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Introduction 
 
The term nanotechnology was first used in 1974 by Norio Taniguchi to define the production of 
structures around 1 nm in size [1]. Nowadays, nanotechnology represents the science and 
engineering involved in the development, characterization and application of functionalized 
materials and devices with dimensions of about 1 nm to 100 nm [1-3]. The practical applications of 
nanotechnology contemplate several areas such as communications, engineering, physics, 
chemistry, biology, robotics, medicine and food [4-10].  
In medical sciences nanotechnology offers new therapeutic opportunities which contribute to the 
advancement of human health by improving medical care or discovering new alternatives for 
treatments [11-14]. The use of nanotechnology on pharmaceuticals has been responsible for the 
development of intelligent drug delivery devices designed to become more efficient and minimize 
toxic effects [11, 15-20]. The advantages of the drug delivery systems over the conventional dosage 
forms allows better protection of the drug against oxidation, hydrolysis, pH variations; potential 
drug targeting towards the desired sites of action (e.g. tumors, diseased tissues) through the use of 
signaling molecules such as antibodies, peptides, and polysaccharides, or by using biomaterials that 
directly respond to different pathophysiological conditions, increased bioavailability and cellular 
uptake, reduced number of doses and the amount of drug administered, sustained and prolonged 
drug release, lower fluctuations of the drug plasma concentration, maintenance of constant 
therapeutic concentration, minimization of toxic and subtherapeutic drug levels, and also better 
patient adherence to drug therapy with reduction of costs in health care [21-31].  
Pharmaceutical nanotechnology plays a key role in the optimization of drug therapy in various 
diseases, especially cancer, as it can improve physicochemical, release rate, pharmacokinetics, 
biologic and therapeutic properties of drugs as compared to conventional cancer therapy, which 
eventually minimizes the unintended cytotoxic effects on healthy tissues. Additionally, enhances 
drug efficacy and patient compliance by providing drug levels within the optimum range over a 
longer period [17, 31-35]. However, some negative factors have been appointed, such as high cost 
and difficulty of scaling up processes [13, 31, 36, 37]. 
 
 

Nanotechnology-Based Drug Delivery Systems Applied to Cancer 
Treatment 
 
Advances in cancer nanotherapies have been made in order to solve problems related to the 
limited tumor-targeting ability of drugs, intolerable toxicity of most anti-cancer agents due to high 
dose requirements and multidrug resistance. All these factors contribute to low success rates of 
conventional cancer therapies, where pharmaceutical nanotechnology represents a promising 
strategy to increase the safety and efficacy of cancer treatments [31, 38-41]. Moreover, according 
to World Health Organization (WHO) report, cancer is responsible for about 13% of all deaths 
worldwide and it was appointed as second most common cause of disease-related deaths in 
humans [40]. 
In recent years, the successful progress of drug delivery systems applied to cancer treatment has 
resulted in a better understanding of cancer biology (e. g. microenvironment, signal pathways and 
metastasis) and the discovering of strategies on delivering drugs encapsulated in nanostructures by 
using passive and bioactive targeting nanoparticles (Figure 10.1) [37, 42, 43].  
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FIGURE 10.1  
Characteristics of passive and active targeting mechanisms for nanoparticles delivery at the specific tumor 
tissue.  Source: by author adapted from Aydin, 2014 [42]. 
 
Nanovehicles applied to cancer therapy may have a preferred distribution towards tumor cells 
through mechanisms of passive and active targeting. In the passive targeting mechanism, the 
typical anatomical and functional differences between the normal and tumor vasculature, 
combined with the lack of effective lymphatic drainage on tumor site, allow a selective 
accumulation of drug carries at the tumor tissue. This process is known as enhanced permeability 
and retention (EPR) effect [43]. 
The effective accumulation of nanocarries at the tumor site has been influenced by other factors 
such as the sizes of the inter-endothelial gap junctions and the trans-endothelial channels for 
extravasation of nanoparticles across tumor tissue (about 200 nm to 400 nm), as well the 
circulation time, tumor size, degree of tumor vascularization and angiogenesis [37]. 
In passive targeting a better understanding of the tumor biology such as the EPR effect, is 
fundamental in order to improve the effectiveness of nanomedicines applied to cancer 
management. Studies have shown that the size, shape, nature and surface charge of the 
nanoparticles directly influence their circulation time along with the distribution extent into tumor 
tissue [42, 44].  
The particle size is an important parameter in low permeability tumors where nanoparticles with 
less than 50 nm in diameter are shown to be more easily accumulated in the tissue. In addition, 
elongated nanostructures such as nanotubes and nanorods induces strong diffusion into tumors. In 
other hand, nanoparticles with no surface charge can diffuse deeper in the tumoral interstitium, 
although its access to the tumor endothelium become hindered. The presence of hydrophilic 
polymers such as polyethylene glycol (PEG) and methacrylamide (HPMA) on the surface of the 
nanoparticles also induce the EPR effect [44]. 
A longer circulation time is required for nanostructures which can be achieved by modification 
approaches such as the stealth nanoparticles that besides increasing the blood circulation time, 
increasing the selective accumulation of carries at the tumor site [45]. The most usual modifications 
occur with the hydrophilic polymer polyethylene glycol (PEG) due to its poor immunogenicity, 
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antigenicity and non-toxicity. PEG can be grafted, conjugated or absorbed on the nanoparticle 
surfaces providing chemical steric stabilization favoring protection against mononuclear phagocytic 
system uptake [46]. However, there are some drawbacks related to passive targeting carriers such 
as insufficient drug concentration delivered to the tumor site and multiple drug resistance (MDR), 
which correspond to the cancer cells resistance for multiple different drugs due to the 
overexpression of transporter P-glycoprotein (P-gp) on the surface of these cells [47]. 
Nowadays, studies have shown that bioactive targeting nanoparticles are more advantageous than 
the passive ones. For the active targeting specific interactions occurs between receptors on the 
tumor tissue and a ligand or a biomarker on the nanocarrier, which includes monoclonal 
antibodies, peptides, antibody fragments, and small molecules that favors a preferred 
accumulation. Thus, the advantage of the active targeting nanoparticles is the specific recognition 
of receptors that are uniquely expressed on certain cancer cells contributing to a selective delivery 
of cytotoxic drug to the targeted cancer cells, while expose minimal toxicity to healthy cells [48].  
 

 
 

FIGURE 10.2  
Different types of nanoparticulate systems used as carriers for several anticancer drugs.  
Source: by author. 
 
Therefore, the choice of ligand conjugated to the surface of the nanosystem is a crucial step to 
define the effectiveness of these devices in the cancer treatment. Effective ligand-surface 
interaction depends on factors such as the nature of the surface of the nanosystem (organic or 
inorganic), the type of chemical bond (covalent or ionic) and if the ligand-surface interaction took 
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place before or after the nanosystem formation. Characteristics such as density, spatial orientation 
and electrostatic charge of the ligand influence the cellular uptake, since there is a cooperative 
effect saturation equilibrium between the ligand and the receptor site on the tumor cell, in which a 
promoter, competitive or deleterious effect can occur from this interaction [44]. 
Significant progress in cancer nanotechnology has been achieved through the development of 
several carriers, such as polymeric nanoparticles, micelles, conjugates, solid lipid nanoparticles, 
liposomes, immunoliposomes, polymersomes, dendrimers, carbon nanotubes, inorganic and 
metallic nanoparticles, quantum dots and exosomes (Figure 10.2) all containing various anticancer 
molecules (e.g. drugs, proteins, nucleic acids, genes and other) [31, 33, 49-53]. Table 10.1 specify 
some examples of drug release systems applied to cancer therapy. 
 
TABLE 10.1  
Examples of drug release systems applied to cancer therapy. 

System 
(Product name / Status) 

 
Description Composition 

Polymeric nanoparticles 
(Livitag/ Clinic studies Phase III 

) 

Colloidal particles measuring        
10 nm to1000 nm 

[54] 

Polyisohexylcryano-acrylate 
containing doxorubicin [55] 

Liposomes 
(Lipoplatin/ Clinic studies 

Phase III ) 

Spherical vesicles based on 
lipid bilayers 

[56] 

Pegylated liposomes with 
cisplatin 

[57] 

Solid lipid nanoparticles 
(In vitro studies) 

Submicron particles based on 
solid lipid monolayers at body 

or room temperature 
[58] 

Paclitaxel 
[59] 

Polymersomes 
(In vitro studies) 

Spherical vesicles based on 
bilayer polymers 

[14] 

Paclitaxel and doxorubicin 
[60] 

 
Dendrimers 

(Preclinical studies) 

Macromolecules with 
symmetrical structure based on 

polymers [58] 

Folic acid-modified 
dendrimer-doxorubicin [61] 
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Carbon nanotubes 
(Preclinical studies) 

Tubular hydrophobic networks 
of carbon atoms with diameter 

1 nm to 4 nm  
[62] 

Cisplatin and 
epidermal growth factor (EGF) 
conjugated to the sidewall of 

single-walled nanotubes 
(SWNTs) 

[63] 

Exosomes 
(In vivo studies) 

Nano-sized membrane vesicles 
(30 nm to100 nm) that are 

shed from living cells 
[64] 

 
Cyclophosphamide and 

polyinosinic-polycytidylic 
[65] 

Graphene oxide 
(In vitro studies) 

Oxidation derivative of 
graphene 

[66] 

PEG-Paclitaxel 
[53] 

Source: by author. 
 
According to online research conducted with the keywords “nanotechnology” and “cancer” on the 
Web of Science database from January/2015 to January/2016, the polymeric, inorganic and 
magnetic systems were the most prevalent types of nanoparticles that have been investigated 
(Figure 10.3A), where they have been mainly applied to breast, liver, brain and pancreas cancers, 
even though other cancer-types such as lung, gastric, cervical, ovarian, prostate and colorectal 
cancers (Figure 10.3B). 
 

 
 
FIGURE 10.3  
Main types of nanoparticles (A) that have been mostly investigated for the treatment of different cancers (B) 
according to research conducted on the Web of Science database from Jan/2015 to Jan/2016. Source: by 
author. 



Applications and Industrialisation of Nanotechnology  269     

As depicted on Table 10.1, among the several drug delivery systems applied to cancer treatment, 
the liposomes and polymeric nanoparticles stand out for clinical requirements by Food and Drug 
Administration. PLD, DOXIL or Caelyx (pegylated liposomal doxorubicin) and Abraxane (paclitaxel 
protein-bound particles) are considered the first-line treatments for various types of cancer [31, 33, 
38, 52]. For instance, non-pegylated liposomal doxorubicin (NPLD; Myocet) and liposomal 
daunorubicin (DaunoXome) are clinically approved. In addition, polymeric nanoparticles of 
paclitaxel (Genexol-PM), which is composed of PEG and poly-(D,L-lactic acid) (PLGA) block 
copolymers, has been approved for the treatment of breast and lung cancers (Table 1).  
The biodistribution profile of nanosystems can be modulated by passive and active targeting 
strategies. Highlighting an example of passive targeting nanostructure available on market, Doxil is 
the one approved (in 1995) to treat SIDA-related Kaposi’s sarcoma, ovarian cancer, and other 
cancer-types. CALAA-01 is an example of siRNA-containing active targeting system using human 
transferrin (Tf) as the target ligand of melanoma cells [53]. 
The choice of the route administration as well the type of nanocarrier may also influence the 
distribution of these systems in the body. Studies have shown that intravenous administration of 
liposomes and solid lipidic nanoparticles led to distribution preferentially to the liver followed to 
the lungs. On the other hand, a greater selectivity for the lung cancer therapy can be achieved 
through administration of nanosystems by inhalation [67]. 
Emerging research in engineering advanced delivery systems has also been developed in order to 
achieve successful cancer treatments, in which nanosystem-type and its coating, size, surface 
charge and shape, have been performed with the purpose of improving treatment outcomes. For 
instance, polymer-based nanomaterials such as polyurethane coated polycaprolactone (PCL) 
nanofibers containing the drug cyclopamine have been used to move tumors along a different path 
towards a chosen destination [68]. Gold and iron oxide inorganic nanoparticles enhanced drug 
delivery capabilities as a result of heating by infrared light and using magnetic fields, respectively 
[54]. 
In this scenario, carbon based materials such as carbon nanotubes and graphene have been 
investigated as carriers for antitumor drugs, showing promising results due to its high surface area 
and ability to be used in photothermal therapies. Rod shaped nanoparticles conjugated with the 
targeting antibody trastuzumab showed higher specific uptake by breast cancer cell lines in 
comparison to spherical nanoparticles. Nanoscale carries with hydrodynamic diameter beyond 200 
nm are taken up preferentially by macrophages and reticuloendothelial system due to blood 
opsonization process [69]. In addition, the uptake of neutral or positively charged nanoparticles by 
macrophages/lymphocytes is drastically lower than that of the negatively charged nanoparticles 
[70]. 
 
 

Nanotechnological Improvement of Naturally Derived Drugs in the 
Treatment of Cancer 
 
Historically, the potential uses of natural products as a source of anticancer agents is 
unquestionable. Natural products as anticancer agents can be classified by the chemical structure 
of its molecules, and can be categorized in vitamins, carotenoids, alkaloids, selenium derivatives, 
organosulfurs, fatty acids, polyphenols and flavonoids (incluing chalcones, flavones, quercetin, 
resveratrol, curcumin, genistein) compounds class. Indeed, more than 400 anticancer agents from 
African flora have been investigated, covering three major classes: flavonoids, alkaloids and 
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terpenoids. Among the flavonoids are quercetin, catechin and apigenin. Erythralinekaousine and 
trans-fagaramide are the most commonly studied alkaloids, whereas lupeol, α-amyrin and englerin 
A are the main terpenoids [33, 71-78]. 
The natural products applied to the cancer can be also classified by its origin: natural, synthetic or 
semisynthetic. According Newman and Cragg, the 206 anticancer drugs approved worldwide (1940s 
to 12/31/2010) were obtained by biological (13%); natural product (13%); derived from a natural 
product and is usually a semisynthetic modification (28%); totally synthetic drug (21%); made by 
total synthesis, but the pharmacophore is/ was from a natural product (10%), among other [79]. 
Previously, on cancer area over the time frame from 1946 to 1980, of the 75 small molecules, 40% 
or 53.3%, are natural product (NP) or derived from a natural product (NPD). In the 1981 to date 
time frame the equivalent figures for the NP compounds of the 185 small molecules are 62% or 
33.5%, though to these can be added the 58 totally synthetic drug and 64.9% made by total 
synthesis, but the pharmacophore is/ was from a natural product [80]. Although combinatorial 
chemistry techniques have succeeded as methods of optimizing structures and are successfully 
applied in the optimization of many recently approved anticancer agents, from which only two new 
combinatorial compounds were approved as drugs in this 39 years (and one of it should be 
speculative). Though there is also one drug that was developed by using the “fragment-binding 
methodology”, approved in 2012. Newman and Cragg, also consider a significant number of natural 
product drugs/leads produced by microbes and/or microbial interactions which indeed, should be 
expanded significantly [80]. 
Anticancer agents derived from natural products are obtained from different sources which may be 
also directly or indirectly associated with its millennial and popular use. Comprehensively, the usual 
classification of plant-derived anticancer agents is based on four classes: 1) vinca alkaloids 
(vinblastin, vincristine and vindesine), 2) epipodophyllotoxins (etoposide and teniposides), 3) 
texanes (paclitaxel and docetaxel), and 4) camptothecin (camptothecin and irinotecan) [33, 79-84]. 
The nanotechnology applied to natural products has been focused on the development of 
anticancer agents with both chemotherapeutic and chemopreventive effects. Natural 
nanochemopreventive drugs are usually used during carcinogenesis (i.e., initiation, promotion and 
progression of the tumor) and proved to be effective in reducing cell proliferation or inducing 
apoptosis in human cancer cells, while nanochemotherapeutic agents directly affect the cancerous 
cells [81]. 
The concept of chemoprevention was proposed in 1970 and referred to the prevention of cancer 
using naturally occurring compounds or analogs compounds, in which experimental carcinogenesis 
models have been used to investigate their efficacy in a stage-specific manner. Resveratrol, 
selenium, vitamins A, C, D and E, organosulfurs, and curcumin become as chemopreventive agents, 
and could be used in the prophylaxis of cancer, as well in combination with chemotherapeutic 
agents for treating several cancer-types [85, 86].  
The chemopreventive agents can be delivered in food-derived products, while the 
chemotherapeutic ones are classified as controlled use drugs due to their serious side effects, 
although they are considered as having tolerable toxicity, especially when the risk-benefit ratio 
associated with cancer therapy is taken into account [87].  
Highlighting some examples to the side effects associated with chemotherapeutic natural 
compounds: i) etoposide caused pain through a continuous IV infusion; ii) myelosuppression, 
diarrhea and mucositis were related to 5-fluorouracil; iii) hypersensitivity reactions, nephrotoxicity 
and neurotoxicity were associated to paclitaxel [88]; and iv) doxorubicin is another important 
anticancer drug which has been extensively used in major organs carcinoma (e.g., breast, stomach, 
lung, ovary, and bladder) and soft tissue sarcoma. Nevertheless, the severe cardiotoxicity 
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associated with DOX limits its clinical applications [89]. Meanwhile, nanotechnology minimize the 
toxicity and enhance the chemotherapy efficacy, and also improve some of the properties of 
bioactive molecules (synthetic or isolated from natural sources) in terms of bioavailability, 
pharmacokinetic and biodistribution. In addition, nanotechnology has been used to enhance the 
selectivity of chemopreventive agents towards tumor cells. For instance, resveratrol and 
epigallocatechin gallate (EGCG) encapsulated into solid lipid nanoparticles and polymer-based 
nanoparticles, showed selective delivered to tumor cells, reducing the overall toxicity [89-92]. 
Other naturally derived anticancer drugs, such as paclitaxel, doxorubicin, 5-fluorouracil, curcumin 
and diospyrin have been incorporated in nanoparticulate systems with promising results [80, 87, 
89, 90-94].  
Paclitaxel (Taxol®) is a potent anticancer agent from natural source that has shown to be effective 
against leukemia and a number of solid tumors including breast, lung, ovary, gastric, brain, and 
prostate cancer. The use of nanotechnology applied to the new clinically validated formulation of 
Paclitaxel protein (albumin)-bound nanoparticles (Abraxane®) was able to reduce the side effects 
associated with cremophor EL, which was the solvent of choice for these preparations [87]. 
Various nanosystems have been developed as strategies to minimize the toxicity and to enhance 
the chemotherapy efficacy of doxorubicin (DOX). For instance, polymeric micelles based on 
alginate-g-poly(N-iso-propylacrylamide) (PNIPAAm) in which DOX-loaded micelles accumulated 
selectively in a tumor-bearing mouse model acting as a passive target [90]. Magnetic gold 
nanoparticles (MGNPs) functionalized with thiol-terminated polyethylene glycol (PEG) was applied 
to incorporate DOX, aiming at to reduce its random distribution on various tissues and also its 
related side effects [91], with significant results. Doxorubicin-loaded cisplatin crosslinked 
polysaccharide-based nanoparticles (Dex-SA-DOX-CDDP) was developed by using the principles of 
selective biodistribution and release. The results showed that the Dex-SA-DOX-CDDP nanoparticles 
were more effective than non-entrapped DOX in colorectal carcinoma and metastasis of mammary 
carcinoma at different in vivo models [92]. 
5-Fluorouracil is an anticancer drug that has been extensively used in the treatment of some of the 
most frequently occurring malignant tumors such as breast, colon, and skin cancer. However, this 
drug exhibits a high toxicity and low tumor affinity, which decreases its effectiveness and 
contributes to the appearance of severe side effects [94]. In order to overcome these problems, 5-
fluorouracil was incorporated in polymeric nanoparticles [95, 96] liposomes [97, 98] and solid lipid 
nanoparticles [99]. Trans-ferrin-coupled liposomes have been used to enhance the brain uptake of 
5-fluorouracil. The in vivo studies showed the selective uptake of the trans-ferrin-coupled 
liposomes from the brain capillary endothelial cells, in which a 10-fold increase in the brain uptake 
of the drug was observed after liposomal delivery against a 17-fold increase in that with the 
transferrin-coupled liposomes compared with that of free-drug [97].  
According to Thomas et al. [98], 5-fluorouracil tends to be poorly retained in the aqueous 
compartment of liposomes. These authors overcame this problem by developing liposomes based 
on a ternary complex comprising copper, low molecular weight polyethylenimine and 5-
fluorouracil. Plasma concentrations of 5-fluorouracil were 7- to 23-fold higher when the drug was 
administered intravenously to mice as ternary complex, when compared with the non-load 5-
fluorouracil (free-drug). In addition, the therapeutic effects of the ternary formulation, as 
determined in a HT-29 subcutaneous colorectal cancer model, showed to be greater than that 
achieved to the free-drug administered at equivalent doses [98]. 
5-Fluorouracil has been incorporated into chitosan nanoparticles for controlled release, in which a 
fast release during the first hour followed by a slow drug release during a 24 h period was observed 
[95]. In other hand, a promising drug delivery system developed by using nanoparticles formed 
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with hydrophobic core polymer and triblock copolymers Poly(DL-lactic acid), Poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) copolymer (PLA/PEG-PPG-PEG) and 
Poly(D,L-lactide–co-glycolide)/Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) copolymer (PLGA/PEG-PPG-PEG), had sizes ranging from 145 nm to 198 nm, 
favor the formation of passive targeting against tumor cells due to the enhanced permeability and 
retention effect. These nanoparticles could release up to 94.4% of 5-fluorouracil at the end of 72 h 
and their low cell viability values indicated a much lower toxicity of the encapsulated 5-fluorouracil, 
when compared with the free- drug [96]. 
Curcumin (diferuloylmethane) a low-molecular-weight polyphenol, extracted from the perennial 
herb Curcuma longa (known as turmeric), showed to able on suppress the proliferation of a wide 
variety of tumor cells [100, 101]. Although, shows promising potential as a natural antitumor agent, 
its poor aqueous solubility is a barrier for a reasonable bioavailability and clinical efficacy. So, its 
encapsulation in alginate-chitosan-pluronic composite nanoparticles proved to be an efficient 
alternative to improve the dissolution of this lipophilic drug. The curcumin-composite nanoparticles 

showed to be nontoxic to HeLa cells at a concentration of 50 g/mL [102]. In another study, 
curcumin was encapsulated in liposomes for intravenous administration. The results showed a 
potent NF-kB inhibitory activity that was associated to the antiproliferative and proapoptotic 
effects. So, the liposomal curcumin successfully inhibited pancreatic cell growth in murine 
xenograft models. Moreover, this study evidenced the potent anti-angiogenic response of 
liposomal curcumin with no sign of toxicity, even when maximal volumes of curcumin-composite 
nanoparticles were administered to mice [103].  
Diospyrin (bis-naphthoquinonoid) is a plant-derived compound that has emerged as a potential 
molecule for development of anticancer drugs. However, diospyrin showed significant cytotoxic 
due to its ability to generate reactive oxygen species and to induce apoptosis in human cancer cell 
lines [104]. Hazra et al. (2005) demonstrated that the liposomal encapsulation of diospyrin was able 
to enhance its antitumor activity against mice bearing Ehrlich ascites carcinoma in comparison with 
the non-encapsulated drug [105]. The liver is the main organ affected by Ehrlich ascites carcinoma 
and therefore, the liver function enzymes were used in this study to evaluate liver tissue damage. 
The results showed that the glycolytic and liver enzymes were restored to near normal levels in the 
mice treated with diospyrin encapsulated in liposomes. 
Similarly, Siripong at al. [106] using nanotechnology to improve the bioavailability of a medicinal 
plant called Rhinacanthus nasutus Kurz (Acanthaceae), showed the herbal antitumor effectiveness. 
Indeed, its encapsulation into liposomes enabled its injection in BALB/c mice, and showed strong 
antiproliferative activity against HeLaS3 cells, suppressing the solid tumor growth in Meth-A 
sarcoma at the dose of 5.0 mg/kg/d for 10 days.  
Crocus sativus L., commonly known as saffron, is a raw material extracted from the red gold spice 
that has been largely used in folk medicine. In vivo studies have shown the antitumor and cancer 
preventive properties of saffron, where it has been demonstrated to have significant anticancer 
activity in skin, breast, lung, pancreatic and leukemic cells [107]. Vijayakumar et al. [108] reported 
the biosynthesis of gold nanoparticles using the leaf extract of saffron through a clean, non-toxic 
and environmentally friendly route (green chemistry). The authors could successfully produce 
monodispersed spherical and triangular gold nanoparticles with dimensions ranging from 11 nm to 
20 nm. Besides its antitumor activity, saffron was able to stabilize the gold nanoparticles.    
The natural compounds trans-dehydrocrotonin and usnic acid as isolated natural molecules, should 
be new potential natural products for cancer therapies, from which nanoencapsulations have been 
used to improve their anticancer activities [17, 33, 109]. 
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Trans-dehydrocrotonin as a potential anticancer natural product 
 
The diterpene trans-dehydrocrotonin (Figure 10.4) is a natural drug isolated from the stem barks of 
Croton cajucara Benth (Euphorbiaceae) [33, 71- 74]. This vegetal species represents a medical 
source of great importance in the Brazilian Amazon region and because of its foremost 
pharmacological results become recommended by the Brazilian Unified Health System (SUS). 

 
 
FIGURE 10.4 
Molecular structure of trans-dehydrocrotonin as the major compound isolated from the stem barks of Croton 
cajucara Benth. Source: by author. 

 
An extensive phytopharmacological research of C. cajucara revealed that its stem barks showed to 
be a rich source of diterpene clerodane-type compounds, being the 19-nor-clerodane trans-
dehydrocrotonin (DCTN) the major isolated constituent. Among the minor compounds, the 
triterpene acetyl aleuritolic acid (AAA) and the other furano-clerodane-type diterpenes: trans-
crotonin (CTN), trans-cajucarin B (t-CJC-B), cis-cajucarin B (c-CJC-B), trans-cajucarin A (CJC-A), and 
iso-sacacarin, and also two butenolide-clerodane-type diterpenes cajucarinolide (CJCR) and iso-
cajucarinolide (ICJCR) (Figure 10.5). These compounds proved to be biological effective against 
several diseases [74, 110-112]. 
The clerodanes DCTN as well as CTN (natural and semi-synthetic), t-CJC-B, c-CJC-B, CJC-A, CJCR, and 
iso-CJCR were studied for their effects against human K562 leukemia and ascitic Ehrlich carcinoma 
cells [112]. The inhibitory effects on the cell growth were dose dependent on Ehrlich carcinoma 

cells assays with IC50 values of 166 M for DCTN, 164 M for CTN, 65 M for CJCR and 10 M for 

ICJCR. The flavonoid quercetin (44 M) was used as positive control, where the tested clerodanes 
(DCTN and ICJCR) were the lowest citotoxic agents. Both natural and semisynthetic clerodanes 

showed significant cytotoxic activity against human K562 leukemia cells with IC50  of  38 M (t-CJC-

B), 33 M (t-CJC-A), 36 M (CJCR) and 43 M (ICJCR) [112]. 
The therapeutic action of C. cajucara is largely correlated with the bioactive clerodane t-DCTN [74, 
113] which has the following pharmacological activities: hypoglycemic [114, 115], hypolipidemic 
[116-117], antigenotoxic [118, 119], antiulcerogenic [120-122], anti-inflammatory and 
antinociceptive [123-125], antiestrogen [126], cardiovascular [127] and antitumor [128]. The use of 
Croton cajucara in the popular medicine has been based not only on its pharmacological 
properties, but upon a medicinal history of safe use of this plant. On the other hand, during the 
1990s, several cases of toxic hepatitis correlated to this plant were notified in public hospitals 
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around the North region of Brazil. This disease has been associated with the abusive use (large 
quantities and prolonged treatments) of its leaf and stem bark [72-74]. 
 

 
FIGURE 10.5 
Molecular structures of minor compounds isolated from the stem barks of Croton cajucara Benth. Source: by 
author. 
 
Aspects related to cytotoxicity and toxicity of DCTN must be considered in the development of a 
DCTN-drug release system. Therefore, cytotoxicity of this bioactive compound has been evaluated 
by parameters such as cell morphology changes, measurements of cell viability and inhibition of 
cellular metabolism as well as through IC50 values. In this context, several tumor cell lines have 
been studied: fibroblastic lung cells of Chinese hamsters (V79) [129-131], rat hepatocytes [130, 
131], Ehrlich tumor cells [112, 128], Escherichia coli [128], and promyelocytic leukemic cells (HL60 
and K562) [112, 132, 133]. 
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The clerodane DCTN produced changes in ascitic Ehrlich carcinoma cells with IC50 of 16 mM [112, 
128] as well as in Chinese hamster lung fibroblast cells (V79) at concentrations of 80 to 400 mM 
with IC50 of 240 mM [129-131]; in leukemic promyelocytic cells (HL60) inducing apoptosis; in human 
blood mononuclear cells causing low toxicity [112, 132, 133] and in rat hepatocytes with selective 
toxicity after subchronic treatment with 8 mM [130, 131].  
The antigenotoxicity and antimutagenic activities of DCTN have been reported. Indeed, Santos et 
al. [134, 135] observed the absence of mutagenicity of the stem bark methanolic extract of C. 
cajucara (ME-CC) in bone marrow cells of Swiss albino mice. Moreover, Agner et al. [118, 119] 
investigated the mutagenic effect of DCTN in Swiss mice (under acute treatments, via gavage and 
intraperitoneal route). The performed assays showed that DCTN does not present any mutagenic 
effect. Encouraged by these results and considering the wide use of Croton cajucara in the 
traditional medicine on the Amazon region of Brazil, Agner et al. [119] and Santos et al. [134] 
evaluated the chemoprotective activity of both ME-CC and DCTN, respectively, correlating the 
results with cyclophosfamide, a cytotoxic chemotherapeutic agent with known DNA alkylation 
action. The animals underwent a subchronic treatment with the ME-CC extract (312.5, 625.0 and 
1,250.0 mg/kg) for 4 consecutive weeks. This extract diluted in DMSO or water was administered to 
the animals via gavage an hour before the administration of cyclophosfamide (150 mg/kg; via 
intraperitoneal). The results revealed that the animals treated with the lowest extract 
concentration (312.5 mg/kg) showed a significant reduction in the micronuclei cell frequency on 
the last two weeks of treatment. On the other hand, at higher concentrations (625 and 1,250.0 
mg/kg) ME-CC extract revealed a protective effect during the entire period of treatment, with a 
significant reduction of micronuclei cell frequency induced by the cyclophosfamide. 
The cyclophosfamide effect of DCTN was evaluated in bone marrow cells of Swiss mice, using 
chromosome and micronucleus aberration tests. The animals underwent intraperitoneal treatment 
or gavage injection with a concomitant use of DCTN and cyclophosfamide. For animals treated via 
gavage, the 25% dose of the LD50 showed antimutagenic effect in relation to cyclofosfamide. In the 
two types of cytogenetic tests (intraperitoneal or gavage administration) DCTN at 50% and 75% 
doses of the LD50, reduced the genotoxicity due to cyclophosphamide. These above described 
results confirmed both DCTN and the ME-CC as antimutagenic agents in blood and bone marrow 
cells [119, 134-136].  
The clastogenic, apoptotic and cytotoxic effects of DCTN have been investigated in vitro 
experimental model. The results showed that this drug is not clastogenic or cytotoxic and that it 
does not induce apoptosis [136]. 
Decreased cytotoxicity of DCTN was observed in V79 cells and hepatocyte culture when DCTN was 
complexed with β-cyclodextrin [130]. On the other hand, in subacute toxicity studies (35 days), 
DCTN was administered daily through the oral route (25, 50 and 100 mg/kg) causing a reduction in 
the plasma levels of alkaline phosphate and cholesterol, as well as histopathological changes in the 
liver (cloudy swelling, microvacuolar degeneration and nuclear changes) [121]. Indeed, at higher 
doses, a significant increase in liver weight and in the levels of gamma-glutamyl transpeptidase 
(female rats) was observed.  
Acute toxicity studies (14 days) of DCTN in male Swiss mice through oral (125, 250, 500, 750 and 
1000 mg/Kg) and intraperitoneal routes (25, 31, 62.5, 125, 250 and 500 mg/kg) demonstrated the 
low toxicity of this compound, with a DL50 value of 876 mg/kg (12 h) and 47.2 mg/kg (14 days) for 
both routes of administration [129]. Meanwhile, acute toxicity studies (72 h) of DCTN through oral 
route revealed no toxic symptoms in the central nervous system, such as stereotyping, ataxia, and 
convulsions. Its DL50 was found to be 555 mg/kg, as determined in mice through oral route [122].  
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Nonetheless, nanotechnology has been successfully applied to incorporate DCTN into polymeric 
nanoparticles functionalized with L-ascorbic acid 6-stearate (AAS) using active-targeting pathway 
towards HL60 tumoral cells. The DCTN-loaded into target nanoparticles showed a more effective 
antitumoral activity when compared to free-DCTN [137].  
In another study DCTN was encapsulated into liposomes, where an enhancement of its antitumor 
activity, together with a reduced hepatotoxicity effect, were observed. In this study it was 
investigated the formation of the inclusion complexes of DCTN with hydropropyl-β-cyclodextrin 
(HP-β-CD), with further encapsulation on liposomal carriers. The anticancer activity of the 
liposomes formulations was evaluated against Sarcoma 180-bering mice, with histopathological 
and hematological analysis. Animals treated with both DCTN-loaded lipossomes and DCTN-HP-β-
CD-loaded lipossomes had a substantial increase in the efficacy of tumor treatment in comparison 
with the non-entrapped drug (free-DCTN), resulting in tumor inhibitions of 79.4 ± 9.6% and 63.5 ± 
5.5%, respectively. Moreover, no significant hematological toxicity and only a little decrease of 
plaque levels were observed using lipossomal formulation containing DCTN [17, 138].   
The complexation of DCTN with HP-β-CD also led to an increase in the drug aqueous solubility 
which enhanced its entrapment efficiency in the aqueous phase of liposomes [139]. It was 
evidenced that the toxicity of DCTN was reduced when complexed with β-cyclodextrin (β-CD) [138]. 
In other study, DCTN loaded into PLGA enhanced its hypoglycemiant effect [140]. It was found that 
the bioactive trans-dehydrocrotonin (DCTN) loaded into a colloidal nanosystem for oral use, was 
patented for immunomodulatory therapeutic process associated with its hypolipidemic and 
hypoglycemic effects [141]. 
 
Usnic acid as a potential anticancer natural product 
 
Usnic acid (Figure 10.6) is a dibenzofuran derivative exclusively found in lichens in genera such as 
Alectoria, Cladonia, Usnea, Lecanora, Ramalina and Evernia [142]. Usnic acid has shown promising 
anticancer properties, as well as several other pharmacological activities such as antimicrobial 
against human and plant pathogens, antiviral, antiprotozoal, anti-inflammatory and analgesic. 
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FIGURE 10.6 
Molecular structure of (+)-(9b-R)- and (-)-(9b-S)-usnic acid. Source: by author. 
 
The antitumour activity of usnic acid was first reported in 1975 against Lewis lung carcinoma [143]. 
This drug showed to be a non-genotoxic antineoplastic agent with a p53-independent mechanism. 
Among several lichen constituents, the (+)-usnic acid enantiomer exhibited the highest antitumour 
effect induced by Epstein–Barr virus when compared to the (-)-usnic acid enantiomer [144]. On a 
study performed with a fat-burner called lipokinetix containing usnic acid, the data showed a 
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reduction in the ATP production on liver and cell mitochondria in cancer cells, inhibiting the cell 
proliferation [145]. Additionally, usnic acid and another typical secondary metabolite of lichens 
(parietin, atranorin and gyrophoric acid) were applied towards different human cancer cell lines 
(A2780, HeLa, MCF-7, SK-BR-3, HT-29, HCT-116 p53+/+, HCT-116 p53_/_,HL-60 and Jurkat). The data 
showed that usnic acid was the most efficient at equitoxic doses and correlated more strongly with 
an increased number of floating cells or a higher apoptotic index and accumulation of cells in S-
phase [146]. It was found that usnic acid is an activator of programmed cell death by inducing a 
massive loss in the mitochondrial membrane potential and phosphatidylserine externalization in 
two tested cell lines (A2780 and HT-29 cells) [147]. Regarding to its toxicity in humans, it has been 
demonstrated that usnic acid has unwanted dermatological effects such as: local irritation and 
allergic contact dermatitis, whereas in other animal’s toxic effects were observed at high doses, 
with i.v. LD50 doses of 25 mg/kg in mice, 30 mg/kg in rats and rabbits, and 40 mg/kg in dogs [148].  
 Although showing promising results as a natural antitumor drug, usnic acid has a poor solubility in 
water [149] and some hepatotoxicity [150], which have limited its therapeutic use. So, 
nanotechnology has been applied as an alternative to reduce hepatotoxicity and improve its 
antitumour activity, by encapsulation into PLGA nanoparticles. The antitumor activity of load-usnic 
acid nanoparticles was carried out on an ascitic tumor (Sarcoma 180) in Swiss mice, where the 
encapsulated usnic acid produced a 26.4% increase in tumor inhibition when compared with the 
non-encapsulated drug. Moreover, no histological changes were observed in the kidneys or spleen 
of animals treated with either free-usnic acid or loaded-usnic acid nanoparticles [151]. 
 
 

Bioactive Natural Products in the Treatment of Oral Cancer and its 
Technological Improvement 
 
The multidisciplinary approach of the natural compounds represents an important field of study, 
enabling the development of novel therapeutic alternatives for cancer treatments [79, 80, 152]. 
Retinoic acid, green tea polyphenols, curcumin, resveratrol and lycopene are few examples of 
bioactive natural products that have shown potential applications for treating head and neck 
cancers [153]. Head and neck squamous cell carcinoma (HNSCC) have high levels of morbidity and 
mortality and causes nearly 550,000 deaths worldwide per year [154]. Most HNSCC tumors are 
diagnosed in late stages of development, presenting nonspecific symptoms. The current treatment 
options available are surgery, radiotherapy and chemotherapy, isolated or in combination, 
depending on the disease stage. However, these treatments have significant side effects, functional 
impairment and unfavorable cosmetic results [155, 156]. In addition, such therapies are not 
completely effective and do not improve the prognosis of some HNSCC patients [157, 158]. 
Therefore, the need for new treatment strategies with fewer side effects for HNSCC tumors is 
evident and the use of nanotechnology represents an obvious alternative. 
 
 

Head and Neck Squamous Cell Carcinoma (HNSCC) 

 
Epidemiology 
 
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide, 
including primary tumors derived from the epithelial lining of the oral cavity mucous membranes, 
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pharynx and larynx [154]. About 30,000 deaths caused by HNSCC have been reported in the US in 
2015 [155]. More than 90% of head and neck cancers are squamous cell carcinomas (SCC). In the 
oral cavity, most tumors often affect the ventrolateral surface of the tongue, the floor of the mouth 
and the soft palate [156].  
Although the mechanisms of pathogenesis and the molecular biology of tumors are better 
understood nowadays, and several new prognostic markers have been identified in the last decade, 
five-years-survival rate of patients affected by HNSCC has not changed accordingly, which is still 
around 50% [157, 158]. The HNSCC diagnosed in stage III and IV has the worst prognosis [159, 160]. 
The longer the time between diagnosis and the beginning of treatment the smaller the survival of 
patients. Delay of treatment has been a serious problem that doctors, and health care policy 
makers have to tackle [160].  
The major risk factors of HNSCC are tobacco smoking, alcohol consumption and environmental 
exposures. Carcinogenesis of head and neck is associated with formation of DNA adducts by 
numerous chemical compounds already identified in tobacco smoke [161-164]. Additionally, HPV 
and EBV infection are emerging as causative factors of oropharynx and esophagus carcinomas [165, 
166]. HPV-positive tumors have a better prognosis than HPV-negative tumors, although the same 
treatment protocol is still suggested for both tumors [167].  
 
Etiology of HNSCC  
 
Oral carcinogenesis is a complex multifocal process that comprises the malignant transformation of 
epithelial cells. The properties of these cells include proliferation, cornification, and apoptosis, and 
these events are fundamental for homeostasis of oral mucosa [168]. In the basal layer, cells have a 
better proliferation capacity, whereas in the upper layers the cells acquire differentiation capacity 
(cornification) and at the end of the differentiation process, the cells suffer apoptosis [169, 170]. 
Several cancers and many systemic diseases are related with tobacco smoking, including epithelial 
tumors of respiratory system and oral mucosa [171-173]. Other risk factors include alcohol 
consumption, immune deficiency and family history of squamous cells carcinoma (SCC) [174, 175]. 
Tobacco use causes alterations in genetic material and is associated with malignant phenotype 
acquisition, where the major genetic alterations in the epithelial cells are mutations in apoptosis 
[176, 177], migration [178] and gene invasion [179]. The p53 mutation is commonly known in 
epithelial tumors, including in oral SCC [180].  
A group of compounds, produced while tobacco is smoked and from the constituents of the 
environmental pollutants, is denominated polycyclic aromatic hydrocarbons and shows relevant 
carcinogenic activity in keratinocytes and other epithelial cells [181]. Despite the current 
knowledge about the effects of chemical compounds of tobacco in oral carcinogenesis, the effects 
of nicotine in human epithelial cells remain less explored. However, Michcik et al. [182] studied the 
effects of nicotine in epithelial cells of smokers and nonsmokers, and concluded that keratinocytes 
from former subjects showed fewer cells with early and late apoptotic features than those of latter 
ones, but no effect on the oral keratinocyte cell cycle. These alterations occur due to DNA adducts 
formation in genetic material of the cells. Covalent adducts of DNA initiate the process of oral 
carcinogenesis in epithelial cells [183, 184]. This critical event contributes to DNA instability and 
genes mutation, which results in cells with invasive phenotype [185]. 

 
Current therapy for HNSCC 
 
Currently, the treatment options for primary and secondary HNSCC tumors are surgery, 
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radiotherapy and/or chemotherapy [186, 187]. In a recent meta-analysis, the benefits of 
chemotherapy in terms of the overall survival on HNSCC cases were reviewed [188-190]. All current 
treatment options result in significant side effects, where these complications affect the quality of 
life of most patients [191, 192]. The main side effects of chemotherapy are listed in Table 10.2. The 
use of Cisplatin/Carboplatin alone or in combination with 5-fluorouracil, methotrexate, or paclitaxel 
may result in tumor size control and prevention of distant metastases. However, the increased risk 
of myocardial ischemia and infarction with the use of these combinations have limit its clinical 
application [193-195, 189]. Substantial toxicity of chemotherapy drugs has been reported as cause 
of delays and cessation of cancer treatment [191, 196]. 
Increasing doses or combining drugs treatments not necessarily end up with better results, 
especially in advanced stages of the disease [177, 178]. The understanding of deregulated signaling 
pathways in carcinogenesis and in HNSCC tumor development may lead to therapies with fewer 
side effects and targeted molecular therapies. 
 
TABLE 10.2  
Treatments options for HNSCC tumours and its side effects. 

Treatment Side effects Reference 

Surgery Taste and smell disorders, Breathing and 
hearing difficulties, Impairment of the 
oral function and appearance, Poor 
diet/nutrition 

[197-199] 

Chemotherapy: Platinum agents 
(Cisplatin/Carboplatin) 

Nephrotoxicity, ototoxicity 
Neurotoxicity, myelosuppression 
Nausea, vomiting, 
Electrolyte disturbances 

[200-202] 

Chemotherapy: 5-Flurouracil Cardiac toxicity 
Nausea, vomiting, ulcers 
Myelosuppression, 
Thrombophlebitis, 
dermatologic disorders (rash) 

[200-202] 
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Chemotherapy: Taxanes 
Paclitaxel/Docetaxel 

Hypotension, EKG changes 
Gastrointestinal mucositis, nausea, 
vomiting, neutropenia, leukopenia, 
thrombocytopenia, neurotoxicity, 
Hepatotoxicity 

[200-202] 

Chemotherapy: Cetuximab Infusion reaction, acneiform rash, 
pruritus, abdominal pain, constipation, 
diarrhea, nausea, vomiting, dyspnea, 
cough, Neuromuscular weakness 

[203-206] 

Radiotherapy Mucositis, oral candidiasis, loss of taste 
and xerostomia, osteoradionecrosis, 
salivary glands, oral mucosa, bone, 
dentition, masticatory muscles and 
temporomandibular joints damage 

[197, 207, 208] 

Source: by author. 
 
These therapies have targeted important pathways regulated by epidermal growth factor receptor 
(EGFR) and vascular endothelial growth factor (VEGF) [209-214]. Developing new chemotherapy 
drugs derived from medicinal plants or others biomolecules with similar efficacy but less toxicity 
should be a priority for future research. 
 
Chemotherapy and chemopreventive effects of natural compounds in HNSCC  
 
The term “cancer chemoprevention” has been used for description of the use of natural or 
synthetic substances to reverse, suppress or prevent the initiation, promotion, or progression of 
cancer. The cancer chemoprevention has benefited from technological advances in several areas 
[214, 215]. However, the use of natural compounds in cancer therapy has not developed 
significantly, especially in HNSCC [216, 217]. Several medicinal plants and natural compounds have 
been suggested as chemotherapy and chemopreventive agents and although the number of studies 
in HNSCC is small, they have shown to be effective and to show fewer side effects when compared 
with the conventional chemotherapy drugs. Examples of naturally occurring compounds studied in 
HNSCC include retinoids, green tea polyphenols, curcumin, resveratrol, lycopene and luteolin, 
where the most satisfactory results have been obtained with the use of retinoids and curcumin 
[171]. 
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The first reports of natural compounds used to prevent and/or treat HNSCC include 13-cis-retinoic 
acid (13-cRA) or iso-treonin, which is an analog of vitamin A [218, 219]. Retinoic acid is a natural 
compound that regulates the cell proliferation, differentiation and apoptosis process [220, 221]. 
Hong et al. [218] reported that the use of 13-cRA is effective in the treatment of oral leukoplakia 
and others premalignancies. However, subsequent trials demonstrated no significant improvement 
in survival for HNSCC patients who were at high risk of recurrence when treated with low or high 
doses of isotretinoin for up to 3 years [214, 219, 222, 223]. 
Some clinical trials and in vitro or in vivo studies evaluated the effects of 13-cRA in increasing the 
survival of HNSCC patients. 103 HNSCC patients, who were disease-free at the time of enrollment, 
were treated with 13-cRA for the prevention of Second Primary Tumors (SPTs). Reduction of SPTs 
recurrence was observed in patients who used 13-cRA [219, 222]. Other phase III clinical trial 
evaluated the effect of low dose 13-cRA (30 mg/day for 3 years) in early stage of HNSCC patients. 
The authors concluded that low-doses of isotretinoin were not effective in reducing the rate of 
second primary tumor development, as well as death and smoking-related diseases, when 
compared with the placebo group [223]. Other study performed by Lee et al. (2011) [224] identified 
9,465 single nucleotide polymorphisms including RXRA (retinoid X receptor), JAK2 (Janus kinase 2), 
and CDC25C (cell division cycle 25 homolog C phosphatase) associated with HNSCC patients at high 
risk of SPT/recurrence. These authors also predicted a favorable response to 13-cRA, depending on 
the genotype of the patient. They concluded that biomarkers could be used to select patients who 
would be in the most need for 13-cRA chemoprevention, as well as the ones who would best 
respond to the use of this compound. 
Most biocompounds derived from natural products shows poor oral bioavailability, which limits its 
clinical applications. For instance, 13-cRA is extensively metabolized by cytochrome P450s in the 
liver, which reduces its bioavailability especially when administered by oral route. To overcome 
such limitation, Park et al. [225] developed microspheres containing both 13-cRA and celecoxib, 
which were designed to treat 4-NQO-induced oral carcinogenesis. The authors stated that the use 
of celecoxib could maintain the 13-cRA plasma concentration at higher levels while reducing its 
metabolism by preventing inflammatory responses, thereby improving their chemopreventive 
effects against 4-nitroquinolone-1-oxide (4-NQO)-induced oral carcinogenesis [225]. 
The PI3K/Akt/mTOR signaling pathway plays a key role in many processes of cancer cell 
proliferation. It also regulates cell survival processes, initiation and maintenance of the malignant 
phenotype. Since it has been shown to be altered in several types of cancer, it may represent a 
novel therapeutic target [226-229]. Some carcinogens are associated with loss of function of the 
tumor suppressor PTEN and PI3K, Akt mutation [230-235]. Thus, activation of the PI3K/Akt/mTOR 
pathway has been associated with resistance to conventional cancer treatment and poor prognosis 
in some cancers [230, 236]. High levels of p-Akt expression in HNSCC patients may contribute to 
tumor growth, regional lymph nodes metastasis and shorter survival time [234, 237, 238]. 
Curcuma longa is a perennial plant of the Zingiberacae (ginger) family and is native to Southeast 
Asia. Curcumin is a hydrophobic polyphenol isolated from rhizomes of this plant [239]. Several 
studies have demonstrated that curcumin use is associated with cytotoxicity, reduced 
inflammation, antioxidant effect, immunomodulation, anti-angiogenic effect, cytokine release and 
apoptosis [240-243], turning it into a promising therapeutic agent for HNSCC treatment. In vitro 
studies showed that curcumin inhibits the NF-kB pathway in various oral squamous cell carcinoma 
lines. Moreover, curcumin treatment has shown to suppress the growth and survival of these cell 
lines, as well as to downregulate several molecular targets including COX-2, HER2, EGFR, Akt and 
VEGF [244, 245]. Although curcumin has shown clear beneficial effects in some in vitro studies, it is 
not suitable for clinical use due to its rapid metabolism in the liver and intestinal wall [246]. Despite 
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its beneficial use in patients with colorectal cancer through oral route, the treatment resulted in 
low bioavailability [247]. Nanotechnology-based drug delivery systems may optimize the 
bioavailability of curcumin and improve cancer treatment. 
In HNSCC treatment, curcumin has demonstrated in vitro and in vivo growth suppressive effects 
using nude mouse xenograft models [248]. However, most of its bioactive compounds are lipophilic 
and showed low aqueous solubility, resulting in low bioavailability when administered orally, 
therefore, justifying the use of nanotechnology as an effective way to improve the 
chemotherapeutic effect of these compounds.  
Wang et al. [248] evaluated the effect of intravenous liposomal curcumin in mouse xenograft 
tumors of the oral cancer cell lines CAL27 and UM-SCC-1. Three groups were used: xenograft 
mouse tumors with no treatment, treatment with non-loaded liposomes and treatment with 
curcumin encapsulated liposomes. 3.5 weeks of treatment with i.v. liposomal curcumin was able to 
suppress the tumors growth, where no sign of toxicity was observed upon autopsy. 
Immunohistochemical analysis of tumor samples revealed decreased expression of cyclin D1, 
cyclooxygenase-2, matrix metalloproteinase-9, Bcl-2, Bcl-xL, Mcl-1L, and Mcl-1S in liposomal 
curcumin-treated tumors, indicating its effects on the NF-kappaB pathway.  
4-NQO administration is a carcinogenesis model based in formation of DNA adducts and has been 
applicated for upper aerodigestive tract cancer promotion, simulating effects of tobacco in 
keratinocytes. Is a very efficient method for evaluating the compounds therapeutic effect or 
chemopreventive in HNSCC [226]. 
In addition, Clark et al. [249] have demonstrated the chemopreventive effects of curcumin in 
HNSCC, where the administration of 15 mg of this compound significantly increased the survival 
rate (286 ± 37 vs. 350 days) in the 4NQO carcinogenic model survival study. The authors have 
attributed the effects of curcumin on carcinogenesis suppression to the inhibition of the AKT/mTOR 
pathway, as indicated in the analysis of treated and untreated tumor cell extracts, associated with a 
significant decrease in MMP-9. 
 
Nanotechnology and treatment of HNSCC 
 
Despite recent advances in multidisciplinary applications in the nanotechnology field, its use in 
HNSCC has been concentrated in novel methods of laboratory-based diagnostics, such as 
development of biosensors based on nanomechanical systems and in vivo clinical diagnostic 
imaging [250-254]. Application of nanotechnology as drug delivery systems has been poorly 
investigated as carrier for conventional chemotherapy drugs in HNSCC treatment. Nanotechnology-
based drug delivery systems (NB-DDS) have improved the stability of drugs and have controlled 
their targeted delivery resulting in enhanced specificity and efficacy of drugs towards specific 
tumor sites. The encapsulation of drugs into nanostructures allows reducing side effects when 
compared with the conventional treatment [255, 256]. In HNSCC treatment, few clinical trials have 
evaluated the efficacy of NB-DDS. Table 10.3 shows the main nanotechnology-based systems 
(polymeric nanoparticles, hydrogels, liposomes and cyclodextrins) as well as the main results of the 
use of these systems in vitro and in murine in vivo models. Despite being a relatively unexplored 
field of research, conventional chemotherapy drugs loaded in liposomes showed satisfactory 
results [257, 258]. In addition, other studies have evaluated the use of more sophisticated drug 
delivery systems based on magnetic nanoparticles and carbon nanotubes [259, 260]. 
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TABLE 10.3  
In vitro and in vivo studies that used nanotechnology-based drug delivery system in HNSCC and its 
improvements of chemotherapy efficacy. 

Drug NBDDS Study design Improvement of chemotherapy 
efficacy 

Referenc
e 

Cisplatin PNP In vitro and in vivo 
(nude mice 

bearing OSC-19) 

Noticeable antitumor activity, 
lymphatic drug delivery and reduced 

nephrotoxicity 

[261] 

Cisplatin Hydroge
l 

In vivo (mice with 
OSCC cell 

xenografts) 

Enhanced the therapeutic effects and 
could diminished the side effects 

[262] 

Paclitaxel PNP Clinical trial – 
preliminary study 

Paclitaxel in albumin nanoparticles is 
reproducible and effective as 

induction chemotherapy before 
definitive treatment of advanced 

tumors of the tongue, with a view to 
organ preservation. Reduction of 

toxicity. 

[263] 

Paclitaxel LC In vivo ( oral 
squamous cell 

carcinoma - OSCC 
- 

xenotransplanted 
into nude mice) 

Reduced the immunohistochemical 
expression of VEGF and CD31 and 

VEGF mRNA.  Inhibitory effect on the 
growth of transplanted human OSCC. 

[264] 

NBDDS: Nanotechnology-based Drug Delivery Systems 
PNP: Polymeric Nanoparticle 
LC: Liquid Crystal 
Source: by author. 
 
Rosental et al. [256] evaluated the use of cisplatin in liposomal formulation for HNSCC treatment. 
Twenty patients (median 55.9 years) with stage IVa/b HNSCC were treated with Stealth® liposomal 
cisplatin (SPI-077) concurrent with radiotherapy (60-72 Gy in 6-7 weeks), where the usual side 
effects attributed to cisplatin, such as ototoxicity, neurotoxicity and nephrotoxicity, were not 
detected. In addition, this work showed that SPI-077 liposomal chemotherapy preparations 
demonstrated promising capacity to deliver adequate amounts of drug to the tumor.  
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The potential use of cationic liposomes towards selectively targeted angiogenic endothelial cells 
has been studied in experimental tumors and human HNSCC [260, 265]. Strieth et al. [260] 
investigated the use of placitaxel loaded in liposomes for HNSCC treatment. Seven patients with 
non-resectable therapy-refractory HNSCC were recruited and treated with two doses of vascular 
targeting cationic liposomes encapsulating paclitaxel (EndoTAG-1 [ET]). The tumor volume 
measurements revealed stable disease in 4 out of 5 cases. This study demonstrated the efficacy of 
EndoTAG-1 [ET] for HNSCC treatment.  
Cancer treatment has been changed in the last decades, and nanotechnology will modify it even 
further. The use of nanoparticles will facilitate drug delivery towards the targeted tissue in the 
treatment of oral cancer [252, 254]. Magnetic nanoparticles (ferrofluids) bound to 
chemotherapeutic drugs and subjected to an external magnetic field are of special relevance. The 
effect of magnetic nanoparticles carrying mitoxantrone for the treatment of oral cavity cancer in 
rabbits. They evaluated the mechanism of nanoparticles distribution by measuring their amount in 
the tumor, peritumoral area, various organs and body fluids (e.g. blood and urine), with and 
without magnetic drug targeting. The authors concluded that mitoxantrone showed higher 
concentration when encapsulated in magnetic nanoparticles, whose therapeutic efficacy was 
demonstrated in the treatment of squamous cell carcinoma in rabbits.  
Other drug delivery system that has shown promising results for improving cancer therapy 
outcomes is the carbon nanotube-based drug delivery [266, 267]. Bhirde et al. [259] demonstrated 
the use of single wall carbon nanotubes (SWNT)-Cisplatin-EGF bioconjugates for killing cancer cells 
in vitro and in vivo by using EGF-EGFR interactions. This study showed that SWNTs bioconjugated 
with cisplatin and specific receptor ligand EGF were able to selectively and efficiently target 
squamous cancer cells that overexpress EGFR as demonstrated by in vivo and in vitro imaging and 
cancer cell viability. 
In addition, other biomolecules extracted from medicinal plants have shown to have promising 
chemopreventive activity of HNSCC. However, some biomolecules are lipophilic and show low 
bioavailability following oral administration. The challenge of developing effective delivery systems 
for chemotherapeutic agents has not been fully overcome and more comprehensive efforts still are 
required to achieve a true measure of improvement on the current treatment of HNSCC. 
 
 

Final Comments 
 
Although the anticancer agents obtained from natural sources have shown promising results in 
terms of efficacy on preclinical and clinical studies, where they can have both chemopreventive and 
chemotherapeutic effects, problems associated to their poor solubility, bioavailability and 
biodistribution, as well as to their high cytotoxicity to diferent organs (heart, liver, spleen and 
others) have limited the application of these compounds as chemotherapeutic agents. However, 
the use of nanocarries for drug delivery in cancer therapy has improved these physicochemical and 
pharmacokinetics limitations, which have been achieved through a better control of the release 
kinetics as well as through an increase in the selective cellular uptake by mechanisms of passive 
and active targeting. 
Among the nanosystems that have been used to carry and deliver anticancer drugs, particular 
attention has been devoted to liposomes and polymeric nanoparticles with non-stealth and stealth 
characteristics, where some pharmaceutical products have already been approved by FDA for 
human use. Recent advances in nanotechnology applied to natural products have favored the use 
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of magnetic and inorganic nanoparticles as promising alternatives for cancer therapy, where the 
size, shape and charge of the nanoparticle have influenced on the cellular uptake. 
Plant-derived anticancer drugs such as iso-treonin, paclitaxel, curcumin, DCTN, and usnic acid, 
whose main classes of compounds are vitamins, alkaloids, polyphenols, flavonoids and terpenes, 
have been extensively used with some promising results. The natural products go on to be as an 
important source of highly potent anticancer drugs, whose problems of pharmacokinects and 
toxicity may to be solved by nanotechnology. Thus, a better understanding of cancer biology, an 
easier access to novel nanotechnological tools and the development of novel functional 
biomaterials might contribute to an improvement in the efficacy of natural anticancer drugs. 
 
 

Conflicts of interest 

 
The authors wish to confirm that there are no known conflicts of interest associated with this 
publication. 
 
 

Financial support 
 
This research received no specific grant from any funding agency, commercial or not-for-profit 
sectors. 
 
  

References 

 
1. Taniguchi, N. On the Basic Concept of Nanotechnology. Proceedings of the International 

Conference on Production Engineering. Japan Society of Precision Engineering: Tokyo, 1974. 
2. Nath, D.; Banerjee, P. Green nanotechnology – A new hope for medical biology. Environ 

toxicol pharmacol, 2013, 36(3), 997-1014. 
3. Fornaguera, C.; García-Celma, M.J. Personalized nanomedicine: a revolution at the 

nanoscale. J Pers Med, 2017, 7(12), 2-20. 
4. Aswathanarayan,  J.B.; Vittal, E.R.R. Nanoemulsions and their potential 

applications in food industry. Front Sustain Food Syst, 2019, 3, 1-23.  
5. Khan, T.A.; Zakaria, M.E.T.; Kim, H.; Ghazali, S.; Jamari, S. S. Carbonaceous 

microsphere‐based superabsorbent polymer as filler for coating of NPK fertilizer: 
Fabrication, properties, swelling, and nitrogen release characteristics. J Appl Polym Sci, 
2020, 137, 48396.  

6. Li, S.; Bai, H.; Shepherd, R.F.; Zhao, H. Bio-inspired design and additive manufacturing of 
soft materials, machines, robots, and haptic interfaces. Angew Chem Int Ed, 2019, 58, 
11182-11204.  

7. Nyongombe, G.E.; Kabongo, G.L.; Noto, L.L.; Dhlamini, M.S. Up-scalable synthesis of highly 
crystalline electroactive Ni-Co LDH nanosheets for supercapacitor applications. Int J 
Electrochem Sci, 2020, 15, 4494-4502.  

8. Vazquez-Munoz, R.; Lopez-Ribot, J. Nanotechnology as an alternative to reduce the spread 
of COVID-19. Challenges, 2020, 11(2), 1-15.  



Applications and Industrialisation of Nanotechnology  286     

9. Vogt, L.; Ruther, F.; Salehi, S.; Boccaccini, A.R. Poly(glycerol sebacate) in biomedical 
applications: a review of the recent literature. Adv Health Mater, 2021, 2002026.  

10. Wu, Q.; Miao, W.; Zhang, Y.; Gao, H.; Hui, D. Mechanical properties of nanomaterials: a 
review. Nanotechnol Rev, 2020, 9(1), 259-273.  

11. Arshad, R.; Tabish, T.A.; Naseem, A.A.; Hassan, M.R.U.; Hussain, I.; Hussain, S.S.; Shahnaz, 
G. Development of poly-L-lysine multi-functionalized muco-penetrating self-emulsifying 
drug delivery system (SEDDS) for improved solubilization and targeted delivery of 
ciprofloxacin against intracellular Salmonella typhi. J Mol Liq, 2021, 333, 1, 159-172. 

12. Emerenciano, D.P.; Baracho, B.B.D.; Medeiros, M.L.; Rocha, H.A.O.; Xavier-Júnior, F.H.; 
Veiga-Júnior, V.F.; Maciel, M.A.M. Physicochemical characterizations and antioxidant 
property of copaiba oil loaded into SNEDDS systems. J Braz Chem Soc, 2019, 30(2), 234-
246,.  

13. Safari, J.; Zarnegar, Z. Advanced drug delivery systems: Nanotechnology of health design A 
review. J Saudi Chem Soc, 2014, 18(2), 85-99. 

14. Singh, R., Lillard Jr, J.W. Nanoparticle-based targeted drug delivery. Exp Mol Pathol, 2009, 
86(3), 215-223. 

15. Akhtar, N.; Khan, R.A.; Mohammad, S.AA.; Yusuf, M.; Singh, V.; Mohammad, H.A.A.; 
Alomar, M.; Abdellatif, A.; Naz, M.; Khadri, H.  Self-generating nano-emulsifying 
technology for alternatively-routed, bioavailability enhanced delivery, especially for anti-
cancers, anti-diabetics, and miscellaneous drugs. J Drug Deliv Sci and Technol, 2020, 58, 1-
77. 

16. Fernandes, I.M.M.; Lima, E.P.N.; Santos, B.F.F.; Cartaxo, J.M.; Fook, M.V.L.; Silva, S.M.L. 
Híbridos de quitosana/argila para encapsulamento e liberação controlada do fármaco 
dexametasona. Rev Eletron Mater Process, 2019, 14(3), 130-139. 

17. Lapenda, T.L.S.; Morais, W.A.; Almeida, F.J.F.; Ferraz, M.S.; Lira, M.C.B.; Santos, N.P.S.; 
Maciel, M.A.M.; Santos-Magalhães, N.S. Encapsulation of trans-dehydrocrotonin in 
liposomes: an enhancement of the antitumor activity. J Biomed Nanotechnol, 2013, 9(3), 
499-510.  

18. Peddinti, B.S.T.; Downs, S.N.; Yan, J.; Smith, S.D.; Ghiladi, R.A.; Mhetar, V.; Tocchetto, R.; 
Griffiths, A.; Scholle, F.; Spontak, R.J. Rapid and repetitive inactivation of SARS-CoV-2 and 
human coronavirus on self-disinfecting anionic polymers. Adv Sci, 2021, 8, 2003503.  

19. Uppal, S.; Italiya, K.S.; Chitkara, D.; Mittal, A. Nanoparticulate-based drug delivery systems 
for small molecule anti-diabetic drugs: an emerging paradigm for effective therapy. Acta 
Biomater, 2018, 81, 20-42. 

20. Wadhwa, G.; Kumar, S.; Chhabra, L.; Mahant, S.; RAO, R. Essential oil-cyclodextrin 
complexes: an updated review. J Incl Phenom Macrocycl Chem, 2017, 89(1), 39-58. 

21. Araújo Reis, M.Y.D.F.; Araújo Rêgo, R.I.D.; Rocha, B.P.; Guedes, G.G.; Ramalho, I.M.D.M.; 
Cavalcanti, A.L.D.M.; Damasceno, B.P.G.L. A general approach on surfactants use and 
properties in drug delivery systems. Curr Pharm Des, 2021, 27(42), 4300-4314. 

22. Buya, A. B.; Beloqui, A.; Memvanga, P. B.; Préat, V. Self-nano-emulsifying drug-delivery 
systems: from the development to the current applications and challenges in oral drug 
delivery. Pharmaceutics, 2020, 12(12), 1194. 

23. Khumpirapang, N.; Von Gersdorff Jorgensen, L.; Müllertz, A.; Rades, T.; Okonogi, S. Self-
microemulsifying drug delivery system (SMEDDS) - challenges and road ahead formulation 
optimization, anesthetic activity, skin permeation, and transportation pathway of Alpinia 
galanga oil SNEDDS in zebrafish (Danio rerio). Eur J Pharm Biopharm, 2021, 165, 193-202. 



Applications and Industrialisation of Nanotechnology  287     

24. Mozafari, M.; Tariverdian, T.; Beynaghi, A. Trends in biotechnology at the turn of the 
millennium. Recent Pat Biotechnol, 2020, 14(1), 78-82. 

25. Jalali-Jivan, M.; Abbasi, S.; Fathi-Achachlouei, B. Lutein extraction by microemulsion 
technique: Evaluation of stability versus thermal processing and environmental stresses. 
Mater Chem and Phys, 2021, 149, 111839. 

26. Li, F.; Hu, R.; Wang, B.; Gui, Y.; Cheng, G.; Gao, S.; Ye, L.; Tang, J. Self-microemulsifying drug 
delivery system for improving the bioavailability of huperzine A by lymphatic uptake. Acta 
Pharm Sin B, 2017, 7(3), 353-360. 

27. Liu, C.Z.; Chang, J.H.; Zhang, L.; Xue, H.F.; Liu, X.G.; Liu, P.; Qiang, F. Preparation and 
evaluation of diosgenin nanocrystals to improve oral bioavailability. AAPS Journal, 2017, 
18, 2068-2076. 

28. Patra, J. K.; Das, G.; Fraceto, L. F.; Campos, E. V. R.; Rodriguez-Torres, M. D. P.; Acosta-
Torres, L. S.; Shin, H. S. Nano based drug delivery systems: recent developments and 
future prospects. J Nanobiotechnology, 2018, 16(1), 1-33. 

29. Pérez-González, M. L.L.; González-De La Rosa, C. H.; Pérez-Hernández, G.; Beltrán, H. I. 
Nanostructured emulsions of oleic/polysorous acid 80 with decreased toxicity in the NL-20 
cell line: Insights from potential drug carriers. Colloids Surf B Biointerfaces, 2020, 187, 
110758. 

30. Rai, S.; Acharya-Siwakoti, E.; Kafle, A.; Devkota, H.P.; Bhattarai, A. Plant-derived saponins: 
a review of their surfactant properties and applications. Science, 2021, 3(4):44, 1-19. 

31. Fechine, L.M.U.D.; Menezes, F.L.; Xavier, L.N.; De Oliveira, A.S. Nanoparticles by 
Ultrasound Irradiation: Organic and Inorganic Materials. In: Nanomaterials and 
Nanotechnology: Biomedical, Environmental, and Industrial Applications; Nascimento, 
R.F.D.; Neto, V.D.O.S. (Ed.). Singapore: Springer Singapore, 2021, p.313-337. 

32. De Medeiros, M.L.; Xavier Júnior, F.H.; Araújo Filho, I.; Rêgo, A.C.M.; Veiga Junior, V.F.; 
Maciel, M.A.M. Copaiba oil for nano-pharmaceutics and drug delivery. In: Encyclopedia of 
Nanoscience and Nanotechnology. Nalwa, H.S. (Ed.), v. 27, American Scientific Publishers: 
Valencia, USA, 2019, p.165-189, 

33. Maciel, M.A.M.; Gomes, F.E.S.; Soares, B.A.; Grynberg, N.F.; Echevarria, A. Cólus, I.M.S.; 
Kaiser, C.; Morais, W.A.; Magalhães, N.S.S. Bioactive phytochemicals: perspectives for 
modern medicine. In: Biological Effectiveness and Recent Advancing of Natural Products 
on the Discovery of Anticancer Agents; v. 2, Daya Pulishing House: Nova Delhi, 2014, 
p.239-293.  

34.  Duan,   A.D.Y.,   Patel, C.;  Khimani, M.;   Neogi,   S.; Sharma, P.;   Kumar, N.S.;  Vekariya, 
R.L. A brief review on solid lipid nanoparticles: part and parcel of contemporary drug 
delivery systems. RSC Advances, 2020, 10, 26777-26791.    

35. Soica, C.; Coricovac, D.; Dehelean, C.; Pinzaru, I.; Mioc, M.; Danciu, C.; Fulias, A.; Puiu, M.; 
Sitaru, C. Nanocarriers as tools in delivering active compounds for immune system related 
pathologies. Recent Pat Nanotechnol, 2016, 10(2), 128-145. 

36. Hua, S.; Matos, M.B.C., Metselaar, J.M; Storm, G. Current trends and challenges in the 
clinical translation of nanoparticulate nanomedicines: pathways for translational 
development and commercialization. Front. Pharmacol, 2018.  

37. Gu, F.X.; Karnik, R.; Wang, A.Z.; Alexis, F.; Levy-Nissenbaum, E.; Hong, S.; Langer, R. S.; 
Farokhzad, O.C. Targeted nanoparticles for cancer therapy. Nano today, 2007, 2(3), 14-21. 

38. Hu, C.M.; Aryal, S.; Zhang, L. Nanoparticle-assisted combination therapies for effective 
cancer treatment. Ther Deliv, 2010, 1(2), 323-334. 



Applications and Industrialisation of Nanotechnology  288     

39. Ulldemolins, A.; Seras-Franzoso, J.; Andrade, F.; Rafael, D.; Abasolo, I.; Gener, P.; Schwartz 
Jr, S. Perspectives of nano-carrier drug delivery systems to overcome cancer drug 
resistance in the clinics. Cancer Drug Resist, 2021, 4, 44-68.  

40. World Health Organization: Media Centre 2013. Cancer. Centre: Fast sheet No 297. 
(http://www.who.int/mediacentre/factsheets/fs297/en/index.html.) (Accessed on August 
28, 2013). 

41. Chavan, T.; Muttil, P.; Kunda, N. K. Introduction to nanomedicine in drug delivery. In: 
Mucosal Delivery of Drugs and Biologics in Nanoparticles. Muttil, P.; Kunda, N. K. (Eds.), 
Cham: Springer International Publishing, 2020, p.3-26.  

42. Aydın, R.S.T. Drug targeting systems for cancer therapy: nanotechnological approach. 
Mini-Rev Med Chem, 2014, 14, 1048-1054. 

43. Acharya, S.; Sahoo, S.K. PLGA nanoparticles containing various anticancer agents and 
tumour delivery by EPR effect. Adv Drug Deliv Rev, 2011, 63(3), 170-183. 

44. Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: the 
impact of passive and active targeting in the era of modern cancer biology. Adv Drug Deliv 
Rev, 2014, 66, 2-25. 

45. Torchilin, V. Tumor delivery of macromolecular drygs based on the EPR effect. Adv Drug 
Deliv Rev, 2011, 63(3), 131-135. 

46. Ren, J.; Shen, S.; Wang, D.; Xi, Z.; Guo, L.; Pang, Z.; Qian, Y.; Sun, X.; Jiang, X. The targeted 
delivery of anticancer drugs to brain glioma by PEGylated oxidized multi-walled carbon 
nanotubes modified with angiopep-2. Biomaterials, 2012, 33(11), 3324-3333. 

47. Callaghan R.; Luk, F.; Bebawy, M. Inhibition of the multidrug resistance P-glycoprotein: 
time for a change of strategy? Drug Metab Dispos, 2014, 42(4), 623-631. 

48. Stevens, P.J.; Sekido, M.; Lee, R.J. A Folate receptor-targeted lipid nanoparticle 
formulation for a lipophilic paclitaxel prodrug. Pharm Res, 2004, 21(12), 2153-2157. 

49. Petitti, M.; Vanni, M.; Barresi, A.A. Controlled release of drug encapsulated as a solid core: 
Theoretical model and sensitivity analysis. Chem Eng Res Des, 2008, 86, 1294-1300.  

50. Perez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug 
nanocarriers, the future of chemotherapy. Eur J Pharm Biopharm, 2015, 93, 52-79. 

51. Edis, Z.; Wang, J.; Waqas, M.K; Ijaz, M.; Ijaz, M. Nanocarriers-mediated drug delivery 
systems for anticancer agents: an overview and perspectives. Int J Nanomedicine, 2021, 16, 
1313-1330. 

52. Babu, A.; Templeton, A.K.; Munshi, A.; Ramesh, R. Nanodrug delivery systems: a promising 
technology for detection, diagnosis, and treatment of cancer. AAPS PharmSciTech, 2014, 
15(3), 709-721. 

53. Xu, X.; Ho, W.; Zhang, X.; Bertrand, N.; Farokhzad, O. Cancer nanomedicine: from targeted 
delivery to combination therapy. Trends Mol Med, 2015, 21(4), 223-232. 

54. Soppimath, K.S.; Aminabhavi, T.M.; Kulkarni, A.R.; Rudzinski, W.E. Biodegradable 
polymeric nanoparticles as drug delivery devices. J Control Release, 2001, 70(1-2), 1-20. 

55. Schutz, C.A.; Juillerat-Jeanneret, L.; Mueller, H.; Lynch, I.; Riediker, M. Therapeutic 
nanoparticles in clinics and under clinical evalution. Nanomedicine, 2013, 8(3), 449-467. 

56. Torchilin, V.P. Recent advances with liposomes as pharmaceutical carriers. Nature Rev 
Drug Disc, 2005, 4(2), 145-160. 

57. Stathopoulos, G.P.; Boulikas, T.; Vougiouka, M.; Deliconstantinos, G.; Rigatos, S.; Darli, E.; 
Viliotou, V.;  Stathopoulos, J.G. Pharmacokinetics and adverse reactions of a new 
liposomal cisplatin (lipoplatin): phase I study. Oncol Rep, 2005, 13, 589-595. 



Applications and Industrialisation of Nanotechnology  289     

58. Faraji, A.H.; Wipf, P. Nanoparticles in cellular drug delivery. Bioorg Med Chem, 2009, 17(8), 
2950-2962. 

59. Yuan, H.; Wang, L.L.; Du, Y.Z.; You, J.; Hu, F.Q.; Zeng, S. Preparation and characteristics of 
nanostructured lipid carriers for control-releasing progesterone by melt-emulsification 
colloids. Surf B Biointerfaces, 2007, 60, 174-179. 

60. Ahmed, F.; Pakunlu, R.I.; Brannan, A.; Bates, F.; Minko, T.; Discher, D.E. Biodegradable 
polymersomes loaded with both paclitaxel and doxorubicin permeate and shrink tumors, 
inducing apoptosis in proportion to accumulated drug. J Control Release, 2006, 116(2), 
150-158. 

61. Wang, Y.; Cao, X.; Guo, R.; Shen, M.; Zhang, M.; Zhu, M.; Shi, X., Targeted delivery of 
doxorubicin into cancer cells using a folic acid–dendrimer conjugate. Polym Chem, 2011, 2 
(8), 1754-1760. 

62. Nagai, H.; Okazaki, Y.; Chew, S.H.; Misawa, N.; Yamashita, Y.; Akatsuka, S.; Ishihara, T.; 
Yamashita, K.; Yoshikawa, Y.; Yasui, H.; Jiang, L.; Ohara, H.; Takahashi, T.; Ichihara, G.; 
Kostarelos, K.; Miyata, Y.; Shinohara, H.; Toyokuni, S. Diameter and rigidity of multiwalled 
carbon nanotubes are critical factors in mesothelial injury and carcinogenesis. Proc Natl 
Acad Sci USA, 2011, 108(49), E1330-8. 

63. Bhirde, A.A.; Patel, S.; Sousa, A.A.; Patel, V.; Molinolo, A.A.; Ji, Y.; Leapman, R.D.; Gutkind, 
J.S.; Rusling, J.F. Distribution and clearance of PEG-single-walled carbon nanotube cancer 
drug delivery vehicles in mice. Nanomedicine, 2010, 5(10), 1535-1546.  

64. Tran, T-H; Mattheolabakis, G.; Aldawsari, H.; Amiji, M. Exosomes as nanocarriers for 
immunotherapy of cancer and inflammatory diseases. Clin Immunol, 2015, 160(1), 46-58. 

65. Utsugi-Kobukai, S.; Fujimaki, H.; Hotta, C.; Nakazawa, M.; Minami, M. MHC class I-
mediated exogenous antigen presentation by exosomes secreted from immature and 
mature bone marrow derived dendritic cells. Immunol Lett, 2003, 89, 125-131.  

66. Bao, H.; Pan, Y.; Ping, Y.; Sahoo, N.G.; Wu, T.; Li, L.; Li, J.; Gan, L.H. Chitosan-functionalized 
grapheme oxide as a nanocarrier for drug and gene delivery. Small, 2011, 7(11), 1569-1578. 

67. Kuzmov, A.; Minko, T. Nanotechnology approaches for inhalation treatment of lung 
diseases. J Control Release, 2015, 219, 500-518.  

68. Jain, A.; Betancur, M.; Patel, G.D.; Valmikinathan, C.M.; Mukhatyar, V.J.; Vakharia, A.; Pai, 
S.B.; Brahma, B.; MacDonald, T.J.; Bellamkonda, R.V. Guiding intracortical brain tumour 
cells to an extracortical cytotoxic hydrogel using aligned polymeric nanofibres. Nat Mater, 
2014, 13, 308-316. 

69. Owens, D.; Peppas, N. Opsonization, biodistribution, and pharmacokinetics ofpolymeric 
nanoparticles. Int J Pharmaceut, 2006, 307, 93-102. 

70. Spencer, D.S.; Puranik, A.S.; Peppas, N.A. Intelligent Nanoparticles for Advanced Drug 
Delivery in Cancer Treatment. Curr Opin Chem Eng, 2015, 7, 84-92. 

71. Maciel, M.A.M.; Dantas, T.N.C.; Cortez, J.K.P.C.; Pinto, A.C.; Veiga Jr., V.F.; Kaiser, C.R.; 
Pereira, N.A.; Carneiro, C.M.T.S.; Vanderline, F.A.; Lapa, A.J.; Agner, A.R.; Cólus, I.M.S.; 
Echevarria-Lima, J.; Esteves-Souza, A.; Pissinate, K.; Echevarria, A. Pharmacological and 
biochemical profiling of lead compounds from traditional remedies: the case of Croton 
cajucara. In: Advances in Phytomedicine (Lead molecules from natural products, Discovery 
and New Trends), v.2. Khan, M.T.H.; Ather, A. Eds., 2006, p.229-257. 

72. Maciel, M.A.M.; Pinto, A.C.; Veiga Jr., V.F. Plantas Medicinais: a necessidade de estudos 
multidisciplinares. Quim Nova, 2002, 25(3), 429-438. 

73. Maciel, M.A.M., Pinto, A.C., Veiga Jr., V.F., Martins, Jr., Grynberg, N.F., Echevarria, A., LAPA, 
A.J.; Vanderlinde, F.A Croton cajucara as an alternative to traditional medicine in a modern 



Applications and Industrialisation of Nanotechnology  290     

health system. In: Phytochemistry Pharmacology II. Serie Recent Progress in Medicinal 
Plants, v.8, 2002, p.502-517.    

74. Maciel, M.A.M.; Pinto, A.C.; Arruda, A.C.; Pamplona, S.G.S.R.; Vanderline, F.A.; Lapa, A.J.; 
Echevarria, A.; Grynberg, N.F.; CÔLUS, I.M.S.; Farias, R.A.F.; Luna Costa, A.M.; Rao, V.S.N. 
Ethnopharmacology, phytochemistry and pharmacology: a successful combination in the 
study of Croton cajucara. J Ethnopharmacol, 2000, 70(1), 41-55. 

75. Almeida, M.R.; Martinez, S.T.; Pinto, A.C. Química de produtos naturais: plantas que 
testemunham histórias. Rev. Virtual Quim, 2017, 9(3), 1117-1153. 

76. Alves, L.F.  Produção de fitoterápicos no Brasil: história, problemas e perspectivas. Rev. 
Virtual Quim, 2013, 5 (3), 450-513. 

77. Pinto, A.C.; Siqueira Silva, D.H.; Bolzani, V.S.; Lopes, N.P.; Epifanio, R.A. Produtos naturais: 
atualidade, desafios e perspectivas. Quim Nova, 2002, 25, Supl. 1, 45-61. 

78. Viegas Jr., C.; Bolzani, V.S.; Barreiro, E.J. Os produtos naturais e a química medicinal 
moderna. Quim Nova, 2006, 29( 2), 326-337. 

79. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the 30 years 
from 1981 to 2010. J Nat Prod, 2012, 75(3), 311-335. 

80. Newman, D.J.; Cragg, G.M. Cragg Natural products as sources of new drugs over the nearly 
four decades from 01/1981 to 09/2019. J Nat Prod, 2020, 83, 770-803. 

81. Siddiqui, I.A.; Adhami, V.M.; Bharali, B.; Hafeez, B.B.; Asim, M.; Khwaja, S.I.; Ahmad, N.; Cui, 
H.; Mousa, S.A.; Mukhtar, H. Introducing nanochemoprevention as a novel approach for 
cancer control: Proof of principle with green tea polyphenol epigallocatechin-3-gallate. 
Cancer Res, 2009, 69(5), 1712-6.  

82. Huang, M.;  Lu, J-J.; Ding, J. Natural Products in Cancer Therapy: Past, Present and Future. 
Nat Prod Bioprospect,  2021, 11, 5-13. 

83. Da Silva, E.N.; Cavalcanti, B.C.; Guimarães, T.; Pinto, M.C.F.R.; Cabral, I.O.; Pessoa, C.O.; 
Costa-Lotufo, L.V.; Moraes, M.O.; Andrade, C.K.Z.; Dos Santos, M.R.; Simone, C.A.; Goulart, 
M.O.F.; Pinto, A.V. Synthesis and evaluation of quinonoid compounds against tumor cell 
lines. Eur J Med Chem, 2011, 46(1), 399-410.  

84. Sousa, A.C.C.; Romo, A.I.B.; Almeida, R.R.; Silva, A.C.C. Starchbased magnetic 
nanocomposite for targeted delivery of hydrophilic bioactives as anticancer strategy. 
Carbohydr Polym, 2021, 264, 118017. 

85. Sporn MB. Approaches to prevention of epithelial cancer during the preneoplastic 
period. Cancer Res. 1976, 36, 2699-2702. 

86. Sporn, M.B.; Dunlop, N.; Newton, D.; Smith, J. Prevention of chemical carcinogenesis by 
vitamin A and its synthetic analogs (retinoids). Fed Proc, 1976, 35, 1332-1338. 

87. Hennenfent, K.L.; Govindan, R. Novel formulations of taxanes: a review. Old wine in a new 
bottle? Ann Oncol, 2006, 17(5), 735-49. 

88. Smith, L.A.; Cornelius, V.R.; Plummer, C.J.; Levitt, G.; Verrill, M.; Canney, P., Jones, A. 
Cardiotoxicity of anthracycline agents for the treatment of cancer: systematic review and 
meta-analysis of randomized controlled trials. BMC Cancer, 2010, 10, 337-50. 

89. Pai, V.B.; Nahata, M.C. Cardiotoxicity of chemotherapeutic agents: Incidence, treatment 
and prevention. Drug Saf, 2000, 22, 263-302. 

90. Ahn, D-G; Lee, J.; Park, S-Y; Kwark, Y-J; Lee, K.Y. Doxorubicin-Loaded Alginate-g-Poly(N-
isopropylacrylamide) Micelles for Cancer Imaging and Therapy. ACS Appl Mater Interfaces, 
2014, 6(24), 22069-22077. 

91. Elbialy, N.S.; Fathy, M.M.; Khalil, W.M. Doxorubicin loaded magnetic gold nanoparticles for 
in vivo targeted drug delivery. Int J Pharm, 2015, 490(1), 190-199. 



Applications and Industrialisation of Nanotechnology  291     

92. Li, M.; Tang, Z.; Zhang, D.; Sun, H.; Liu, H.; Zhang, Y.; Zhang, Y.; Chen, X., Doxorubicin-
loaded polysaccharide nanoparticles suppress the growth of murine colorectal carcinoma 
and inhibit the metastasis of murine mammary carcinoma in rodent models. Biomaterials, 
2015, 51, 161-172. 

93. Senapati, S.; Mahanta, A.K.; Kumar, S.; MaitI, P. Controlled drug delivery vehicles for 
cancer treatment and their performance. Signal Transduct Target Ther, 2018; 3(7). 

94. Longley, D.B.; Harkin, D.P.; Johnston, P.G. 5-fluorouracil: mechanisms of action and clinical 
strategies. Nat Rev Cancer, 2003, 3(5), 330-338. 

95. Lal, R.; Marwaha, R.K.; Pandita, D.; Dureja, H. Formulation and optimization of 5-
fluorouracil loaded chitosan nanoparticles employing central composite design. Drug 
Delivery Letters, 2012, 2(4), 281-289. 

96. Öcal, H.; Arıca-Yegin, B.; Vural, İ.; Goracinova, K.; Çalış, S., 5-Fluorouracil-loaded PLA/PLGA 
PEG–PPG–PEG polymeric nanoparticles: formulation, in vitro characterization and cell 
culture studies. Drug Dev Ind Pharm, 2014, 40(4), 560-567. 

97. Soni, V.; Kohli, D.V.; Jain, S.K. transferrin-conjugated liposomal system for improved 
delivery of 5-fluorouracil to brain. J Drug Target, 2008, 16(1), 73-78. 

98. Thomas, A.M.; Kapanen, A.I.; Hare, J.I.; Ramsay, E.; Edwards, K.; Karlsson, G.; Bally, M.B. 
Development of a liposomal nanoparticle formulation of 5-fluorouracil for parenteral 
administration: formulation design, pharmacokinetics and efficacy. J Control Release, 2011, 
150(2), 212-219. 

99. Patel, M.N.; Lakkadwalas, S.; Majrad, M.S.; Injeti, E.R.; Gollmer, S.M.; Shah, Z.A.; Boddu, 
S.H.; Nesamony, J. Characterization and evaluation of 5-fluorouracil-loaded solid lipid 
nanoparticles prepared via a temperature-modulated solidification technique. AAPS 
PharmSciTech, 2014, 15(6), 1498-1508. 

100. Brouet, I.; Ohshima, H. Curcumin, an anti-tumour promoter and anti-inflammatory agent, 
inhibits induction of nitric oxide synthase in activated macrophages. Biochem Biophys Res 
Commun,1995, 206(2), 533-540. 

101. Rao, C.V.; Rivenson, A.; Simi, B.; Reddy, B.S. Chemoprevention of colon carcinogenesis by 
dietary curcumin, a naturally occurring plant phenolic compound. Cancer Res,1995, 55(2), 
259-266. 

102. Das, R.K.; Kasoju, N.; Bora, U. Encapsulation of curcumin in alginate-chitosan-pluronic 
composite nanoparticles for delivery to cancer cells.  Nanomedicine, 2010, 6(1), 153-160. 

103. Li, L.; Braiteh, F.S.; Kurzrock, R. Liposome-encapsulated curcumin: In vitro and in vivo 
effects on proliferation, apoptosis, signaling, and angiogenesis. Cancer, 2005, 104(6), 
1322-1331. 

104. Chakrabarty, S.; Roy, M.; Hazra, B.; Bhattachaya, R.K. Induction of apoptosis in human 
cancer cell lines by diospyrin, a plant-derived bisnaphthoquinonoid, and its synthetic 
derivatives. Cancer Letters, 2002, 188(1-2), 85-93. 

105. Hazra, B.; Kumar, B.; Biswas, S.; Pandey, B.N.; Mishra, K.P. Enhancement of the tumour 
inhibitory activity, in vivo, of diospyrin, a plant-derived quinonoid, through liposomal 
encapsulation. Toxicol Lett, 2005, 157(2), 109-117. 

106. Siripong, P.; Yahuafai, J.; Shimizu, K.; Ichikawa, K.; Yonezawa, S.; Asai, T.; Kanokmedakul, K.; 
Ruchirawat, S.; Oku, N. Induction of apoptosis in tumor cells by three naphthoquinone 
esters isolated from thai medicinal plant: Rhinacanthus nasutus KURZ. Biol Pharm Bull, 
2006, 29(10), 2070-2076. 

107. Samarghandian, S.; Borji, A., Anticarcinogenic effect of saffron (Crocus sativus L.) and its 
ingredients. Pharmacognosy Res, 2014, 6, (2), 99-107. 



Applications and Industrialisation of Nanotechnology  292     

108. Vijayakumar, R.; Devi, V.; Adavallan, K.; Saranya, D. Green synthesis and characterization 
of gold nanoparticles using extract of anti-tumor potent Crocus sativus. Physica E Low 
Dimens Syst Nanostruct, 2011, 44(3), 665-671. 

109. O’Neill, M.A.; Mayer, M.; Murray, K.E.; Rolim-Santos, H.M.L.; Santos-Magalhães, N.S.; 
Thompson, A.M.; Appleyard, V.C.L.; Does usnic acid affect microtubules in human cancer 
cells? Braz J Biol, 2010, 70(3), 659-664. 

110. Maciel, M.A.M.; Pinto, A.C.; Brabo, S.N.; Silva, M.N. Terpenoids from Croton cajucara. 
Phytochemistry, 1998, 49(3), 823-828. 

111. Maciel, M.A.M.; Pinto, A C.; Kaiser, C.R. NMR and structure review of some natural 
furoclerodanes. Magn Reson Chem, 2003, 41(4), 278-282.  

112. Maciel, M.A.M.; Martins, J.R.; Pinto, A.C.; Kaiser, C.R.; Esteves-Souza, A.; Echevarria, A. 
Natural and semi-synthetic clerodanes of Croton cajucara and their cytotoxic effects 
against Ehrlich carcinoma and human K562 leukemia cells. J Braz Chem Soc, 2007, 18(2), 
391-396. 

113. Costa, M.P.; Santos-Magalhães, N.S.; Gomes, F.E.S; Maciel, M.A.M. Uma revisão das 
atividades biológicas da trans-desidrocrotonina, um produto natural obtido de Croton 
cajucara. Rev Bras Farmacogn, 2007, 17(2), 275-286.   

114. Farias, R.A.F.; Rao, V.S.N.; Viana, G.S.B.; Silveira, E.R.; Maciel, M.A.M.; Pinto, A.C. 
Hypoglycemic effect of trans-dehydrocrotonin, a nor-clerodane diterpene from Croton 
cajucara. Planta Med, 1997, 66, 558-560. 

115. Silva, R.M.; Santos, F.A.; Rao, V.S.N.; Maciel, M.A.M.; Pinto, A.C. Blood glucose-and 
triglyceride-lowering effect of trans-dehydrocrotonin, a diterpene from Croton cajucara 
Benth, in rats. Diabetes Obes Metab, 2001, 3(6), 452-456. 

116. Silva, R.M.; Santos, F.A.; Maciel, M.A.M.; Pinto, A.C.; Rao, V.S.N. Effect of trans-
dehydrocrotonin, a 19-nor-clerodane diterpene from Croton cajucara on experimental 
hypertriglyceridaemia and hypercholesterolaemia induced by triton  
WR 1339 (Tyloxapol) in mice. Planta Med, 2001, 67(8), 763-765. 

117. Silva, R.M.; Santos, F.A.; Rao, V.S.N.; Maciel, M.A.M.; Pinto, A.C. The lipid-lowering effect 
of trans-dehydrocrotonin from Croton cajucara Benth. in mice fed on high-fat diet. J 
Pharm Pharmacol, 2001, 53, 535-539. 

118. Agner, A.R.; Maciel, M.A.M.; Pinto, A.C.; Pamplona, S.G.S.R.; Cólus, I.M.S. Investigation of 
genotoxicity activity of trans-dehydrocrotonin, a clerodane diterpene from Croton 
cajucara. Teratog Carcinog Mutagen, 1999, 19(6), 377-384. 

119. Agner, A.R.; Maciel, M.A.M.; Pinto, A.C.; Cólus, I.M.S. Antigenotoxicity of trans-
dehydrocrotonin, a clerodane diterpene from Croton cajucara. Planta Med, 2001, 67(9), 
815-819. 

120. Hiruma-Lima, C.A.; Spadari-Bratfisch, R.C.; Grassi-Kassisse, D.M.; Brito, A.R. 
Antiulcerogenic mechanisms of dehydrocrotonin, a diterpene lactone obtained from 
Croton cajucara. Planta Med, 1999, 65, 325-330. 

121. Melo, P.S.; Duran, N.; Hiruma-Lima, C.A.; Souza-Brito, A.R.M.; Haun, M. Comparison of the 
gastroprotective effect of a diterpene lactone isolated from Croton cajucara with its 
synthetic derivatives. J Ethnopharmacol. 2003, 87, 169-174. 

122. Rodríguez, J.A.; Hiruma-Lima, C.A.; Souza-Brito, A.H. Antiulcer activity and subacute 
toxicity of trans-dehydrocrotonin from Croton cajucara. Hum Exp Toxicol, 2004, 23, 455-
461. 

123. Carvalho, J.C.T.; Silva, M.F.C.; Maciel, M.A.M.; Pinto, A.C.; Nunes, D.S.; Lima, R.M.; Bastos, 
J.K.; Sarti, S.J. Investigation of anti-inflammatory and antinociceptive activities prototype 



Applications and Industrialisation of Nanotechnology  293     

of trans-dehydrocrotonin, a 19-nor-clerodane diterpene from Croton cajucara. Planta Med, 
1996, 62, 402-404.  

124. Khan, M.T.H.; Ather, A.; Pinto, A.C.; Maciel, M.A.M. Potential benefits of the 19-nor-
clerodane trans-dehydrocrotonin on the central nervous system. Braz J Pharmacog, 2009, 
19(1A), 7-13. 

125. Perazzo, F.F.; Carvalho, J.C.T.; Rodrigues, M.; Morais, E.K.L.; Maciel, M.A.M. Comparative 
anti-inflammatory and antinociceptive effects os terpenoids and an aqueous extract 
obtained from Croton cajucara Benth. Braz J Pharmacog, 2007, 17(4), 521-528. 

126. Luna-Costa, A.M.; Silva, J.C.R.; Campos, A.R.; Rao, V.S.N.; Maciel, M.A.M.; Pinto, A.C. 
Antioestrogenic effect of trans-dehydrocrotonin, a nor-clerodane diterpene from Croton 
cajucara Benth in rats. Phytother Res, 1999, 13, 689-691. 

127. Silva, R.M.; Oliveira, F.A.; Cunha, K.M.A.; Maia, J.L.; Maciel, M.A.M.; Pinto, A.C.; 
Nascimento, N.R.F.; Santos, F.A.; Rao, V.S.N. Cardiovascular effects of trans-
dehydrocrotonin, a diterpene from Croton cajucara in rats. Vascul Pharmacol, 2005, 43, 
11-18. 

128. Grynberg, N.F.; Echevarria, A.; Lima, J.E.; Pamplona, S.G.S.R.; Pinto, A.C.; Maciel, M.A.M. 
Anti-tumour activity of two 19-nor-clerodane diterpenes, trans-dehydrocrotonin and 
trans-crotonin, from Croton cajucara. Planta Med, 1999, 65(8), 687-689. 

129. Melo, P.S.; Justo, G.Z.; Durán, N.; Haun, M. Natural killer cell activity and anti-tumour 
effects of dehydrocrotonin and its synthetic derivatives. Eur J Pharmacol, 2004, 487(1-3), 
47-54. 

130. Corrêa, D.H.A.; Melo, P.S.; Carvallho, C.A.A.; Azevedo, M.B.M.; Durán, N.; Haun, M. 
Dehydrocrotonin and its beta-cyclodextrin complex: cytotoxicity in V79 fibroblasts and rat 
cultured hepatocytes. Eur J Pharmacol, 2005, 510, 17-24. 

131. Rodríguez, J.A.; Haun, M. Cytotoxicity of trans-dehydrocrotonin from Croton cajucara on 
V79 cells and rat hepatocytes.  Planta Med, 1999, 65, 522-526. 

132. Freire, A.C.G.; Assis, C.F.; Frick, A.O.; Melo, P.S.; Haun, M.; Aoyama, H.; Durán, N.; Sauer, 
M.M.; Kallas, E.G.; Ferreira, C.V. Influence of protein phosphatase inhibitors on HL60 cells 
death induction by dehydrocrotonin. Leukemia Res, 2003, 27, 823-829. 

133. Freire, A.C.G.; Silva, M.P.; Aoyama, H.; Haun, M.; Durán, N.; Ferreira, C.V. Cytotoxic effect 
of the diterpene lactone dehydrocrotonin from Croton cajucara on human promyelocytic 
leucemia cells. Planta Med, 2003, 69(1), 67-69.  

134. Santos, F.V.; Mesquita, S.F.P.; Faria, M.J.S.S.; Poersh, A.; Maciel, M.A.M.; Pinto, A.C.; 
Morimoto, H.K.; Cólus, I.M.S. Absence of mutagenicity in somatic and germ cells of mice 
submitted to subchronic treatment with an extract of Croton cajucara Benth 
(Euphorbiacae). Genet Mol Biol, 2006, 29(1), 159-65. 

135. Santos, F.V.; Santos, V.J.D.S.V. ; Farias, M.J. ; Mesquita, S.F.P. ; Maciel, M.A.; Angelo, C.P. ; 
Cóllus, I.M.S. Mutagenicity and antimutagenicity of Croton Cajucara. Biologia, 2008, 63(3), 
327-331. 

136. Poersch, A.; Santos, F.V.; Maciel, M.A.; Câmara, J.K.; Dantas, T.N.C.; Cólus, I.M.S.  
Protective effect of DCTN (trans-dehydrocrotonin) against induction of micronuclei and 
apoptosis by different mutagenic agents in vitro. Mutat Res, 2007, 629(1), 14-23.  

137. Frungillo, L. ; Martins, D. ; Teixeira, S. ; Anazetti, M.C.; Melo, P.D.S. ; Durán, N. Targeted 
antitumoral dehydrocrotonin nanoparticles with L-ascorbic Acid 6-stearate. J Pharm Sci, 
2009, 98, 4796-4807.  

138. Lapenda, T.L.S.; Morais, W.A.; Lira, M.C.B.; Maciel, M.A.M.; Santos-Magalhães, N.S. 
Validation of a UV Spectrophotometric method for determination trans-dehydrocrotonin 



Applications and Industrialisation of Nanotechnology  294     

in inclusion complexes with hydroxypropyl-β-Cyclodextrin. Lat Am J Pharm, 2012, 31(1), 
97-103.  

139. Nascimento Filho, J.M.N.; Melo, C.P.; Santos-Magalhães, N.S.; Rosílio, V.; Maciel, M.A.M.; 
Andrade, C.A.S. Thermodynamic investigation of mixed monolayers of trans-
dehydrocrotonin and phospholipids. Colloids Surf A Physicochem Eng Asp, 2010, 358(1-3), 
42-49. 

140. Morais, W.A.; Costa, M.P.; Paixão, A.D.O.; Maciel, M.A.M.; Santos-Magalhães, N.S. 
Encapsulation and release characteristics of DCTN/PLGA microspheres. J Microencapsul, 
2009, 26(6), 529-534.  

141. Da Silva Jr.; F.L.; Corrêa, N.P.; Silva Santos, N.G.; Dos Anjos, G.C.; Araújo-Filho, I.; Maciel, 
M.A.M. Bioativo trans-desidrocrotonina encapsulada em nanosistema coloidal para uso 
oral em processo terapêutico imunomodulador associado aos efeitos hipolipidêmico e 
hipoglicemiante. BR102020025996-2. December 18, 2020, Registration Institution: INPI - 
Instituto Nacional da Propriedade Industrial. 

142. Ingolfsdottir, K. Molecules of interest : usnic acid. Phytochemistry, 2002, 61, 729-36. 
143. Takai, M.; Uehara, Y.; Beisler, J.A. Usnic acid derivatives as potential antineoplastic agents. 

J Med Chem, 1979, 22, 1380-1384. 
144. Yamamoto, Y.; Miura, Y.; Kinoshita, Y.; Higuchi, M.; Yamada, Y.; Murakami, A.; Ohigashi, H.; 

Koshimuzi, K. Screening of tissue cultures and thalli of lichens and some of their active 
constituents for inhibition of tumor promoter-induced Epstein-Barr virus activation. Chem 
Pharm Bull, 1995, 43(8), 1388-1390.  

145. Bessadottir, M.; Einarsdottir, E.; Jonsdottir, G. Omarsdottir, S.; Ogmundsdottir, H.M. 870 
The lichen compound protolichesterinic acid affects lipid metabolism and induces ER stress 
in cancer cells. Ejc supplements, 2010, 8(5), 219-220. 

146. Backorova, M.; Backor, M.; Mikes, J.; Jendzelovsky, R.; Fedorocko, F. Variable responses of 
different human cancer cells to the lichen compounds parietin, atranorin, usnic acid and 
gyrophoric acid. Toxicol In Vitro, 2011, 25(1), 37-44. 

147. Backorova, M.; Jendzelovsky, R.; Kello, M.; Backor, M.; Mikes, J.; Fedorocko, P. Lichen 
secondary metabolites are responsible for induction of apoptosis in HT-29 and A2780 
human cancer cell lines. Toxicol In Vitro, 2012, 26, 462-468.  

148. Virtanen, O.E.; Karki, N. On the toxicity of an usnic acid preparation with the trade name 
USNO. Suom Kemistilehti, 1956, 29B, 225-226. 

149. Erba, E.; Pocar, D.; Rossi, L.M., New esters of R-(+)-usnic acid. Il Farmaco, 1998, 53, (10), 
718-720. 

150. Han, D.; Matsumaru, K.; Rettori, D.; Kaplowitz, N. Usnic acid-induced necrosis of cultured 
mouse hepatocytes: inhibition of mitochondrial function and oxidative stress. Biochem 
Pharmacol, 2004, 67, 439-451. 

151. Santos, N. P. S.; Nascimento, S. C.; Wanderley, M. S. O.; Pontes-filho, N.T.; Silva, J. F.; 
Castro, C.M.M.B.; Pereira, E. C.; Silva, N. H.; Honda, N. K.; Santosmagalhães, N. S. 
Nanoencapsulation of usnic acid: An attempt to improve antitumour activity 42 andreduce 
hepatotoxicity. Eur J Pharm Biopharm, 2006, 64, 154-160. 

152. Mishra, B.B.; Tiwari, V.K. Natural products: an evolving role in future drug discovery. Eur J 
Med Chem, 2011, 46(10), 4769-4807. 

153. Rahman, M.A.; Amin, A.R.M.R., Shin, D.M. Chemopreventive potencial of natural 
compounds in head and neck cancer. Nutr Cancer, 2010, 62(7), 973-87. 

154. Leemans, C.R.; Braakhuis, B.J.; Brakenhoff, R.H. The molecular biology of head and neck 
cancer. Nat Rev Cancer, 2011, 11(1), 9-22. 



Applications and Industrialisation of Nanotechnology  295     

155. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J Clin, 2015, 65(1), 5-29. 
156. Dequanter, D.; Van de Velde, M.; Nuyens, V.; Nagy, N.; Van Antwerpen, P.; Vanhamme, L.; 

Zouaoui Boudjeltia, K.; Vanhaeverbeek, M.; Brohée, D.; Lothaire, P. Assessment of 
oxidative stress in tumors and histologically normal mucosa from patients with head and 
neck squamous cell carcinoma: a preliminary study. Eur J Cancer Prev, 2013, 22(6), 558-
560. 

157. Pectasides, E.; Rampias, T.; Sasaki, C.; Perisanidis, C.; Kouloulias, V.; Burtness, B.; 
Zaramboukas, T.; Rimm, D.; Fountzilas, G.; Psyrri, A. Markers of epithelial to mesenchymal 
transition in association with survival in head and neck squamous cell carcinoma (HNSCC). 
PLoS One, 2014, 9(4), 1-8. 

158. van Harten, M.C.; Hoebers, F.J.; Kross, K.W.; van Werkhoven, E.D.; van den Brekel, M.W.; 
van Dijk, B.A. Determinants of treatment waiting times for head and neck cancer in the 
Netherlands ans their relation to survival. Oral Oncol, 2015, 51, 272-278. 

159. Corry, J.; Peters, L.J.; Rischin, D. Optimising the therapeutic ratio in head and neck cancer. 
Lancet Oncol, 2010, 11(3), 287-291. 

160. Hanna, E.; Alexiou, M.; Morgan, J.; Badley, J.; Maddox, A.M.; Penagaricano, J.; Fan, C.Y.; 
Breau, R.; Suen, J. Intensive chemoradiotherapy as a primary treatment for organ 
preservation in patients with advanced cancer of the head and neck: efficacy, toxic effects, 
and limitations. Arch Otolaryngol Head Neck Surg, 2004, 130(7), 861-867. 

161. Argiris, A.; Brockstein, B.E.; Haraf, D.J.; Stenson, K.M.; Mittal, B.B.; Kies, M.S.; Rosen, F.R.; 
Jovanovic, B.; Vokes, E.E. Competing causes of death and second primary tumors in 
patients with locoregionally advanced head and neck cancer treated with 
chemoradiotherapy. Clin Cancer Res, 2004, 10(6), 1956-1962. 

162. Khariwala, S.S.; Carmella, S.G.; Stepanov, I.; Fernandes, P.; Lassig, A.A.; Yueh, B.; 
Hatsukami, D.; Hecht, S.S. Elevated levels of 1-hydroxypyrene and N’-nitrosonornicotine in 
smokers with head and neck cancer: a matched control study. Head Neck, 2013, 35(8), 
1096-1100. 

163. Reiter, M.; Baumeister, P.; Boeck, D.; Schwenk-Zieger S.; Harréus, U. Reduction of DNA 
damage by crucumin and celecoxib in epithelial cell cultures of the oropharynx after 
incubation with tobacco smoke condensate. Anticancer Res, 2012, 32(8), 3185-3189. 

164. Hoeijmakers, J.H. Genome maintenance mechanisms for preventing cancer. Nature, 2001, 
411(6835), 366-374. 

165. Pogorzelski, M.; Ting, S.; Gauler, T.C.; Breitenbuecher, F.; Vossebein, I.; Hoffarth, S.; 
Markowetz, J.; Lang, S.; Bergmann, C.; Brandau, S.; Jawad, J.A.; Schmid, K.W.; Schuler, M.; 
Kasper, S. Impact of human papilloma virus infection on the response of head and neck 
cancers to antiepidermal growth factor receptor antibody therapy. Cell Death Dis, 2014, 5, 
1-9. 

166. Syrjänen, S. The role of human papillomavirus infection in head and neck cancers. Ann 
Oncol, 2010, 21(Suppl 7), vii243-vii245. 

167. Lassen, P. The role of human papillomavirus in head and neck cancer and the impact on 
radiotherapy. Radiother Oncol, 2010, 95(3), 371-380. 

168. Lehrer, M.S.; Sun, T.T.; Lavker, R.M. Strategies of epithelial repair: modulation of stem cell 
and transit amplifying cell proliferation. J Cell Sci, 1998, 111(Pt 19), 2867-2875. 

169. Lippens, S.; Denecker, G.; Ovaere, P.; Vandenabeele, P.; Declerq, W. Death penalty for 
keratinocytes: apoptosis versus cornification. Cell Death Differ, 2005, 12(Suppl 2), 1497-
1508. 



Applications and Industrialisation of Nanotechnology  296     

170. Wu, N.L.; Lee, T.A.; Tsai, T.L.; Lin, W.W. TRAIL-induced keratinocyte differentiation requires 
caspase activation and p63 expression. J Invest Dermatol, 2011, 131(4), 874-883. 

171. Singh, R.D.; Haridas, N.; Shah, F.D.; Patel, J.B.; Shukla, S.N.; Patel, P.S. Gene polymorphisms, 
tobacco exposure and oral cancer susceptibility: A study from Gujarat, West India. Oral Dis, 
2014, 20, 84-93. 

172. Liu, Y.L.; Xu, Y.; Li, F.; Chen, H.; Guo, S.L. CYP2A6 deletion polymorphism is associated with 
decreased susceptibility of lung cancer in Asian smokers: a meta-analysis. Tumour Biol, 
2013, 34(5), 2651-267.  

173. Lee, J.; Dahl, M.; Nordestgaard, B.G. Genetically lowered microsomal epoxide hydrolase 
activity and tobacco-related cancer in 47,000 individuals. Cancer Epidemiol Biomarkers 
Prev, 2011, 20(8), 1673-1682. 

174. Mehrotra, R.; Yadav, S. Oral squamous cell carcinoma: etiology, pathogenesis and 
prognostic value of genomic alterations. Indian J Cancer, 2006, 43(2), 60-66. 

175. Turati, F.; Negri, E.; La Vecchia, C. Family history and the risk of cancer: genetic factors 
influencing multiple cancer sites. Expert Rev Anticancer Ther, 2014, 14(1), 1-4. 

176. Fracalossi, A.C.; Comparini, L.; Funabashi, K.; Godoy, C.; Iwamura, E.S.; Nascimento, F.D.; 
Nader, H.B.; Oshima, C.T.; Ribeiro, D.A. Ras gene mutation is not related to tumour 
invasion during rat tongue carcinogenesis induced by 4-nitroquinoline 1-oxide. J Oral 
Pathol Med, 2011, 40(4), 325-333.  

177. Khan, Z.; Bisen, P.S. Oncoapoptotic signaling and deregulated target genes in cancers: 
special reference to oral cancer. Biochim Biophys Acta, 2013, 1836(1), 123-145. 

178. Rashel, M.; Alston, N.; Ghazizadeh, S. Protein kinase D1 has a key role in wound healing 
and skin carcinogenesis. J Invest Dermatol, 2014, 134(4), 902-909.  

179. Chen, Y.; Hou, Q.; Yan, W.; Luo, J.; Chen, D.; Liu, Z.; He, S.; Ding, X. PIK3CA is critical for the 
proliferation, invasiveness, and drug resistance of human tongue carcinoma cells.  Oncol 
Res, 2011, 19(12), 563-571. 

180. Zedan, W.; Mourad, M.I.; El-Aziz, S.M.; Salamaa, N.M.; Shalaby, A.A. Cytogenetic 
significance of chromosome 17 aberrations and P53 gene mutations as prognostic markers 
in oral squamous cell carcinoma. Diagn Pathol, 2015, 10, 1-9. 

181. Chen, K.M.; Guttenplan, J.B.; Zhang, S.M.; Aliaga, C.; Cooper, T.K.; Sun, Y.W.; DelTondo, J.; 
Kosinska, W.; Sharma, A.K.; Jiang, K.; Bruggeman, R.; Ahn, K.; Amin, S.; El-Bayoumy, K. 
Mechanisms of oral carcinogenesis induced by dibenzo[a,l]pyrene: an environmental 
pollutant and a tobacco smoke constituent. Int J Cancer, 2013, 133(6), 1300-1309.  

182. Michcik, A.; Cichorek, M.; Daca, A.; Chomik, P.; Wojcik, S.; Zawrocki, A.; Wlodarkiewicz, A. 
Tobacco smoking alters the number of oral epithelial cells with apoptotic features. Folia 
Histochem Cytobiol, 2014, 52(1), 60-68.  

183. Reddy, M.V.; Randerath, K. Nuclease P1-mediated enhancement of sensitivity of 32P-
postlabeling test for structurally diverse DNA adducts. Carcinogenesis, 1986, 7(9), 1543-
1551. 

184. Randerath, K.; Haglund, R.E.; Phillips, D.H.; Reddy, M.V. 32P-post-labelling analysis of DNA 
adducts formed in the livers of animals treated with safrole, estragole and other naturally-
occurring alkenylbenzenes. I. Adult female CD-1 mice. Carcinogenesis, 1984, 5(12), 1613-
1622. 

185. Chen, C.L.; Chi, C.W.; Chang, K.W.; Liu, T.Y. Safrole-like DNA adducts in oral tissue from oral 
cancer patients with a betel quid chewing history. Carcinogenesis, 1999, 20(12), 2331-
2334. 



Applications and Industrialisation of Nanotechnology  297     

186. Scully, C.; Bagan, J.V. Recent advances in oral oncology 2007: imaging, treatment and 
treatment outcomes. Oral Oncol, 2008, 44(3), 211-215. 

187. Scully, C.; Bagan, J.V. Recent advances in oral oncology 2008; squamous cell carcinoma 
imaging, treatment, prognosticatication and treatment outcomes. Oral Oncol, 2009, 45(6), 
e25-30. 

188. Blanchard, P.; Baujat, B.; Holostenco, V.; Bourredjem, A.; Baey, C.; Bourhis, J.; Pignon, J.P.; 
Group, M.-C.C. Meta-analysis of chemotherapy in head and neck cancer (MACH-NC): a 
comprehensive analysis by tumour site. Radiother Oncol, 2011, 100(1), 33-40. 

189. Budach, W.; Hehr, T.; Budach, V.; Belka, C.; Dietz, K. A meta-analysis of hyperfractionated 
and accelerated radiotherapy and combined chemotherapy and radiotherapy regimens in 
unresected locally advanced squamous cell carcinoma of the head and neck. BMC Cancer, 
2006, 6, 28-39. 

190. Pignon, J.P.; le Maître, A.; Maillard, E.; Bourhis, J.; Group, M.-NC C. Meta-analysis of 
chemotherapy in head and neck cancer (MACH-NC): an update on 93 randomised trials 
and 17,346 patients. Radiother Oncol, 2009, 92(1), 4-14. 

191. Trotti, A. Tpxicity in head and neck cancer: a review of trends and issues. Int J Radiat Oncol 
Biol Phys, 2000, 47(1), 1-12. 

192. Tribius, S.; Sommer, J.; Prosch, C.; Bajrovic, A.; Muenscher, A.; Blessmann, M.;  Kruell, A.; 
Petersen, C.; Todorovic, M.; Tennstedt, P. Xerostomia after radiotherapy. What matters-
mean total dose or dose to each parotid gland? Strahlenther Onkol, 2013, 189(3), 216-222. 

193. Yeh, E.T.; Tong, A.T.; Lenihan, D.J.; Yusuf, S.W.; Swafford, J.; Champion, C.; Durand, J.B.; 
Gibbs, H.; Zafarmand, A.A.; Ewer, M.S. Cardiovascular complications of cancer therapy: 
diagnosis, pathogenesis, and management. Circulation, 2004, 109(25), 3122-3131. 

194. Gibson, M.K.; Li, Y.; Murphy, B.; Hussain, M.H.; DeConti, R.C.; Ensley, J.; Forastiere, A.A.; 
Group, E.C.O. Randomized phase III evaluation of cisplatin plus fluorouracil versus cisplatin 
plus paclitaxel in advanced head and neck cancer (E1395): an intergroup trial of the 
Eastern Cooperative Oncology Group. J Clin Oncol, 2005, 23(15), 3562-3567. 

195. Castro-Junior, G.; Snitcovsky, I.M.; Gebrim, E.M.; Leitão, G.M.; Nadalin, W.; Ferraz, A.R.; 
Federico, M.H. High-dose cisplatin concurrent to conventionally delivered radiotherapy is 
associated with unacceptable toxicity in unresectable, non-metastatic stage IV head and 
neck squamous cell carcinoma. Eur Arch Otorhinolaryngol, 2007, 264(12), 1475-1482. 

196. Boussios, S.; Pentheroudakis, G.; Katsanos, K.; Pavlidis, N. Systemic treatment-induced 
gastrointestinal toxicity: incidence, clinical presentation and management. Ann 
Gastroenterol, 2012, 25(2), 106-118. 

197. Epstein, J.B.; Thariat, J.; Bensadoun, R.J.; Barasch, A.; Murphy, B.A.; Kolnick, L.; Popplewell, 
L.; Maghami, E. Oral complications of cancer and cancer therapy: from cancer treatment 
to survivorship. CA Cancer J Clin, 2012, 62(6), 400-422. 

198. Sonis, S.T.; Fey, E.G. Oral complications of cancer therapy. Oncology (Williston Park), 2002, 
16(5), 680-686. 

199. Handschel, J.; Naujoks, C.; Hofer, M.; Krüskemper, G. Psychological aspects affect quality 
of life in patients with oral squamous cell carcinomas. Psychooncology, 2013, 22(3), 677-
682. 

200. Cohen, E.E.; Lingen, M.W.; Vokes, E.E. The expanding role of systemic therapy in head and 
neck cancer. J Clin Oncol, 2004, 22(9), 1743-1752. 

201. Chandana, S.R.; Conley, B.A. Neoadjuvant chemotherapy for locally advanced squamous 
cancers of the head and neck: current status and future prospects. Curr Opin Oncol, 2009, 
21(3), 218-223. 



Applications and Industrialisation of Nanotechnology  298     

202. Adelstein, D.J.; Moon, J.; Hanna, E.; Giri, P.G.; Mills, G.M.; Wolf, G.T.; Urba, S.G. Docetaxel, 
cisplatin, and fluorouracil induction chemotherapy followed by accelerated 
fractionation/concomitant boost radiation and concurrent cisplatin in patients with 
advanced squamous cell head and neck cancer: a Southwest oncology group phase II trial 
(S0216). Head Neck, 2010, 32(2), 221-228. 

203. Bonner, J.A.; Harari, P.M.; Giralt, J.; Azarnia, N.; Shin, D.M.; Cohen, R.B.; Jones, C.U.; Sur, R.; 
Raben, D.; Jassem, J.; Ove, R.; Kies, M.S.; Baselga, J.; Youssoufian, H.; Amellal, N.; Rowinsky, 
E.K.; Ang, K.K. Radiotherapy plus cetuximab for squamous-cell carcinoma of the head and 
neck. N Engl J Med, 2006, 354(6), 567-578. 

204. Bonner, J.A.; Harari, P.M.; Giralt, J.; Cohen, R.B.; Jones, C.U.; Sur, R.K.; Raben, D.; Baselga, 
J.; Spencer, S.A.; Zhu, J.; Youssoufian, H.; Rowinsky, E.K.; Ang, K.K. Radiotherapy plus 
cetuximab for locoregionally advanced head and neck cancer: 5-year survival data from a 
phase 3 randomised trial, and relation between cetuximab-induced rash and survival. 
Lancet Oncol, 2010, 11(1), 21-28. 

205. Vermorken, J.B.; Herbst, R.S.; Leon, X.; Amellal, N.; Baselga, J. Overview of the efficacy of 
cetuximab in recurrent and/or metastatic squamous cell carcinoma of the head and neck 
in patients who previously failed platinum-based therapies. Cancer, 2008, 112(12), 2710-
2719. 

206. Vermorken, J.B.; Mesia, R.; Rivera, F.; Remenar, E.; Kawecki, A.; Rottey, S.; Erfan, J.; 
Zabolotnyy, D.; Kienzer, H.R.; Cupissol, D.; Peyrade, F.; Benasso, M.; Vynnychenko, I.; 
Raucourt, D.; Bokemeyer, C.; Schueler, A.; Amellal, N.; Hitt, R. Platinum-based 
chemotherapy plus cetuximab in head and neck cancer. N Engl J Med, 2008, 359(11), 
1116-1127. 

207. Mod, D.; Mod, H.; Jha, A.K. Oral and Dental complications of head and neck radiotherapy 
and their management. J Nepal Health Res Counc, 2013, 11(25), 300-304. 

208. Bascones-Martínez, A.; Muñoz-Corcuera, M.; Gómez-Font, R. Oral secondary effects of 
radiotherapy and chemotherapy in cancer of the cervicofacial region. Med Clin (Barc), 
2013, 141(2), 77-81. 

209. Dietz, A.; Boehm, A.; Mozet, C.; Wichmann, G.; Giannis, A. Current aspects of targeted 
therapy in head and neck tumors. Eur Arch Otorhinolaryngol, 2008, 265(Suppl 1), S3-12. 

210. Glazer, C.A.; Chang, S.S.; Ha, P.K.; Califano, J.A. Applying the molecular biology and 
epigenetics of head and neck cancer in everyday clinical practice. Oral Oncol, 2009, 45(4-5), 
440-446. 

211. Langer, C.J. Targeted therapy in head and neck cancer: state of the art 2007 and review of 
clinical applications. Cancer, 2008, 112(12), 2635-2645. 

212. Le Tourneau, C.; Faivre, S.; Siu, L.L. Molecular targeted therapy of head and neck cancer: 
review and clinical development challenges. Eur J Cancer, 2007, 43(17), 2457-2466. 

213. Shirai, K.; O'Brien, P.E. Molecular targets in squamous cell carcinoma of the head and neck. 
Curr Treat Options Oncol, 2007, 8(3), 239-251. 

214. Lippman, S.M.; Lee, J.J.; Sabichi, A.L. Cancer chemoprevention: progress and promise. J 
Natl Cancer Inst, 1998, 90(20), 1514-2158. 

215. Hong, W.K.; Spitz, M.R.; Lippman, S.M. Cancer chemoprevention in the 21st century: 
genetics, risk modeling, and molecular targets. J Clin Oncol, 2000, 18(21 Suppl), 9S-18S. 

216. Amin, A.R.; Kucuk, O.; Khuri, F.R.; Shin, D.M. Perspectives for cancer prevention with 
natural compounds. J Clin Oncol, 2009, 27(16), 2712-2725. 

217. Nehybová, T.; Šmarda, J.; Beneš, P. Plant coumestans: recent advances and future 
perspectives in cancer therapy. Anticancer Agents Med Chem, 2014, 14(10), 1351-1362. 



Applications and Industrialisation of Nanotechnology  299     

218. Hong, W.K.; Endicott, J.; Itri, L.M.; Doos, W.; Batsakis, J.G.; Bell, R.; Fofonoff, S.; Byers, R.; 
Atkinson, E.N.; Vaughan, C. 13-cis-retinoic acid in the treatment of oral leukoplakia. N Engl 
J Med, 1986, 315(24), 1501-1505. 

219. Hong, W.K.; Lippman, S.M.; Itri, L.M.; Karp, D.D.; Lee, J.S.; Byers, R.M.; Schantz, S.P.; 
Kramer, A.M.; Lotan, R.; Peters, L.J. Prevention of second primary tumors with isotretinoin 
in squamous-cell carcinoma of the head and neck. N Engl J Med, 1990, 323(12), 795-801. 

220. Szczepanski, M.J.; DeLeo, A.B.; Łuczak, M.; Molinska-Glura, M.; Misiak, J.; Szarzynska, B.; 
Dworacki, G.; Zagor, M.; Rozwadowska, N.; Kurpisz, M.; Krzeski, A.; Kruk-Zagajewska, A.; 
Kopec, T.; Banaszewski, J.; Whiteside, T.L. PRAME expression in head and neck cancer 
correlates with markers of poor prognosis and might help in selecting candidates for 
retinoid chemoprevention in pre-malignant lesions. Oral Oncol, 2013, 49(2), 144-151. 

221. Lippman, S.M.; Benner, S.E.; Hong, W.K. Retinoids in chemoprevention of head and neck 
carcinogenesis. Prev Med, 1993, 22(5), 693-700. 

222. Benner, S.E.; Lippman, S.M.; Hong, W.K. Retinoid chemoprevention of second primary 
tumors. Semin Hematol, 1994, 31(4 Suppl 5), 26-30. 

223. Khuri, F.R.; Lee, J.J.; Lippman, S.M.; Kim, E.S.; Cooper, J.S.; Benner, S.E.; Winn, R.; Pajak, 
T.F.; Williams, B.; Shenouda, G.; Hodson, I.; Fu, K.; Shin, D.M.; Vokes, E.E.; Feng, L.; 
Goepfert, H.; Hong, W.K. Randomized phase III trial of low-dose isotretinoin for prevention 
of second primary tumors in stage I and II head and neck cancer patients. J Natl Cancer Inst, 
2006, 98(7), 441-450. 

224. Lee, J.J.; Wu, X.; Hildebrandt, M.A.; Yang, H.; Khuri, F.R.; Kim, E.; Gu, J.; Ye, Y.; Lotan, R.; 
Spitz, M.R.; Hong, W.K. Global assessment of genetic variation influencing response to 
retinoid chemoprevention in head and neck cancer patients. Cancer Prev Res (Phila), 2011, 
4(2), 185-193. 

225. Park, K.; Yang, J.H.; Choi, Y.; Lee, C.; Kim, S.Y.; Byun, Y. Chemoprevention of 4-NQO-
induced oral carcinogenesis by co-administration of all-trans retinoic acid loaded 
microspheres and celecoxib. J Control Release, 2005, 104, 167-79. 

226. Correa, R.J.; Valdes, Y.R.; Peart, T.M.; Fazio, E.N.; Bertrand, M.; McGee, J.; Préfontaine, M.; 
Sugimoto, A.; DiMattia, G.E.; Shepherd, T.G. Combination of AKT inhibition with autophagy 
blockade effectively reduces ascites-derived ovarian cancer cell viability. Carcinogenesis, 
2014, 35(9), 1951-1961. 

227. Ha, G.H.; Park, J.S.; Breuer, E.K. TACC3 promotes epithelial-mesenchymal transition (EMT) 
through the activation of PI3K/Akt and ERK signaling pathways. Cancer Lett, 2013, 332(1), 
63-73. 

228. Kong, L.; Schäfer, G.; Bu, H.; Zhang, Y.; Klocker, H. Lamin A/C protein is overexpressed in 
tissue-invading prostate câncer and promotes prostate câncer cell growth, migration and 
invasion through the PI3K/AKT/PTEN pathway. Carcinogenesis, 2012, 33(4), 751-759. 

229. Li, H.; Gao, Q.; Guo, L.; Lu, S.H. The PTEN/PI3K/Akt pathway regulates stem-like cells in 
primary esophageal carcinoma cells. Cancer Biol Ther, 2011, 11(11), 950-958. 

230. Makhov, P.; Golovine, K.; Teper, E.; Kutikov, A.; Mehrazin, R.; Corcoran, A.; Tulin, A.; Uzzo, 
R.G.; Kolenko, V.M. Piperlongumine promotes autophagy via inhibition of Akt/mTOR 
signaling and mediates cancer cell death. Br J Cancer, 2014, 110(4), 899-907. 

231. Amornphimoltham, P.; Sriuranpong, V.; Patel, V.; Benavides, F.; Conti, C.J.; Sauk, J.; 
Sausville, E.A.; Molinolo, A.A.; Gutkind, J.S. Persistent activation of the Akt pathway in 
head and neck squamous cell carcinoma: a potential target for UCN-01. Clin Cancer Res, 
2004, 10(12 Pt 1), 4029-4037. 



Applications and Industrialisation of Nanotechnology  300     

232. Ciruelos Gil, E.M. Targeting the PI3K/AKT/mTOR pathway in estrogen receptor-positive 
breast cancer. Cancer Treat Rev, 2014, 40(7), 862-871. 

233. Danielsen, S.A.; Eide, P.W.; Nesbakken, A.; Guren, T.; Leithe, E.; Lothe, R.A. Portrait of the 
PI3K/AKT pathway in colorectal cancer. Biochim Biophys Acta, 2015, 1855(1), 104-121. 

234. Liu, F.Y.; Zhao, Z.J.; Li, P.; Ding, X.; Zong, Z.H.; Sun, C.F. Mammalian target of rapamycin 
(mTOR) is involved in the survival of cells mediated by chemokine receptor 7 through 
PI3K/Akt in metastatic squamous cell carcinoma of the head and neck. Br J Oral Maxillofac 
Surg, 2010, 48(4), 291-296. 

235. Polivka, J.; Janku, F. Molecular targets for cancer therapy in the PI3K/AKT/mTOR pathway. 
Pharmacol Ther, 2014, 142(2), 164-175. 

236. LoPiccolo, J.; Blumenthal, G.M.; Bernstein, W.B.; Dennis, P.A. Targeting the 
PI3K/Akt/mTOR pathway: effective combinations and clinical considerations. Drug Resist 
Updat, 2008, 11(1-2), 32-50. 

237. Bussink, J.; van der Kogel, A.J.; Kaanders, J.H. Activation of the PI3-K/AKT pathway and 
implications for radioresistance mechanisms in head and neck cancer. Lancet Oncol, 2008, 
9(3), 288-296. 

238. Pontes, H.A.; Pontes, F.S.; Jesus, A.S.; Soares, M.C.; Gonçalves, F.L.; Botelho, T.L.; Ribeiro, 
J.C.; Pinto, D.J.S. p-Akt and its relationship with clinicopathological features and survival in 
oral squamous cell carcinoma: an immunohistochemical study. J Oral Pathol Med, 2014, 
44(7), 532-537. 

239. Witkin, J.M.; Li, X. Curcumin, an active constituent of the ancient medicinal herb Curcuma 
longa L.: some uses and the establishment and biological basis of medical efficacy. CNS 
Neurol Disord Drug Targets, 2013, 12(4), 487-497. 

240. Khan, N.; Afaq, F.; Mukhtar, H. Cancer chemoprevention through dietary antioxidants: 
progress and promise. Antioxid Redox Signal, 2008, 10(3), 475-510. 

241. Bar-Sela, G.; Epelbaum, R.; Schaffer, M. Curcumin as an anti-cancer agent: review of the 
gap between basic and clinical applications. Curr Med Chem, 2010, 17(3), 190-197. 

242. Kasinski, A.L.; Du, Y.; Thomas, S.L.; Zhao, J.; Sun, S.Y.; Khuri, F.R.; Wang, C.Y.; Shoji, M.; Sun, 
A.; Snyder, J.P.; Liotta, D.; Fu, H. Inhibition of IkappaB kinase-nuclear factor-kappaB 
signaling pathway by 3,5-bis(2-flurobenzylidene)piperidin-4-one (EF24), a novel 
monoketone analog of curcumin. Mol Pharmacol, 2008, 74(3), 654-661. 

243. Thangapazham, R.L.; Sharma, A.; Maheshwari, R.K. Multiple molecular targets in cancer 
chemoprevention by curcumin. AAPS J., 2006, 8(3), E443-9. 

244. Chun, K.S.; Keum, Y.S.; Han, S.S.; Song, Y.S.; Kim, S.H.; Surh, Y.J. Curcumin inhibits phorbol 
ester-induced expression of cyclooxygenase-2 in mouse skin through suppression of 
extracellular sugnal-regulated kinase activity and NF-kappaB activation. Carcinogenesis, 
2003, 24(9), 1515-1524. 

245. Goel, A.; Jhurani, S.; Aggarwal, B.B. Multi-targeted therapy by curcumin: how spicy is it? 
Mol Nutr Food Res, 2008, 52(9), 1010-1030. 

246. Cheng, A.L.; Hsu, C.H.; Lin, J.K.; Hsu, M.M.; Ho, Y.F.; Shen, T.S.; Ko, J.Y.; Lin, J.T.; Lin, B.R.; 
Ming-Shiang, W.; Yu, H.S.; Jee, S.H.; Chen, G.S.; Chen, T.M.; Chen, C.A.; Lai, M.K.; Pu, Y.S.; 
Pan, M.H.; Wang, Y.J.; Tsai, C.C.; Hsieh, C.Y. Phase I clinical trial of curcumin, a 
chemopreventive agent, in patients with high-risk or premalignant lesions. Anticancer Res, 
2001, 21(4B), 2895-2900. 

247. Sharma, R.A.; McLelland, H.R.; Hill, K.A.; Ireson, C.R.; Euden, S.A.; Manson, M.M.; 
Pirmohamed, M.; Marnett, L.J.; Gescher, A.J.; Steward, W.P. Pharmacodynamic and 



Applications and Industrialisation of Nanotechnology  301     

pharmacokinetic study of oral Curcuma extract in patients with colorectal cancer. Clin 
Cancer Res, 2001, 7(7), 1894-1900. 

248. Wang, D.; Veena, M.S.; Stevenson, K.; Tang, C.; Ho, B.; Suh, J.D.; Duarte, V.M.; Faull, K.F.; 
Mehta, K.; Srivatsan, E.S.; Wang, M.B. Liposome-encapsulated curcumin suppresses 
growth of head and neck squamous cell carcinoma in vitro and in xenografts through the 
inhibition of nuclear factor kappaB by an AKT-independent pathway. Clin Cancer Res, 2008, 
14(19), 6228-6236. 

249. Clark, C.A.; McEachern, M.D.; Shah, S.H.; Rong, Y.; Rong, X.; Smelley, C.L.; Caldito, G.C.; 
Abreo, F.W.; Nathan, C.O. Curcumin inhibits carcinogen and nicotine-induced Mammalian 
target of rapamycin pathway activation in head and neck squamous cell carcinoma. Cancer 
Prev Res (Phila), 2010, 3(12), 1586-1595. 

250. Cuenca, A.G.; Jiang, H.; Hochwald, S.N.; Delano, M.; Cance, W.G.; Grobmyer, S.R. Emerging 
implications of nanotechnology on cancer diagnostics and therapeutics. Cancer, 2006, 
107(3), 459-466. 

251. El-Sayed, I.H. Nanotechnology in head and neck cancer: the race is on. Curr Oncol Rep, 
2010, 12(2), 121-128. 

252. Calixto, G.; Bernegossi, J.; Fonseca-Santos, B.; Chorilli, M. Nanotechnology-based drug 
delivery systems for treatment of oral câncer: a review. Int J Nanomedicine, 2014, 9, 3719-
3735. 

253. Tamayo, J.; Kosaka, P.M.; Ruz, J.J.; San Paulo, Á.; Calleja, M. Biosensors based on 
nanomechanical systems. Chem Soc Rev, 2013, 42(3), 1287-1311. 

254. Benergossi, J.; Calixto, G.; Fonseca-Santos, B.; Aida, K.L.; Negrini, T.C.; Duque, C.; Gremião, 
M.P.; Chorilli, M. Highlights in peptide nanoparticle carriers intended to oral diseases. Curr 
Top Med Chem, 2015, 15(4), 345-355. 

255. Mohri, K.; Nishikawa, M.; Takahashi, Y.; Takakura, Y. DNA nanotechnology-based 
development of delivery systems for bioactive compounds. Eur J Pharm Sci, 2014, 58, 26-
33. 

256. Rosenthal, D.I.; Yom, S.S.; Liu, L.; Machtay, M.; Algazy, K.; Weber, R.S.; Weinstein, G.S.; 
Chalian, A.A.; Mille, L.K.; Rockwell, K.; Tonda, M.; Schnipper, E.; Hershock, D. A phase I 
study of SPI-077 (Stealth liposomal cisplatin) concurrent with radiation therapy for locally 
advanced head and neck cancer. Invest New Drugs, 2002, 20(3), 343-349. 

257. Strieth, S.; Dunau, C.; Michaelis, U.; Jäger, L.; Gellrich, D.; Wollenberg, B.; Dellian, M. Phase 
I/II clinical study on safety and antivascular effects of paclitaxel encapsulated in cationic 
liposomes for targeted therapy in advanced head and neck cancer. Head Neck, 2014, 36(7), 
976-984. 

258. Alexiou, C.; Jurgons, R.; Schmid, R.J.; Bergemann, C.; Henke, J.; Erhardt, W.; Huenges, E.; 
Parak, F. Magnetic drug targeting--biodistribution of the magnetic carrier and the 
chemotherapeutic agent mitoxantrone after locoregional cancer treatment. J Drug Target, 
2003, 11(3), 139-149.  

259. Bhirde, A.A.; Patel, V.; Gavard, J.; Zhang, G.; Sousa, A.A.; Masedunskas, A.; Leapman, R.D.; 
Weigert, R.; Gutkind, J.S.; Rusling, J.F. Targeted killing of cancer cells in vivo and in vitro 
with EGF-directed carbon nanotube-based drug delivery. ACS Nano, 2009, 3(2), 307-316. 

260. Strieth, S.; Dunau, C.; Kolbow, K.; Knuechel, R.; Michaelis, U.; Ledderose, H.; Eichhorn, M.E.; 
Strelczyk, D.; Tschiesner, U.; Wollenberg, B.; Dellian, M. Phase I clinical study of vascular 
targeting fluorescent cationic liposomes in head and neck cancer. Eur Arch 
Otorhinolaryngol, 2013; 270(4), 1481-1487. 



Applications and Industrialisation of Nanotechnology  302     

261. Schmitt-Sody, M.; Strieth, S.; Krasnici, S.; Sauer, B.; Schulze, B.; Teifel, M.; Michaelis, U.; 
Naujoks, K.; Dellian, M. Neovascular targeting therapy: paclitaxel encapsulated in cationic 
liposomes improves antitumoral efficacy. Clin Cancer Res, 2003, 9(6), 2335-2341. 

262. Endo, K.; Ueno, T.; Kondo, S.; Wakisaka, N.; Murono, S.; Ito, M.; Kataoka, K.; Kato, Y.; 
Yoshizaki, T. Tumor-targeted chemotherapy with the nanopolymer-based drug NC-6004 
for oral squamous cell carcinoma. Cancer Sci, 2013, 104(3), 369-374. 

263. Li, J.; Gong, C.; Feng, X.; Zhou, X.; Xu, X.; Xie, L.; Wang, R.; Zhang, D.; Wang, H.; Deng, P.; 
Zhou, M.; Ji, N.; Zhou, Y.; Wang, Y.; Wang, Z.; Liao, G.; Geng, N.; Chu, L.; Qian, Z.; Chen, Q. 
Biodegradable thermosensitive hydrogel for SAHA and DDP delivery: therapeutic effects 
on oral squamous cell carcinoma xenografts. PLoS One, 2012, 7(4), e33860. 

264. Damascelli, B.; Patelli, G.L.; Lanocita, R.; Di Tolla, G.; Frigerio, L.F.; Marchianò, A.; 
Garbagnati, F.; Spreafico, C.; Tichà, V.; Gladin, C.R.; Palazzi, M.; Crippa, F.; Oldini, C.; Calò, 
S.; Bonaccorsi, A.; Mattavelli, F.; Costa, L.; Mariani, L.; Cantù, G. A novel intraarterial 
chemotherapy using paclitaxel in albumin nanoparticles to treat advanced squamous cell 
carcinoma of the tongue: preliminary findings. AJR Am. J. Roentgenol, 2003, 181(1), 253-
260. 

265. Myoung, H.; Hong, S.D.; Kim, Y.Y.; Hong, S.P.; Kim, M.J. Evaluation of the anti-tumor and 
anti-angiogenic effect of paclitaxel and thalidomide on the xenotransplanted oral 
squamous cell carcinoma. Cancer Lett, 2001, 163(2), 191-200. 

266. Ferrari, M. Cancer nanotechnology: opportunities and challenges. Nat Rev Cancer, 2005, 
5(3), 161-171. 

267. Wicki, A.; Witzigmann, D.; Balasubramanian, V.; Huwyler, J. Nanomedicine in cancer 
therapy: challenges, opportunities, and clinical applications. J Control Release, 2015, 200, 
138-157. 

 
 

 
  


