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The paradigm of drug carriers’ usage to overcome the non-specific distribution of therapeutic agents in the body,
including chemotherapeutic substances that exert severe toxic stress on healthy tissues, has been actively
developed. One of the main pillars of this paradigm is the increased or even selective accumulation of drug delivery
systems (DDSs) carrying therapeutic agents in tumor interstitium harnessing the differences between normal and
cancer tissues properties. Thus, structural features of tumors, such as hypervascularization, vascular pathologies,
and impaired functionality of lymphatic drainage, can be utilized to differentiate tumors from healthy tissues and
selectively accumulate drug carriers. In particular, tumor-surrounding vessels are characterized by defects in the
endothelial layer lining the blood vessel wall, represented by wide fenestrations (up to several microns) and other
features that lead to an increase in the permeability of this barrier for small objects, making the effective
extravasation of nanosized carriers from the bloodstream to tumor interstitium possible. Methods of selective
therapy via the systemic administration of therapeutic agents based on increased permeability of the tumor
vessels’ wall, known under the general name of the EPR effect, have become widespread and have inspired the
creation of a large number of vehicles proposed for the delivery of chemotherapeutic agents. In summary, the EPR
effect implies the extravasation of nanosized drug carriers through endothelial fenestra and their retention in the

interstitial volume of the tumor due to dysfunctional lymphatic drainage.

cancer therapy nanomedicine drug delivery pH-responsiveness

| 1. Design of Drug Carriers for pH-Responsive Delivery

The encapsulation of therapeutic compounds in micro-, submicro-, and nanosized carriers has proven to be a
promising approach to improve the therapeutic index of anticancer pharmaceuticals . This approach has changed
the paradigm of cancer treatment, setting off impressive developments over the past four decades. Modern carriers
can serve for multiple issues, including the protection of a therapeutic cargo from degradation in an aggressive
extracellular environment, its delivery to the tumor, prevention of chemotherapeutic drug penetration into healthy
tissue, and regulation over its release in the region of interest. The last characteristic is one of the most important
for DDSs applied for cancer treatment since the success of the targeted therapy via drug-loaded carriers directly
depends on their capability to release the cargo precisely in the desired area, specifically after their extravasation
into the tumor. In this regard, both methods of passive drug release and approaches to the active triggering of this
process are investigated. One of the most common factors used for passive cargo release is pH difference. Current
approaches for targeted therapy in oncology mostly employ precise molecular targets, such as specific receptors &

B microRNAs BBl or the ubiquitin—proteasome pathway B2, However, the acidic pH in extracellular tumor

https://encyclopedia.pub/entry/45081 1/15



Principles of pH-Responsive Drug Delivery | Encyclopedia.pub

tissues is a common phenotype across a wide range of cancer types that makes it a promising feature for targeted
drug delivery 8. Today, the dominant concept in pH-responsive drug delivery systems is to provide cargo release
at the acidic pH of tumor parenchyma. The scientific community suggests different pH values that should trigger
cargo release to provide effective therapy, but an average value of 5.7 can be estimated over the literature, as is

shown below.

There are a few strategies applied for the design of pH-responsive DDSs, including degradation strategy,
gatekeeper strategy, and bond cleavage strategy BRI The first one is the widest employed strategy which
supposes the complete degradation of drug carriers in response to an acidic microenvironment. A wide variety of
materials and mechanisms are shown to induce the breaking down of drug carriers under an acidic tumor
microenvironment, resulting in site-specific drug release [2. Meanwhile, mostly polymeric carriers undergo
swelling in dependence on the microenvironment pH, leading to changes in their porosity and chemical bounds 22!
(14 The gatekeeper strategy employs an on-demand approach via core—shell structured carriers. Such systems
mainly consist of mesoporous materials as a core for drug encapsulation and pH-responsive coating on the surface
acting as a «gatekeeper» to provide controlled release 22181 The bond cleavage strategy employs acid-labile
bonds between DDS surface and drug as loading mechanism, followed by hydrolysis of these bonds to provide

drug release in response to an acidic microenvironment 2],

Besides the capability of DDSs to accurately unleash the drug in the tumor interstitium, the systemically
administered vehicles are required to provide a range of other features, such as the ability to be delivered with
blood flow to the neoplasm to ensure successful cancer treatment. In general, the favored drug carrier size is under
200 nm to provide higher specific surface areas, appropriate circulation time, penetration into tumor tissues, and
improved potential for internalization by cancer cells 181291201 However, the high internalization potential of
particles leads to their enhanced entrapment by phagocytes, while DDSs should avoid extravasation by the
reticuloendothelial system (RES) and kidney to prolong their residence in the circulatory system. This fact makes a
negative surface charge an important requirement, as it helps to reduce interactions with negatively charged cells
in the blood flow [21],

Basically, any class of nanomaterials, both organic and inorganic, can be modified with a pH-responsive release
mechanism. Organic materials for pH-responsive targeted delivery systems include polymeric nanoparticles (such
as polymersomes, dendrimers, nanospheres, hydrogels, and polymeric micelles); and lipid nanoparticles, including
liposomes, solid lipid nanoparticles (SLNs), and nanoemulsions. Organic nanoparticles are well suited for drug
delivery because they are biodegradable, water-soluble, biocompatible, and biomimetic. Their surfaces can be
easily modified for additional targeting, allowing them to deliver drugs, proteins, and genetic material directly into
the tumor cell. Moreover, polymers can be utilized both as a self-sustained pH-responsive particle for drug delivery
or as a “gatekeeper” on top of the DDS’s core. Polymeric particles of nano- and submicron sizes with core—shell
structures are mostly represented by amphiphilic polymers such as di-block copolymers, di-triblock copolymers,
star copolymers, and graft copolymers. The physical properties of such polymeric carriers can be designed by

tuning the ratio of hydrophilic and hydrophobic components of the individual block copolymers [22123] polymeric
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particles ensure drug loading via two principles, namely conjugation of a drug to the monomeric polymer chains

and encapsulation.

Despite all proc of organic nanomaterials, an increased risk of aggregation leading to enhanced toxicity can be
mentioned as a main con of organic nanoparticles (241251 |norganic nanoparticles for pH-responsive targeted drug
delivery include quantum dots, gold nanoparticles, silica nanoparticles, and magnetic nanoparticles. Most inorganic
particles have good biocompatibility and stability and fill those application niches that require properties that are
unattainable for organic materials. Limitations on the usage of some types of inorganic particles may be due to low
solubility and toxicity, especially when heavy metals are included in their composition. In this regard, a wide range
of papers consider hybrid carriers such as metal—organic frameworks (MOFs), which combine properties of organic
and inorganic materials. According to Ref. 281, 45.8% of published-by-now articles consider polymers to be a
material for the fabrication of pH-responsive targeted delivery systems, 10% consider lipids, 12.5% consider
mesoporous silica, and 6.7% consider metals. However, current challenges push researchers to create hybrid
carriers that combine properties of different materials; thus, the DDSs developed over the last 5 years are mostly
multicomponent capsules or particles comprising inorganic compounds and specific polymers which endow them

with multifunctionality.

| 2. Intratumoral Delivery Strategy

It is assumed that the EPR effect promotes the entrapment of drug carriers in the vessels surrounding the tumor
due to their disturbed structure, followed by penetration into the tumor parenchyma. The acidic environment of the
tumor “switches” the carrier properties, leading to the cargo release. The pH of extracellular fluid (pHe) in healthy
tissues is tightly regulated between 7.35 and 7.45 in order to sustain normal physiology and cellular metabolism.
Thus, a normal physiological pHe is a strict constant, while a tumor’s pHe is more acidic, which was independently
proved by numerous research groups. Reduced pHe values in tumor is a complex effect which is caused by a
number of reasons, including poor blood supply, leading to chronic hypoxia and high levels of acidic metabolic
products due to the metabolization of glucose into lactic acid instead of CO, (the so-called Warburg Effect) (27, The
probable reason for this process is the increased production of the enzyme carbonic anhydrase IX, which catalyzes
the reversible interconversion of CO, into HCO3~ and H*. It should be noted that carbonic anhydrase IX
overexpression is more intensive in the core sites of a tumor producing the internal pH of the cells (pHi) at the core
less acidic but making the peripheral pHe of the tumor more acidic 28129, Numerical modeling of the data based on
spheroid studies revealed that carbonic anhydrase IX maintains a sharp outward-directed CO, gradient,
accelerating the CO, excretion, and acidification of the pHe, as well as increasing the pHi. These factors lead not

only to an acidic pH in the tumor but also make the acidic environment a condition for the progression of the tumor
8],

The pH values in different tumor types range between 6.3 and 7.0, which reflect the dysregulation of the acid—base
homeostatic mechanisms taking place within solid tumors. Numerous data from the literature comparing the pHe of
the tumor tissues and the corresponding normal ones were summarized by G. Hao et al.. Selected results were

received with pH-sensitive electrodes as the most common method for intratumoral pH measurements B9, the
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tumor’s pHe is only 0.3-0.7 units lower than that of the corresponding normal tissues. For example, the average
pHe of uterine tumor tissues is around 6.92, while the average pHe in a normal uterus is 7.64 B, Similarly, the
average pHe in malignant melanoma tissues is 6.96, which is only 0.43 lower than that in normal skin tissues
(7.39) 321, vulvar tumors have an average pHe of 7.26, while the average pHe in normal vulvar tissues is 7.96 (311,
Similar pH differences have also been observed in other tissues, such as brain (331 and lung (34 preast 33 and
skeletal muscle B8, There are only a few types of cancer that have exhibited lower extracellular pH values, in

particular, astrocytomas and squamous cell carcinoma with pH values less than 6.0.

Thus, the average gap between healthy tissues and the acidic extracellular environment in tumors is 0.3-0.7. This
fact presents a challenging task for chemists since switching a carrier’s state on such a short pH difference is a
difficult issue. An analysis of the literature showed that the absolute majority of authors demonstrated pH-
responsiveness of DDSs toward pH values in the range of 5 to 6, with an average value of 5.7. However, as was

described above, these values of pHe are hardly reachable in the extracellular space of real tumors.

Moreover, these values are highly variable, and in general, larger tumors tend to be more acidic, mostly at the late
stages of the cancer progression 7. This makes pH-responsive DDSs hardly applicable at early stages of cancer
progression or at small metastatic tumors, which are crucial issues for successful cancer therapy. Moreover, the pH
values are not homogenous over the tumor and gradually change from neutral at the periphery to acidic at the
central hypoxic zone, which is mainly caused by afferent decreases in tumor vascularization 38, This fact
significantly mitigates the probability of the pH-responsive DDS administration with the blood flow to the poorly
vascularized central zone characterized by the lowest pH level, which also points to the demand for drug-release

triggering at a pH slightly lower than the normal one.

| 3. Intracellular Delivery Strategy

Intracellular drug delivery via DDSs plays an equally important role in successful cancer therapy, especially for
polar molecules poorly permeable through membranes whose therapeutic targets are localized inside the cell.
Moreover, this strategy is more promising in terms of pH-responsive drug delivery, since drug carriers are mainly
internalized by cells through endocytosis B9, and endosomes are characterized by low pH values (4.5-6.0) 22,
The cytosolic pH of cancer cells in the opposite is close to neutral. Thus, overexpression of carbonic anhydrase 1X
not only leads to acidification of pHe but also induces a slight shift of pHi to a rather neutral or slightly alkaline
region. In normal cells, pHi negligibly differs from pathological ones and hovers around 7.2. Therefore, cancer cells
have a higher pHi (pHi > 7.4) than normal (pHi~7.2), which, in combination with acidic tumor pHe, leads to a
reversed pH gradient across the cancer cell membrane 941 Nevertheless, the pH within endosomes of cancer
cells is in the range of 4.5-6, which is more suitable for inducing pH-responsive release. Thus, during the
internalization process, carriers firstly are ingested by a cell with the formation of an early endosome (pH of about
6.3), which then passes into a late endosome (pH of about 5.5) and finally fuses with lysosomes (pH below 5). In
its turn, it results in the degradation of the trapped DDS by the action of enzymes. This process is a natural

defense mechanism of a cell against extraneous substances.
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A large number of researchers suggest releasing therapeutic cargo directly into the endosomes of cancer cells in
response to a low pH as an effective method of therapy 42431441451 However, the penetration mechanism of the
drug through the endosome membrane, as well as its stability to the action of enzymes, should be carefully
considered. Such a strategy can be applied mostly to non-polar low-molecular-weight chemotherapeutic and
immunotherapeutic agents, while the delivery of high-molecular-weight compounds that are sensitive to the action
of enzymes and unable to pass through the membrane requires the so-called endosomal escape, which is a
specific and complex task and requires the inclusion of endosome-disrupting agents into a DDS. Otherwise, a large
fraction of endocytosed therapeutic agents become trafficked to the degradative lysosomal compartment, with
subsequent damage to the encapsulated cargo 28471, |n this regard, the endosomal escape process is preferable
to be implemented before the endosomal degradation of the drug carrier to perform the therapeutic effect of the
encapsulated active substance 481471481149150151] Cyrrently, endosomal escape is one of the strongest barriers that
limits the application of DDSs carrying biological therapeutic agents (such as DNA, RNA, and proteins) to
intracellular targets. Despite the increased attention to natural objects capable to endosomal escape, such as
viruses and pathogenic bacteria 2253 it is still difficult for synthetic systems to deliver macromolecules into cytosol
and different compartments of a cell B4I33l Currently most drug carriers employ cationic materials that passively

provide swelling and subsequent rupture of the endosome membrane with low efficiency B&IE,

Moreover, the problem of internalization of carriers by cancer cells in tumors is acute along with the following
endosomal escape process. Multiple data from the literature show that only a small percentage (0.7-0.9%) of the
systemically administered carriers reach the tumor, passing through the EPR effect into tumor parenchyma 2859
and less than 0.0014% of administered drug carriers are internalized by the cells [, Moreover, the features
necessary for the effective uptake of drug carriers by tumor cells impede features providing long-time circulation.
Positively charged particles more easily interact with cells and become endocytosed because the cellular
membrane is negatively charged, but on the other hand, it leads to faster cleaning of the particles by the
reticuloendothelial system after administration 811, To resolve this dilemma, drug carriers capable of changing their
charge have been developed. Such carriers are negatively charged in blood circulation, but the acidic
microenvironment in tumors reverses particles to a positive charge, which enables enhanced cellular uptake 21,
This effect is obtained by the application of biomaterials, which induce conformational changes in these carriers
through various mechanisms, such as protonation, charge reversal, or cleavage of a chemical bond, leading to

enhanced interaction of carriers with the cell and promoting cell uptake 62,

| 4. Peculiarities of DDS Administration

It is accepted that the passively targeted selective accumulation of nano- and microparticles in tumors occurs due
to the EPR effect 83, which is the key process in many cancer research and clinical trials. However, clinical trials
have shown poor results in the survival of cancer patients [#4, thus pushing researchers to look for alternatives to

EPR-mediated delivery of chemotherapeutic compounds 52,

The current data on long-term targeted drug delivery show that it only allows a slight increase in the accumulation

of drugs in the target organ or tumor, while most of the drug is distributed throughout the body, accumulating mainly
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in the macrophage cells of the liver and spleen, leading to a strong toxicological effect and reduced therapy
efficiency 2. These result in a demand for the development of new ways to improve the efficiency and
bioavailability of drugs, as well as to reduce off-target toxicity. Multiple data indicate the sequestration of nano- and
microsized carriers by the mononuclear phagocytic system as the main reason for their short circulation time in the
bloodstream. Thus, a complex approach to improving the therapeutic effect localization includes not only the
amelioration of carriers’ targeting but also the implementation of methods reducing the impact on critical organs.
Although a few “stealth” systems demonstrated considerable success in stability and prolongation of circulation
time, such carriers exhibit poor cellular uptake and slow drug release from endosomes 681871 thus reducing drug

bioavailability and compromising drug efficacy 68169,

A few approaches, such as protonation and detachment of stealth-agents from particles’ surface, have been
suggested to achieve the synergistic benefits of long circulation, enhanced intracellular delivery, and cytoplasmic
drug release A7L72I73] These aspects represent the weak sides of the pH-responsive drug delivery concept that
should be resolved to provide high efficiency. Thus, the EPR effect allows only a slight increase in the accumulation
of particulate drug formulation in the tumor, while the liver still takes the main “strike”, and a vast majority of the
systemically administered particles end up in the mononuclear phagocytic system. Moreover, active transcytosis of
carriers through the endothelial layer of capillaries ensures their effective delivery and retention in the peripheral
interstitial volume but does not provide effective diffusion deeply into the tumor parenchyma 4. At the same time,
not all tumor-supplying vessels are leaky enough to provide traffic of nanoparticles due to their structural
heterogeneity 22, resulting in the EPR variety over different cancer types 6483, Moreover, a number of studies
have shown that the EPR effect is characteristic of rodents, and in humans, it is much less pronounced, as
confirmed by clinical studies E278IZ7 which has shown low efficiency in passive targeting of chemotherapeutic
agents through the EPR effect.

A significant stride in drug carriers’ efficiency amelioration was also achieved by surface modification of carriers
with various gels and polymers. Thus, polyethylene glycol adsorption as the last layer ensures increased circulation
time of carriers in the bloodstream and, consequently, improved accumulation in tumor vascular abnormalities Z8],
However, the advisability of such surface modification must be carefully estimated, since such a modification

results in difficult binding to target tumor cell receptors.

The other innovative approaches in the manner of personalized medicine concept implies the usage of vesicles
made from a cytoplasmic membrane, or even entire cells for hiding DDS from the host immune system and better
tumor targeting 2Bl A noticeable progress in targeting efficiency was achieved by the carriers’ modification
with ligands providing specific reactions with receptors inherent to a particular body site [B283I84] Thjs “active”
approach has demonstrated efficiency with a wide range of carriers, including liposomes [B288] mijcelles [EZI88189]
and inorganic nanoparticles [2A9LB2]931194195]  compared with passive delivery, it enables increasing the carriers’
accumulation in the area of interest by around 0.9%. According to Ref. 22, this approach not only increases the
therapy efficiency via the targeted delivery of drugs but also via overcoming the tumors’ drug resistance. However,

it is noteworthy that the application of multifunctional carriers is not a panacea, and the best results can be
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achieved with an integrated approach that employs both passive and active targeting in combination with methods

reducing the effect on healthy body tissues.

However, despite the substantial progress in technology development and the approval of drug carriers by the
ministries of health in different countries, they still show very modest survival results in clinical trials 4. Today,
EPR approaches are aimed at increasing the ability of carriers to diffuse into the tumor extracellular matrix. Thus,
the decomposition of nanosized carriers into moieties smaller than 10 nm in response to the impact of the tumor
microenvironment increases their diffusion into the interstitium and provides better access to target tumor cells;

however, this does not fully solve the mentioned problems of the method 28,

The currently existing problems of ERP-based DDSs push researchers to develop new drug delivery approaches,
which are less dependent on tumor biology 7. Recently, an alternative concept of drug delivery based on the
Flash drug Release in the Endothelium (FIaRE) of vessels supplying the tumor was proposed 28189 This approach
implies the accumulation of a DDSs in capillaries of the perivascular leaky regions of the tumor, fast vehicles
degradation at neutral pH values providing sharp local bust in active substance concentration, and following drug
diffusion according to the concentration gradients across the endothelial wall into the tumor interstitium. For this
purpose, carriers with reverse pH responsiveness, capable of releasing cargo at physiological pH (7.4) and
“closing” at a lower pH, are supposed to be used. This concept is aimed to eliminate a number of the problems
facing researchers in the delivery of various DDSs into tumors, such as the poor outcome of the EPR effect in

humans revealed during clinical research 63,

The application of carriers with a controlled release profile does not completely resolve the aforementioned
disadvantages of systemically administered encapsulated drugs. Moreover, their application can be a reason for
pronounced adverse effects which are not characteristic of conventional formulations. Thus, macrophages, as well
as cancer cells, are also characterized by a reduced endosomal pH (pH of about 4 in some cases), which leads to
a rapid release of the therapeutic agent from pH-responsive tumor-targeted carriers after their internalization by
this type of immune cells. As a result of the sequestration of carriers by the mononuclear phagocytic system, the
time of their circulation in the bloodstream is significantly reduced by up to 1 min, which obstructs the process of
carriers’ accumulation in the tumor 22, Moreover, the total percentage of DDSs trapped in the liver in some cases
reaches 70% of the dose introduced into the bloodstream, which leads to strong toxicological stress. For example,
gold nanoparticles have been shown to remain in liver macrophages for up to 12 months after administration 199,
The process of carriers’ accumulation in the tumor tissue and their sequestration by the mononuclear phagocytic
system is determined by a number of parameters, including size, shape, charge, and the nature of the surface 58],

and this pushes researchers to search for the optimal carriers configurations for particular tasks.
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