mice. Tumor growth curve of the Balb/c xenografts with different treatments (E). 

All treatment groups were compared to the negative control group (**** p < 0.0001).

Figure 7. Analysis of apoptosis, drug resistance, and metastasis factors. Representative photomicrographs 

of immunohistochemistry of tumor fragments of mice receiving different treatments (A). Immunohis-

tochemistry score by anti-FADD (B), anti-BCL-2 (C), anti-caspase-3 (D), relative messenger ribonucleic 

acids (mRNA) expression by RT-PCR for FADD and apoptotic protease activating factor 1 (APAF -1) (E), 

multidrug resistance protein 1 (MDR1) and survivin (F), and C-X-C chemokine receptor type 4 (CXCR4), 

and monocyte-derived chemokine (CCL22) (G). All treatment groups were compared to the negative 

control group (**** p < 0.0001). Comparison between OXA (5 mg/kg) and NPs 1 (5 mg/kg, ◆ p < 0.05) as 

well as between OXA (5 mg/kg) and NPs 2 (5 mg/kg, ◆◆ p < 0.01) was also performed (p < 0.0001 for both). 

Magnification: 40×.
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3.	 RESULTS
3.6.	 In Vivo Study

The gene expression analysis of drug resistance and metastasis factors 
was also evaluated by RT-PCR. Based on Figure 7F, the expression 
of MDR1 and survivin genes, which are involved in drug resistance, 
was reduced after treatment with NPs. The MDR1 gene expression 
decreased after treatment with NPs 2 (5 mg/kg, p < 0.05), while the 
survivin gene expression decreased after treatment with NPs 1 (5mg/
kg, p < 0.05). As metastasis is one of the biggest concerns of cancer 
management strategies, we investigated two genes from chemokines 
related to metastasis by means of RT-PCR. When compared to the 
control group, NPs 1 was able to reduce CXCR4 gene expression while 
NPs 2 decreased the CCL22 gene expression (Figure 7G, both p < 0.05).

3.7.	 Expression of Anti-Apoptosis and Pro-Apoptosis Proteins in  
	 Primary Colorectal Tumors

Apoptosis is associated with several other processes of tumor 
progression, like drug resistance, cell proliferation, and metastasis. Here, 
we evaluated if the expression of BCL-2, caspase-8, and Ki-67 would be 
associated with poor prognosis in tumors with low (1/2) and high (3/4) 
modified Dukes’ classification of the patients in primary CRC. High 
expression of BCL-2 was an indication of recurrence of the CRC (p = 
0.0001, Figure 8). In addition, patients who showed high expression 
of caspase-8 indicated a greater tendency towards death within 60 
months of follow-up, although our data were not statically significant (p 
= 0.10, Figure 8). Furthermore, high expression of BCL-2 and caspase-8 
was associated with more aggressive tumors, as represented by lymph 
node involvement (p = 0.0002 for both), modified Dukes’ criteria grade 
(p = 0.0001 and p = 0.07, respectively), and proliferation by Ki-67 (p 
= 0.04 and p = 0.0001, respectively, Table 3). These results show that 
the synthesis of new drug systems to specifically target apoptosis, 
especially in human primary tumor of aggressive cancers, is necessary 
as part of a novel cancer management strategy.
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Figure 8. Expression of BCL-2 and caspase-8 in primary colorectal tumors. (A) Kaplan–Meier survival curve 

estimated by BCL-2 staining in colorectal cancer (CRC) tumors (log-rank × 2 = 30.75, p < 0.0001), (B) Kaplan–

Meier survival estimated by caspase-8 staining in CRC tumors (log-rank × 2 = 2.61, p = 0.10). Immunohis-

tochemical staining for BCL-2 and caspase-8 in colorectal carcinoma. Colorectal adenocarcinoma with a 

high modified Dukes’ classification (“3” and “4”) showing: (C) Strong cytoplasmic staining of BCL-2, and (E) 

weak BCL-2 cytoplasmic staining. Strong cytoplasmic staining of caspase-8 (D), and (F) weak caspase-8. 

Magnification: 40×.
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Caspase-8 (n=180)

Weak Strong p Value

Number of  
patients

75
(41.6%)

105
(58.3%)

-

Lymph node status 

Negative 15(20%) 03(2.86%)
0.00021

Positive 60(80%) 102(97.14%)

Modified Dukes´ Criteria Grade

Low (I and II) 25(33.3%) 07 (6.67%)
0.00011

High (III and IV) 50(66.7%) 98 (93.33%)

KI67

< 10 % 02 (2.7%) 02 (1.9%)

0.04211-25% 18 (24%) 11 (10.48%)

>25% 55(73.3%) 92 (87.62%)

Table 3 .  Expression of BCL-2 and caspase-8 in primary colorectal tumors. (A) Kaplan–Meier survival curve 

estimated by BCL-2 staining in colorectal cancer (CRC) tumors (log-rank × 2 = 30.75, p < 0.0001), (B) Kaplan–

Meier survival estimated by caspase-8 staining in CRC tumors (log-rank × 2 = 2.61, p = 0.10). Immunohis-

tochemical staining for BCL-2 and caspase-8 in colorectal carcinoma. Colorectal adenocarcinoma with a 

high modified Dukes’ classification (“3” and “4”) showing: (C) Strong cytoplasmic staining of BCL-2, and (E) 

weak BCL-2 cytoplasmic staining. Strong cytoplasmic staining of caspase-8 (D), and (F) weak caspase-8. 

Magnification: 40×.

4.	 DISCUSSION

Evasion of apoptosis is one of the major causes of tumor progression. In 
this study, we identified increased expression of BCL-2 and caspase-8 
in human CRC. In addition, we demonstrated that increased expression 
of BCL-2 and caspase-8 is associated with proliferation (Ki-67), a high 
invasion grade, and a positive lymph node status. This suggests a growth 
advantage of tumor cells with high expression of caspase-8 in the patho-
genesis of CRC, which is consistent with previous studies [38–41]. However, 
previous studies showed that inactivating mutations of the caspase-8 
genes are rare in human colorectal carcinomas [42]. There is growing 
evidence that caspase-8 does not just act as an inducer of apoptosis, but 
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Bcl-2 (n=180)

Weak Strong p Value

69
(38.33%)

111
(41.67%)

-

39(56.52%) 23(20.72%) 
0.00021

30(43.48%) 88(79.28%)

41(59.42%) 35(31.53%)
0.071

28(40.58%) 76(68.47%)

09(13.05%) 24(21.62%)

0.0001211(15.94%) 52(46.85%)

49(71,01%) 35(31.53%)

also in metastasis [43]. Induction of cell death is one of the challenges for 
the development of new drugs, especially in aggressive tumors with a 
high level of mortality.

Based on evidences that tumor progression is associated with failing 
cell control mechanisms, we designed OXA-loaded PLGA NPs combined 
with RA and CHO to assess the improvement of the antitumor activity 
of OXA. Firstly, we evaluated the cytotoxicity of OXA-containing NPs in 
CT-26 cells. The data showed that OXA-containing NPs 1, NPs 2, NPs 6, and 
NPs 7 possess a cytotoxic activity (after 24 and 48 h), which was similar 
to the free drug. However, NPs 1 and NPs 2 exhibited a higher cytotoxic 
activity than others NPs after 48 h. According to these results, we decided 
to assess the cytotoxicity of NPs 1 and NPs 2 in SW-480 cells. Both NPs 
showed to have cytotoxic activity in this cell line. These results revealed 
that RA and CHO helped OXA to inhibit the cell viability in CT-26 as well as 
SW-480 cells, probably by increasing the availability or potentializing the 
cytotoxic effects of OXA inside of cells [23,44,45].



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 118PDF page: 118PDF page: 118PDF page: 118

CHAPTER 3

118

OXA is a third-generation platinum drug, which inhibits DNA replication 
[46]. However, the obtained efficacy is suboptimal due to the aggressive 
side effects OXA and drug resistance of cancer cells [46–48]. The pro-apop-
totic activities of NPs and OXA were analyzed by flow cytometry for both 
CT-26 and nontumor cells. NPs 1, NPs 2, NPs 6, and NPs 7 had pro-apop-
totic activity at a concentration of 5 µg/mL in the tumor cell line at 24 and 
48 h. However, NPs 1 and NPs 2 exhibited a higher pro-apoptotic activity 
than higher concentrations of free OXA. Interestingly, they also reduced 
the total apoptosis in the nontumor cell line. Previous studies reported 
that NPs-encapsulated chemotherapeutic agents induce apoptosis 
in several tumor cell lines without interfering with nontumor cell lines 
[49,50]. This result indicates that it is possible to use lower concentrations 
of OXA when it is encapsulated in a nanoparticulate DDS. In addition, it is 
possible to combine OXA with CHO and RA. Due to their high proliferation 
rate, tumor cells require higher amounts of CHO than nontumor cells. 
Thus, coating with CHO facilitates the internalization of NPs and, thereby, 
increases the delivery of OXA into tumor cells. This improves the efficiency 
of the system and decreases the adverse effects that are related to the 
cumulative impact of OXA on patients [12,23,51]. Our study contributed 
to this knowledge and, in addition, we did not observe significant cell 
death in nontumor cells. This indicates that these nanoparticulate DDSs 
(NPs 1 and NPs 2) can have a protective effect on nontumor cells, while 
selectively targeting tumor cells.

High uptake of NPs by tumor cells and effective intracellular drug release 
are necessary to achieve an enhanced therapeutic effect in clinic trials. The 
uptake of NPs 1 and NPs 2 by CT-26 cells was investigated after 4 h and 24 
h, which revealed that our NPs were mainly located in the cytoplasm close 
to the nucleus. It is worth mentioning that the CHO-coated NPs combined 
with RA (NPs 1 and NPs 2) showed rapid uptake and improved therapeutic 
efficacy through induction of apoptosis in CRC cells [23,52]. Therefore, our 
results indicate the importance of CHO for the increased capture and 
internalization of DDS in the treatment of CRC [23,53].

The pro-apoptotic activity of free OXA (5 µg/mL and 25 µg/mL), NPs 1 (5 
µg/mL), and NPs 2 (5 µg/mL) in CT-26 cells was confirmed by immunore-
activity of caspase-3, FADD, and BCL-2, which are involved in the extrinsic 

4.	 DISCUSSION
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and intrinsic apoptosis pathway. The extrinsic pathway was activated by 
all compounds within 24 h, but only NPs 1 and NPs 2 induced a positive 
immunoreactivity to FADD after 48 h. These results show that our 
OXA-containing nanoparticulated DDS exhibits a prolonged activity as 
compared to the free drug, which suggests an increased bioavailability 
inside the cancer cells [45,51,52]. Since immunoreactivity for BCL-2 was 
observed only after 48 h, our data suggests that the NPs act primarily 
by activating the extrinsic pathway. Previous studies give evidence for a 
strong correlation between intrinsic apoptosis and cell proliferation in 
tumor progression [44,54]. The expression of Ki-67 is strongly associated 
with (tumor) cell proliferation and growth, and is widely used in routine 
pathological investigations as a proliferation marker [55]. Owing to high 
cell proliferation, frequently associated with the Ki-67 protein labeling 
index, Ki-67 may be a promising factor for targeted molecular therapies 
[55]. In this study, NPs 1 (5 µg/mL) and NPs 2 (5 µg/mL) strongly decreased 
the expression of Ki-67 in SW-480 cells but not in CT-26 cells. Interest-
ingly, this result corroborates findings in the literature by describing 
the anti-apoptotic protein BCL-2 as an inhibitor of p53, a pro-apoptotic 
and suppressor protein [56]. Since mutated p53 can also induce a G2/M 
cell cycle and stimulate Ki-67, our NPs 1 and NPs 2 were able to induce 
extrinsic apoptosis, which has an independent path of BCL-2 and p53 and 
showed that the BCL-2-p53-Ki-67 path is common in aggressive tumors 
[57]. In our study, we found that NPs 1 and NPs 2 induced apoptosis via 
the extrinsic path and blocked the proliferation of cancer cells, thereby, 
suggesting that the NPs act on different signaling pathways.

With the aim to observe the efficiency of NPs in an animal model, we 
inoculated CT-26 cells subcutaneously in the flank of Balb/c mice and, 
when the tumors reached 4 mm, the mice were treated with free OXA, 
NPs 1, and NPs 2 (all 5 mg/kg), respectively, 3 times over a period of 2 
weeks. Based on the expression of FADD, BCL-2, and caspase-3, our in 
vivo results suggested that NPs 1 induced apoptosis more than NPs 2, 
especially through the extrinsic pathway, corroborating with our in vitro 
results. One of the advantages of RA combined with OXA and CHO, is that 
CHO increases internalization of nanoparticles as described above and, 
therefore, increased amounts of RA can act directly on the regulation 
of apoptotic pathway proteins and at the tumor microenvironment as 
demonstrated by Watabe et al. [53].



573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira573436-L-bw-Oliveira
Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022Processed on: 8-2-2022 PDF page: 120PDF page: 120PDF page: 120PDF page: 120

CHAPTER 3

120

4.	 DISCUSSION

High levels of CXCR4, a receptor correlated with tumor malignancy, and 
CCL22, a member of the chemokine family, are related to migration, 
invasion, and metastasis in various tumors, leading to a poor prognosis 
and malignant progression [58–61]. Our results show that NPs 1 and NPs 2 
decrease CXCR4 and CCL22 expression in the primary microenvironment, 
which indicates that our nanoparticulated DDSs act as important 
modulators of metastatic sites. Drug resistance to OXA is a problem, which 
reduces its effectiveness and increases the chances of metastasis, thereby, 
limiting tumor treatment with this drug. In this study, when analyzing 
primary tumors treated with free OXA as well as NPs 1 and NPs 2, we 
observed downregulation of multidrug resistance (MDR), such as, MDR1 
expression by NPs 2 and survivin by NPs 1. This proves that encapsulation 
of drugs decreases drug resistance since NPs were taken up by endocy-
tosis by passing drug efflux pumps which are altered in tumor cells [62,63]. 
Drug efflux pumps expressed on human cancer cells majorly contribute to 
MDR, especially those related to P-gp also known as multidrug resistance 
protein 1 (MDR1) and surviving [64]. These results suggest that CHO 
functionalized PLGA nanoparticles loaded with anti-cancer drug OXA and 
chemosensitizer RA enhanced therapeutic potential by modulating MDR 
of tumor cells through RA and enhanced the anticancer activity of DDSs. 
Dual drug loaded nanoparticles revealed better therapeutic efficacy with 
enhanced expression or downregulation of pro-apoptotic/anti-apoptotic 
proteins and downregulation of metastastic factors, such as CXCR4 and 
CCL22.

An upregulation of apoptosis in the microenvironment of human primary 
tumors is the key point to reduce proliferation and metastasis and, conse-
quently, improve the survival of patients. Here, we designed a system of 
OXA-loaded NPs combined with RA and CHO to study their efficiency 
in inducing apoptosis and regulating proliferation, drug resistance, and 
metastatic factors. Taken together, the data presented in this study 
indicated that nanoparticulate DDSs (NPs 1 and NPs 2) possess antitumor 
activity in CRC cells in vitro and in vivo, which is preferentially mediated by 
the extrinsic apoptosis pathway. In vivo results also suggest that NPs 1 and 
NPs 2 downregulate resistance to OXA and metastasis factors. Cytopro-
tective activity based on the non-induction of cell death in nontumor cells 
is combined with the antitumor activity and modulation of the tumoral 
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microenvironment, indicating that these systems are safe candidates for 
drug delivery that can be used for the treatment of cancer with decreased 
adverse effects.
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APPENDIX TO CHAPTER 3

Figure S1.  Mean cell proliferation of CT-26 cells treated with OXA for 24 h. (A) and 48 (B) hours. The concen-

trations used were: 5 μg/mL, 10 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, and 200 μg/mL. All treatment 

groups were compared to the negative control group (**** p < 0.0001).
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Figure S2.  Flow cytometry to determine apoptosis. Dot plots of flow cytometry with the effect of different 

doses of OXA, DMSO, and NPs on early and late apoptotic CT-26 cells after 24 h. are displayed.
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APPENDIX TO CHAPTER 3

Figure S3.  Flow cytometry to determine apoptosis. Dot plots of flow cytometry with the effect of different 

doses of OXA, DMSO, and NPs on early and late apoptotic CT-26 cells at 48 h. are displayed.
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Figure S4.  Flow cytometry to determine apoptosis. Dot plots of flow cytometry with the effect of different 

doses of oxaliplatin, DMSO, and NPs, on early and late apoptosis in 3T3 cells at 48 h. are displayed.
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Abstract: One of the challenges of nanotechnology is to improve the 
efficacy of treatments for diseases, in order to reduce morbidity and 
mortality rates. Following this line of study, we made a nanoparticle 
formulation with a small size, uniform surfaces, and a satisfactory 
encapsulation coefficient as a target for colorectal cancer cells. The results 
of binding and uptake prove that using the target system with folic 
acid works: Using this system, cytotoxicity and cell death are increased 
when compared to using free oxaliplatin. The data show that the system 
maximized the efficiency of oxaliplatin in modulating tumor progression, 
increasing apoptosis and decreasing resistance to the drug. Thus, for the 
first time, our findings suggest that PLGA-PEG-FA increases the antitumor 
effectiveness of oxaliplatin by functioning as a facilitator of drug delivery in 
colorectal cancer.

Keywords: Drug delivery system, Oxaliplatin, Folic acid, Apoptosis,  
Drug resistance.
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INTRODUCTION

Nowadays, cancer is one of the leading reasons for death worldwide. The 
number of incidence and mortality has increased in the last decades, 
and it is expected that  the number will  continue to grow [1,2]. Colorectal 
cancer (CRC), considered rare in the past, is now becoming more frequent 
and new therapeutical approaches are emerging to fight CRC, such as the 
use of nanomedicine to improve established therapies [3–5]. 

Tumor mass develops as a result of a sequence of malignant events, and 
some characteristics of the tumor cells are common to all types of tumor 
cells. One of them is the ability to prevent apoptosis [6,7]. Apoptosis is a 
biological process that occurs through the extrinsic and intrinsic pathways, 
converging on a common path that will end with cell death. The activation 
of these pathways helps to stop the progression of tumors [8,9]. 

Oxaliplatin (OXA) is a chemotherapeutic agent, a third-generation 
platinum, that has been used in the treatment of CRC in therapeutic 
regimes [4,10,11]. This drug acts mainly against tumor cells by binding 
to DNA. Subsequently, OXA forms adducts in GC-rich areas in the DNA, 
activating the DNA replication and transcription processes [12,13]. Mecha-
nisms of resistance to OXA are reported as one of the major causes of 
failure in the treatment of CRC, due to the accumulation of enzymes and 
detoxification transporters (leading to increased detoxification), resulting 
in decreased intracellular amount of drugs and accumulation of repair 
enzymes by excision of nucleotides [11,12,14].

Drug delivery systems (DDSs) may be used to overcome the limitations of 
OXA treatment. This can be realized by adjusting the dose of the chemo-
therapeutic agent, increasing the internalization of the drug in the cells 
and enhancing bioavailability, which will lead to increased drug efficiency, 
and a decrease in adverse effects and drug resistance [15–17]. Currently, 
poly (D,L-lactide-co-glycolic acid) (PLGA) is widely used as a DDS due to its 
biocompatibility and biodegradability characteristics [18,19]. PLGA polymer 
nanoparticles can be designed with surface modifications; an example is 
the addition of hydrophilic and polymeric polyethylene glycol (PEG), which 
prevents interactions with macrophages or phagocytes, guaranteeing the 
delivery and distribution of drugs in the tumor environment [18–21]. 
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These nanoparticles can have their surfaces modified with the addition 
of targeting molecules, which increases the selectivity, applicability and 
effectiveness of DDS [22]. An example for a nanoparticle targeting is folic 
acid (FA), that interacts with the folate receptor, which is overexpressed in 
a wide range of human cancers, but is very low in healthy tissues [21,23]. 
Targeted PLGA nanoparticles have been used in the development of a 
DDS for the treatment of cancer; they improve the antitumor activity of 
drugs by inducing apoptosis, reducing side effects, suppressing metas-
tasis, and decreasing resistance to drugs [4,5].

Based on the above, the aim of this study is to formulate a novel modified 
FA-PLGA nanoparticles loaded with OXA to enhance the effect of this 
drug against colorectal cancer. Our nanoparticle system can target CRC 
cells and amplify the anti-tumor activity of OXA. In this study, for the 
first time we combined PLGA, FA, and OXA, we designed, characterized, 
and evaluated anti-tumor activity in murine colon carcinoma cells of the 
modified FA-PLGA nanoparticles loaded with OXA.

2.	 MATERIALS AND METHODS

2.1.	 Reagents

PLGA (PURASORB® PDLG 5002A 50:50, inherent viscosity 0.20 dL/ 
g, MW =17,000) was obtained from Carbion PURAC (Amsterdam, the 
Netherlands); polyvinyl alcohol (PVA) (87–89% hydrolyzed, typical MW 
13.000-23.000), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC, ≥98.0%), N-hydroxysuccinimide (NHS, 98%), 
methylene chloride,    dimethylformamide (99.8%), chloroform (99%), 
and triethylamine (TEA, 99.5%) were purchased from Sigma- Aldrich 
(Steinheim, Germany). PEG with diamine group (NH2-PEG- NH2, MW 
3143) was obtained from Iris Biotech (Biotech GmbH, Marktredwitz, 
Germany). The solvent used to prepare the nanoparticles, and 
dichloromethane (DCM, 99.8%) were purchased from Sigma- Aldrich 
(Darmstadt, Germany). The NPs were all loaded with NIR dye (IR-780 
Iodide) purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands) 
and OXA (Sigma-Aldrich, Darmstadt, Germany). The target FA was 
obtained from Sigma-Aldrich (Steinheim, Germany). The in vitro studies 
were performed using Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco Laboratories, Grand Island, USA), Fetal Bovine Serum (FBS) 
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(Bodinco BV, Alkmaar, the Netherlands), trypsin/EDTA (Gibco Technol-
ogies, Grand Island, NY, USA), CellTiter 96 AQueous One Solution 
(MTS) solution (Promega Corporation, Madison, WI, USA), 4,6- diamid-
ino-2-phenylindole (DAPI) (Thermo Fisher Scientific, Cambridge, MA, 
USA), DiD cell-labeling solution (Thermo Fisher Scientific, Cambridge, 
MA, USA), V-FITC (BD Pharmigen, CA, USA), To-pro 3 iodide (642/661) 
(Invitrogen, Eugene, USA) and Tween-20 (Promega, Madison, WI, 
USA). All primary and the secondary antibodies were purchased from 
Abcam, Burlingame, CA, USA. The in vivo studies were performed using 
streptavidin/Haptoglobin Related  Protein (HRP)-conjugated secondary 
antibody (Biocare Medical, Concord, CA, USA), colorimetric-based 
detection kit (TrekAvidin-HRP Label Kit from Biocare Medical, Pacheco, 
USA), trizol reagent (Invitrogen Co., Carlsbad, CA, USA), SV Total RNA 
Isolation System (Promega, Madison, WI, USA) and SYBR Green MiX in 
the Applied Biosystems1 7500 FAST system (Applied Biosystems, Foster 
City, CA, USA).

2.2.	 Synthesis of polymers as well as preparation and  
	 characterization of nanoparticles

The polymers PLGA-PEG and PLGA-PEG-FA were synthesized in 4 
different steps (Fig. 1A) using the single-emulsion solvent evaporation 
method [24], and were characterized by H-NMR (Proton nuclear 
magnetic resonance). For the nanoparticles loaded with near infrared 
780 dye (NIR) and co-loaded with OXA, a double-emulsion solvent 
evaporation method of water-oil-water (W/O/W) was used [25].

An optical measure was performed to test the amount of FA conju-
gated with  PLGA-PEG  as  follows:  a  solution  of  PLGA-PEG-FA  was 
measured with Amersham Biosciences Ultrospec 2100 pro, UV/Vis 
Spectrophotometer and Absorbance was read at 350 nm [26,27].

In order to determine the encapsulation efficiency [28] and the loading 
content of the NIR dye and OXA, a solution of nanoparticles was 
measured for the NIR dye content using an Odyssey Infrared Imager 
9120 (LI-COR) scanner at 800 nm. The concentration of OXA was deter-
mined by reversed-phase high-performance liquid chromatography 

2.	 MATERIALS AND METHODS
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Figure 1.  Formulation and characterization of nanoparticles. (A) Schematic illustration of formulation of 

PLGA-PEG-FA co-polymer and nanoparticles. H-NMR spectrum: (B) PLGA-PEG and (C) PLGA-PEG-FA 

co-polymers.

(RP-HPLC).

2.3.	 Morphology and physicochemical properties of nanoparticles

To visualize and characterize the structure of the nanoparticles, trans-
mission electron microscopy (TEM) was used. A droplet of 3 μL of the 
nanoparticle solution was imaged in a Tecnai 12 Biotwin transmission 
electron microscope (FEI, the Netherlands), equipped with a LaB6 
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filament operated at 120 kV. The average size of the nanoparticles and 
their polydispersity index (PDI) were determined by dispersing the 
nanoparticles in MilliQ water using Dynamic Light Scattering (DLS). 
The stability of the nanoparticles was determined by measurement 
of their zeta potential (Zetasizer Nano S90, Malvern Instruments, 
Worcestershire, UK). The zeta potential analysis of the nanoparticles was 
performed by DLS.

2.4.	 Drug release studies

The in vitro drug release of OXA from PLGA nanoparticles was 
evaluated in phosphate-buffered saline (PBS) with pH 7.4 as release 
medium. Briefly, 1 mg of the freeze-dried nanoparticles [PLGA-PEG 
OXA and PLGA-PEG (OXA)-FA] were resuspended in PBS (1 mg/
mL), triplicate for each formulation, and incubated at 37 ◦C under 
continuous shaking (300 rpm). At predetermined time points the 
nanoparticles were separated by centrifugation (12.000 rpm for 20 min), 
150 μL aliquots were sampled and 150 μL of fresh and warm PBS added 
to release medium. The aliquots were maintained at 20 ◦C and, at the 
end of experiment, the concentration of OXA in the supernatant was 
measured spectrophotometrically at λ = 240 nm (Ultrospec 2100 pro).

2.5.	 Binding assay and uptake assay

Murine colorectal carcinoma (CT-26) cells were seeded in a black-walled 
96-well cell culture microplate and incubated with PLGA-PEG and 
PLGA-PEG-FA at 10 μg/mL for 0, 1, 2, 8, or 24 h. For the binding assay, the 
plate was maintained at 4 ◦C, while the plate was maintained at 37 ◦C 
for the uptake assay. After the different time points, nuclei of the cells 
were stained with To-pro 3 iodide dye, which is detectable at 700 nm. 
The plate was imaged with an Odyssey Infrared Imager 9120 (LICOR) 
scanner using 700 nm and 800 nm channels to visualize the cell nuclei 

2.	 MATERIALS AND METHODS
2.3.	 Morphology and physicochemical properties of nanoparticles
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and NIR-loaded nanoparticles, respectively.

2.6.	 Internalization of nanoparticles by cells and  
	 fluorescence imaging

The CT-26 cells were plated and treated with PLGA-PEG and PLGA- 
PEG-FA at 10 μg/mL. After 4, 8, 24, and 48 h, the cells were stained 
with DiD and DAPI. For the visualization of nanoparticles (yellow), cell 
membrane (pink), and nucleus (blue), a Leica DM5500 B fluorescence 
microscope equipped with a Leica DFC365 FX digital camera (Leica) 
was used. Digital images were acquired, analyzed, and stored using 
Leica Application Suite X (LAS X) software.

2.7.	 Viability test 

The cells were cultured and free OXA, PLGA-PEG, PLGA-PEG (OXA) and 
PLGA-PEG-FA (OXA) at concentrations of 1 μg/mL, 5 μg/mL, 10 μg/ mL, 
20 μg/mL, and 50 μg/mL, respectively, were added; positive (25% DMSO) 
and negative controls were included. After 24, 48 or 72 h of treatment, 
MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, innersalt] solution was added to the wells 
and incubated for 3 h. Absorbance was measured at 490 nm using 
Molecular Devices VERSAmax Tunable Microplate Reader.

2.8.	 Detection of cell death by flow cytometry and  
	 immunofluorescence

CT-26 cells were plated and treated with free OXA and PLGA nanocon-
jugates [PLGA-PEG (OXA) and PLGA-PEG-FA (OXA)] at 10 μg/mL and 
20 μg/mL for 24 and 48 h. After each period, the cells intended for flow 
cytometric analysis were labelled with Annexin V-FITC and DAPI, sorted 
with a BD FACS Canto II (BD Biosciences, CA, USA), and analyzed with 
FlowJo software, version 10.1 (Tree Star Inc., CA, USA). For immuno-
fluorescence, the cells were incubated with the primary antibodies, 
anti-FAS-associated protein with death domain (FADD) rabbit (2.5:100), 
anti-apoptotic protease activating factor 1 (APAF-1) rabbit (1:100), and 
anti-caspase-3 rabbit (1:200), in blocking solution at 4 ◦C overnight. 
The primary antibody was detected with Alexa Fluor 555 anti-rabbit 
secondary antibody diluted at 1:300 in blocking buffer. DAPI (1:1000) 
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in phosphate-buffered saline was used for nuclear staining. Samples 
were examined with a Leica DM5500 B fluorescence microscope, as 
mentioned above.

2.9.	 CRC xenograft in vivo models and treatment regimens

For the animal model, the CT-26 cells (5 106) was subcutaneously 
injected into the right flank of male Balb/c mice. When the tumor 
volume achieved 3-4 mm [29], the animals were organized into four 
groups with five animals each, and were treated intratumorally three 
times in 15 days with injection dose of 5 mg/Kg. The groups for this 
experiment were, (1) Saline 5 mg/Kg saline solution, (2) OXA 5 mg/Kg, 
(3) PLGA-PEG (OXA) 5 mg/Kg and (4) PLGA-PEG-FA (OXA) 5 mg/Kg = 
The tumor size was measured every two days during 21 days or until 
the tumor reached a volume of 2000 mm3 [30,31]. For calculate their 
volume, was used the equation below [32]: 

Volume = (length × width2 × 0.523).

In the end of the experiment the animals were euthanized (80 mg/ 
Kg,  i.p.)  2%  thiopental  (Crista´lia,  Sa˜o  Paulo,  Brazil)  and  the  
subcutaneous tumor was removed and collected, half of the tumor 
was immediately stored at 80 ◦C for qPCR analysis and the other part 
were placed in 10% paraformaldehyde for histopathological analysis. 
Therefore, the protocol was accepted by the Committee on the Ethics 
of Animal Experiments of the UFRN (Universidade Federal do Rio 
Grande do Norte) (CEUA, permit number: 222.011/2020).

2.10.	 Immunohistochemical staining of caspase-3 and survivin

The tumors of each group were cut using a microtome. Tissue sections 
were stored with primary antibodies anti-caspase-3 (CUSABIO CSB-PA 
140280) and anti-survivin (NOVUS NB 500-201SS) at 4 ◦C overnight. 
Then, the fragments were washed with phosphate-buffered saline and 
incubated with a streptavidin/haptoglobin-related protein (HRP)-conju-
gated secondary antibody.

2.	 MATERIALS AND METHODS
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The proteins showed immunoreactivity with the use of colori-
metric-based detection kit following the protocol provided by the 
manufacturer. To obtain digital images, a high-power objective (40) 
light microscopy (Nikon Eclipse 2000 equipped with Nikon DS-Fi2; 
Nikon Corporation, Tokyo, Japan) was used. For analysis the intensity 
of cell immunostaining, two trained examiners in a double-blind 
evaluated the labelling intensity. The immunoreactivity was analyzed 
based on the scores with minor modifications [33] for which the and 
the percentage (P) of tumor cells with characteristic staining (from 
an undetectable level or 0%, for homogeneous staining or 100%) and 
estimate of the intensity (I) of staining (1, weak staining; 2, moderate 
staining; and 3, strong staining). The result of the scores is obtained by 
multiplying the value of the percentage of cells marked by the intensity 
of the mark.

2.11.	 Analysis of mRNA expression

The RNA extraction from tumor tissue was realized using a trizol 
reagent and SV Total RNA Isolation System. For real-time quantitative 
polymerase chain reaction (PCR) analyses, a SYBR Green MiX was used 
in the β-actin, FADD, APAF-1, multidrug resistance protein 1 (MDR1), 
survivin, C-X-C chemokine receptor type 4 (CXCR4), and monocyte-de-
rived chemokine (CCL22) messenger ribonucleic acids (mRNAs). The 
primers are listed in Table S1.

The standard PCR conditions were followed [4]. Mean threshold cycle 
(Ct) values were used to calculate the relative expression levels of the 
target genes for the experimental groups, relative to those in the 
negative control group; expression data were normalized relative to the 
housekeeping gene β-actin using the 2—ΔΔCt formula.

2.12.	 Statistical analysis

All in vitro experiments were performed in triplicate. The significant 
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differences between the groups were calculated using the analysis of 
variance (ANOVA) and the Bonferroni’s test, as indicated. A p-value of <0.05 
was considered to be statistically significant (p < 0.05, p < 0.01, p < 0.001, 

and p < 0.0001).

3.	 RESULTS
3.1.	 Synthesis and characterizations of nanoparticles

The   success    of    PLGA-PEG    and    PLGA-PEG-FA    polymers    was 
confirmed by H-NMR analysis. It was possible to identify the PLGA 
groups [-CH2- and — CH3 peaks of poly(D,L-lactide), d = 5.2–5.3 and 1.5 
ppm;   CH2- peak of poly (glycolide), d    4.8–4.9 ppm], the PEG group 
(d= 3.6 ppm), and the characteristic peaks of the folic acid (d= 4.5, 6.6, 
7.6, and 8.6 ppm) (Fig. 1B and C).

The average size, the zeta potential and the percentage encapsulation 
efficiency of the nanoparticles are displayed in Table 1, and the 
DLS curves at Supplementary materials (Fig. 1S). All nanoparticles 
were negatively charged as determined by measurement of their 
zeta potential. In average, 64.68% percent of FA was conjugated to 
PEG-PLGA as well as 64.06% conjugated to PLGA-PEG-FA (OXA). The 
percentage of encapsulation efficiency of OXA for PLGA-PEG NPs was 
55% and for PLGA-PEG-FA nanoparticles it was 50% (Table 1).

The morphology of the nanoparticles was visualized by TEM microscopy 
and revealed that all generated nanoparticles were spherical, with a 
smooth surface and uniform sizes (Fig. 2A–D).
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NPs 
Size ± 

SD  
(nm) 

PDI 

Zeta 
potential  

± SD  
(mV) 

% FA 
bound to 

PLGA 
-PEG 

EE%  
NIR 

EE% 
OXA 

PLGA-PEG
197.3  

± 0.52  0.01   -20.1  
± 5.09 

--  39.03  -- 

PLGA-PEG  
(OXA) 

198.5  
± 0.67  0.04  -20.8  

± 4.07  --   37.14  55 

PLGA-PEG 
-FA 

180.8  
± 1.35  0.04  -24.5  

± 5.07 
64.68  26.05  -- 

PLGA-PEG 
-FA (OXA) 

201.3  
± 1.78

0.06
-23.6  
± 9.51 

64.06 24.09 50

Table 1.  Diameter, polydispersity index, zeta potential, percentage of FA bound to PLGA- PEG as well as 

encapsulation efficiency (EE%) of NIR dye and OXA in the analysis of the chosen nanoparticles.

Notes.  PDI (Polydispersity Index), nm (Nanometer), Standard Deviation (SD), Millivolt (mV).encapsulation 

efficiency (EE%) of NIR dye and OXA in the analysis of the chosen nanoparticles.

Figure 2  Morphology images, and Drug release studies of nanoparticles. Morphology images of 

nanoparticles obtained by TEM: (A, B) PLGA-PEG (OXA) and (C, D) PLGA-PEG-FA (OXA). The graphs show 

the percentage of cumulative release of OXA in PBS, when the drug is encapsulated in two systems, 

PLGA-PEG and PLGA-PEG- FA. (E) Cumulative release throughout the experiment. (F) Cumulative release 

in the first 24 h of the experiment.
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3.2.	 Drug release studies

The PLGA-PEG system demonstrating through the results obtained 
slow, gradual and progressive release. The release study of OXA from 
PLGA-PEG (OXA) and PLGA-PEG-FA (OXA) in PBS initially showed 
different patterns with about 16% of OXA released within the first 24 h 
for PLGA-PEG-FA (0XA) and 7% of OXA for the PLGA-PEG (OXA) (Fig. 2F). 
However, after 8 days, PLGA-PEG-FA (OXA) started released slowly then 
PLGA-PEG (OXA). The OXA release for was 100% around 23 days, while 
until the end of the experiment (28 days), the PLGA-PEG-FA (OXA) did 
not release all amount of OXA (Fig. 2E).

3.3.	 Binding and uptake assay

In Fig. 3, the nanoparticle with the target FA (PLGA-PEG-FA) showed 
higher binding and uptake than the nanoparticle without the target FA 
(PLGA-PEG). For binding assay there is no statistical difference between 
the nanoparticles at time 0 h, but all other times presented differences 
between them. For 1 h, p < 0.001; for 2 h p < 0.01; for 4 h, 8 h and 24 h 
the difference is p < 0.0001. While for the uptake there is no difference 
between the nanoparticles at time 0 h and 24 h, for the others time 
points the difference has a p < 0.0001 for 1 h and 2 h, p < 0.001, for 4 h 
and p < 0.01 for 8 h (Fig. 3).

3.4.	 Internalization of nanoparticles

The images show both nanoparticle formulations inside the tumor 
cells (in yellow) at all time points. However, Fig. 3 shows that more 
PLGA-PEG-FA nanoparticles than the PLGA-PEG were able to enter the 
tumor cells (Fig. 3).

3.5.	 Viability test

PLGA-PEG did not show cytotoxicity at any time point (Fig. 2S). After 
24 h, the free OXA showed cytotoxicity at 5, 10, 20 and 50 μg/mL (p 

3.	 RESULTS
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Figure 3  Binding, uptake, and Internalization assays of nanoparticles by CT-26 cells. The graphs show the 

fluorescence intensity (y axis) for the dye contained in the nanoparticles when the cells are treated with 

10 μg/mL PLGA-PEG and PLGA-PEG-FA for several hours (X axis). The images show the PLGA-PEG and 

PLGA-PEG-FA nanoparticles (in yellow) at a concentration 10 μg/mL inside  the cancer cells after 4, 8, 24, 

and 48  h of incubation. Pink: membrane. Blue: nucleus. Magnification: 63×. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article).
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3.	 RESULTS

< 0.0001), PLGA-PEG (OXA) showed similar cytotoicity than OXA (p 
<0.001 at 5, 10 and 50 μg/mL and p < 0.001 for 20 μg/mL). The activity of 
PLGA-PEG-FA (OXA) was detected at all concentration (p < 0.0001), also 
at the lower dose, 1 μg/mL (Fig. 2SA). After 48 h, treatment with free 
OXA, PLGA-PEG (OXA) and PLGA-PEG-FA (OXA) at all concentrations 
further decreased the number of viable cells [p < 0.0001, except for 1 
μg/mL OXA (p < 0.01)] (Fig. 2SB). After 72 h of treatment, the result was 
comparable, but 1 μg/mL OXA did not show significant cytotoXicity 
(Fig. 2SC).

3.6.	 Flow cytometry

The data showed that only PLGA-PEG-FA (OXA) induced cell death 
at a concentration of 20 μg/mL (p < 0.001) after 24 h compared to the 
control (Fig. 4A). After 48 h, the percentage of cell death for the three 
compounds was higher than that of the control. The activity of 10 μg/
mL OXA and 10 μg/mL PLGA-PEG (OXA) was higher (p < 0.0001) then 
20 μg/mL OXA, 20 μg/mL PLGA-PEG (OXA) and 10 μg/mL and 20 μg/
mL PLGA-PEG (OXA) (p < 0.01) (Fig. 4B). Treatment groups [OXA, PLGA- 
PEG-FA (OXA) and PLGA-PEG (OXA)-FA] were compared at the same 
concentration (10 μg/mL) and same treatment time (48 h), the result 
were that PLGA-PEG-FA (OXA) induced more cell death than others 
samples in the same condition, p < 0.5 for comparison with OXA and 
p< 0.001 for comparison with PLGA-PEG-FA (OXA) (Fig. 4B).
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Figure 4  Total death, and Contrast index for immunofluorescence. The graph A and B displays the total cell 

death after 24 h (A) and 48 h (B) of treatment. The contrast index for FADD, APAF-1, and caspase-3 of CT-26 

after treatment with the nanoparticles and free OXA for 24 h (C, D and E, respectively) and for 48 h (F, G 

and H, resectively) are displayed. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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3.	 RESULTS
3.7.	 Immunofluorescence 

To analyze the apoptosis pathway induced by nanoparticles, cells 
were labelled with fluorescent antibodies and subsequently imaged. 
After 24 h of treatment, only 10 μg/mL and 20 μg/mL PLGA-PEG-FA 
(OXA) induced apoptosis through the extrinsic route (FADD) and 
intrinsic route (APAF-1) compared to the negative control. Regarding 
the common route (caspase-3), only OXA and PLGA-PEG (OXA) at a 
concentration of 10 μg/mL did not show a significant difference when 
compared with the control. However, 20 μg/mL PLGA-PEG-FA (OXA) 
showed a significant difference between treatments when compared 
to OXA and PLGA-PEG (OXA) at the same dose (p < 0.001) (Figs. 4C–E 
and 5).

After 48 h, all three formulations of both doses induced statistically 
significant apoptosis via the extrinsic route (FADD) and intrinsic route 
(APAF-1) when compared to the control group, with the exception 
of PLGA-PEG (OXA) at 20 μg/mL. The intensity of the fluorescence 
intensity of FADD labelling of cells treated with 20 μg/mL PLGA-PEG-FA 
(OXA) was increased when compared to the other two treatments, OXA 
and PLGA-PEG (OXA), at the same concentration (p < 0.0001).

Caspase-3 detection results showed that only OXA in both concentra-
tions (p < 0.5) and PLGA-PEG-FA (OXA) at 20 μg/mL (p < 0.001) induced 
apoptosis. It is worth noting that when comparing 20 μg/mL of free 
OXA with PLGA-PEG-FA (OXA) there is a difference between these 
treatments, showing greater apoptosis induction by the nanoparticle 
DDS (p < 0.5; Fig. 4F–H and 5).
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Figure 5  Detection of FADD, APAF-1, and caspase-3 after 24 and 48 h of treatment. CT-26 cells stained 

with DAPI (blue) as well as anti-FADD, anti- APAF-1, or anticaspase-3 antibodies (red). Scale bar: 50 μm. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.)
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3.	 RESULTS

3.8.	 In vivo study

The in vivo model was applied to analyze the activity of the nanopar-
ticulate systems and compare them with the free drug in relation to 
apoptosis, drug resistance, and metastasis factors. The macroscopic 
results showed a tumor growth curve with a difference in all treated 
groups in relation to the saline group (negative control), with p < 0.0001 
(Fig. 6A–E). Tumor weight decreased considerably among the treated 
groups, which was contrary to the saline group (p < 0.0001). There was 
also a significant difference between the treatment with free OXA and 
PLGA-PEG-FA (OXA) (p < 0.01; Fig. 6F).

Figure 6  Macroscopic results of the CRC in vivo xenograft model. Morphology of the tumors collected 

from Saline (A), OXA (5 mg/Kg) (B), PLGA-PEG (OXA) (5 mg/Kg) (C), and PLGA-PEG-FA (OXA) (5 mg/Kg) (D) 

groups. Tumor growth curve (E) and weight graph (F) of the xenograft tumors with different treatments. 

All treatment groups were compared with saline group. ** p < 0.01 and **** p < 0.0001.

For analysis of the tumors, immunohistochemistry and RT-PCR were 
applied. Immunohistochemical analyses showed that all treated groups 
had low expression of survivin compared to the saline group: p< 0.001 for 
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Figure 7  Analysis of apoptosis, drug resistance, and metastasis factors. Representative images of 

immunohistochemistry of tumor fragments of mice treated with saline, OXA, and nanoparticles (A–H). 

Immunohistochemistry score by anti-survivin (I) and anti-caspase-3 (J). Relative mRNA expression by of 

FADD and APAF-1 (K), MDR1 and survivin (L), and CXCR4 and CCL22 (M) as determined by RT-PCR. All 

treatment groups were compared with the negative control group and between the treated groups. ** p < 

0.01, *** p < 0.001, and **** p < 0.0001. Magnification (A-H): 40×.

free OXA and p < 0.0001 for both nanoparticle formulations (Fig. 7I). 
There was also a statistically significant difference when the treated 
groups were compared between each other: p < 0.01 for OXA X PLGA- 
PEG (OXA), p < 0.0001 for OXA X PLGA-PEG (OXA), and PLGA-PEG (OXA) 
X PLGA-PEG-FA (OXA). Regarding the analysis of the common pathway 
of apoptosis (caspase-3), the expression was increased in all groups 
when compared to the control: p < 0.01 for free OXA and p < 0.0001 for 
both nanoparticle formulations. The comparison between the treated 
groups showed a difference between the nanoparticle groups and free 
OXA group: p < 0.0001 for the two analyses (Fig. 7J).

The apoptosis-related gene expression analysis showed that only 
PLGA-PEG-FA (OXA) had expression of FADD when compared to the 
negative control (p < 0.001) (Fig. 7K). Also, for APAF-1, all treated groups 
had increased expression when compared to the negative control (p 
< 0.0001). In addition, the groups free OXA and PLGA-PEG-FA (OXA) 
also showed a significant difference between each other (p < 0.001) 
in terms of the expression of APAF-1 (Fig. 7K). The increase in mRNA 
expression for MDR1 and survivin was only observed for the OXA group 
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3.8.	 In vivo study

in relation to control (p < 0.01 and p < 0.001, respectively). The same 
results were obtained when OXA was compared with PLGA-PEG (OXA) 
and PLGA-PEG-FA (OXA) (Fig. 7).

CXCR4 expression was increased for free OXA and PLGA-PEG (OXA) 
in comparison to the control and for CCL22 expression only in the 
PLGA-PEG (OXA) group, p < 0.0001. Interestingly, PLGA-PEG-FA (OXA) 
did not increase the expression of these mRNAs.

4.	 DISCUSSION

 Using the double-emulsion solvent evaporation method of water-oil-
water (W/O/W) allowed us to obtain nanoparticles with a range of sizes 
in which nanoparticles can be actively taken up by cells via endocytosis 
[34,35]. The nanoparticles showed a good stability since the zeta potential 
was between 20 mV and 24 mV, which are values that are typically 
indicative of high nanoparticles stability (Table 1) [36,37]. The differences 
in encapsulation efficiency were probably because of the chemistry of 
the formulated co-polymers. PLGA-PEG-FA nanoparticles loaded with the 
NIR dye and co-loaded with OXA did encapsulate almost 10% less of NIR 
dye than the PLGA-PEG nanoparticles. This is probably duo to the encum-
berment of the FA bound to the PLGA-PEG. The sizes obtained by TEM 
were slightly smaller (Fig. 2A–D) than those determined by DLS (Table 1). 
The difference is likely due to different sample preparation methods since 
hydrated particles were used for DLS, whereas rehydrated nanoparticles 
were used for TEM [38]. The pattern of release of OXA by the particulate 
systems, [PLGA-PEG (OXA) and PLGA-PEG-FA (OXA)], was continuous 
and slow, this shows that the drug was kept trapped inside the DDS for a 
long period of time [5,39]. PLGA-PEG-FA (OXA) released even slower than 
PLGA-PEG (OXA), this release pattern can ensure that the drug will not be 
released before its internalization in tumor cells, allowing to increase its 
accumulation in tumor tissues with the consequent decrease in possible 
side effects caused by OXA [5,40].

The binding and uptake tests complement each other and prove the acid 
folic target’s effectiveness in maximizing OXA activity. In this study, we 
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were able to confirm that the system with FA works. During the same time 
period, PLGA-PEG-FA greatly improved the binding and internalization of 
the nanoparticles by tumor cells when compared to PLGA-PEG, which did 
not possess FA [41]. As CRC cells overexpress FA receptors, this system is 
of great use in the treatment of this kind of tumors [41]. The microscopic 
images corroborate these results and allow the visualization of the 
nanoparticles, due to the presence of the dye inside the cells [42,43].

Since nanoparticles, which contained FA for targeting purposes, were 
internalized at a higher rate, cytotoxicity and the percentage of cell death 
increased due to the improved effectiveness of the OXA treatment. The 
FA-containing DDS already induces cell death after 24h. This activity is 
sustained, showing higher rates after 48 h, the second time of analysis 
[44]. This initial activity of the tumor cells is not observed for free OXA, 
since the internalization of free OXA is not facilitated by the target, i.e. 
FA, and the tumor cells developed a resistance to treatment with OXA 
[42,45]. This evidence reveals the importance of using a DDS to circumvent 
treatment barriers, such as drug resistance.

Evasion of apoptosis, drug resistance, and metastasis are interconnected 
factors, which are present in tumor malignancy. These factors can be the 
reason for the failure of a cancer treatment, that, as a result, allow tumor 
progression or recurrence [7,46,47]. Therefore, DDSs with therapeutic 
action via induction of apoptosis are promising [48]. Our immunofluores-
cence data showed an increase in apoptosis in tumor cells when treated 
with PLGA-PEG-FA (OXA), when compared to free OXA.

Our in vitro results of apoptosis induction were confirmed in vivo by 
means of a regression of the tumor size. In relation to free OXA, tumor size 
was decreased by 3 times after treatment with PLGA-PEG-FA (OXA). Drug 
resistance is a known characteristic of treatment with OXA [49]. Our data 
shows decreased OXA resistance when cells are treated with PLGA-PEG-FA 
(OXA), which indicates that cells are more susceptible to the action of OXA 
when it is incorporated into the PLGA system targeted with FA. These 
results corroborate other studies and, thereby, confirm the efficiency of 
this target system and uptake by the cells via endocytosis [50,51].

The tumor microenvironment, invasion, and metastasis are also targets 
of antitumor therapies. Hence, we went beyond the study of apoptosis 
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and drug resistance [52]. We also analyzed the expression of CXCR4, 
a chemokine receptor, overexpressed in metastases, tumor growth, 
proliferation, and invasion, and CCL22, a macrophage-derived chemokine 
that attracts regulatory T cells to the tumor microenvironment, thereby, 
decreasing anti-cancer immunity [53–56]. The groups treated with free 
OXA and PLGA-PEG (OXA) showed an increase for CXCR4 compared to 
the saline group, while treatment with PLGA-PEG-FA (OXA) did not show 
a difference. Regarding CCL22, only PLGA-PEG (OXA) increased levels in 
relation to the control. These results reveal that the PLGA-PEG-FA (OXA) 
DDS does not interfere in the expression of CXCR4 and CCL22 that are 
related to tumor microenvironment and tumor progression.

Our results showed that PLGA-PEG-FA increased the antitumor effec-
tiveness of OXA by functioning as a facilitator of drug delivery in CRC. 
These results contribute to our understanding of the drug delivery mecha-
nisms that underlie the antitumor effects of chemotherapy in nanoscale.
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APPENDIX TO CHAPTER 4

Figure S1  DLS curves. DLS curves are representative for the PLGA-PEG (OXA) (A) and for PLGA-PEG-FA 

(OXA) (B).
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Figure S2  Cell viability. Mean cell viability of CT-26, the cells were treated with OXA and PLGA nanoparticles 

for 24 hours (A), for 48 hours (B), and for 72 hours (C). ** p<0.01, *** p<0.001, and **** p<0.0001.
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APPENDIX TO CHAPTER 4

mRNA Oligonucleotides Primers
Temp- 
erature

β-actina
5’ AAC TTT GGC ATCGTG 

GAA GG 3’
5’GTGGATGCAGGGAT-

GATGTTC 3’
60°C

FAAD
5’ AGAAGAAGAACG-

CCTCGGTG 3’
5’ GCTCACAGATTCCTG-

GGCTT 3’
56.5°C

APAF-1
5’TTCCAGTGGCAAGGA-

CACAG 3’
5`CCACTCTCCACAGGG-

ACAAC 3’
56.8°C

MDR1
5’ TCAGCAACAG-
CAGTCTGGAG 3’

5’ ACTATGAGCACAC-
CAGCACC 3’

55.2°C

Survivin
5’AGAACAAAATTG-
CAAAGGAGACA 3’

5’GGCATGTCACTCAG-
GTCCAA 3’

55.2°C

CXCR4
5’ACCTCGGT-

GTCCTCTTGCTGTCCA3’
5’GCTTGACGTTGGCTCTG-

GCGATGT`3
56.5°C

CCL22
5’GAGACAACAGTGGTC-

CCAGG 3’
5` CTGGCACTGTCAATC-

CCTGT 3’
56.8°C
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SUMMARY

The field of nanomedicine is constantly improving due to its use of 
modern techniques. With these techniques, nanostructures with pharma-
cokinetics and pharmacodynamics suitable for treating various diseases, 
including cancer are formulated. It is important to consider the hetero-
geneity of primary tumors for cancer treatment to be effective. Tumor 
heterogeneity favors tumor tissue to survive and resist drugs, leading to 
the failure of chemotherapeutic agents to induce a therapeutic response. 
In addition, the absorption mechanisms, metabolism and excretion of 
chemotherapeutic drugs, which are commonly used for cancer patients 
and the lack of specific targeting of these drugs can cause adverse 
effects on treated patients. Thus, the general objective of this thesis is to 
investigate the biological activity of targeted poly (lactic-co-glycolic acid) 
(PLGA) nanoparticles (NPs) as a drug delivery system (DDS) for carvedilol 
(CVDL) or oxaliplatin (OXA), in vitro and in vivo, to treat colorectal cancer 
(CRC). DDSs were formulated to achieve this goal. Subsequently, the 
formulations were characterized in order to obtain information about their 
size, shape, encapsulation rate and zeta potential. As a common result of 
this thesis, all formulations showed a spherical shape and smooth surface. 
Inflammation studies were performed, since the progression of CRC is 
related to the induction of a chronic and recurrent inflammatory process 
(Chapter 2). In Chapter 2, nanoparticles functionalized with cholesterol 
(CHO) decreased leukocyte migration when compared to free CVDL when 
used at the same concentration. Furthermore, the nanoformulations 
showed similar activities when used at lower doses than CVDL, at higher 
concentration, in relation to malondialdehyde (MDA) and glutathione 
(GSH) levels. In vitro studies, such as analysis of cell viability and cell death 
were carried out in order to analyze the antitumor activity of the systems 
(Chapters 2, 3 and 4). The in vitro results showed that the PLGA polymer 
is non-toxic, and that the use of NPs increased the drug’s effectiveness 
against tumor cells. Tests to evaluate the efficiency of targeting the NPs 
by means of CHO or folic acid (FA) were executed to prove that there is an 
increase in the targeting efficiency of the systems for CT-26 murine CRC 
cells (Chapters 3 and 4). These tests showed that targeted NPs bind to the 
cell surface and internalize in the cell in greater quantity than NPs without 
the target. Finally, animal models were developed to study apoptosis and 
resistance to drugs as well as metastases (Chapters 3 and 4). The results 
of an animal study confirmed our in vitro results, showing that the use of 
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NPs reduced tumor volume and acted on tumor modulation. In chapters 
2, 3 and 4, our studies were discussed in detail on the formulations and 
characterizations of NPs as DDSs with ideal characteristics to increase 
the therapeutic range of drugs at the tumor site. As well as the biological 
evaluation of these DDS when its anti-inflammatory activity (Chapter 
2) and its antitumor activity in vitro (Chapters 2, 3 and 4) and in vivo 
(Chapters 3 and 4). Taken together, all the DDSs studied in this thesis were 
able to improve the chemotherapeutic efficiency of the drugs studied in 
Chapters 2, 3 and 4.

MAIN OUTCOMES AND RESPECTIVE IMPLICATIONS

Objective 1: Formulating nanoparticles with satisfactory physico-
chemical characteristics used as a drug delivery system

The development of nanoparticles (NPs) consisting of biodegradable 
materials with surface functionalization enables advancement towards 
achieving new treatment strategies in medicine. When used as a DDS, 
NPs and other colloidal systems have the ability to modify the kinetics, 
body distribution and release of drugs incorporated into these systems [1]. 
Thus, nanoparticles were formulated to achieve this goal, and were subse-
quently characterized in terms of size, shape, potential (surface) charge 
and encapsulation rate.

For this thesis, NPs consisting of polyethylene glycol (PEG) and poly 
(lactic-co-glycolic acid) (PLGA) were formulated. These PEG-PLGA-NPs 
were loaded with OXA and retinoic acid (RA) or CVDL and functionalized 
with CHO or FA in order to increase the therapeutic efficacy of the 
drugs encapsulated in the DDS [2-4]. The resulting DDS formulations 
had spherical shape, smooth surfaces and uniform size distribution. 
The morphology of the NPs influenced both pharmacokinetics and 
cell absorption [5]. Therefore, the spherical form of our NPs played an 
important role in reducing cytotoxicity compared to other forms [6]. 
Studies using NPs for the treatment of breast cancer, CRC and glioblas-
tomas show that the most effective formulations have a spherical shape 
[7-9].

Due to the satisfactory volume, surface and size of the NPs, delivery of the 
encapsulated drugs is optimized and there is an increase in their pharma-
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cological activity [10-12]. The therapeutic content has to be released in a 
controlled manner within the tumor microenvironment (TME) in order to 
achieve the objective of using nanoformulations in cancer treatment [13]. 
Several studies have shown the importance of encapsulation efficiency 
in formulating NPs related to the optimization of cell uptake, suggesting 
improved therapeutic efficacy and reduced cell toxicity [14, 15]. The 
encapsulation rates for this thesis (Chapter 2, 3 and 4) were high, which led 
to an increase in antitumor activity of the encapsulated/loaded drugs in 
comparison to the free drugs. [16, 17]. Also, a reduction in the inflammatory 
activity (Chapter 2) of the encapsulated drug in relation to the free drug 
was also observed for NPs containing CVDL. This shows the importance of 
using DDSs to fight cancer [18, 19].

Higher encapsulation rates of the drugs are desirable, especially for 
application of in vivo studies, since a solution with a higher concentration 
is needed in a small volume to be injected during animal experiments. 
However, when the encapsulation efficiency is low, it is necessary to have 
a greater number of NPs within a small volume to obtain a therapeutic 
concentration. This can create a viscous solution, which makes it difficult 
to solubilize the NPs and consequently makes administration in vivo 
difficult.

Regarding the zeta potential values, previous studies have determined 
that relative values with variation in the range between 0 mV and ± 5 mV 
indicate increased instability of NPs, and consequently rapid aggregation. 
However, values of ± 30 mV imply greater stability for the colloidal system 
[20]. The results of the present thesis (Chapters 3 and 4) show that the 
zeta potentials of the nanoparticulate formulations ranged from -20 mV 
to -29.6 mV. Thus, our values indicate that the molecules of the PLGA-NP 
groups were stable and they had reduced cytotoxic effects[21]. This 
supports other studies which had similar zeta potentials for their NPs used 
as DDS against cancer [7, 22].

In contrast, the results obtained in Chapter 2 for NPs with CVDL and 
CVDL-CHOL were not within this range. The zeta potential of these NPs 
was -2.04 mV and -2.08 mV, respectively. However, no problems were 
observed regarding the stability of these formulations in stability studies; 
the samples remained stable for up to seven weeks. There was stability 
because these nanoparticles did not undergo the lyophilization process. 
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They were maintained in colloidal solution right from when they were 
formulated, characterized until the experiments were conducted.

Another physicochemical characteristic that requires attention is the size 
of our NPs, as it is strongly associated with cell uptake, biodistribution and 
the half-life of the NPs in circulation [23]. Thus, the smaller the NPs, the 
faster would the body absorb, metabolize and excrete them [24]. However, 
very small sizes are not desirable, since NPs between 14 and 74 nm show 
a half-life between 2 and 24 hours [25]; while sizes larger than 200 nm are 
quickly eliminated by the spleen [26].

The average sizes of the NPs in this study were around 234 nm in diameter 
(formulation of Chapter 2), 400 nm (formulation of Chapter 3) and 197 
nm (formulation of Chapter 4). The noticeable difference between the 
nanoparticle sizes used in Chapter 3 and those in Chapters 2 and 4 is due 
to the number of components incorporated in them. Besides OXA, RA was 
also added to these formulations, which resulted in a larger diameter of 
the nanoparticles. Such results directly influence the circulation time of 
the nanoformulations, the size-dependent biodistribution, the penetration 
into target cells and the elimination from tumor tissue, which lead to 
improved anticancer efficacy. The uptake and elimination of the NPs can 
be compromised when nanoparticles are very small due to accelerated 
elimination, hindering the EPR effect [27]. Therefore, the average dimen-
sions achieved by the nanoformulations in this study led to improved EPR 
effect, inducing efficient cancer treatment, in vitro and in vivo [28].

Additionally, our results can contribute to developing nanoscale thera-
peutic systems and provide information on nanotoxicity in the treatment 
of CRC. This may result in better prognosis, due to a more specific 
treatment and fewer side effects of the anticancer drug.

Objective 2: Increasing the efficiency of drugs when encapsulated in a 
drug delivery system

Conventional chemotherapy is often associated with low solubility and 
limited tumor targeting. These unbeneficial treatment characteristics 
prevent the drug from efficiently reaching the tumor and furthermore, it 
leads to side effects [29]. Incorporating drugs within functionalized NPs 
can be helpful to solve these disadvantages of chemotherapy. It reduces 
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non-specific dissemination of the drug and thereby reduces side effects 
[30]. It increases the efficiency of the drug and circumvents cancer cells 
from resisting drugs [31, 32].

The NPs formulated in Chapters 2, 3 and 4 were studied to prove that 
there was an increase in the efficiency of drugs when they were encap-
sulated in a system in order to achieve a more specific treatment. We 
decided to use the polymer PLGA for the formulation of polymeric NPs 
because it stands out among the DDS formulations for cancer. This is 
due to its biodegradability and biocompatibility, which makes it a safe 
candidate as DDS [33, 34]. The results obtained in our study did not show 
antiproliferative activity when the cells were treated with empty PLGA 
NPs. This can be seen in the results of the viability assays (MTS) where the 
empty nanoparticles did not show cytotoxic activity. Our data confirmed 
the results of other studies and proved that PLGA is an efficient DDS for 
different active components. In addition, the hydrolysis of PLGA leads to 
lactic acid and glycolic acid monomers that are endogenous and easily 
metabolized by the body via the Krebs cycle, with minimal associated 
systemic toxicity [34, 35].

In this study, the release time of free drugs (CVDL and OXA) was compared 
with the same drugs encapsulated in NPs. A slow, gradual and progressive 
release was observed in the nanosystems over time when compared to 
the free drugs. This increased the efficiency of the drugs in the nanopar-
ticulate systems [8, 36].

The therapeutic efficacy of the drugs CVDL and OXA was also assessed 
using cell viability and flow cytometry techniques; also, immunofluores-
cence was used for OXA. These techniques aim to quantify the prolif-
eration and death rates of cells, which will occur if the drug is delivered 
successfully and in appropriate concentrations to act on these cellular 
processes. Our results show that the encapsulated drugs are capable of 
maximizing the therapeutic activity induced by the free drug when it is in 
a DDS [37, 38]. This maximization of the drug’s effect when encapsulated 
in a DDS was confirmed by our results when the cells were treated with 
our NPs and compared to free drugs (OXA and CVDL) [39, 40].

Cancer cells that do not undergo apoptosis end up proliferating more 
than normal, resulting in a malignant tumor process [41]. Therefore, 
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studying the mechanisms, which initiate apoptosis is extremely important 
to stop carcinogenesis. Studies showed that there is a correlation between 
improved chemotherapy results and reduced BCL-2 expression [42].  
Furthermore, our results showed that small concentrations of OXA encap-
sulated in a nanoparticulate DDS induced apoptosis at the same way as 
when the free OXA is used in higher concentrations. The use of drugs in 
the system lead to lower side effects and reduction in drug resistance 
rates, since the drug will be released into the system only at the tumor site 
[22, 43].

Apoptosis induction was investigated in our study to prove that our DDS 
increased the efficiency of free drug in the treatment of CRC. The data 
show low expression of the anti-apoptotic molecule BCL-2, and greater 
expression of caspase 3, FADD and APAF-1. This proves there is greater 
induction of the extrinsic and intrinsic pathways of apoptosis in tumor 
cells when treated with DDS containing OXA compared to the free drug. 
However, further investigations need to be done in the future in order to 
understand which apoptosis pathway is triggered the most.

In addition to all of the antitumor activity described, synergy activity was 
observed when RA and OXA were internalized together in nanoparticles. 
There was an improvement in the antitumor activity of OXA, showing the 
occurrence of synergy between them. Previous studies have shown that 
RA induces apoptosis, thus corroborating the data presented in this study 
[44, 45].

All the findings of this study together with data from the literature 
endorse the importance of studying the area of DDSs in order to improve 
the existing treatment for CRC.

Objective 3: Proving the efficiency of the target by increasing the 
binding and internalization of the nanoparticles in the cancer cell

Since the targets of many therapeutic agents are usually located in 
intracellular compartments, superficial modulation of NPs is necessary to 
facilitate their binding and internalization by target cells. A detailed study 
of the interactions between NPs and target cells is relevant to enable 
efficient cell adsorption or endocytosis across the plasma membrane 
[46]. Targeted therapies are ideal to be used as DDS, since its therapeutic 
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content will only be released at the tumor site [47]. Therefore, the function-
alization of NPs in such a way that they directly interact with cancer cells is 
crucial to assess the effects of NPs and their toxicity.

Cancer cells demand an intense biosynthesis of CHO and an abundant 
supply of reduced folate (the main functional form of FA), for there to 
be intense neoplastic proliferation [48, 49]. The metabolic dependence 
of CHO and FA cancer cells is related to the construction of new plasma 
membranes and use for nucleotide biosynthesis, respectively, which are 
indispensable for maintaining cell growth. Such nutritional requirements 
of the tumor are reflected by the increased attraction and endocytosis of 
molecules, such as CHO and FA [48-51].

The drugs in the present study were delivered through active targeting, in 
which CHO (Chapter 2 and 3) or FA (Chapter 4) was added to the surface of 
the NPs. All functionalized NPs showed a higher internalization or binding 
rate. They also had greater antitumor activity when compared to nanopar-
ticles without active targeting. CHO is a widely explored targeting moiety 
for DDSs for cancer, and our data confirm the results of other studies 
which indicate the contributory role of CHOL in the internalization of 
DDDs through endocytosis [52, 53]. Better internalization directly reflects 
greater availability of the drug in the cell interior, leading to maximization 
of the antitumor effect of the drug [54, 55].

The successful delivery of functionalized systems was also achieved when 
FA was used as a targeting moiety. Thus, two techniques were studied in 
our DDS: binding and uptake through the fluorescence analysis of the 
dye added inside the nanoparticles. We chose to use FA because CRC 
cells show an overexpression of FA receptors, which makes FA a promising 
targeting moiety for this type of cancer [56]. In these studies, we observed 
an improved internalization of the DDSs. Both the binding of the DDSs 
at the surface receptors and their internalization inside the cell were 
confirmed by an increase of the fluorescence signal of the incorporated 
dye as well as the fluorescence signal obtained from immunocytochem-
istry [56]. The fluorescence signal for nanoparticles without the targeting 
moiety was weaker than the fluorescence signal of the targeted nanopar-
ticles. These data, together with the increase in cell death, confirm that 
functionalized NPs are more efficient than the free drug. [57].
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The increased delivery efficiency of OXA and CVDL to the tumor site by 
DDSs functionalized with CHO and FA resulted in reduced proliferation 
and increased tumor cell mortality rates, demonstrating the therapeutic 
importance of these systems.

Objective 4: Modulating tumour progression when using treatment with 
nanoparticulate systems

Tumor progression includes mechanisms which involve genetic, 
biochemical and phenotypic changes used by neoplastic cells to grow, 
proliferate, survive, invade and metastasize [58, 59]. By acquiring the ability 
to survive, cancer cells in the TME gain new characteristics of escape from 
the immune system as well as apoptosis, which results in failed response 
to drugs [58, 59]. 

For the in vivo studies of this thesis related to tumor progression, we 
subcutaneously inoculated CT-26 cells into the right flank of Balb/c mice 
[60]. This cell line originates from fibroblasts and is an undifferentiated 
strain of colon carcinoma induced by N-nitrous-N-methylurethane 
(NNMU). To obtain these cells, the CT-26 WT strain was transduced with 
the retroviral vector LXSN, which contained the lacZ gene and encoded 
the tumor-associated model antigen (TAA) as well as beta-galactosidase 
(beta-gal) to generate the lethal CT-26 subclone gene [61]. A lethal tumor 
rapidly develops when the CT-26 cell line is inoculated subcutaneously 
in Balb/c mice. This results in a rapidly growing grade IV carcinoma, 
which is easily implanted and promptly metastasizes. Therefore, these 
characteristics were the reason for choosing this strain for our study, this 
strain is one of the most used in drug development, as it shares molecular 
characteristics with aggressive, undifferentiated and refractory cells of 
human colorectal carcinomas [62]. After the inoculation of CT-26 cells, we 
expected the tumor volume to reach 3-4 mm. The animals were randomly 
divided into four groups based on the treatment received: saline, free 
OXA, NP-OXA and NP-OXA functionalized. [60]. Subsequently, NPs were 
peritumorally injected to treat the mice. This treatment route was chosen 
because the regions adjacent to the tumor ensured complete absorption 
of the formulation by the tumor, avoiding losses by metabolism in the 
liver and losses due to kidney clearance. In addition, the route was chosen 
because the molecules and cells of the immune system were similar to 
the tumor mass. Previous studies have shown responses to treatments 
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using this route [63-65]. Other studies quantitatively analyzed the tumor 
and its surroundings in order to obtain relevant data regarding the 
biological characteristics of the cancer and the probability of response to 
targeted therapy [66]. Information on the peritumoral immune response 
could be used to predict the impact on the intratumoral environment. 
Treatment via the peritumoral environment can predict the safety of 
DDDs, like the ones used in this thesis [63]. However, this administration 
route of the NPs could become a limitation for a clinical application, since 
in general systemic administration routes are used to administer drugs, 
since metastases are not often located superficially and are in most cases 
disseminated all over the body. Therefore, it is necessary to develop studies 
where the administration route of NPs is systematic so that our formu-
lations can be translated to clinical settings. Future studies are required, 
which analyze the interaction of NPs with barriers in the human body that 
will be faced after systemic administration.

Our in vivo study covered the following topics: a) inflammation, b) survival 
and proliferation, c) apoptosis, d) drug resistance and e) metastasis. Next, 
we will point out the main conclusion of each subitem.

a.	 Inflammation

Tumors are known as “wounds that do not heal” (Hal Dvorak, 1986), due 
to the immunosuppressive characteristics of the TME [67]. The onset 
of CRC progression is triggered by persistent chronic inflammation, 
passing through stages, which include the formation of aberrant 
polyps, adenomas and carcinomas. Subsequent mutations activate 
signaling pathways and pro-inflammatory transcription factors, 
promoting the release of inflammatory cytokines [68-70]. The immune 
system plays a crucial role in gastrointestinal tract health, intervening 
during infections. However, the recurrence of the presence of pro-in-
flammatory molecules at the site causes damage to the intestinal 
mucosa, which leads to tumor progression [68-70].

Based on the results found in Chapter 2, it was possible to observe 
a reduction in the global leukocyte count in the peritonitis model 
induced from treatment with nanocomposites containing CVDL and 
CHO. Thus, the treatment proved to be efficient in reducing the inflam-
matory response present in peritonitis. In addition, reduced levels of 
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malondialdehyde (MDA), glutathione peroxidase (GSH) and leukocyte 
migration were observed. It does not only reduce inflammation, but 
also reduces oxidative stress.

MDA is an indicator of the presence of oxidative stress, since MDA is 
the final product of lipid peroxidation. MDA levels in cancer patients 
are higher compared to individuals without cancer [71]. While, the 
GSH marker is an antioxidant enzyme, which eliminates reactive 
species under physiological conditions. The glutathione metabolism 
is disrupted in cancer, promoting tumor progression and therapeutic 
resistance, because the genes involved in using GSH are controlled by 
classic tumorigenic pathways, such as the hypoxia-inducible factor 1 
(HIF1) pathway that activates GSH synthesis in a hypoxic situation and 
shows a greater amount of stem cells in the tumor tissue after chemo-
therapy in breast cancer [72, 73].

Oxidative stress occurs when ROS levels replace antioxidant defense 
mechanisms. Many studies have demonstrated a correlation between 
tumor progression and oxidative stress, since excess ROS can cause 
damage to genomic and mitochondrial DNA. This results in damage 
to DNA, mutation of several molecules and also changes in signaling 
pathways, promoting tumor initiation and progression [74, 75]. 
Therefore, the use of an anti-inflammatory drug encapsulated in NPs 
can decrease the oxidative stress of the tumor, thus preventing tumor 
progression [76-78].

b.	 Survival and proliferation

The recurrence and persistence of inflammation at the same location in 
the intestine leads to cellular neoformations, and therefore changes in 
the immune system cell phenotype pattern in the TME. Such a change 
leads to loss of immune surveillance over the excessive proliferation of 
neoplastic cells, which induces tumor growth [79]. Survival and prolifer-
ation markers, such as SURVIVIN and Ki-67, respectively, were measured 
in the tumor mass (Chapters 3 and 4), and their reduced expression 
was observed during treatment of human CRC cell lines with our DDSs. 
SURVIVIN and Ki-67  are described in literature as overexpressed in 
cancer, promoting activation of the cell cycle and inhibiting apoptosis 
in cancer cells [80, 81]. We hypothesized that the groups of animals 
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used for our in vivo studies treated with our DDSs show a reduction 
in tumor weight and a decline in tumor growth, when compared 
to treatment groups treated with free OXA. The hypothesis was 
confirmed, since a reduction in proliferation markers and an induction 
of apoptosis was observed.

c.	 Apoptosis

Cancer cells acquire the ability to overcome programmed cell death, 
activating anti-apoptotic machinery molecules and inhibiting 
pro-apoptotic molecules [82]. The escape mechanisms used by 
the cells can contemplate deregulation in both the intrinsic and 
extrinsic pathways [83]. As the avoidance of apoptosis by cancer cells 
is a major problem, apoptosis activation plays an important role in 
the treatment of cancer [84]. In analyzing our results, it was possible 
to verify the reduction of BCL-2 as an anti-apoptotic marker, and 
the increase in caspase-3 and caspase-8 as pro-apoptotic markers, 
including an increase of intrinsic (APAF-1) and extrinsic (Fas, FADD) 
pathway markers. RA can molecularly interact with nuclear receptors 
(heterodimers of the retinoic acid receptor and the retinoid X receptor), 
which can inhibit cell cycle-promoting proteins, such as p27, and 
can activate regulatory proteins in the cell cycle, such as Cdk5 [85]. 
Thus, RA as part of the nanosystem can lead to growth inhibition and 
apoptosis in tumor cells [86, 87]. The results of Chapter 3 indicate the 
effectiveness of the treatment with our DDS, in which cell death was 
induced either by direct action of RA, which promotes the regulations 
of proteins in the apoptotic pathway, or by indirect action stimulated by 
targeted nanoparticles containing FA and CHO, which favors binding, 
internalization and containment of the drug [45, 56]. The activation of 
apoptosis by the nanoparticulate complex was the objective outlined 
and achieved by the studies performed in Chapter 3.

d.	 Drug resistance

The tolerance to drugs developed in cancer can originate from 
mutations in DNA and metabolic alterations that promote inhibition, 

Objective 4: Modulating tumour progression when using treatment with 
nanoparticulate systems
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degradation or efflux of the drug. In drug resistant cells, the mecha-
nisms used by chemotherapeutics are modified in such a way that 
changes in the drug’s target are generated, which activates pro-survival 
pathways and render cell death induction approaches unusable [88, 
89]. 

The multiple resistance gene (MDR-1) is amplified in the drug 
resistance process developed by tumor cells [90-92]. In the results 
obtained by the Chapter 3 and 4 it was possible to visualize reduced 
expression of the MDR-1 gene when treatment using nanoparticulate 
systems was compared with treatment with free OXA. When such 
results are associated with reduced SURVIVIN labeling after treatment, 
attenuation of drug resistance is observed along with the consequent 
inhibition of neoplastic cell survival. This indicates greater susceptibility 
of the cells to the treatment with OXA encapsulated with PLGA, FA 
or CHOL, and RA. This increases the therapeutic potential through 
modulating MDR, which confirms the efficiency of the target system by 
promoting the endocytosis of the DDS [93-96].

In addition, some recent studies demonstrate there is a direct 
correlation between the epithelial-mesenchymal transition (EMT) 
process and drug resistance. EMT is a process present in tumor 
progression, whereby epithelial cells can convert into a mesenchymal 
phenotype. This transition can culminate in metastasis, generating 
tumor cells with stem cell properties that play an important role in 
resistance to cancer treatment [97]. Thus, by reversing the tumor’s 
drug resistance, it would be possible to hamper the EMT process, delay 
metastases, and therefore improve patients’ prognosis [98, 99].

e.	 Metastasis

Invasiveness, migration and metastasis are inherent characteristics to 
tumor progression, directly related to tumor aggressiveness [100]. The 
metastatic cascade involves tumor cells detaching from the primary 
tumor, entering into the circulatory and lymphatic systems, preventing 
the immune attack, and finally reaching distant capillary vessels, 
invading and proliferating in distant organs [101, 102].

According to the results obtained of our study described in Chapter 
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Objective 4: Modulating tumour progression when using treatment with 
nanoparticulate systems

3 and 4, there was a reduction in the expression of C-X-C chemokine 
receptor type 4 (CXCR4) and monocyte-derived chemokine (CCL22) in 
the tumor after treatments with NP-OXA functionalized with CHOL and 
RA. Furthermore, in our CRC xenograft in vivo model, the treatments 
with NP-OXA and FA only demonstrated the relevant expression 
reduction profile for CCL22 when compared to the control groups in in 
vivo experiment. The results showed that the targeted nanoconjugates 
were able to control inflammatory cytokines in the TME and were able 
to suppress tumor progression [103, 104].

Tumor progression is composed of a series of interrelated steps, 
sequential or not, which lead to tumor extension and tumor spread. 
Many authors study tumor metastatic potential and report the associ-
ation with prognosis; they highlight the importance of developing new 
treatment strategies, which can prevent or control this process [105, 
106].

Following this line of research, it was extremely important to analyze 
the action of nanoconjugates functioning as possible proliferation and 
survival blockers, activators of apoptosis, inhibitors of drug resistance, 
and finally inhibitors of the metastatic cascade [107, 108]. All of these 
behavioral responses observed in neoplastic cells occurred due to the 
successful encapsulation of drugs in nanoparticulate systems, resulting 
in improved internalization. This approach has increased the effec-
tiveness of treatment for CRC when drugs are encapsulated in PLGA 
systems. [109-111].
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FUTURE PERSPECTIVES

In the past decades, important advances have been made in the use of 
nanomedicine to improve cancer treatment. A variety of methods have 
been applied to design efficient DDSs, to improve the efficacy of the drug, 
decrease its associated side effects, and counteract drug resistance. 

To take the next steps forward, future experiments should be conducted in 
order to formulate nanoparticulate systems with smaller sizes with regard 
to the NPs studied in Chapter 3 and with greater encapsulation efficiency 
with regard to the NPs studied in Chapters 3 and 4. Better pharmacoki-
netics can be achieved by obtaining NPs with more suitable sizes, and 
consequently fewer toxic effects.

The results obtained with the target moiety FA showed great potential, 
but additional studies should be carried out using free FA to evaluate the 
competition between free FA and bound FA, which is located on the NP 
surface. It is important to study this competition in order to strengthen 
our hypothesis.

The use of another animal model may also add more value to this research 
and answer questions, which have not been answered herein, such as 
microscopic analysis of animal organs in order to search for possible 
metastases in the treated and control groups. The use of specific markers 
will be useful to identify the intracellular pathway(s) activated during the 
treatment with DDSs.

In addition, the use of 3D solid tumor models can be a promising 
approach in the search for more information, regarding tumor growth, 
differentiation, cell structure and the TME. Studies focused on organoids 
seek to create a 3D culture which can approach in vivo conditions in order 
to obtain relevant results similar to the human physiology. Furthermore, 
orthotopic animal models could be used, which are based on tumor cell 
line implants or tumor cell xenografts derived from patients, in order to 
create a situation which is very close to human physiology.
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Het gebruik van moderne technologie komt het nanogeneeskundig 
onderzoek steeds meer ten goede. Deze technieken maken het mogelijk 
om nanostructuren dusdanig te aan te passen, dat ze de gewenste farma-
cokinetische en farmacodynamische eigenschappen bezitten die gunstig 
zijn voor de behandeling van verschillende ziekten, zoals kanker. Voor de 
effectieve behandeling van kanker is het belangrijk om de heterogeniteit 
van primaire tumoren in acht te nemen. Tumorheterogeniteit bevordert 
de overleving van tumorweefsel en zorgt ervoor dat dit minder gevoelig 
is voor de werking van medicijnen, waardoor bijvoorbeeld behandelingen 
met chemotherapie minder goed aanslaan. De bijwerkingen van de 
huidige chemotherapieën zijn met name te wijten aan de manier 
waarop de chemotherapeutica worden opgenomen, afgebroken en 
uitgescheiden, alsook de niet doelgerichte afgifte van de medicijndeeltjes. 
Het algemene doel van dit proefschrift was het inkapselen van carvedilol 
of oxaliplatin in doelgerichte PLGA nanodeeltjes. Hierbij zijn in vitro en 
in vivo experimenten uitgevoerd zijn om de biologische activiteit te 
testen om een indruk te krijgen of de nanodeeltjes effectief zijn tegen 
colorectale kanker. Hiertoe zijn verschillende afgiftesystemen gemaakt 
en gekarakteriseerd om een beeld te krijgen van de grootte, de vorm, de 
hoeveelheid ingekapselde medicijndeeltjes en de zeta spanning. Omdat 
er een samenhang is tussen chronische en terugkerende ontsteking en 
het verloop van colorectale kanker, hebben wij de ontsteking onderzocht 
(Hoofdstuk 2). Met in vitro experimenten, waarbij we bijvoorbeeld keken 
naar celoverleving en celdood, hebben wij onderzocht in welke mate de 
afgiftesystemen toxisch zijn voor tumorcellen. In hoofdstuk 3 en 4 hebben 
wij onderzocht of nanodeeltjes die met CHO en FA zijn gekoppeld, ook 
doelgericht CT-26 colorectaal kankercellen kunnen targeten.  
Ten slotte stonden in hoofdstuk 3 en 4  dierstudies met apoptose, behan-
delresistentie en metastases centraal. De belangrijkste resultaten van dit 
onderzoek zijn samengevat in het eerste deel van dit proefschrift, welk als 
een algemeen overzicht fungeert. Daarnaast worden factoren besproken 
die mogelijk van invloed geweest waren op de onderzoeksresultaten.  
In het tweede gedeelte gaan wij alleen in op de plannen voor verder 
onderzoek. 
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O campo da nanomedicina está em constante aperfeiçoamento devido ao 
uso de técnicas modernas. Com essas técnicas, são formuladas nanoestru-
turas com farmacocinética e farmacodinâmica adequadas para o 
tratamento de várias doenças, incluindo o câncer. É importante considerar 
a heterogeneidade dos tumores primários para que o tratamento do 
câncer seja eficaz. A heterogeneidade do tumor favorece a sobrevivência 
do tecido tumoral e a resistência aos medicamentos, levando à falha 
dos agentes quimioterápicos em induzir uma resposta terapêutica. 
Além disso, os mecanismos de absorção, metabolismo e excreção dos 
quimioterápicos, comumente utilizados em pacientes com câncer, e a 
falta de direcionamento específico desses medicamentos podem causar 

PORTUGUESE
SUMMARY
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efeitos adversos nos pacientes tratados. Assim, o objetivo geral desta 
tese é investigar a atividade biológica de nanopartículas (NPs) poli (ácido 
lático-co-glicólico) (PLGA) como um sistema de distribuição de drogas 
(DDS) para carvedilol (CVDL) ou oxaliplatina (OXA), in vitro e in vivo, para 
tratar o câncer colorretal (CRC). Os DDSs foram formulados para atingir 
esse objetivo. Posteriormente, as formulações foram caracterizadas a fim 
de se obter informações sobre seu tamanho, forma, taxa de encapsulação 
e potencial zeta. Como resultado comum desta tese, todas as formulações 
apresentaram forma esférica e superfície lisa. Estudos de inflamação 
foram realizados, uma vez que a progressão do CCR está relacionada 
à indução de um processo inflamatório crônico e recorrente (Capítulo 
2). No Capítulo 2, nanopartículas funcionalizadas com colesterol (CHO) 
diminuíram a migração de leucócitos quando comparadas com CVDL 
livre quando usadas na mesma concentração. Além disso, as nanoformu-
lações apresentaram atividades semelhantes quando utilizadas em doses 
menores que o CVDL, em maior concentração, em relação aos níveis de 
malondialdeído (MDA) e glutationa (GSH). Estudos in vitro, como análise 
de viabilidade celular e morte celular, foram realizados para analisar a 
atividade antitumoral dos sistemas (Capítulos 2, 3 e 4). Os resultados 
in vitro mostraram que o polímero PLGA é atóxico e que o uso de NPs 
aumentou a eficácia do medicamento contra células tumorais. Testes 
para avaliar a eficiência do direcionamento dos NPs por meio de CHO ou 
ácido fólico (FA) foram realizados para comprovar que há um aumento 
na eficiência do direcionamento dos sistemas para células CRC murinas 
CT-26 (Capítulos 3 e 4). Esses testes mostraram que NPs direcionados se 
ligam à superfície da célula e internalizam na célula em maior quantidade 
do que NPs sem o alvo. Finalmente, modelos animais foram desenvolvidos 
para estudar apoptose e resistência a drogas, bem como metástases 
(Capítulos 3 e 4). Os resultados de um estudo em animais confirmaram 
nossos resultados in vitro, mostrando que o uso de NPs reduziu o volume 
do tumor e atuou na modulação do tumor. Nos capítulos 2, 3 e 4, nossos 
estudos foram discutidos em detalhes sobre as formulações e caracter-
izações de NPs como DDSs com características ideais para aumentar a 
gama terapêutica de drogas no local do tumor. Bem como a avaliação 
biológica desses DDS quando sua atividade antiinflamatória (Capítulo 2) 
e sua atividade antitumoral in vitro (Capítulos 2, 3 e 4) e in vivo (Capítulos 
3 e 4). Tomados em conjunto, todos os DDSs estudados nesta tese foram 
capazes de melhorar a eficiência quimioterapêutica das drogas estudadas 
nos Capítulos 2, 3 e 4.
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ACE		  Acetone
ACE		  Apoptosis-inducing factor
AFM		  Atomic force microscopy
AP		  Aqueous Phase
APAF-1		 Anti-apoptotic protease activating factor 1
ASGP		  Asialoglycoprotein
ATR-FTIR	 Transform infrared spectroscopy
AuNPs		 Gold NPs
BBB		  Blood-brain barrier
BTB		  Blood-tumor barrier
BSA		  Bovine serum albumin
CAP		  Capecitabine
CCL22		  Chemokine ligand 22 of the C-C motif
CHOL/CHO	 Cholesterol
CRC		  Colorectal cancer
CT		  Threshold cycle
CVDL		  Carvedilol 
CXCR4		 C-X-C chemokine receptor type 4
DAPI		  Diamidino-2-phenylindole; 4,6-diamidino-2-phenylindole
DCM		  Dichloromethane
DDS		  Drug delivery systems
DISC		  Death-inducing signaling complex
DMEM		 Dulbecco’s modified eagle medium
DMSO		 Dimethyl sulfoxide
DNA		  Deoxyribonucleic acid
DOX		  Doxorubicin
DSL		  Dynamic light scattered
EDTA		  Ethylenediamine tetraacetic acid
EE		  Encapsulation efficiency 
EGFR		  Epidermal growth factor receptor
EMA		  European Medicines Agency
EMT		  Epithelial-mesenchymal transition
EPR		  Enhanced Permeation and Retention
FA		  Folic Acid
FAAD		  Fas-associated death domain protein
FBS		  Fetal bovine serum
FDA		  Food and Drug Administration
FITC		  Fluorescein isothiocyanate
GSH		  Glutathione
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HA		  Hyaluronic acid
HRP		  Haptoglobin Related Protein
IAP		  Apoptosis inhibitor proteins
IHC		  Immunohistochemistry
IRI		  Irinotecan
LAS X 		  Leica Application Suite X
MDA		  Malondialdehyde
MDR-1		  Multidrug resistance protein 1
MOMP		 Mitochondrial outer membrane permeabilization
MPS		  Mononuclear phagocyte system
mRNA		 Messenger ribonucleic acids
MSNs		  Mesoporous silica NPs
MTS		  [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- 
		  (4-sulfophenyl)-2H-tetrazolium, inner salt]
mV		  Millivolt
NADPH	 Nicotinamide adenine dinucleotide phosphate?
NF-kb		  Factor nuclear kappa B
NHS		  N-hydroxysuccinimide
NIR		  Near infrared 780 dye
Nm		  Nanometer
NPs		  Nanoparticles
OXA		  Oxaliplatin
PAA		  Polyacrylic acid
PBS		  Phosphate-buffered saline
PCL		  Poly-ε-caprolactone
PDI		  Polydispersity Index
PEG		  Polymeric polyethylene glycol
PLA		  Polymers polylactic acid
PLGA		  Poly (D, L-lactide-co-glycolide)
PTX		  Paclitaxel
PVA		  Polyvinyl alcohol
PVP		  Polyvinyl pyrrolidone
qPCR		  Real-time quantitative polymerase chain reaction
RA		  Retinoic acid
RAR		  Retinoic acid receptor
RES		  Reticuloendothelial system
RNA		  Ribonucleic acid
RNI		  Reactive nitrogen intermediates
ROS		  Reactive oxygen species
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RP-HPLC	 Reversed-phase high-performance liquid chromatography
RT-PCR	 Reverse transcription polymerase chain reaction
RXR		  Retinoid X receptor
SMAC		  Second mitochondria-derived activator of caspases
SD		  Standard deviation
STAT-3		 Signal transducers and activatores of transcription
TCA		  Trichloroacetic acid
TEA		  Triethylamine
TEM		  Transmission electron microscopy
TGF-β		  Transforming growth factor beta
TMA		  Tissue microarray
TME		  Tumor microenvironment
TNF		  Tumor necrosis factor
VEGF		  Vascular endothelial growth factor
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