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Abstract

Introduction—Drug delivery systems (DDSs) are important for effective, safe, and convenient
administration of drugs. pH- and ion-responsive polymers have been widely employed in DDS for
site-specific drug release due to their abilities to exploit specific pH- or ion-gradients in the human
body.

Areas covered—Having pH-sensitivity, cationic polymers can mask the taste of drugs and
release drugs in the stomach by responding to gastric low pH. Anionic polymers responsive to
intestinal high pH are used for preventing gastric degradation of drug, colon drug delivery and
achieving high bioavailability of weak basic drugs. Tumor-targeted DDSs have been developed
based on polymers with imidazole groups or poly(B-amino ester) responsive to tumoral low pH.
Polymers with pH-sensitive chemical linkages, such as hydrazone, acetal, ortho ester and vinyl
ester, pH-sensitive cell-penetrating peptides and cationic polymers undergoing pH-dependent
protonation have been studied to utilize the pH gradient along the endocytic pathway for
intracellular drug delivery. As ion-sensitive polymers, ion-exchange resins are frequently used for
taste-masking, counterion-responsive drug release and sustained drug release. Polymers
responding to ions in the saliva and gastrointestinal fluids are also used for controlled drug release
in oral drug formulations.

Expert opinion—Stimuli-responsive DDSs are important for achieving site-specific and
controlled drug release; however, intraindividual, interindividual and intercellular variations of pH
should be considered when designing DDSs or drug products. Combination of polymers and other
components, and deeper understanding of human physiology are important for development of
pH- and ion-sensitive polymeric DDS products for patients.
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taste-masking; tumor-targeting

1. Introduction

Drug delivery systems (DDSs) and pharmaceutical formulations are important for effective,
safe and convenient administration of drugs. Higher efficacy of drugs can be achieved
through improving water solubility of drugs [1-3], restricting drug release in a site-specific
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manner [4,5], or preventing undesired drug degradation in the stomach or during blood
circulation [6,7]. DDS formulation can also promote drug safety by reducing systemic side
effects [8,9], preventing drug release at stomach and subsequent gastric damage [10], and
preventing drug distribution into normal tissues [11-13]. Further, oral disintegrating tablets
[14,15] and taste-masking formulations [16-20] are excellent examples of DDS formulations
aiming at improving patient adherence.

Stimuli-responsive polymers are one of the most important excipients in DDSs and
pharmaceutical formulations for site-specific drug release as they can be designed to
produce specific and desired pH- or ionic concentration-triggered response according to the
variations in physiological environments in the human body. Oral drugs and formulations
travel from the oral cavity to the stomach, the small intestine and eventually the large
intestine; each gastrointestinal site has its specific pH and ionic concentration (Table 1). On
the other hand, pH or ionic concentration gradients could also exist among the blood,
interstitial and intracellular compartments (Table 1), where drugs are distributed after
intravenous (i.v.) injection or drug absorption into the blood circulation.

To facilitate drug delivery and improve therapeutic effect, prodrugs, liposomes and
microchips have also been designed to respond to different stimuli. Prodrugs can be tailored
to contain pH-sensitive linkages for responding to a pH gradient; however, introduction of
the chemical linkages to the molecular structure of drugs poses a risk of lowering binding
constant of drugs to target biomolecules and thus decreasing drug efficacy [21]. Microchips
can be produced to generate the ideal responsiveness and be applied to all kinds of drugs;
however, safety of microchips should be further verified in the future [22]. pH-sensitive
liposomes have been researched intensively, and they are one of the best i.v. formulations
for tumor or intracellular delivery [23]. Although new technologies for drug delivery are
available, stimuli-responsive polymers still remain as the most popular materials for drug
delivery development due to their flexibility in terms of design and synthesis and their
relative low cost. Moreover pH-sensitive polymers can be used in various i.v. and oral
formulations such as tablet, capsules, microbeads, nanoparticles, micelles and coating layer
of liposomes. In this article, recent studies on DDSs based on pH- or ion-responsive
polymers are summarized. Progress and prospect of this field are discussed, and author's
opinions are described.

2. pH-sensitive polymers

2.1 Polymers responsive to stomach low pH

Cationic polymers with amino groups have higher water solubility at acidic pH than at
neutral pH. These polymers with pH-responsive dissolution characteristics are widely
employed for taste-masking formulations of drugs, which have unpleasant qualities such as
bitterness, sourness, saltiness or causing oral numbness [24-26]. Through suppressing drug
release in the oral cavity, taste-masking formulations can prevent the unpleasant tastes of
drugs as the polymers are insoluble at higher pH. While being more soluble at lower pH,
pH-sensitive polymers can release the drugs in the stomach or intestine for drug absorption
or therapeutic purposes at the released sites. The pH difference between the oral cavity (pH
5.8 —7.4) [27] and the stomach (pH 1 — 3.5) is thus commonly exploited by pH-responsive
polymers to control drug release as summarized in Table 2. For example, aminoalkyl
methacrylate copolymer (Eudragit E) is a Food and Drug Administration (FDA)-approved
cationic polymer having high solubility below pH 5. Microspheres of Eudragit E containing
sumatriptan succinate [28] or donepezil hydrochloride [29] have been prepared by spray-
drying technique. The microspheres have been shown to be capable of suppressing drug
release in phosphate buffer at pH 7.4 [28] or simulated salivary fluid [29] for 1 minute, thus
masking the bitter tastes of the drugs. In acidic buffer, both formulations demonstrated
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immediate drug release and showed plasma concentration-time profiles similar to those of
marketed products [28,29]. Moreover, faster drug release at acidic pH than at neutral pH has
been observed with pellets containing quinine sulphate [30] and granules containing
promethazine [31] prepared using Eudragit E. Coating of Eudragit E on particles containing
atorvastatin for oral disintegrating tablets has also been reported [32]. Despite many studies
using aminoalkyl methacrylate copolymers as DDSs and good in vitro results demonstrated,
there are few launched taste-masking products. Further, slow drug release, low absorption of
drug or absence of therapeutic effect could be the risks for patients with achlorhydria or
dosed under fed condition. Polyvinylacetal diethylaminoacetate (AEA) is another cationic
polymer used in pharmaceutical industry for pH-dependent drug release. AEA has been
reported to be insoluble above pH 5.8 [33]. Microspheres of AEA containing trimebutine
maleate have been prepared by a water-in-oil-in-water (w/o/w) emulsion solvent evaporation
method [26]. The microspheres suppressed drug release at pH 6.8 but immediately released
drug at pH 1.2. The taste-masking ability of the AEA microspheres has been confirmed by a
sensation test with healthy volunteers [26]. In another work, AEA was coated on sildenafil
(Sdn)-montmorillonite (MMT) nanohybrid for taste-masking [34]. The cationic Sdn
molecules were intercalated to MMT, an inorganic clay material. The strong interaction
between Sdn and MMT prevented drug release at both pH 1.2 and 7.0. While the release of
Sdn in simulated salivary fluid was suppressed by an AEA coating on SAn-MMT,
deintercalation of the drug from MMT at acidic pH could be achieved due to the protonation
of AEA; therefore, Sdn could be promptly released in the acidic stomach environment.
Plasma concentration—time profile of this system has been reported to be similar to those of
marketed products in beagle dogs [34]. The two polymers described above are the only
FDA-approved cationic polymers; however, combination of the polymers and other
components might result in more specific response to gastric pH and better controlled drug
release in the oral cavity and stomach.

2.2 Polymers responsive to intestinal high pH

Anionic polymers with carboxyl groups have higher water solubility at basic pH than at
acidic pH. These polymers can be used for preventing gastric degradation of drug, colon
drug delivery and achieving high bioavailability of weakly basic drugs. Poly(methacrylic
acid-co-methyl methacrylate) (Eudragit L, S and F), hydroxypropylmethylcellulose
phthalate (HPMC-P) and HPMC acetate succinate (HPMC-AS), which possess carboxyl
groups on the polymer side chains, are insoluble at stomach low pH but soluble at intestinal
neutral pH. The pH value controlling the aqueous solubility of the polymers can be finely
tuned by adjusting the amount of carboxyl or other substituent groups on the polymers. The
ratio of carboxyl groups to ester groups (carboxyl/ester ratio) of poly(methacrylic acid-co-
methyl methacrylate) can be manipulated to control the polymer dissolving pH. For
example, Eudragit L has a carboxyl/ester ratio of 1:1 and is soluble at pH 6, while Eudragit
S having a ratio of 1:2 is soluble at pH 7. By varying the amount of phthalate groups,
HPMC-P can be designed to dissolve at pH 5.0 — 5.5. A high polymer dissolving pH (pH 5.5
- 6.8) can be achieved by HPMCAS through adjusting the amounts of methoxyl,
hydroxypropyl, acetyl and succinoyl groups on the polymers. These polymers are the FDA-
approved enteric polymers and are widely used for pharmaceutical products on the market.

Enteric polymers are commonly used for protecting acid-degradable drugs, for example,
proton pump inhibitors (PPIs) including omeprazole, pantoprazole, rabeprazole,
tenatoprazole and esomeprazole, aiming for efficiently delivering drugs to the intestine with
high bioavailability. There are several launched products containing enteric polymers for
protecting acid-liable drugs. Coating of beads containing rabeprazole with Eudragit L or
HPMC-P has been shown to suppress drug release at acidic pH without compromising the
release at neutral pH [6]. Further, enteric capsules could preserve the integrity of
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tenatoprazole until the drug reached the small intestine [35] and were able to obtain almost
2.5 times higher Cpx of blood drug levels compared with free drug solution after oral
administration to dogs [36]. Enteric polymers have also been demonstrated to be useful for
protein drug delivery by minimizing the drug release at low pH as protein drugs are subject
to rapid denaturation at acidic pH in the stomach [37-39]. Microparticles of a-amylase based
on HPMC-P and Eudragit L and submicron particles of papain protected by Eudragit L
suppressed drug release at pH 6.0 but released drug at pH 6.8 [37,38]. In the same study,
through substituting Eudragit L with Eudragit S, the drug-releasing pH of papain from the
particles could be shifted to pH 7.0 by while minimizing drug release at both pH 6.0 and 6.8
[38]. Microspheres containing bovine serum albumin prepared by free radical
polymerization of methacrylates have also been reported to maintain drug release at pH 6.8
but impede drug release at pH 1.0 [39]. These results indicate that the FDA-approved enteric
polymers are sufficiently effective for protecting acid-liable drugs.

Colon drug delivery can also be achieved using enteric polymers. As protein and peptide
drugs are easily degraded by enzymes, which are more abundant in the small intestine than
in the colon [40-44], colon is considered a target for more efficient delivery of enzyme-
liable drugs. In a colon-targeted delivery system (CODES), tablets containing drugs and
lactulose were first coated with an acid-soluble polymer and subsequently coated with an
additional layer of enteric polymer [40-43]. The outermost enteric polymer coat prevents the
dissolution of the acid-soluble polymer in the acidic gastric environment but dissolves in the
more basic intestinal environment. Once becomes unprotected, lactulose, a synthetic
disaccharide, is degraded to organic acids by the enter-obacteria in the colon. The acidic
products then dissolve the acid-soluble polymer; eventually drug release can be obtained
specifically in the colon. The CODES using Eudragit L and Eudragit E has been shown to
suppress drug release at both pH 1.2 and 6.8 but release drug specifically at pH 5.0 [41,42].
The CODES containing 5-aminosalicylic acid demonstrated high plasma drug concentration
from 4 to 12 h after oral administration to dogs [43]. As the colon arrival time of indigestive
solids in fasting dogs bas been reported to be 3 h after dosing [45], this indicated that the
CODES was able to deliver drug to the lower part of the gastrointestinal tract. The transit
and disintegration of radiolabeled CODES were also investigated by gamma scintigraphy
after oral dosing to healthy volunteers [40]. The results revealed that the CODES started to
disintegrate in the ascending colon in majority of subjects at 7.1 h posttreatment, and the
drug was observed to be released from the system within 1 h after arriving at the colon. The
CODES system is applicable to some kinds of drugs such as acetaminophen, 5-
aminosalycylic acid, mebeverine hydrochloride, insulin and salmon calcitonin, and will
contribute to oral absorption of enzyme-liable drugs in human.

Eudragit F is another example of enteric polymers used for colon-targeted DDS [44] due to
its solubility at pH higher than 7.0.Stembirek and coworkers developed a multiple-unit
dosage system based on drug/chitosan core coated with Eudragit F for colon-specific drug
release. As Eudragit F and chitosan are designed to dissolve in the small intestine and the
colon, respectively, drug could be protected from undesired release until it reaches the colon
after oral administration. In nine healthy volunteers after oral administration of the system
containing caffeine as a model drug, caffeine first appeared in the saliva at 7 h post
administration. This indicated that the enteric polymer, Eudragit F, prevented the cationic
chitosan from dissolving in the stomach, thus facilitating colon drug delivery. Mesalamine
colon DDS product, containing an enteric coating layer of Eudragit S, is widely used in
patients. Colon DDS using pH-responsive polymers showed some success in human studies;
however, the number of launched products is low. Due to the absorption inefficiency of
drugs in the colon, studies on absorption enhancement of peptides or antibody drugs in the
colon may gather reattention to this area.
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2.3 Polymers responsive to tumoral low pH

Nanosized polymers and particles can preferentially accumulate in the tumor tissues by the
enhanced permeability and retention (EPR) effect after intravenous administration [46] due
to the leaky neovascular vessels and the lack of lymphatic drainage in the tumor tissues.
Tumor tissues have been shown to be more acidic (pH 6.5 — 7.0) than healthy tissues (pH
7.4) [47]. The lower pH value of the tumor tissues arises from the rapid growth rate of
cancer cells, leading to a high level of glucose consumption and lactic acid accumulation,
and insufficient blood supply at the tumor sites [48]. Therefore, pH-sensitive DDSs have
been extensively investigated, aiming at tumor-targeted delivery through exploiting the pH
gradient existing between the normal and tumor tissues.

2.3.1 Polymers having imidazole groups—Having a pKa value at around 6, imidazole
group is neutral at pH 7.4 but cationic in acidic environments. Poly(.-histidine) (P(His)) with
pendant imidazole groups is hydrophobic in the blood and normal tissues but hydrophilic in
acidic environments, for example, tumor tissues and intracellular endocytic vesicles. This
pH sensitivity has led imidazole-containing polymers to be heavily studied as tumor-targeted
DDSs [49-52]. Bae and coworkers prepared polymeric mixed micelles, PHSMpop-up TAT
(Figure 1A), capable of pH-specific exposure of Trans-acting activator of transcription
(TAT) cell-penetrating peptides using two P(His)-containing polymers, poly(.-lactic acid)-
block-poly(ethylene glycol)-block-poly(His)-TAT peptide (PLA-b-PEG-b-P(His)-TAT) and
poly(His)-block-poly(ethylene glycol) (P(His)-b-PEG) [50]. As a cationic peptide, TAT
(GRKKRRQRRRPQ) has been installed onto the surface of nanoparticles to facilitate the
cellular membrane interaction and cellular uptake of the particles. However, the cell-
penetrating effect is not restricted to certain cell types, and the cationic charges of the TAT
peptides induce aggregation of the particles with the blood components during systemic
circulation, thus limiting the in vivo tumor-targeting efficacy. To overcome these obstacles,
PHSMpop-up TAT was designed to have triggered-exposure of TAT peptides in acidic
tumor tissues. PHSMpop-up TAT micelle core was formed by the hydrophobic segments,
PLA block of PLA-b-PEG-b-P(His)-TAT and P (His) block of P(His)-b-PEG, while the
surface of the particles was covered by hydrophilic PEG. The P(His) block adjacent to the
TAT peptide on PLA-b-PEG-b-P(His)-TAT concealed the TAT peptides during systemic
circulation due to the hydrophobicity of P(His) block at neutral pH. Tumor-specific
exposure of the TAT-peptide was achieved by the protonation of the P(His) block at acidic
tumor pH. The increase in hydrophilicity of the P (His) block at tumor sites allowed the
TAT peptide to be more exposed on the particle surface, therefore increasing the cellular
uptake of the particles. In the same study, doxorubicin was loaded to PHSMpop-up TAT
micelles. The micelles demonstrated faster drug release and higher cytotoxicity at acidic pH
than at neutral pH. The micellar doxorubicin showed 4 — 9 times lower I1Csq than free
doxorubicin in drug-resistant cell lines at acidic pH. Further, in vivo antitumor efficacy of
doxorubicin-loaded PHSMpop-up TAT micelles has been shown to be higher than that of
free doxorubicin. This DDS possesses almost all functions for DDS-targeting tumor: a
polyethylene glycol (PEG) shell protecting the particle from the reticuloendothelial system
(RES) and minimizing the toxicity of TAT peptides, tumor-specific enhanced cellular
uptake and intracellular drug release. In vitro ICsq and in vivo antitumor efficacy are
satisfactory, and drug accumulation at tumors in mice has also been confirmed. However,
the complexity of this system may impose an obstacle in the scale-up process for further
testing in large-scale studies in the future.

Imidazole groups have also been grafted onto an amphiphilic derivative based on a poly
(aspartamide) backbone conjugated with PEG and octadecylamine, aiming at generating a
pH-sensitive polymeric micelle system for paclitaxel delivery [52]. Paclitaxel was loaded
into the nanoparticles using a pH-changing method. The particle size and drug release
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kinetics were observed to be pH-dependent. The size of the particles was maintained at 80
nm at neutral pH, whereas the particles dissociated at acidic pH due to the ionization of the
imidazole groups. Parallel with the observed pH-responsive particle dissociation, the drug
release kinetics has been demonstrated to be three times faster at pH 6.0 than that at pH 7.4.
Tumor progression was suppressed comparably by the paclitaxel-loaded pH-sensitive
nanoparticles (1 mg/kg) and a clinically approved paclitaxel formulation, Taxol (2 mg/kg).
Comparison of the survival time of tumor-bearing animals treated with different
formulations would provide valuable information about judging if the pH-sensitive
polymeric micelle system has a higher anti-cancer activity than does Taxol. pH-dependent
particle dissociation and drug release are interesting phenomena. The pH-responsiveness
shown was sufficiently sharp; however, in vivo antitumor efficacy of this system was not
significantly higher than that of control. Cellular uptake of the nanoparticles and
intracellular drug release could be further optimized to improve antitumor efficacy.

2.3.2 Poly (B-amino ester)—PEG-b-poly (B-amino ester), a synthetic, hydrolytically
degradable polymer, has been reported to be used for preparation of a pH-sensitive PbAEM
micelle DDS [53-55]. Camptothecin-loaded PbAEM micelles showed a sharp micellization/
demicellization transition in a slightly acidic environment (pH 6.4 — 6.8) and approximately
four times faster drug release at pH 6.4 compared with that at pH 7.4 [53]. Camptothecin-
encapsulated PbAEM micelles have been demonstrated to have higher ability in
accumulating in tumors, suppression of tumor growth, and prolonging the survival of tumor-
bearing mice than free camptothecin. In another study, doxorubicin was loaded into PbAEM
micelles, showing pH-dependent drug release and higher antitumor efficacy relative to free
doxorubicin [55]. The pH-responsiveness of drug release and amount of drug leaked at pH
7.4 of this poly (B-amino ester) system are similar to those of the hydrazone PHSMpop-up
TAT system.

Numerous studies on pH-sensitive nanoparticle drug DDS have shown that the relatively
lower pH at tumor tissues is exploitable to achieve desired physicochemical properties and
drug release kinetics under acidic conditions [46-55]. Currently, DDSs targeting the tumoral
low pH are still in an infant stage; more preclinical studies on the safety, stability, and
manufacturability and accumulation of results from clinical studies are expected to facilitate
the progress of development of these polymeric DDSs in the future.

2.4 Polymers responsive to intracellular low pH

In contrast to small molecules travelling across the cellular membrane by diffusion,
macromolecules, such as polymer—drug conjugates, polymeric micelles and liposomes,
usually internalize into the cells through endocytosis. During the cell internalizing process,
the pH value gradually decreases from physiological pH of 7.4 to endosomal pH of 6 and
ultimately to pH 5 in the lysosomal compartments. Nanosized DDSs capable of responding
to the acidic endo/lysosomal pH have been extensively investigated to utilize the pH
gradient along the endocytic pathway, aiming at eliciting intracellularly specific effects, for
example, intracellular release of therapeutic agents and endosomal escape. Different pH-
sensitive chemical linkages, including hydrazone, acetal, ortho ester and vinyl ester, have
been employed for constructing pH-responsive drug delivery vehicles (Table 3). Cell-
penetrating peptides and cationic polymers responsive to intracellular pH are also discussed
in this section.

2.4.1 Polymers with pH-responsive hydrazone linkages—Hydrazone bond is one
of the most widely used pH-sensitive linkages for drug delivery applications due to its faster
hydrolytic rate at acidic pH relative to neutral physiological pH. Hydrazone linkage is
frequently used for conjugating drugs to polymer backbones or antibodies, intending to
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improve the circulation time of the therapeutic agent and minimize systemic toxicity by
restricting drug release inside the target cells. Several pH-sensitive polymer—drug conjugates
based on N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers using hydrazone
linkages for drug conjugations have been reported [56-59]. HPMA-drug conjugate systems
have been developed for paclitaxel and docetaxel delivery [57]. Both conjugates released
drug 3 — 5 faster under acidic conditions relative to neutral pH. Moreover, they were able to
suppress tumor progression and prolong survival time in tumor-bearing mice. Recently,
several kinds of HPMA-drug conjugates without pH-sensitivity have been confirmed to be
safe in Phase | clinical trials [58]. Among these conjugates, HPMA-copolymer platinates
have demonstrated clinically meaningful stabilization of disease in some recurrent ovarian
cancer patients in a Phase |1 study [59]. Higher efficacy and lower side effects can be
expected by the pH-sensitive HPMA~drug conjugates.

Hydrazone linkage has also been employed for conjugating PEG to proteins and anticancer
drugs [60]. Zhong and coworkers have developed conjugates with multiple doxorubicin
molecules linked to a PEG polymer backbone [48]. The conjugates demonstrated four times
faster drug release at pH 6.0 than at pH 7.4. Intracellular release of doxorubicin caused by
the cleavage of the hydrazone linkages was demonstrated by nuclear accumulation of the
drug. In the same study, the PEG—doxorubicin conjugates showed longer plasma half-life
and approximately 2 times higher tumor accumulation in mice than did free drug after
intravenous administration. In this study, about 30% of drug was rapidly cleared from the
bloodstream, implying the ability of the conjugates to escape from the RES might be
insufficient.

Star-like polymer—drug conjugates have received considerable attention as drug delivery
vehicles due to their long blood circulation and efficient drug accumulation at tumors [61].
Ulbrich and coworkers compared the physicochemical and biological properties of
doxorubicin-conjugated HPMA copolymer via hydrazone bonds to those of a delivery
system based on poly (amindoamine) (PAMAM) dendrimers linked to the same HPMA
copolymer—doxorubicin conjugates [61]. Both the linear and star-like constructs showed 10
— 20 times faster release of doxorubicin at pH 5 than at pH 7.4 [61,62]. In vivo studies
demonstrated that the dendrimer-based conjugates had a longer circulating half-life, higher
drug accumulation at tumor, and superior suppression of tumor progression in tumor-bearing
mice than did the linear conjugates. The larger size and more rigid structure of the star
conjugates probably caused more efficient tumor accumulation by the EPR effect.
Moreover, this star conjugates showed no acute toxicity in the animal studies. Clinical
studies of this system will be needed for proper indications.

pH-sensitive polymeric micelles with therapeutic agents conjugated through hydrazone
linkages are another class of drug vehicles widely studied for anticancer applications.
Kataoka and coworkers have developed a pH-sensitive polymeric micelle DDS for
doxorubicin based on block copolymers of PEG-block-poly(aspartate) (PEG-b-P(Asp)).
Doxorubicin molecules were conjugated to the polymer backbone through hydrazone
linkage formation [63]. The polymeric micelles showed pH-dependent drug release with
faster release at pH 5.3 than at pH 7.4. It has also been shown that doxorubicin molecules
were able to accumulate in the nucleus of the cells after micelle treatment, suggesting that
intracellular drug release could be achieved presumably due to the acidic endo/lysosomal
pH. In another study, the authors conjugated folate as a targeting ligand onto the surface of
the same micelle system [64]. They observed that both folate-conjugated micelles and the
non-targeted micelles delivered similar amount of drugs to the tumors of mice; however, the
anti-tumor efficacy was shown to be superior with the folate-conjugated micelles. This
indicates that the folate-conjugated micelles probably accumulated at the tumor sites
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passively by the EPR effect, and the folate molecules catalyzed the internalization of the
micelles into the folate receptor-overexpressing cancer cells.

Temporary PEGylation through hydrazone linkage has been shown to promote transfection
efficiency of gene delivering vehicles [7]. PEGylation improved the colloidal stability and
was expected to prolong the blood circulation at neutral pH. Once internalized into the cells,
PEG detachment from the particles could be achieved due to the hydro-lysis of hydrazone
bonds in the acidic endo/lysosomal compartments as evident by the increase in zeta potential
of the particles and the faster PEG release kinetics under acidic conditions. Intracellular
release of PEG from the particles is beneficial to the endosomal escape or decondensation
process and ultimately the transfection activity [65]. Although improvement in transfection
efficiency was observed with this temporary PEGylation strategy in in vitro evaluation, the
stability of hydrazone linkage might not be sufficient for the particles to remain PEGylated
under in vivo conditions. Therefore, further optimization of hydrazone stability might be
necessary for obtaining in vivo biological effects.

2.4.2 Polymers with pH-responsive acetal, ortho ester or vinyl ether linkages
—Apart from hydrazone linkage, other pH-responsive chemical linkages such as acetal,
ortho ester and vinyl ester have also been used for constructing drug/gene delivery carriers
aiming at endosomal release of materials. Polyacetals, which display pH-dependent
degradation and produce biocompatible degradation products of alcohols and aldehydes,
have been conjugated to hydrophilic polymers to form polymeric micelles for drug-loading
purposes. For example, PEG-b-poly(ethyl glyoxylate)-b-PEG [66], polyacetal-b-Pluronic
[67], and PEG-b-poly (2,4,6-trimethoxybenxylidenepentaerythritol carbonate) [68], have
been used for forming drug-loaded polymeric micelles showing faster drug lease at acidic
pH than at neutral pH. Protein-based vaccines have been synthesized by copolymerizing
benzylidene acetal cross-linking monomers and acrylamide in the presence of the protein
payloads [69,70]. Using ovalbumin as the model protein, ovalbumin-loaded polymeric
particles with diameters of 35 nm to 3.5 um were generated. Moreover, the particles
demonstrated faster hydrolysis at acidic pH than at neutral pH [69]. Results from animal
studies showed that, compared with free ovalbumin, ovalbumin-loaded polymeric particles
stimulated T-cell proliferation and protected animal from tumor development more
efficiently, indicating that the polymeric particles dissociated in the endosomes after cellular
uptake due to acetal hydrolysis and released the protein intracellularly. More direct
observation such as intracellular trafficking of the payload or the particles is necessary for
verification of the concept.

Ortho ester, a functional group with three alkoxy groups attached to one single carbon atom,
is readily hydrolyzed in mildly acidic aqueous environments to form esters. The hydrolytic
rates of the ortho ester side chains of PEG-b-polymethacrylate diblock copolymer
derivatives have been investigated and shown to increase with acidity of the environment
[71,72]. In the same study, doxorubicin was loaded into polymeric micelles formed with the
PEG-b-polymethacrylate bearing ortho ester side chains. The drug release was observed to
be faster at acidic pH. In vitro experiments demonstrated that doxorubicin delivered by the
micelles was able to accumulate in the cell nucleus within 1 h, indicating a rapid
intracellular drug release process [72]. Ortho ester linkage has also been used for
constructing gene delivery vector. Aiming at overcoming the PEG dilemma, PEG was
conjugated to poly(2-(dimethylamino)ethyl methacrylate) cationic polymers for pPDNA
condensation [73]. The transfection efficiency of the PEG-detachable polyplex particles was
100 times higher at pH 5 than at pH 7.4.

pH-sensitive PEG-phospholipids have been synthesized with the PEG block linked to the
hydrophobic lipids, for example, dioleoylphosphatidyl ethanolamine, via vinyl ether bonds
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[74,75]. The PEG—phospholipid conjugates were used to form liposomes, and which
demonstrated pH-dependent release of the encapsulated calcein, giving faster release under
acidic conditions [74]. Further, lipoplex particles were generated using pDNA and pH-
sensitive PEG-phospholipids. The pH-responsive lipoplexes released pDNA faster at pH 5.5
than at pH 7.4. It has also been shown that the lipoplexes could deliver pDNA to the cellular
cytoplasm and nuclear regions and achieve efficient transfection [75].

Many drug/gene delivery systems capable of responding to intracellular pH have been
developed and showed intracellular specific release of drug or nucleic acid cargoes,
producing promising therapeutic effect or transfection efficiency. Compared with the mildly
acidic extracellular pH in the tumor microenvironment (pH 6.5 — 7), the more acidic pH in
the intracellular endo/lysosomal compartments (pH 5 — 6) provides a more significant pH
difference relative to the physiological pH for DDS to utilize to generate specific pH-
dependent responses. The investigations on pH-responsive nanoparticles for intracellular
release of therapeutic agents are still at the preclinical stage; however, pH-sensitive DDS
should definitely improve the therapeutic effects of the drugs having narrow therapeutic
window due to high toxicity and accelerate the clinical translation.

2.4.3 Cell-penetrating peptides responsive to intracellular pH—Cell-penetrating
peptides are short peptide sequences that are capable of efficiently cellular internalization. In
general, they employ a random coil structure at pH 7. As the pH decreases in the endo/
lysosomes along the endocytic pathway, certain domains of the amino acids sequences
become protonated. This leads to a transition from a random coil conformation to an
amphipathic a-helical conformation, allowing the peptide to interact with and destroy the
endo/lysosomal membrane and eventually escape to the cytoplasm [76]. Hemagglutinin is
one of major glycoproteins on influenza virus. Under the acidic pH inside the endosomes,
conformational change of the hemagglutinin from random coil to a-helix allows the protein
to be inserted into the endosomal membrane, resulting in fusion between the virus envelope
and the endosomal membrane and the release of the nucleocapsid of the virus into the
cytoplasm of the infected cell [77]. N-terminus of the hemagglutinin HA2(1-23)
(GLFGAIAGFIENGWEGMIDGWYG) is a pH-sensitive cell-penetrating peptide useful for
endosomal escape. Moreover, in a glutamic acid-enriched analogue (INF7)
(GLFEAIEGFIENGWEGMIDGWYG), two glutamic acid moieties were introduced into the
HAZ2 structure to extend the a-helix structure, thereby increasing the pH sensitivity and
improving endosomal escape [78]. Amphipathic cell-penetrating peptides GALA
(WEAALAEALAEALAEHLAEALAEALEALAA) was designed based on the HA2
peptide for achieving artificial pH-sensitive endosomal escape [79]. This peptide is soluble
at pH 7.5 and can destabilize the lipid bilayers at pH lower than 6.0 [79]. The membrane-
disruptive property of this peptide has been demonstrated in several drug or gene delivery
systems [80]. Moreover, cationic KALA peptide has been produced by replacing some
alanine residues by lysines for gene delivery purposes [81]. This cationic peptide undergoes
a conformational change from pH 7.5 to 5.0, resulting in effectively destabilization of the
endosomal membranes and facilitating delivery of genetic materials to the cytoplasm [82].

Composed of three LAEL amino acid sequence units, 43E peptide can disrupt the endosomal
membrane via a conformational change from a random coil structure at pH 7.4 to an a-helix
structure at pH 5.0 [83]. L2 peptide, which is located at the C terminus of the minor capsid
protein of Papillomavirus, has shown a strong membrane-disrupting activity at low pH,
allowing release of the viral genomes from endosomes and causing cytolysis of bacteria and
eukaryotic cells [84]. More-over, the major envelope protein (E) of the West Nile virus
exerts its endosomal disruptive activity by rapid conformational change (within seconds) at
an upper threshold of pH 7.0 and has a maximum activity at pH 6.4 and below [79]. As a
synthetic analog of penetratin, EB1 destabilizes the endosomal membrane by forming an
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amphipathic a-helix upon protonation at the endosomal pH. It has been shown that EB1 was
more far more effective than penetratin in forming complexes with siRNA and delivering
siRNA [85].

Although some cell-penetrating peptides have been applied in preclinical studies, the lack of
specificity toward target cells is a major obstacle for clinical development. Modification of
the peptide sequences or introduction of non-natural amino acids can improve their
specificity; however, it can also affect the pH-sensitiveness and thus efficiency of
endosomal escape.

2.4.4 Cationic polymers responsive to intracellular pH—The proton sponge effect
has laid the foundation of the development pH-responsive DDS that are capable of
endosomal escape based on the buffering capacity. Polymers with functional groups exhibit
pKa values between physiological and lysosomal pH, such as polyethylenimine (PEI)
[86-89], poly(.-histidine) [90-94], poly(amidoamine)s [95,96], and poly(propylacrylic acid),
can protonate at the acidic endo/lysosomal compartments. Protonation of the polymers
induces an extensive influx of ions and water into the endo/lysosomes, which subsequently
leads to rupture of the endo/lysosomal membrane and release of the entrapped materials
[79]. PEI is one of the most successful and widely studied gene delivery polymers. PEI is
rich in secondary and tertiary amines that can be protonated at the acidic pH of endosomes/
lysosomes. Upon protonation, PEI results in the rupture of endosomes by the proton sponge
effect as summarized in reference [86]. Although PEI shows high transfection efficiency,
significant toxicity is usually observed [87]. Some novel polymers based on PEI showed
higher transfection efficiency and low toxicity in vivo. The toxicity profiles of branched PEI
has been improved by full deacylation of the polymer. While branched PEI caused
significant animal death, the fully deacylated PEI allowed safe delivery of gene and
produced dramatically higher transfection efficiency [88]. It has been shown that the
biocompatibility issue of high-molecular PEI (e.g., PEI 25 kDa) could be solved by using
low molecular weight PEIs linked with B-cyclodextrin. Moroever, high transfection
efficiency could be obtained with the PEI-cyclodextrin system in cultured neurons and in the
central nervous system of mice [89]. These newly designed polymers are excellent examples
of gene delivery vehicles which are able to maintain the pH-responsive endosomal/
lysosomal escape ability of PEI while minimizing the toxic effects.

Poly(.-histidine) is another heavily studied polymers possessing pH-buffering capacity.
Protonation of the imidazole groups under acidic conditions in endo/lysosomes leads to the
proton sponge effect, followed by rupture of endo/lysosomes and release of materials to the
cytoplasm. [90,91]. LAH4 peptide (KKALLALALHHLAHLALHLALALKKA) contains
four histidine residues with imidazole groups having pKa values of 5.4, 5.8, 5.9 and 6.0.
Solid-state NMR studies indicated the peptide disrupted anionic lipids on model membranes,
and caused destabilization of the membrane at pH 5 but not at pH 7.5 [92]. The transfection
efficiency of complexes formed with the peptide and pDNA was 10 times higher than that of
lipofectamine, and it was suggested that the peptide efficiently transported pDNA to the
cytoplasm [90]. It has been shown that the gene transfer ability of imidazole-modified
chitosan was 100 times higher relative to that of native chitosan. The higher transfection
ability was probably caused by the proton sponge effect and efficient endo/lysosomal
escape. The toxicity accompanied this polymer was low as minimal cytotoxicity was
detected at a polymer concentration 10 times higher than the concentration used in
transfection study [93]. The imidazole-modified chitosan has also been used for SIRNA
delivery. After intravenous administration of the imidazole-modified chitosansiRNA
complexes to mice, significant knockdown of a target enzyme in both lung and liver was
achieved at a SiRNA dose of 1 mg/kg siRNA. Further, intranasal administration of the
complexes to mice showed significant silencing of the target protein expression in the lungs
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with a siRNA dose of 0.5 mg/kg/day over 3 consecutive days. These results indicate that
pH-responsive imidazole polymers are potentially effective for intracellular DDS and
nucleic acid delivery [94].

3. lon-sensitive polymers

3.1 lon-exchange resins

lon-exchange resins are frequently used for taste-masking, counterion-responsive drug
release, and sustained drug release. lon-exchange resins are insoluble polymers comprising a
polystyrene backbone cross-linked with divinylbenzene and side chains of ion-active groups
(Table 4). The ion-active groups are predominantly tertiary amine substitutes, quarternary
ammonium, sulfonic acid and carboxylic acid. Drug loading to the ion-exchange resins is
achieved by complexation based on electrostatic interaction between the drugs and the
resins. The drug—resin complexes can be carried in oral formulations such as liquid
suspensions, tablets, and beads. Drug release from the resins is governed by an equilibrium
exchange reaction when placed in contact with a solution containing the corresponding
counterions (Figur e 2). Therefore, during storage, the drug—resin binding can be maintained
by keeping the drug-resin complexes in liquid free of the counterions of the resins. In
contrast, after oral administration, the ions present in the saliva and gastrointestinal fluids
promote drug release from the complexes. Secretion of the saliva and gastrointestinal fluids
and absorption of the released drug into the body drive the equilibrium forward and promote
the drug release.

A polymethacrylic acid-based ion-exchange resin is used for taste-masking of
pseudoephedrine in chewable tablet to mask bitterness of the drug [97]. The product
contains complexes of pseudoephedrine and the ion-exchange resin, further coated with
ethylcellulose/HPMC membrane. Due to the lower cation concentration in saliva than in the
gastric fluid (Table 1), drug release from the product is minimized in saliva for taste-
masking while achieving immediate drug release in simulated gastric juice for high
bioavailability. A carboxylic acid-based ion-exchange resin, is used for sustained release of
nicotine from chewing gum [97]. The resin efficiently suppressed nicotine release to only
5% in salt-free pure water; to the contrary, 70 — 90% drug release has been observed in
saliva within 30 min. The sustained release of dextromethorphan from liquid suspension is
achieved by using a sulfonic acid ion-exchange resin. A part of the drug-resin complexes in
the product is coated with ethylcellulose. The product contains ethylcellulose-coated drug—
resin complexes and uncoated complexes at an approximate ratio of 2:1, producing a
constant plasma drug concentration for 12 h [98].

Coating of water-insoluble polymers on drug's particles without resin has no driving force
for promoting drug release and cannot release drugs completely in the gastrointestinal fluids.
The drug-resin complexed DDSs have the significant advantage of complete drug release
caused by the ionic equilibrium. On the other hand, the drug release rate from drug-resin
complexes depends on the strength of drug-resin interaction. Nicotine has sufficiently
strong interaction with the resin to achieve sustained drug release. However,
pseudoephedrine and dextromethorphan have insufficient drug—resin interaction; therefore,
coating of the drug-resin complexes with water-insoluble polymers is necessary for taste-
masking and sustained drug release. The combined use of drug—resin complexes and
polymer coatings is very useful for balancing suppression of drug release and obtaining
complete drug release. As oral disintegrating tablets and pediatric liquid formulations are
getting more popular, ion-exchange resins will definitely play a more important role in taste-
masking and sustained drug release in those formulations.
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3.2 Polymers responding to the ions in the saliva and gastrointestinal fluids

Anion-responsive drug release can be achieved using cationic polymers bearing quaternary
ammonium groups. Poly(ethylacrylate—-methylmethacrylate—trimethylammonioethyl
methacrylate chloride) copolymers (T able 4, Eudragit RS and RL) are practically insoluble
in water but can be hydrated with and swell in water. Therefore, the polymers can be coated
on beads and tablets containing drugs for oral formulations to control drug release through
the polymer membrane depending on the swelling status of the polymer coat. Strong
interaction between the quaternary ammonium groups and counterions in the media induces
lesser degree of hydration or swelling and contributes to slower drug release. Buffer species-
dependent drug release kinetics of diltiazem from Eudragit RS/RL-coated beads has been
reported. Due to the different strength of interaction between the buffer anions and the
quaternary ammonium groups of Eudragit RS/RL, the order of drug release in various buffer
media was found as follows: acetate > formate > chloride [99]. To achieve a sigmoidal drug
release profile, a bead system has been prepared by coating Eudragit RS onto a drug core
containing drug and organic acid (Figure 1B) [100,101]. The orders of hydration and drug
release rates were reported as follows: acetic acid > succinic acid > glutalic acid > malic
acid > tartaric acid > citric acid [100]. The drug release lag time and Tax in plasma
concentration-time profiles after oral administration to dogs were shown to be controllable
by the bead system [101]. This system made good use of salt formation of the polymers;
however, functional groups of drug or the counterions might interact with the polymers or
organic acid. After optimization of polymers and organic acid for each drug, this system is
considered to be effective for the applications of taste-masking and site-specific drug
delivery in the gastrointestinal tract.

Polymers exhibiting lower critical solution temperature (LCST) transitions can be used as
ion-sensitive DDS. LCST transitions have been observed in aqueous solution of several
polymers, such as poly(N-isopropylacrylamide) (PNI-PAM) [102], cellulose derivatives
[103], poly(vinyl ether), poly (N-vinyl caprolactam) [104]. The polymers are soluble in
water at T (temperature) < LCST by favorable hydration but insoluble at T > LCST due to
the entropy-driven dehydration and collapse of the hydrophobic polymers. Highly water-
soluble substances, such as electrolytes and sugars, surrounding the polymers remove water
molecules from the polymers and, therefore, decrease the LCST of the polymers. This is
known as the salting-out effect. The salting-out effects of various ions on PNIPAM, HPMC,
PEG and polyvinylpyrrolidone have been reported [105]. As is known as the Hofmeister
series [106], the effect of anions on decreasing the LCST of the polymers is generally in the
following order: citrate3~ > SO42~ > tartrate?~ > HPO42~ > CrO,42~ > acetate™ > HCO3~ > CI~
> NOj3~ > CiO5~, while the order of cationic species is Mg2* > Li* > Na* = K* > NH,*. The
sensitivity of water-soluble polymers to the salting-out effect has been suggested to be in the
following order: HPMC > Povidone K90 > Copolypidone > Povidone K30 > PEG6000 [20].
Various oral formulations containing these polymers and salts have been reported to
effectively control drug release [16-19,104,107,108]. In one study, tablets containing
terbutaline sulfate and Na,SO4 and coated with a PNIPAM layer were prepared, aiming for
colon drug delivery by generating long drug release lag time (Figure 1C) [108]. Compared
with a control tablet containing no salt, which demonstrated a 90 minute lag time, tablets
containing Na,SO4 generated a lag time of 130 min in the drug release profile. Tablet
containing the ion-sensitive polymers and ions is an interesting concept; however, its in vitro
drug release performance can be achieved in simpler tablet formulations containing the
FDA-approved polymers such as HPMC and polyethylene oxide.

‘Salting-out taste-masking systems’ for general taste-masking of oral disintegrating tablets
are microbeads consisting of a drug core, a salting-out layer containing salts and water-
soluble polymers, and a water-penetration-control layer of water-insoluble materials (Figure
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1D) [16-19]. The water-penetration-control layer regulates the saliva intake rate when the
microbeads are in the mouth. Dissolved salts, such as Na,COs, in the saliva prevent the
water-soluble polymers, for example, HPMC, from dissolving based on the salting-out
effect. The insolubilized water-soluble polymers can, therefore, suppress drug release and
mask drug numbness. In the gastrointestinal tract, most of the salts in the salting-out layer
dissolve and release from the system, minimizing the salting-out effect. The water-soluble
polymers in the same layer then dissolve; immediate drug release is achieved. This system
generates long lag time in drug release and subsequent immediate release. Studies have
proved that the major mechanism of the controlled drug release of this system is the salting-
out effect [16,19]. This salting-out taste-masking system is used for taste-masking of
solifenacin succinate in a launched oral disintegrating tablet. The concept, in vitro drug
release data, taste-masking sensory tests, and verification in the clinical studies indicate that
this system is versatile and applicable to other drugs that require rapid release for absorption
and therapeutic effect after taste-masking.

lon-responsive polymers can be used not only in oral DDS but also in local DDS, such as
ophthalmic, subcutaneous depot, and transdermal formulations. Integrated use of polymers,
ions, and other materials might lead to higher sensitivity to small changes in ionic
concentrations, allowing DDS to have higher precision in site-specific drug release at target
sites.

4. Conclusions

pH-responsive polymers are utilized for taste-masking, protection of acid-liable drugs, and
colon delivery in various products on the market. Combination of the FDA-approved
polymers and other components, such as MMT and lactulose, is also useful for pH-sensitive
oral DDS.

Polymeric systems responsive to tumoral or intracellular pH have been extensively studied,;
however, the validation of their effectiveness in human is insufficient. The smart polymeric
systems summarized in this article showed satisfactory performance in vitro and in mice.
After evaluating immunogenicity and hemolytic property of those systems, human clinical
studies are expected in the near future.

lon-exchange resins and polymeric coatings are very useful for achieving both taste-masking
and complete drug release for therapeutic effects. DDS containing both ion-responsive
polymers and organic acids or salting-out ions have been reported. Use of interaction
between ion-responsive polymers and other components might produce more effective pH-
responsive DDS.

5. Expert opinion

To develop pH-responsive DDS and formulations, inter-individual variation in
gastrointestinal pH of patients are one of the most important factors should be accounted for.
In general, gastric pH in patients is 1.0 — 3.5 (Table 1); however, the pH value is observed
to be higher than 4.0 for patients with achlorhydria. There are approximately 60% of
Japanese with age over 50, 20% of Norwegian, and 11% of North American are with
achlorhydria [109]. Use of acid soluble polymers for taste-masking should be avoided as
higher gastric pH results in no or slower drug release or low therapeutic effect in patients
with achlorhydria. This is especially important for the drugs used in therapeutic areas with
high proportion of achlorhydria patients.

Intra-individual variability of gastrointestinal pH should also be considered when
developing pH-responsive DDS. Under fasted conditions, gastric pH is 1.0 — 3.5, and pH in
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the oral cavity is 6.0 — 7.0 (Table 1). In contrast, gastric pH increases to 4.0 — 5.0, and pH in
the oral cavity decreases to 4.0 under fed conditions. These physiological variations indicate
that taste-masking formulation using polymers responsive to stomach low pH should be
administered under fasted conditions. The two FDA-approved cationic polymers, Eudragit E
and AEA, are soluble below pH 5 and 5.8, respectively, and thus are useful for taste-
masking. However, strong interaction between drugs and the polymers is a major factor for
slow drug release and low stability of drugs during storage. Other cationic polymers having
different amounts of amino groups or other cationic groups and low immunogenicity are
needed for further improvement of DDS and formulations. As another approach,
combination of the FDA-approved polymers and other materials, including MMT, lactulose,
organic acids and salting-out ions, is useful for DDS design such as the colon-targeted
delivery system [40-43] and salting-out taste-masking system [16-19]. The combination of
FDA-approved materials has several advantages, such as good safety, no immunogenicity,
and short time and low cost for development by bypassing safety tests of the materials.
There is limited number of FDA-approved materials; however, their combinations are very
diverse and have infinite potential for DDS development.

The variability in pH in the endocytic pathway among different cells also imposes a
challenge to DDS designed to intracellular release therapeutic agents based on the acidic
endosomal pH. Studies have shown that vacular ATPase (V-ATPase) is a major controller in
endosomal acidification and responsible for pumping protons from the cytoplasm to the
endosomes/lysosomes [110,111]. Subunits of the V-ATPase (al, a2 and a3) have been
identified to be playing a role in acidifying endosomal pH. Investigation on correlating
cellular level of a3 and a4 subunits to endosomal pH has been done using MDA-MB-231
and MCF-7 breast cancer cell lines. MDA-MB-231 cells was demonstrated to express higher
levels of a3 and a4 subunits than did MCF-7 cells; this might contribute to the relatively
lower endo/lysosomal pH observed in MDA-MB-231 cells [112]. Moreover, raft-domains
have been reported to regulate activity of the V-ATPase, and lipid distribution or
composition is suggested to affect endosomal pH [110]. Therefore, the endosomal pH
variations across different cell types should be considered for pH-responsive DDS targeting
specific cells or tissues. Similarly, it is expected that the pH values of tumor tissues are also
different among cancer types and cancer stages. Due to this variation, one single DDS
specific pH-responsive element may not be suitable for delivering drugs to all types of
tumors. Present connection between the understanding of the physiology of tumors and the
development of DDS is insufficient. Emerging pH imaging technologies are expected to
provide more valuable information about tumoral and endo/lysosomal pH in humans, which
will be useful for improving the performance of DDS.

Substantial progress in DDS development has been made based on ion-responsive polymers.
Drug release can be controlled not only by interaction of ion-exchange resins and drugs but
also by polymer coating [97,98]. The drug release from ion-exchange resins is promoted by
an equilibrium exchange reaction; however, some drugs should be released faster for fast or
high systemic exposure. For example, some drugs against heart attack or diabetes should be
exposed immediately after the attack or meal. In other drugs that are metabolized
extensively in the gut or liver, drug release rates should be faster than metabolism rate for
sufficient systemic exposure and efficacy of the drugs. DDS containing ion-exchange resins,
their counter ions, and drug might be useful for immediate drug release from ion-exchange
resins and precise control of the ion-sensitivity. In our opinion, combination of polymers and
other components, and deeper understanding of human body are important for pH- and ion-
sensitive polymeric DDS products for patients.
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Article highlights

»  Cationic polymers with amino groups are useful for taste-masking and achieving
high bioavailability of drugs by their low water solubility in the oral cavity (pH
5.8 — 7.4) and high solubility in the stomach (pH 1 — 3.5), respectively.

»  Anionic polymers with carboxyl groups having higher water solubility at basic
pH than at acidic pH are used for protecting drugs from acid degradation in the
stomach (enteric DDS) or enzyme digestion in the intestine (colon-targeted
DDS).

»  Many tumor-targeted micelles have been investigated using polymers with
imidazole groups (pKa ~ 6) or poly(p-amino ester) for more rapid drug release
and more efficient cellular uptake at tumors (pH 6.5 — 7.0) than at normal tissues
(pH 7.4).

»  Polymers having pH-sensitive chemical linkages, such as hydrazone, acetal,
ortho ester, and vinyl, pH-sensitive cell-penetrating peptides, and cationic
polymers undergoing pH-dependent protonation can respond to intracellular
acidic endo/lysosomal compartments (pH 5 — 6) and achieve intracellular release
of drug, gene, or protein.

» lon-exchange resins control drug release by responding to ions in the saliva and
gastrointestinal fluids and are frequently used for taste-masking and sustained
drug release.

» lon-responsive controlled drug release has been achieved by utilizing the lower
critical solution temperature (LCST) transitions of ion-sensitive polymers.

This box summarizes key points contained in the article.

Expert Opin Drug Deliv. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yoshida et al.

[H*] increases

. ‘—=—TAT peptide in tumor tissues
k_s' P(His)
PLASk (non ionized)
P(His)s, ‘(’C'C “)’
HN “)
=N
B.
Coating: )
Eudragit® RS/RL Time
\_ +H2 H o, By Water
c ;
n penetration

Page 22

PEG3 4¢
/ PEGa
500 —TAT peptide

o;’ :
.o’ P(His),,
(|on|zed)
PLAg *

P(His)s -(c'—cz“);

lon exchange
polymer-N'(CH,),CI + RCOO" === polymer-N (CHg)sﬂcoo' +CI

S o
0

H,Cu B, 32 into bead core Hydration nEs ,C R
MOy or I permeability 0" N Rco0
Bead core:
Drug (D) + organic acid (RCOO")
o .
c. ¢ %S0, o Drug

-4

Na,SO, ‘e Time
T——( .
: Solubilized .l
Eﬁ'get( B‘)"f: Coating: PNIPAM (insoluble) Dissolution of PNIPAM
coating I
Na,SO bO-H
o H Ho H % Nﬁ
I i o OO = ]
y Hy o Heo
H'éNfd‘H E‘HS&O )\A
H-QH H t LCST as salt diffuses out
Salted microenvironement
lowers the LCST T<LCsT
T>LCST
D.
o
o
Saliva ° a2003 ¢ Drug o
Water-penetration T|me
" controlling layer: cetanol
] ,E
Salting-out layer: Dissolution of salting-out layer
Bead core: © HPMC + Na2003 (insoluble) .
Drug (D) oR ”?,JZ)/ g“é
H H i HO.
!
g Y
H "‘ Q
LAl e Ire e L
" :i?' qu o-H ":l M
" co” W o-H
d H

From the mouth to the pharynx

Figure 1. Representative drug delivery systems
A. Polymeric mixed micelles prepared with p

In the Gl tract

with stimulus-responsive capability
oly(.-lactic acid)-block-poly(ethylene glycol)-

block-poly(His)-TAT peptide and poly(His)-block-poly(ethylene glycol) for exposure of

TAT cell-penetrating peptides responsive to t

he tumoral acidic pH [50]. B. A bead system

containing drug and organic acid in the core and coated with a Eudragit RS layer for ion-

sensitive sigmoidal drug release [100,101]. C.

Tablets containing drug and Na,SO,4 and

coated with a PNIPAM layer for ion-sensitive colon drug delivery [108]. D. ‘Salting-out

taste-masking systems’ consisting of a drug ¢

ore, a salting-out layer containing salts and

Expert Opin Drug Deliv. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoshida et al.

Page 23

water-soluble polymers, and a water-penetration-control layer of water-insoluble materials
for ion-sensitive taste-masking of oral disintegrating tablets [16-19].
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Figure 2. Drug release from ion-exchangeresins

A. Drug release from the resins is governed by an equilibrium exchange reaction. B. During
storage, the drug-resin complexes can be maintained in liquid free of the counterions of
resins. After oral administration, drug release is promoted by the ions present in the saliva
and gastrointestinal fluids. Secretion of the saliva and gastrointestinal fluids and absorption
of the released drug promote the drug release.
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pH and ionic concentration in different physiological fluids.

Table 1

Physiological fluid ~ Volume(l) pH [Na*] (mEqg/l) [K*] (mEg/) [Cl-](mEg/l) [HCOs] (mEg/l)
Saliva 15 6.0-7.0 30 20 30 15

Gastric fluid 25 1.0 - 3.5 (fasting) 50 (H+, 90) 10 110 0

Bile 0.5 7.8 140 5 105 40

Pancreatic fluid 0.7 8.0-83 140 5 60 90
Small-intestinal fluid 1.5 75-8.0 120 5 110 35
Large-intestinal fluid 1.0-1.5 55-7.0 130 10 95 20

Plasma 3.0 7.4 140 5 100 30

Interstitial fluid 10.0 - 150 5 110 30

Intracellular fluid 30.0 - 10 160 115 30
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Table 2
Common pH-sensitive polymers used in drug delivery.
Name Chemical structure Clinical indication Refs.
Aminoalkyl methacrylate copolymer (Eudragit E) +327§1227§”LQL?J Taste-masking [28-32]
o/go CHy N0 Hac/&o
H»,C\N/ 2Hs
Poly(methacrylic acid-co-methyl methacrylate) (Eudragit L/S) Protection of acid-degradable drugs, [6,35-43]
colon delivery
Hydroxypropyl-methylcellulose phthalate (HPMC-P) Protection of acid-degradable drugs, [6]

colon delivery
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Table 3

Common pH-responsive functional groups used in drug delivery.

Name Chemical structure pH-responsivechange  Refs.
Hydrazone i fo ¢ e, [7,48,61-69]
Acetal R M g - 2™ [67,69,70]
o |
R
2
e
I:{1

Orthoester Ry—O O—Rg v o f o0 [71-73]

R2—O><R

Vinyl ether (e) - o . I [7475]
R.” \%\R — A WA

Expert Opin Drug Deliv. Author manuscript; available in PMC 2014 November 01.

Page 27



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Yoshida et al.

Table 4

Common ion-sensitive resins/polymers used in drug delivery.

Page 28

Name

Chemical structure

Clinical indication

Refs.

lon-exchange resins

Poly(ethylacrylate-methylmethacrylate-
trimethylammonioethyl methacrylate chloride) copolymers
(Eudragit RS/RL)

Poly(N-isopropylacrylamide) (PNIPAM)

o\
b R=cHOH Ol

.
4
3 P
z f’ ) SOgH", or
J K coon
(L
LA

2ty
HN 6}

Taste-masking

Sustained release, Taste-masking

Not used clinically

[97,98]

[99-101]

[102,105,108]
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