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Thiomers (or thiolated polymers) have broken through as avant-garde approaches in anticancer therapy. Their

distinguished reactivity and properties, closely linked to their final applications, justify the extensive research conducted on

their preparation and use as smart drug-delivery systems (DDSs).
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1. Cancer in today's society

Cancer is a major public health problem worldwide and is the second-leading cause of death in developed countries—only

exceeded by cardiovascular diseases—which accounts for more than 8.8 million deaths per year. The lifetime probability

of developing an invasive cancer is currently above 40% for men and close to that for women; in 2020, 1,806,590 new

cancer cases and 606,520 cancer deaths were projected to occur in the United States (Figure 1) . Cancer therapy is

dictated by the cancer type, stage at diagnosis, and the patient’s tolerance to the prescribed therapy . Chemotherapy

serves as a method to block the expansion of growing neoplasm. Its results are enhanced when combined with other

classical anticancer approaches . However, the active pharmaceutical ingredients (APIs) for the treatment of cancer do

not usually differentiate between healthy cells and cancer cells, as both of them are exposed to the cytotoxic effects of

chemotherapeutic drugs . In addition, cancer treatments generally involve the administration of relatively high doses of

the drug in the hope that a portion, although minor, will go to damaged tissues . Therefore, it is necessary to explore

other therapeutic options that allow the drug of interest to accumulate in the cancerous tissue while decreasing the

adverse reactions associated with its presence in healthy niches.

Figure 1. Estimated number of deaths by the main types of cancer in the United States, for both sexes, in 2020. Data

obtained from .

2. Thiolated polymers as potencially efficient DDS

Nanotechnology has been extensively investigated for potential applications in the diagnosis and treatment of cancer,

since it offers a suitable means of site-specific and/or time-controlled delivery of small- or large-molecular-weight drugs

and other bioactive agents . Drug-delivery systems (DDSs) based on polymer NPs have the potential to

improve current disease therapies because of their ability to go through multiple biological barriers, overcoming the
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drawbacks of insoluble drugs, whereas their renal clearance will be reduced . Additional benefits such as an increase in

half-life, payload, and suppression of the side effects of toxic drugs are of great interest. Therefore, nanometric-sized

systems are being studied for their use in either passive or active targeted cancer therapy. In cancer tissues, there are two

relevant parameters that can act as internal stimuli in smart DDSs: the acidic pH  and the reductive environment found

in tumors . Both have been vastly explored as internal trigger for the release of payloads.

Thiolated polymers (thiomers) are biocompatible polymers that bear free or activated thiol groups covalently attached to

them. They began to be explored in 1999 , and have since been used in multiple biomedical and pharmaceutical

applications due to the close interest in their study among the research community . These applications are

connected with the presence of their thiol groups and their capability of conducting thiol–disulfide exchange reactions and

oxidizing to disulfide bridges: from soft-tissue engineering  as biomaterial support for cartilage repair  and 3D

bioscaffolds for cell culture  to antibacterial activity . They are also prominent candidates for the

formulation of controlled delivery carriers of APIs, whether for topical use , as dry powder inhalers , or in oral

administration , among others. Their formulations can enclose small molecules such as methotrexate , sodium

naproxen , isoniazid  docetaxel , and paclitaxel , as well as hydrophilic macromolecular drugs , but also

peptides, RNA, and biomacromolecules like insulin , basic fibroblast growth factors , and siRNA .

3. Molecular aspects of cancer

Cancer has been one of the most studied pathologies in modern history. Molecularly, it is interesting to mention that, as of

the year 2000, it was proposed that neoplastic diseases shared six characteristics that constitute their basic organizing

principles, thus providing a logical framework to understand them even when the diversity among this group of

pathologies is enormous. These peculiarities were baptized as “The Six Hallmarks of Cancer”, and the consensus

reached at that moment was that as healthy cells evolve gradually to a cancerous state, they acquire a succession of

these hallmark abilities that allow them to behave as a prototypical tumor. The acquisition of such malignant properties

during multistep tumorigenesis has been concluded to be favored by two enabling characteristics; that is, phenomena that

create the necessary breeding ground for cancer cells to start developing: genome instability and mutation, and tumor-

promoting inflammation .

Therefore, the six hallmarks of cancer can be defined as distinctive and complementary capabilities that enable tumor

growth and metastatic dissemination . They include: (1) sustaining proliferative signaling, (2) evading growth

suppressors, (3) activating invasion and metastasis, (4) enabling replicative immortality, (5) inducing angiogenesis, and

(6) resisting cell death. Nonetheless, an increased body of research during the past decades has suggested that there are

not six hallmarks of cancer, but in fact eight, the list being completed with (7) deregulating cellular energetics and (8)

avoiding immune destruction .

4. Antitumoral therapy. Drug delivery concerns

As far as cancer therapy is concerned, treatment is dictated by the cancer type, stage at diagnosis, and the patient’s

tolerance to the prescribed therapy . While surgery and radiotherapy are the primary treatment used for local and

nonmetastatic cancers, other treatments can be employed such as chemotherapy, and hormone and biological therapies.

Thus, for example, in the case of solid tumors, surgery is the local treatment of choice, as the damage is confined to a

limited area of the body. However, most patients require the combination of two or more therapeutic treatments due to the

potential spread of the disease, as well as to effectively prevent the evolution of the disease from early to advanced

stages. Chemotherapy works by inhibiting the division of rapidly growing cells, and combined with surgery or radiotherapy,

the effectiveness of these treatment modalities are increased .

Although chemotherapy is the main treatment for cancer patients, the active pharmaceutical ingredients (APIs) used do

not differentiate between healthy cells and cancer cells. Both of them are exposed to the cytotoxic effects of

chemotherapeutic drugs, and consequently, the drugs interfere the growing pattern of normal cells with fast proliferation

rates, such as the hair follicles, and bone marrow and gastrointestinal tract cells, and provoke long-term toxic effects on

the heart, lungs, and kidneys . Typical harmful side effects associated with chemotherapy, such as nausea, vomiting,

immune suppression, hepatotoxicity, nephrotoxicity, memory loss, anemia, and even death, are rooted in the use of such

nonspecific therapeutic systems.

Therefore, and regarding drug administration, the methods used traditionally have been limited to making the drug

accessible to the bloodstream, relying on the irrigation and the drug affinity for the tissues for the access to the target. In

fact, bioavailability is still measured from drug levels in the bloodstream, not in the target surroundings. In many cases,
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only a small portion of the administered drug reaches the tumor site . As a consequence, cancer treatments generally

involve the administration of relatively high doses of the drug in the hope that a portion, although minor, will go to

damaged tissues . Thus, there is a need to increase the drug concentration in the cancerous tissue while reducing the

side effects associated with chemotherapeutic molecules. This requirement is even more compelling in the case of highly

toxic anticancer drugs, which may also present physicochemical and stability features that are too deficient. In addition,

this becomes complicated when considering that even when the drug reaches the tumor, cancer cells can develop drug

resistance. For instance, P-glycoprotein (P-gp, where “P” refers to permeability) has been documented to be

overexpressed in various drug-resistant tumors, thereby enabling direct drug efflux (meaning it works as a drug efflux

pump) and limiting intracellular accumulation of several anticancer agents . Thus, the indiscriminate destruction of

normal cells, the toxicity of conventional chemotherapeutic drugs, as well as the development of multidrug resistance,

support the need of finding new effective targeted treatments based on the differences found in the molecular biology of

the tumor cells.

Significant efforts have been devoted to take advantage of the potentials of nanotechnology in drug delivery, since it offers

a suitable means of site-specific and/or time-controlled delivery of small- or large-molecular-weight drugs and other

bioactive agents. Nanotechnology has also been extensively studied for potential applications in the diagnosis and

treatment of cancer .

5. Exploitation of polymeric nanoforms as DDS

Pharmaceutical nanotechnology focuses on formulating APIs into biocompatible nanoforms in which the drug is dissolved,

entrapped, encapsulated, or attached to a nanoparticle matrix. The nanoscale size of these delivery systems is the basis

for many of these advantages. Several types of nanoparticulate systems have been attempted as potential DDSs,

including biodegradable polymeric nanoparticles (NPs), polymeric micelles, solid nanoparticles, lipid-based nanoparticles

(e.g., solid lipid nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and lipid drug conjugates (LDCs)),

nanoliposomes, inorganic nanoparticles, dendrimers, magnetic nanoparticles, ferro-fluids, and quantum dots . Among

the most widely investigated nanocarriers in cancer detection and cancer therapy are carbon nanotubes, micelles,

dendrimers, polymeric nanoparticles, liposomes, nanoshells, and polymer–drug conjugates/proteins.

Polymer NPs have gained significant attention among the numerous nanotechnology approaches, as is stressed by the

fact that over 90% of the scientific articles published on cancer therapeutics in the last decade were based on the use of

such systems . DDSs based on polymer NPs have the potential to improve current disease therapies because of their

ability to overcome multiple biological barriers and release a therapeutic molecule within the optimal dosage range. They

are also capable of overcoming the drawbacks of insoluble drugs. This is the case for anticancer molecules such as

camptothecin , doxorubicin , and the taxanes paclitaxel  and docetaxel . Additional benefits such as an increase

in half-life, payload, and solubility of APIs can be attained. Being embedded into the nanoplatform conjugate,

chemotherapeutic drugs can be transported to tumors without damaging healthy tissues and, therefore, a drop in their

toxicity profile in the human body is expected to occur.

Consequently, nanometric-sized systems have become the option of choice, and they are being investigated for their use

in either passive (by enhanced permeability and retention) or active (by the functionalization of the surface of the carriers)

targeted cancer therapies. Angiogenesis during tumor growth results in a defective hypervascularization and a deficient

lymphatic drainage system, which has given rise to the concept of passive targeting of NPs to tumors through the

“enhanced permeability and retention” (EPR) effect . Passive tissue targeting uses the increased permeability of

tumor vasculature and the poor lymphatic drainage of tumors (EPR effect) , allowing drug-delivery nanocarriers (cutoff

size of >400 nm) to accumulate and diffuse preferentially in the vicinity of tumors, with the desirable release of the

chemotherapeutic agents in the tumor.

6. Glutathione-mediated drug release

However, not only the encapsulation, but also the release of drugs at the target tissue is vital in drug delivery. By

introducing responsive groups, the carrier could release the drug under specific stimuli. In order to ensure controllable and

optimal releasing at desirable sites, a variety of “stimulus-responsive” nanoparticulated DDSs have been designed .

Internal (or endogenous) stimulus arises from variation in a target site parameter, such as relative changes in pH; different

expression of a specific enzyme, factors, or other molecules; and abnormal redox balance . In cancer tissues, there are

two relevant parameters that can act as internal stimuli: the acidic pH and the reductive environment found in tumors.

Thus, compared with healthy tissues, lower pHs (6.2–6.9) of the extracellular matrix have been found in cancerous cells

because of the Warburg effect . The differences in pH have been vastly explored as an internal trigger for the release of
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payloads . In addition, pH differences between intracellular endosomes/lysosomes (with pH of 4.0–6.0) of normal and

cancer cells is extraordinary . Redox potential is another internal stimulus for responsive release of drugs .

Glutathione (GSH), a tripeptide constituted by L-γ-glutamyl-L-cysteinyl-glycine, is involved in the formation and lysis of

disulfide bridges; it serves as a general reductant for cells, and its intracellular concentration is 1–10 mM in mammalian

cells . Glutathione exists in reduced (GSH) and oxidized (glutathione disulfide, GSSG) states, where the GSH/GSSG

system is the major redox couple in animal cells . GSH plays several vital roles in maintaining the bioactivity of cells,

including antioxidation, maintenance of the redox state, modulation of the immune response, and detoxification of

xenobiotics . The ratio of the GSSG/GSH couple can serve as an important indicator of the cellular redox environment

. Intracellular concentration of GSH is hundreds to thousands of times higher than that in ECM , and more

importantly, elevated levels of GSH are found in tumor cells; for example, in bone marrow, breast, colon, larynx, and lung

cancers, to minimize radical damage from oxidative stress . Thus, the disulfide crosslinking reaction has an advantage

in the development of cancer therapies over other chemistries, since redox potential is an internal stimulus for responsive

releasing of delivery system.

With all of this in mind, it is no surprise that thiomers (that is, polymers that have undergone modifications regarding the

addition of thiol groups) have broken though as avant-garde approaches in this field. Several studies agreed that their

multiple properties make them perfect candidates to take part in nanoformulations that act as drug-delivery systems for

compounds with major difficulties in administration, especially in anticancer therapy.
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