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Abstract: With less than one percent of systemically injected nanoparticles accumulating in tumors,
several novel approaches have been spurred to direct and release the therapy in or near tumors. One
such approach depends on the acidic pH of the extracellular matrix and endosomes of the tumor.
With an average pH of 6.8, the extracellular tumor matrix provides a gradient for pH-responsive
particles to accumulate, enabling greater specificity. Upon uptake by tumor cells, nanoparticles are
further exposed to lower pHs, reaching a pH of 5 in late endosomes. Based on these two acidic
environments in the tumor, various pH-dependent targeting strategies have been employed to release
chemotherapy or the combination of chemotherapy and nucleic acids from macromolecules such as
the keratin protein or polymeric nanoparticles. We will review these release strategies, including
pH-sensitive linkages between the carrier and hydrophobic chemotherapy agent, the protonation
and disruption of polymeric nanoparticles, an amalgam of these first two approaches, and the
release of polymers shielding drug-loaded nanoparticles. While several pH-sensitive strategies
have demonstrated marked antitumor efficacy in preclinical trials, many studies are early in their
development with several obstacles that may limit their clinical use.

Keywords: polymers; pH-sensitive; nucleic acids; siRNA; chemotherapy; nanoparticles; carriers;
tumor pH

1. Introduction

Chemotherapeutic agents frequently are cytotoxic drugs, which, in most instances,
have different mechanisms of action in various cell cycle phases. The inability of chemother-
apy to differentiate clearly between malignant and normal cells leads to adverse events
and toxicities. Moreover, most chemotherapeutic agents are administered in high dosages
intravenously to obtain therapeutic levels in the tumor. Thus, high drug dosages have a
double-edged sword in patients. While these dosages enable the agents to achieve thera-
peutic effects, they also cause significant untoward side effects for patients [1]. The inability
to reduce the chemotherapy levels in normal tissues limits antitumor efficacy [2,3]. Further-
more, given the vasculature’s complexity and typically short half-life in the blood, limited
amounts of the drug reach the tumor site. As a result, enhancing delivery and increasing
tissue specificity are critical issues in developing improved efficacy for chemotherapeu-
tic agents.

One approach has been to incorporate these agents into nanoparticles to minimize tox-
icity and increase the efficacy of chemotherapy agents. Nanoparticles greater than 8–10 nm
accumulate in tumor tissues by enhanced permeability and retention (EPR) [4]. The EPR
mechanism combines leaky tumor blood vessels and reduced numbers of tumor lymphatic
vessels resulting in the influx of nanoparticles and decreased drainage of nanoparticles. To
take advantage of the passive EPR effect, various drug nanocarriers, including lipid- and
polymer-based carriers, have been used in pre-clinical and clinical tumor studies [5–11].
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The FDA-approved Doxil®, a liposomal preparation of doxorubicin (Dox), has successfully
used this approach. Compared to those administered free Dox, patients given Doxil® have
less cardiotoxicity, nausea, and myelosuppression [12,13]. Fewer adverse side effects are
likely due to the accumulation of nanoparticles (i.e., Doxil®) in the tumor (and avoidance
of other tissues). Still, the survival of cancer patients treated with Doxil® has not been
improved compared to free Dox, except in a subset of patients with cardiomyopathy [14].
More recently, Onivyde®, a liposomal irinotecan product, was approved in 2015 as a
second-line therapy for pancreatic cancer, and is undergoing evaluation for naïve-treated
metastatic cancer patients [15]. Unlike Dox and irinotecan, other chemotherapeutic agents,
such as cisplatin or paclitaxel (PTX), have not been loaded efficiently into liposomes [16].
Nonetheless, there are non-liposomal polymeric nanoparticles with high loading capacity
for PTX and prolonged half-lives in the bloodstream, which have demonstrated marked
antitumor efficacy [17,18]. Although several clinical trials are evaluating the efficacy of
polymeric-chemotherapy agents, none of these have been approved for clinical use by reg-
ulatory agencies [10,19]. Alternatively, the Abraxane® nanoparticle, an albumin platform
for PTX, has effectively treated advanced breast, pancreatic, and lung cancers. However,
we are not aware of any pH-dependent strategies that are being evaluated in clinical trials
for the treatment of cancer.

By increasing the half-life of polymeric and liposomal carriers through pegylation,
the accumulation of the nanoparticles in the tumor may be more significant based on the
EPR effect. One drawback to pegylated products is that a small percentage of patients
have an immunological reaction ranging from reduced efficacy to anaphylaxis [20]. Tumor
accumulation of the nanoparticles may also be increased by several factors, including the
charge, size, and shape of the particle [21]. In addition, active tumor targeting by the
inclusion of tumor-specific ligands on the nanoparticle’s surface can enhance tumor accu-
mulation and anti-tumor efficacy (at least in pre-clinical trials) [22]. Despite modifications
of nanoparticles, a major obstacle is their low tumor accumulation. One meta-analysis of
117 studies reported a median of 0.7 percent of the injected dose reached the tumor [23]. To
improve tumor accumulation of nanoparticles, several novel mechanisms or approaches
are now being explored to direct and release the therapy in or near tumors [24,25]. A
promising approach that applies to passive and active targeting has been stimuli-based
therapies that release agents in the peritumoral region through changes in redox potential,
temperature, enzymatic reaction, pH, or external stimuli such as heat and light.

This review will focus on pH-dependent targeting of chemotherapeutic agents, an
area of immense interest for tumor therapy in recent years. Four types of pH-dependent
targeting of the tumor will be explored, including pH-sensitive linkages, protonation and
disruption of the nanoparticles, a combination of these first two approaches, and finally, the
release of coating polymers from the drug-loaded nanoparticles. The first approach depends
on the breakage of the pH-sensitive bond, resulting in the release of the chemotherapy agent
from the carrier and nanoparticle under acidic conditions. The second approach examines
targeting tumors and disrupting nanoparticles due to a lower pH in the tumor matrix and
endosomes. Protonation of these polymeric nanocarriers leads to their disassembly due to
charge–charge repulsion in an acidic environment. Like other polymeric nanoparticles, pH-
sensitive particles comprise block-copolymers with hydrophilic and hydrophobic domains
that self-assemble into structures with a hydrophobic core and hydrophilic shell. The third
approach is an overlap of the first two approaches. That is, both pH-sensitive linkages and
disruption of nanoparticles have significant roles in the release of chemotherapy drugs and
nucleic acids. Finally, the fourth approach will investigate the pH-dependent coating of
nanoparticles with the release of drugs in mildly acidic environments. To varying degrees,
the four strategies overlap and are contingent on the acidic extracellular pH (pHe) of the
tumor and the well-established acidic pH of the tumor cell endosomes.
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2. Acidic Tumor Environments

The nanoparticles and the drugs they carry will be exposed to different pH neighbor-
hoods as they traverse blood vessels to their tumor cell targets. Two of these are acidic—the
extracellular tumor matrix and endosomes within tumor cells—whereas the cytosol of the
tumor cells is relatively alkaline (compared to normal cells). These environments likely
interact to regulate their pH and enhance the aggressiveness of the tumor [26]. Moreover,
these acidic and alkaline environments affect the drug’s efficacy against the tumor in at least
three ways. First, the pH gradient between the blood and the tumor cell membrane may af-
fect the accumulation of pH-sensitive nanoparticles (Figure 1) [27]. Second, the more acidic
endosomes likely have a greater role in disrupting the particles and releasing the drug than
the less acidic tumor matrix. Third, the pH gradient between the acidic environment and
the more alkaline tumor cytosol may affect the distribution and activity of the released drug
in the tumor cell. After examining the acidic tumor environments in which nanoparticles
are exposed, we will examine some recent advances in pH-dependent nanoparticles.
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Figure 1. Accumulation of pH-sensitive nanoparticles based on pH gradient between the blood
and the tumor cell membrane. As the nanoparticles enter the acidic tumor matrix, the particles
become more positively charged, enabling their interaction with tumor cell membranes. With non-
pH-responsive nanoparticles, tumor accumulation occurs to a lesser degree [27,28].

2.1. The Extracellular pH (pHe) of Tumors

Approximately a century ago, Otto Warburg determined that cancer cells preferentially
ferment glucose to lactate even when sufficient oxygen supports oxidative phosphoryla-
tion [29,30]. Although increased glycolytic activity with the production of lactic acid and
its export was initially thought to be the primary reason for the lower extracellular pH in
solid tumors [30], several additional mechanisms have significant roles (Figure 2). These
mechanisms include an increase in membrane proton pumps, bicarbonate transport ex-
changes, sodium-hydrogen exchanges, carbonic anhydrase activity, and HIF-1α levels (See
reviews by [31–33]). Moreover, while differences in the aerobic and anaerobic glycolysis
(CO2-respiration) may account for some pH differences between oxygenated and hypoxic
regions of the tumors, differences in the proton and HCO3

− transport systems between
the two regions have also been noted in an experimental model [34]. Our understanding
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of the precise mechanisms for the tumor’s lower extracellular pH (pHe) continues to be
investigated and refined. The lower pHe, which is nearly universal, has been associated
with higher rates of tumor cell division, enhanced invasiveness [35], increased metastatic
potential of the tumor [36], alteration of the M1 to M2 macrophage phenotype [37], and
increased cancer cell stem-like behavior [38]. Interestingly, neutralization of the low pHe of
tumors with bicarbonate can reduce the metastatic potential of the tumor [39].
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Figure 2. Metabolic and proton pump alterations in tumors leading to an acidic extracellular pH.
Increased glucose import (e.g., Glut), aerobic and anaerobic glycolysis, and increased proton pumps
(MCT, NHE-1, and V-ATPase) reduce extracellular pH in solid tumors. Because of proton pumps
and bicarbonate transporters (NBC), the intracellular pH of tumor cells increases, resulting in a pH
reversal [31–33]. MCT, monocarboxylate transporter, NHE-1, sodium hydrogen exchange, V-ATPase,
vacuolar ATPase transporter, NBC, sodium bicarbonate transporter, and CA, carbonic anhydrase.

The pHe widely varies between non-necrotic tumors and is likely based on several
interdependent factors, including the tumor cell proximity to the vasculature, the tumor
size, the degree of hypoxia, and differences of glycolytic activity. For example, compared
to normal tissues, the tumor pHe is relatively acidic, ranging from 6.4 to 7.2, with an
average of about 6.8 [40,41]. Furthermore, there is heterogeneity of the pHe within a single
tumor. The pHe within a breast tumor xenograft has been reported to vary between 6.4
to 6.8 [42]. While the pHe of tumors is more acidic than normal tissues, the intracellular
pH of tumor cells is slightly more alkaline (pH 7.4 vs. 7.2). Thus, there is a reversal of the
pH gradient in the tumor (i.e., extracellular to intracellular) compared to non-malignant
tissues [33]. By alkalinizing the pHe of the tumor, investigators enhanced the efficacy of
specific chemotherapeutic agents in tumor-bearing animal models [39,43].

In contrast, a low pHe of tumors may increase the efficacy of pH-sensitive nanopar-
ticles. By increasing the positively charged amines on nanoparticles, the pH gradient
established between the blood and normal tissues with a pH of 7.4 and the lower pHe
of tumors may enhance the therapeutic specificity toward tumors [44,45]. Furthermore,
increased protonation of weakly basic carriers/ligands in an acidic tumor matrix leads
to greater binding and uptake by tumor cells, which have, in general, a higher negative
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surface membrane charge. An increase in uptake applies not only to basic carriers such as
polyethylenimine (PEI), but also to nanoparticles modified with acidic peptides [18]. Addi-
tional interactions with pH-sensitive peptides/polymers may enhance the nanoparticle’s
uptake. For instance, acidic peptides such as ATRAM adopt an α-helical conformation in
mildly acidic environments, enabling the insertion and binding of the nanoparticle to the
tumor cell membrane (and perhaps to other cells in the tumor) [27].

Once endosomal uptake occurs, disruption of pH-sensitive nanoparticles with release
of the chemotherapeutic agent may occur in an acidic tumor endosome. In addition, the
buffering properties of the pH-sensitive polymers may raise the pH of the acidic endosomes.
Moreover, nanoparticles that disassemble and release a chemotherapeutic agent at the
mildly acidic pHe of tumors have been developed. Whether this later mechanism occurs
reliably in a tumor environment is debatable, but advances and fine-tuning of these carriers
are being made.

In most solid tumors, administration of glucose (or using other pH lowering agents or
methods such as hypoxia) usually reduces the pHe further by 0.2 to 0.4 pH units [40,46–48].
Some tumors, due to high glycolytic activity, had their tumor pHe reduced by as much
0.6 units [47,48]. Whether lowering pH with glucose can enhance the therapeutic efficacy
of pH-dependent nanoparticles has not been investigated. While one study indicated that
tumors did not become more aggressive by administering glucose [49], more studies are re-
quired to determine if intermittent reduction of the tumor pH enhances their malignant and
metastatic potential. Alternative approaches, such as vasodilatory drugs (e.g., captopril),
that lower tumor blood flow and reduce the pH could potentially be effective [50]. Still,
temporal relationships between blood flow and tumor pH would be essential to determine
the optimal accumulation for the nanoparticle. Moreover, regional embolization of blood
vessels feeding the tumors (i.e., hepatomas) may lower tumor pH due to hypoxia and as a
result, enhance the efficacy of a pH-sensitive delivery system [51].

The tumor pHe was measured initially by microelectrodes, but advances have been
made with magnetic resonance imagining/spectroscopy (MRI/MRS) approaches. In con-
trast to microelectrodes which are both invasive and measure the pH at a single loca-
tion [46–48], MRI/MRS is non-invasive and enables the heterogeneity of the tumor pHe to
be measured [52]. In addition, these non-invasive techniques can potentially be improved
to determine the pH of metastatic tumors in the lungs or liver. The resolution of MRI
methods to assess spatial pH differences within tumors continues to improve and will
likely guide future therapy of nanocarriers [52].

2.2. pH-Regulation within Tumor Endosomes

Although a lower tumor pHe may enhance the specificity and uptake of pH-sensitive
nanoparticles, its mild acidity may not be sufficient to disrupt the nanoparticle and com-
pletely release the drug. Compared to the pHe of tumors, endosomes are markedly more
acidic, with a pH range between 5 and 7.0. Because endosomes progressively become
more acidic, they have a key role in disassembling pH-sensitive bonds and nanoparti-
cles. Both these pH-dependent approaches can readily release a chemotherapeutic drug
circumventing a significant problem of drug delivery systems [53]. Because leakage of
small molecules from endosomes may occur [54], chemotherapy agents, once released
from the pH-dependent nanoparticles, could potentially reach the cytosolic or nuclear
target. The size and “leakiness” of endosomes are primary factors in determining lysis.
In the presence of pH-buffering polymeric nanoparticles, HeLa cells with smaller endo-
somes and less leakiness were prone to lysis and release of relatively large molecules
(i.e., oligodeoxynucleotides, plasmids) compared to ARPE-19 cells with larger and leakier
endosomes. However, calcein, a small fluorescent molecule, readily leaked (without lysis)
from endosomes of both cells transfected with the pH-dependent polyplexes. In addition
to increasing endosomal leakiness, the pH-destabilizing nanoparticles have a second im-
portant function in lysing the endosomal membrane. Endosomal lysis by pH-buffering
nanoparticles with release of small and large molecules occurs by osmotic lysis, by a
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detergent-like interaction with the membrane, or by both mechanisms [55]. The leakier
the endosome, the less likely the osmotic lysis mechanism will occur. “Leakiness” vs.
endosomal lysis by the detergent-like mechanism appears to be a matter of degree of the
created pore size in the membrane. Although endosomal lysis may not always be critical
for the escape of small drugs, it is likely necessary for the escape of siRNA or plasmids.

There has been a great deal of effort in developing pH-dependent nanoparticles and
targeting specific endosomal pathways in tumor cells with ligand-conjugated nanopar-
ticles. Specific endosomal markers or inhibitors are often used to determine the specific
endosomal pathway of entry for the nanoparticle in vitro, but their use in vivo is limited.
Nevertheless, competitive assays with an excess ligand can establish the importance of
its cognate receptor in the cellular entry of the nanoparticle in vitro [56–58]. In vivo, tar-
geted nanoparticles have frequently been demonstrated to have greater antitumor efficacy,
presumably because of greater cellular uptake [59]. Upon entry, pH-disrupting nanopar-
ticles disassemble in the progressively acidic endosomes or lysosomes. Still, there has
been limited research understanding tumor endosomes, particularly with nanoparticles,
beyond their becoming more acidic before merging with lysosomes [60]. Targeting the
endosomal pathways of tumors in vivo has been primarily limited to conjugating ligands to
nanoparticles [57,59,61,62]. Moreover, few studies have examined the differences between
endosomes of tumors and normal cells (see review by Ko et al. [60]).

To target endosomes more effectively with pH-sensitive nanoparticles, it is impor-
tant to comprehensively study tumor endosomes, their pathways, and qualitative and
quantitative divergences with normal cells. Both normal and tumor cells contain the same
endocytic pathways for entry of nanoparticles, and their endosomes perform molecular
trafficking and sorting, which are regulated by the Rab family of small GTPases [60,63].
Once formed in these cells, most early endosomes ultimately merge with lysosomes re-
sulting in the degradation of their exogenous contents such as nucleic acids. Alternatively,
some endosomes may merge with multivesicular bodies, recycle to the surface with ligands,
or target organelles such as the trans-Golgi network within cells. One area that requires
investigation, particularly for pH-disrupting nanoparticles, is to determine differences in
the pH of endosomes between cancer and normal cells.

Similar to those of normal cells, early endosomes of tumor cells become progressively
more acidic. The V-ATPase proton pump is primarily responsible for acidifying endosomes,
regardless of the endosomal pathway [60]. To compensate for the positive charge buildup
within endosomes caused by the V-ATPase pump, chloride channels enable a passive influx
of the ion. Notably, the chloride channels and sodium-hydrogen transporters (NHE) also
have important roles in modifying the pH and charge potential of endosomes. These regu-
lators closely coordinate with one another to fine-tune the endosomal pH. Whereas NHE
1–5 transporters, particularly NHE1, are usually associated with the cell membrane and
acidification of the extracellular tumor environment, NHE 6–10 transporters are associated
with endosomes. Parallel to the pHe of tumors, evidence is emerging that the pH of tumor
endosomes drives a malignant phenotype. Interestingly, the pH of endosomes/lysosomes
of tumor cells and the extracellular matrix closely interact to enhance the aggressiveness
of the malignancy [26]. The tumor endosomal pH has also been linked to cancer cell
proliferation, enhanced migration, reduced sensitivity to chemotherapy and radiation, and
decreased patient survival. Epidemiological studies have established a strong association
between one sodium-hydrogen transporter (NHE-9) and the poor prognosis of patients
with esophageal cancer [64]. The gene for the alkalinizing NHE-9 transporter frequently is
amplified in several cancers, including esophageal cancer.

Alteration in endosomal pH is complex and likely dependent on the type of ma-
lignancy and prior chemoradiation treatment. Transformation of fibroblasts by the ras
oncogene has been associated with reduced acidity of endosomes [65]. Moreover, increased
endosomal expression of NHE-9 in glioblastomas alkalinizes the endosomal lumen to about
pH 6.5 [66]. This relative alkalinization reduced the EGFR receptor’s degradation with
greater expression on the cell surface. Nevertheless, the picture that tumor endosomes
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are significantly less acidic than their normal counterparts appears far more nuanced and
complex. For example, cancer cells treated under hypoxic conditions have endosomes
that are “hyper-acidified” [67]. With more acidified endosomes, these hypoxic cells may
entrap the weakly basic Dox (pKa, 8.3) released from nanoparticles more efficiently, pre-
venting the drug from reaching its nuclear target [60,68]. Moreover, Fan et al. demonstrated
that a rat glioma line has endosomes that overexpress the acidifying NHE-5 transporter.
Although NHE-5 transporters are usually expressed on the plasma membrane, their lo-
cation on early endosomes resulted in a lower pH and greater recycling of key growth
receptors [69]. These somewhat conflicting studies could be partially resolved with further
studies of patient-derived cancer cells to determine which of these mechanisms of endo-
somal pH is predominant. Regardless of the degree of acidity of endosomes, their lysis
by pH-dependent nanoparticles, along with encapsulated drug release, may circumvent
drug resistance.

Nonetheless, further delineation of mechanisms and pH differences in endosomal
pH between malignant cells and normal cells may lead to more effective tumor-targeting
carriers. We determined that pH-sensitive peptides carrying genes could target cells based
on endosomal pH [70], and these findings may be extended to drug-loaded nanoparticles.
When comparing normal and malignant cell lines transfection, branched pH-responsive
peptides effectively transfected transformed or malignant cell lines but ineffectively trans-
fected normal cells. While more investigations are required to determine if the endosomal
pH of malignant and “normal” cells differ in tumors, targeting cancer cells (or other cells
in the tumor) on their endosomal pH is an avenue that should be exploited. Based on
these endosomal pH differences, intratumoral delivery of these pH-responsive NPs and
strategies could be investigated. For systemic delivery, coupling ligand-directed therapies
with intrinsic differences in the endosomal pathway of malignant cells could enhance the
tumor specificity of the particle.

Significant technical hurdles still exist to measure the endosomal pH and lysis in vivo.
In contrast, fluorescent imaging can readily measure the endosomal pH of cells in vitro.
Numerous studies have determined the endosomal pH through the uptake of pH-sensitive
fluorescent probes by endocytosis or preferential accumulation in acidic organelles. Nev-
ertheless, we are unaware of systematically categorizing cells by their endosomal pH,
including malignant cell lines. As oppose to such in vitro measurements, the pH of endo-
somes of tumor cells in vivo is very difficult to measure due to the inability of achieving
sufficient amounts of a pH-sensitive probe in these organelles [52]. Until better methods
are developed to measure the endosomal pH in vivo, there will be some uncertainty about
the correlation between the in vitro and in vivo tumor models.

Like endosomal pH, several in vitro assays can evaluate endosomal lysis by pH-
disruptive NPs [71–74]. The most common and easiest is a low molecular weight mem-
brane impermeable fluorophore molecule, calcein (M.W.~677 kDa), added to the media
that escapes into the cytosol upon endosomal lysis. The disadvantage of this method
is that it is subjective, semi-quantitative, and may not distinguish leakiness from lysis.
Recently, a reconstituted luciferase method identified the most effective carrier for lysing
endosomes. This approach readily quantified the percent of endosomes that were lysed
by the carrier [74]. Because the luciferase peptide fragment is small (M.W.~1940 kDa),
most nanoparticles will incorporate the fragment without affecting the size or shape of
the particle. Notably, less than 10% of the endosomes per cell released the hydrophilic
peptide fragment.

Without further refinement, it is doubtful that these in vitro methods for determining
endosomal leakage or lysis will have utility for tumors in vivo. Currently, endosomal
leakage/lysis mediated by the nanoparticle is indirectly measured in vivo by determining
the cytosolic/nuclear levels of the drug (or fluorophore, radioisotope) in the tumor or
the functional effect of an encapsulated drug. Unfortunately, most nanoparticles remain
in endosomes and do not escape the endolysosomal pathway [74,75]. The inability to
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lyse endosomes limits the efficacy of nanoparticles carrying drugs and, in particular,
nucleic acids.

3. PH-Sensitive Bonds

Previous studies have noted that the tumor’s pH may influence the efficacy of the
cancer chemotherapeutic agent. For example, by lowering the pH of the media of cancer
cells, the antitumor efficacy of camptothecin and its analogs is improved by stabilizing
the lactone ring [43]. Alternatively, raising the extracellular pH of tumors with sodium
bicarbonate (added to the drinking water) enhanced tumor uptake and the antitumor
efficacy of weakly basic agents such as Dox in murine tumor models [76]. Based on these
chemotherapeutic experiments [43,76] and early studies with nucleic acids [77,78], pH-
sensitive polymeric nanoparticles have been developed to deliver chemotherapeutic agents
with and without nucleic acids.

Alternatively, pH-sensitive bonds that release Dox and PTX from a carrier or nanopar-
ticle have directly targeted the acidic tumor matrix and endosomes. The well-characterized
covalent chemical bonds sensitive to cleavage under mildly acidic conditions include
imines, hydrazone, oximes, amides, methylene bridges, ketals/acetals, and coordination
bonds with transitional metals (see reviews by Deirram et al. [79], Zhuo et al. [80] and Yan
and Ding, [28]). The hydrazone and imine linkages are the most common pH-sensitive
covalent bonds between a carrier and a drug. Less well-characterized, pH-sensitive non-
covalent bonds between carrier and drug have been frequently cited in the field. While
selected pH-sensitive covalent bonds that have minimal effect on the carrier (or nanoparti-
cle) will be reviewed in this section, these bonds and other pH-sensitive bonds (acetal/ketal
and amides), which have a significant role in nanoparticle disassembly, will be discussed in
subsequent sections.

3.1. Covalent Bonds
3.1.1. Hydrazone Bonds

The pH-dependent hydrazone bond has been used to link aldehyde/ketone-containing
chemotherapy agents to carriers. As a result, Dox has commonly utilized the hydrazone
bond. Dox has been linked via the hydrazone bond to an array of carriers such as polymers,
proteins, polymeric micelles, ionic micelles, and paramagnetic particles [81–85]. Although
lability of the hydrazone bond at physiologic pH has been problematic [84,85], studies
indicate that a hydrophobic environment may stabilize the linkage [86].

Lee et al. demonstrated that the hydrazone bond formed between Dox and the hy-
drophobic central core region of the polyester dendrimer was quite stable at pH 7.4 [81–85]
(Figure 3). Notably, while 100% of Dox was released from the dendrimer at pH 5.0 in 48 h,
only 10% was released at pH 7.4. Because the PEG-dendrimer-Dox carrier had a size of
about 8 nm, preventing renal excretion, a half-life in excess of 24 h allowed more nanopar-
ticle accumulation in tumors. In addition, the study also highlighted the advantages of
pH-sensitive vs. insensitive bonds [81]. At the maximally tolerated dose of the hydrazone
bond conjugate, the survival of the tumor-bearing mice was 100% at 60 days. In contrast,
when Dox was attached to the dendrimer with a pH-insensitive carbamate bond, all mice
died with a median survival of only 30 days. The reduced release of Dox in tumors from
the pH-insensitive covalent bond than from the pH-sensitive bond probably accounted for
the decreased antitumor efficacy. The inadequate release of the drug from pH-insensitive
covalent bonds has plagued many studies.

More recently, a pH-sensitive (hydrazone) Dox lipid prodrug with high affinity to
albumin had reduced toxicity, prolonged Dox circulation, and greater antitumor efficacy
than Doxil® [87,88]. Of the three lipids of the prodrug conjugate, the longest and most
saturated stearic acid had the best result. Based on its apparent superiority to Doxil®, we
think that approaches such as this will gain widespread clinical use prior to most other
pH-strategies in this review.
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Figure 3. Selected pH-sensitive covalent bonds between Dox and carriers. (A) hydrazone [81,82],
(B) imine [89], (C) methylene bridge between the exocyclic amino group of the guanine base and
Dox [90], and (D) iron coordination bond. Upon exposure to mild acidity, release of Dox from the
carrier occurs [91]. pH-sensitive bonds are highlighted in red and Dox in bold.

Cross-linking polymeric micelles has been another method to stabilize micelles and
increase their biological activity [82,83]. Nevertheless, cross-linking micelles may not
prevent leakage of an encapsulated drug from the micelle before reaching its target. To
improve retention of Dox in micelles, a hydrophobic derivative of Dox, methacrylamide
Dox (Dox-Ma), was covalently linked via a pH-sensitive hydrazone bond. The cross-linked
micelles comprised diblock copolymers (poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl)
methacrylamide-lactide) with the Dox-Ma derivative incorporated within the micelle core.
Dox was released entirely within 24 h at pH 5 and 37 ◦C, whereas only about 5% was
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released at pH 7.4. The authors speculated that the hydrophobic environment, with
its higher dielectric constant, likely slowed the release of Dox at the higher pH. Other
investigators have also indicated that the rate of hydrazone bond cleavage depended on
the groups surrounding the bond [86]. Moreover, the micelles with the Dox-Ma derivative
showed improved anti-tumor activity and prolonged mouse survival than when treated
with free DOX in mice bearing B16F10 melanomas [82,83]. Not only with this NP, we
suspect that Dox and derivatives of Dox will require stabilization in most hydrophobic
centers to deliver the drug effectively to tumors [92].

3.1.2. Imine Bonds

A hydrophobic environment was also necessary to stabilize a pH-sensitive imine Schiff
bond in a PEG-Dox conjugate [89]. Spherical micelles were studied, comprising curcumin
and the PEG-Dox conjugate. The curcumin provided greater stabilization to the micelle
through its hydrophobic interaction with the Dox component of the conjugate. In vitro
assays demonstrated that approximately 90% of the Dox was released in 48 h at pH 5.0,
whereas only about 10% was released at pH 7.4. Notably, in a mouse model with HepG2
tumors, a nanoparticle-containing Dox and curcumin had more apoptosis and antitumor
effect than the combined free drug treatments or the nanoparticle containing only Dox.

Similarly, Dox and the OH radical-producing agent, aminoferrocene (Afc), were conju-
gated by a pH-sensitive imine bond to an oxidized derivative of hyaluronic acid (HA) [93].
The negatively charged HA has high affinity to the CD44 receptor, which is on the surface
of many cancer cells. Moreover, HA-coupled therapeutic agents enhanced radical oxygen
species and reduced the mitochondria membrane surface charge. About 60% of the Dox
and aminoferrocene were released at pH 5 in 48 h, while only 15% of these agents were
released at 7.4. In vitro experiments demonstrated that the HA- nanoparticle co-delivering
these agents had a synergistic killing effect on 4T1 breast cancer cells.

3.1.3. Methylene Bridges

Based on prior studies [94,95], pH-sensitive methylene bridge strengthened the Dox-
DNA interactions. The methyl group of formaldehyde via an activated Schiff base interme-
diate forms a bridge between the amino group of Dox and the exocyclic amine of guanine.
In the presence of excess calf thymus DNA, formaldehyde increased the half-life of Dox
release from an aptamer to 8 1

2 hours, whereas without formaldehyde, the half-life for Dox
release was less than 5 min [95]. In a separate report, a rolling circle Dox-loaded nanopar-
ticle stabilized by a methylene bridge released Dox readily in acidic environments [90].
Specifically, whereas 80% of the Dox was released at pH 5.4 in 3 1

2 hours, only 20% was
released at pH 7.4. Importantly, the methylene bridge likely did not affect the structural
integrity of the nanoparticle or conjugate. In contrast, pH-sensitive acetal and ketal bonds,
which are related to formaldehyde hydrates, have played a significant role in maintaining
the structural integrity of nanoparticles and will be discussed in Section 5.

3.1.4. Coordination Bonds

Coordination bonds indirectly [96] or directly [91] have a role in Dox release from the
nanoparticle. Liu et al. developed a quercetin-modified mesoporous silicon nanoparticle
to deliver Dox to breast cancer cells [91]. Dox was attached to surface-bound quercetin
by a pH-sensitive iron coordination bond. About 80% of Dox was released from the
nanoparticle in 24 h at pH 5, whereas only 15% of Dox was released at pH 7.4. Quercetin also
enhanced the nanoparticle’s uptake and reversed multiple drug resistance. Consequently,
the quercetin-Dox nanoparticle showed marked inhibitory activity in vitro toward both
sensitive and resistant cells equivalent to the combined free Dox and quercetin treatment.
With the coordination bond located on the exterior of the particle’s surface and exposed
to competitive components of the blood (e.g., amino acids such as histidine and cysteine),
this bond is unlikely to be sufficiently stable. In contrast, pH-sensitive coordination bonds
located within the NP will probably be stable in the bloodstream [96].
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3.2. Non-Covalent Interactions

A diverse number of carriers of chemotherapy agents have been reported that have pH-
sensitive non-covalent interactions. These non-covalent bonds have been found between
chemotherapy agents and carriers, including DNA, cyclodextrin, and carbon dots [97–100].
These bonds are primarily ionic but include supporting roles from hydrogen and hydropho-
bic bonds [101]. In addition, several investigators have credited increased protonation of
Dox with higher solubility at acidic pHs for release from the nanoparticle. However, in
some cases, the mechanism of the pH-related release remains unclear. It is improbable
that these non-covalent interactions will be stable enough for clinical use without further
stabilization, such as the DNA-Dox interaction with formaldehyde (Figure 3) [94,95].

4. Charge–Charge Repulsion with the Release of Hydrophobic Drugs

pH-sensitive polymers that make up nanoparticles are an attractive approach for
delivering chemotherapy agents selectively to acidic environments such as the tumor ma-
trix and endosomes [79]. These pH-responsive polymers contain weakly acidic or basic
groups and have inspired advances in drug delivery systems. The polybasic polymers in-
clude poly(2-(dimethylamino)ethyl methacrylate (PDMAEMA), poly(2-(diethylamino)ethyl
methacrylate) (PDEAEMA) [73,102], poly(2-(diisopropylamino)-ethyl methacrylate (PDPA
or PDPAEMA) [103], poly(beta-amino ester) PBAE [104], polyethyleneimine (PEI), and
poly-L-histidine (PLH) [105] or polyacidic polymers such as polyacrylic acid [106]. Al-
though several pH-dependent polymers, such as PBAE, PLH, and polyacrylic acid, are
biodegradable, only PBAE rapidly degrades upon exposure to mildly acidic pH. In contrast
to pH-sensitive bonds that affect drug release in the tumor, pH-dependent polymers may
enhance accumulation of the NP within the tumor.

The pH-buffering polymers (PEI, chitosan, polyhistidine, PDPAEMA, PDEAEMA,
and PDMAEMA) have much in common, being weak buffering polybases and disrupting
nanoparticles under acidic conditions. Nevertheless, PDMAEMA (pKa~7.4) and PEI
(pKa~8.2 to 9.94 vs. multiple pKa with 55% protonated at pH 7.4) polymers carry a
higher positive charge than PDPAEMA (pKa~6.4) and imidazole-containing polymers
(pKa~6.0) at physiologic pH, which may affect their location in the NP [107–111] (Figure 4).
More protonated polymers, such as PEI and PDMAEMA, are frequently located on the
nanoparticle’s outer shell, whereas the largely unprotonated PDPAEMA and imidazole-
containing polymers at physiological pH are in the hydrophobic core [109]. Nevertheless,
the charge and hydrophobicity of a block co-polymer with a higher pKa may be altered,
as discussed later (Sections 4.2 and 5). Of note, the length of a pH-responsive polymer
and the presence and length of a PEG block may significantly influence the pKa of the
copolymer [105,112].

To take advantage of a low pH surrounding the tumor or in the tumor cell endo-
somes [30,63], the pKa of polymers making up micelles or nanoparticles are usually be-
tween pH 5 and 7.5. Thus, when the pKa of the polymeric molecule is near the pH of
the surrounding milieu, the polymers become protonated within the particle, leading to
charge–charge repulsion [113] with release of a hydrophobic chemotherapeutic agent. This
disruption of nanoparticles within the acidic environment may occur extracellularly or
intracellularly. Both these sites with different ranges of acidic pHs have been used to
deliver hydrophobic drugs specifically to tumors. When siRNA or plasmids, together with
chemotherapeutic agents, have been incorporated into nanoparticles, tumor endosomes
are the primary target for release. Although charge–charge repulsion has a role in several
parts of this review, the repulsion of charged polymeric nanoparticles has a primary role in
drug release.
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4.1. Release of Chemotherapeutic Agents

As the pH surrounding the nanoparticles is lowered, two biophysical boundaries
are set for the particles. With repulsion of polymers in the particle, one boundary is a
progressive increase in their size with decreased translucency, while the other boundary
is complete disruption of the nanoparticles. The resulting outcome, an increase in size or
complete disruption, depends on the extent of charge–charge repulsion, the attractive forces
of the hydrophobic and hydrogen bonds between the particle polymers, and the polymer
degradation rate. When hydrophobic domains such as PLLA (or PLA) are included in the
copolymer, the particle will likely become progressively larger as the pH decreases to 5.
Another factor determining whether the NP dissipates or enlarges, as the pH is lowered,
is the polymer design (i.e., linear vs. graft). There are, of course, a range of changes that
may occur between these two boundaries. For example, as the pH is gradually lowered
between 7.4 and 5.0, the nanoparticle may increase in size before becoming smaller or
disintegrating altogether [105]. Unlike polymeric micelles in subsequent sections, none
of these pH-responsive nanoparticles in which the chemotherapeutic agent was solely
incorporated were investigated for their antitumor efficacy in vivo.

The poly(β-amino ester) polymers (PBAE), formed by Michael’s addition reaction
with different tertiary diamines, were one of the earliest developed pH-sensitive polymers
(Table 1) [114]. A trimethylene dipiperidine-based PBAE with a pKa between 6.5 and
6.9 [104,115,116] has shown promise in delivering anticancer drugs such as PTX [117]. By
blending Pluronic F-108 (PEG-PPO-PEG) and PBAE, stable PTX-loaded nanoparticles were
formed by the solvent evaporation method [114]. These particles maintained their size
of 110 nm and ZP of +30 mV with repeated freeze-drying and reconstitution. While the
Pluronic F-108 component was not biodegradable, there was rapid degradation and disso-
lution of PBAE at pH 6.5. As the pH was lowered, the PBAE segment of the nanoparticle
became progressively protonated and degraded, resulting in the complete destabiliza-
tion of the nanoparticle and release of the drug. Consistent with reduced stability in an
acidic endosomal compartment, the F-108/PBAE nanoparticles containing PTX showed
increased cytotoxic activity compared to the non-pH-sensitive nanoparticles. All PBAE
polymers in this review contained multiple subunits of the tertiary amine, trimethylene
dipiperidine (TMDP).
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Table 1. Charge-charge repulsion with release of chemotherapy and nucleic acids.

Polymer Drug Cell Lines (In
Vitro, In Vivo) Comments Reference

Release of
Chemotherapeutic

agents

PBAE 1/Pluronic
F-108

PTX NIH3T3 (+, −) 2

PBAE polymers stabilized by Pluronic F-108.
NPs of about 110 nm completely dissolved at

pH 6.5. The pH-sensitive particles loaded
with PTX inhibited cells more than

pH-insensitive particles.

Lynn et al.,
2000 [114]

D-α-tocopheryl-
PEG-PBAE DTX A2780/A2780-T

(+, −)

D-α-tocopheryl inhibits MDR transporter.
Diblock polymer formed a NP (size, ~260 nm;

ZP, −26 mV). Particle solution became
translucent at pH 6.4. Nearly 50% of the drug
was released at pH 7.4 in 48 h. Drug-loaded

particles inhibited sensitive
(IC50-0.27 vs. 3.95 µg/mL) and insensitive
cells (IC50-0.82 vs. 17.7) than the free drug.

Zhao et al.,
2013 [116]

mPEG-PBAE-PLA Dox −, −

Micelles were formed by triblock polymer
(size, 150 nm, ZP, 9 mV). About 20% and 96%

of the drug were released from particles at
pH 5 after 48 h. Translucency of solution not

observed at lower pHs.

Yang et al.,
2017 [104]

mPEG—b-
PDEAEMA-

PMMA/PDEAEMA-
b-PMMA

Dox HepG2 (+, −)

Mixed micelles (~86 nm in size, ZP, ~9.6)
formed by diblock and triblock polymers.

pH-dependent release of Dox with 20% and
80% released at pH 7.4 and 5.0, respectively, in
60 h. Micelles had modestly less cytotoxicity

toward cells than free Dox except at high
concentrations. Dox loading content was 24%.

Chen et al.,
2017 [118]

PCL-b-PDEAEMA-
b-PPEGMA PTX NIH3T3 (+, −)

Modest pH-dependent increase in size and
release of PTX at pH 5.0. pH-dependent

micelles showed modestly greater
cytotoxicity toward cells compared to

pH-independent micelles.

Feng et al.,
2019 [119]

PEG-Dox,
PDPAEMA, H4R4 Dox HeLa (+, −)

Low release of Dox at pH 7.4, yet significant
release (90%) of the drug at pH of 5.5 (24 h).
H4R4 had no role in drug release but likely

enhanced endosomal lysis. NP had markedly
improved efficacy toward HeLa cells vs.

free drug.

Liang et al.,
2015 [103]

P(DEAEMA-r-
DPAEMA) Calcein NIH/3T3 (+, −)

Mixed micelles between 130 to 160 nm had
varied pKa based on the ratios of DEAEMA

and DPAEMA incorporated into polymer.
Calcein release assay determined

endosomal leakage.

Kongkatigumjorn
et al., 2018 [120]

PDMAEMA-PDMS
(AB5) Dox HeLa (+, −)

Empty micelles of diblock polymer in which
PDMAEMA had 5 monomeric units were less
toxic than those with 13 units. Marked release
of Dox at pH 5.5 compared to pH 7.4. At low
concentrations, free Dox-inhibited cells more

than Dox-loaded micelles.

Car et al.,
2014 [121]
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Table 1. Cont.

Polymer Drug Cell Lines (In
Vitro, In Vivo) Comments Reference

Polyiatronic acid-g-
FA-PEG-g-PLH Dox HeLa (+, −)

Stable micelle at pH 7.4 that showed graded
pH release of Dox at pH 7 and less. Greater
than 90% of Dox is released at pH 5.0 (24 h).

pH-dependent charge surface reversal.
Folate-targeted micelle had greater

cytotoxicity for HeLa cells compared to
free Dox.

Sun et al.,
2015 [122]

Star-shaped
5-armed PLGA-His

DTX/
Disulfiram MCF-7 (+, −)

Marked size increase in micelles at
pH 6.8 vs. pH 7.4. Consistent with size

increase, micelles released most of the two
drugs at pH 6.8. Additionally, the

pH-dependent micelles showed increased
penetration into MCF-7 spheroid.

Swetha et al.,
2021 [123]

Release of
Chemotherapy and

Nucleic Acids

PEI-ss-PCL-ss- PEI Dox/P53-
plasmid HepG2 (+, −)

Dual pH- and redox-responsive NP. Triblock
polymers formed a NP with plasmid and Dox

of about 168 nm. Modest increase in Dox
release in presence of DTT, but

pH-responsiveness not done. Significant
increase in apoptosis with the combination of
Dox and p53 plasmid than either agent alone

Davoodi et al.,
2016 [124]

Succinyl chitosan-g-
polylysine-palmitic

acid
Dox/siPGP HepG2 (+, +)

pH-responsive micelles (size, ZP) made of
graft copolymers. No Dox release studies

done. In resistant cells, Dox/siPGP micelles
were more cytotoxic (about 3 to 4-fold) than

Dox-loaded micelles or free Dox. In vivo,
Dox/siPGP micelles reduced tumor size by
about 50% more than Dox-alone micelles.

Biodistribution study showed tumor
specificity of micelle. siPGP reduced resistant

PGP levels in tumors in treated mice.

Zhang et al.,
2016 [125]

TPGS/poloxamer-
PEI

conjugate

PTX/ shTw
plasmid 4T1 (+, +)

pH-responsive NP in charge, size, and release
of Dox and shTw. Charge reversal of NP as
pH was lowered. TPGS was necessary for

stabilization. PTX-loaded and shTw-loaded
particles reduced tumor size and lung

metastasis significantly more than
PTX-loaded particles in vivo. A

biodistribution study showed tumor
specificity of NP.

Shen et al., 2012,
2013 [126,127]

PEG-b-PAsp(AED)-
b-PDPAEMA Dox/siBCL-2 SKOV-3 (+, +)

Dual pH- and redox-dependent NP. While
80% of Dox was released at pH 5, 90% was
released at pH 5 and with DTT. Synergistic
antitumor efficacy in vivo and prolonged

survival observed with Dox- and
siBCL-2-loaded NP. Biodistribution study

showed tumor specificity of NP

Chen et al.,
2014 [128]
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Table 1. Cont.

Polymer Drug Cell Lines (In
Vitro, In Vivo) Comments Reference

PEG-b-PLA-PLH-
ss-OEI Dox/siPGP MCF7/MDR-ADR

(+, +)

Dual redox- and pH-dependent polyplex.
Polyplex (size, ~120 nm, ZP, +25 mV at pH

7.4) also showed significant levels of
cytotoxicity in MCF-7/ADR cells and marked

synergistic tumor size suppression in mice.
Additionally, biodistribution studies

demonstrated tumor specificity of polyplex.

Gao et al.,
2019 [129]

PEG-PEI/PEI-PCL Methotrexate/
siNotch1

Raw264.7
(+, − 3)

Non-tumor model in which polymeric NP
(~160 nm in size) with a prolonged half-life in
blood (~6 h). No pH-dependent studies done.

Drug- and siRNA-loaded nanoparticles
showed marked reduction in inflammation

compared to methotrexate in an in vivo
arthritic model.

Zhao and Zhang,
2018 [130]

1 Abbreviations. PBAE, poly(β-amino ester); Pluronic F-108, a triblock polymeric stabilizer comprising polyethy-
lene glycol (PEG)-polypropylene (PPO)-PEG; PTX, paclitaxel; NP, nanoparticle; DTX, docetaxel; A2780-T, a
drug-resistant ovarian cancer cell line; MDR-multidrug resistant transporter; ZP, zeta potential (mV); PLA,
polylactic acid; mPEG, methoxy-polyethylene glycol; Dox, doxorubicin; mPEG-b-PDEAEMA-PMMA, a triblock
copolymer, mPEG–poly(2-(diethylamino)ethyl methacrylate-poly-(methylmethacrylate); PCL-b-PDEAEMA-b-
PPEGMA, poly(ε-caprolactone)-b-PDEAEMA-(poly(poly(ethylene glycol) methyl ether methacrylate; PTX, pa-
clitaxel; PEG-Dox, a conjugate; PDPAEMA, poly(2-(diisopropyl amino)ethyl methacrylate); H4R4, a peptide
comprising the sequence, HHHH-RRRR; P(DEAEMA-r-DPAEMA), a copolymer containing different ratios of
(diethylamino)ethyl MA and (diispropylamino)ethyl MA; PDMAEMA-PDMS, poly(2-(dimethylamino)ethyl
methacrylate-polydimethylsiloxane; polyiatronic acid-g-FA-PEG-g-PLH, polyiatronic acid-g-folic acid-PEG-g-
polyhistidine; PEI-ss-PCL-ss-PEI, a triblock polymer with reducible disulfide (-ss-) bonds; siPGP, a siRNA target-
ing the PGP transporter; TPGS, D-α-tocopheryl-PEG; MCF7-ADR- MCF7 cell line demonstrating Adriamycin
resistance; shTw, a plasmid expressing shRNA which targets the Twist transcription factor; PEG-b-PAsp(AED)-b-
PDPAEMA, PEG-b-poly(N -(2,2′-dithiobis(ethylamine)) aspartamide)-b-PDPAEMA; siBCL-2, a siRNA that targets
BCL-2; OEI, oligoethylenimine; siNotch1, siRNA targeting Notch-1; PEG-PEI, PEG-polyethylenimine; PEI-PCL,
polyethylenimine-PCL. 2 + or − indicate whether in vitro or in vivo experiments were done with cells. 3 In vivo
arthritis model induced in Sprague Dawley rats.

While Pluronic F-108 was necessary initially to stabilize the nanoparticle polymer,
Kim et al. formed a stable micelle nanoparticle with the diblock PEG-PBAE copolymer [115].
Using a similar strategy, Zhao et al. made a nanoparticle comprising the diblock polymer,
D-α-tocopheryl-PEG(TPGS)-PBAE [116]. D-α-tocopheryl, a vitamin E derivative, has
demonstrated potent inhibition of the MDR transporter, thereby reducing the efflux of
hydrophobic chemotherapeutic agents. Docetaxel (DTX) was incorporated within the
hydrophobic unprotonated PBAE segment of the particle. Consistent with biophysical
properties of the PBAE polymer, the nanoparticle was a milky emulsion at pH 7.4, but was
clear at a pH less than 6.4. The DTX-loaded nanoparticle showed increased cytotoxicity
with both drug-sensitive and -resistant ovarian cancer cells compared to free-DTX. A
marked enhancement of apoptosis by resistant cells was also observed with DTX-loaded
particles compared to the free drug. Both increased intracellular accumulation of DTX and
inhibition of the MDR transporter were the primary mechanisms of enhanced sensitivity
of resistant cells to drug-loaded nanoparticles compared to free-drug. While the micelle
showed a pH-dependence release of DTX, the micelle released nearly 50% of the drug at
pH 7.4 within 48 h. This high release of Dox at physiological pH will probably limit the use
of this micelle due to instability in vitro and in vivo.

More recently, a nanoparticle formed with the triblock polymer, mPEG-PBAE-polylactic
acid (PLA), showed marked pH dependence [104] (Figure 5). With acid-base titration, the
pKa of the copolymer was calculated to be 6.5. Unlike other PBAE-containing nanoparti-
cles previously discussed that disintegrated, this triblock PBAE polymeric nanoparticle
increased in size as the pH was lowered from pH 8 to 5. While the particle released only
20% of the Dox at pH 7.4, more than 80% of Dox was released at pH 6.0 during 48 h. More
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impressively, 96% of Dox was released at pH 5.0. Unfortunately, in vitro or in vivo cytotox-
icity for this particle has not been evaluated for cancer cells. Not surprisingly, dynamics
particle simulation at several pHs demonstrated that the PLA and PBAE formed an inner
hydrophobic core and were essential to incorporate the unprotonated Dox. Because of
the complexity of many copolymer structures, this relatively simple triblock polymer is
promising. However, Dox would likely leak from this particle into the vessels without
further stabilization of the core.
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Several block and graft polymers containing PDEAEMA have been synthesized to
form nanoparticles [102,118,131]. The pKa of the PDEAEMA block, which is influenced
by the length of the PDEAEMA and PEG block, has ranged between pH 6.9 and 7.44 [112].
Chen et al. prepared mixed micelles with a pH-sensitive poly(2-(diethylamino) ethyl
methacrylate) (PDEAEMA)-based copolymer [118]. Different combinations of mixed
diblock and triblock copolymers (mPEG—b-PDEAEMA-b-(poly-(methylmethacrylate)
(PMMA); PDEAEMA-b-PMMA; and (poly(poly(ethylene glycol) methyl ether methacry-
late (PPEGMA)-b-PDEAEMA) exhibited a low critical micelle concentration ranging from
1.95–5.25 mg/L. The optimal micelle had a size of less than 100 nm, an entrapment effi-
ciency of 55%, and a loading capacity of 24%. Whereas the PEG, PPEGMA, and PDEAEMA
domains provided a hydrophilic shield for the micelle, the PMMA (poly-(methyl methacry-
late)) polymeric domain was hydrophobic, enabling the incorporation of Dox. Com-
pared to the single block copolymeric micelle, the optimal mixed micelle comprising
mPEG-bPDEAEMA-PMMA and PDEAEMA-b-PMMA copolymers showed improved pH-
responsiveness. These mixed micelles released about 20%, 50% and 80% of Dox at 7.4, 6.0
and 5.0, respectively, within 60 h. Probably due to incomplete release at 48 h, the mixed
Dox-loaded micelles were less cytotoxic to HepG2 tumor cells than free Dox.

Instead of a linear block copolymer, Feng et al. synthesized a 3-armed block polymer
that emanated from a central cholate (CA) core [119]. The block polymer comprised poly(ε-
caprolactone)(PCL)-b-PDEAEMA-b-PPEGMA. The hydrophobic PCL domain incorporated
PTX, while the PPEGMA formed a hydrophilic shield around the micelle. In addition to
the micelles showing good encapsulation efficiency of 48.2% and drug loading capacity
of 29.9%, they demonstrated pH-dependent behavior under acidic conditions. Their size
increased modestly from 268 nm to about 290 nm as the pH was lowered from 7.4 to
5.0. Furthermore, the release of PTX was 20% and 55% at pH 7.4 and 5.0, respectively, in
80 h. For intermediate dosages of PTX, there was a trend suggesting that pH-dependent
PTX-loaded micelles had greater cytotoxicity toward mouse-transformed NIH-3T3 cells
than non-pH-dependent micelles after 48 h [119]. With the modest increases in the sizes as
the pH was lowered, the micelles perhaps were too stable to exhibit distinct differences
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between pH-dependent and -independent micelles. In marked contrast, some nanoparticles
comprising= multiarmed copolymers demonstrated dramatic pH differences in size and
drug release, as later discussed [123].

A closely related polymer to PDEAEMA but with a lower pKa of 6.4 is PDPAEMA [110].
Liang et al. incorporated the PEG-Dox conjugate with the H4R4 peptide in a hydrophobic
PDPAEMA micelle [103]. While the PDPAEMA polymer was responsible for releasing the
PEG-Dox conjugate at acidic pH, the H4R4 peptide significantly enhanced the disruption of
the endosomal membrane and cytosolic delivery of the conjugate. The incorporated H4R4
co-peptide increased the cytotoxicity of Dox-loaded nanoparticles by 30-fold compared
to those without the co-peptide. In contrast to most nanoparticles, these Dox-loaded
nanoparticles were nearly 16-fold more cytotoxic to drug-sensitive HeLa cells than free Dox
(IC50, 0.063 vs. 1 µM). Moreover, these Dox-loaded nanoparticles were stable and released
about 10% of the Peg-Dox at pH 7.4, while the nanoparticles released about 90% of the
PEG-Dox at pH 5.5 during the same time (thirty-six hours). It is unclear where the H4R4
peptide is located since it could be disruptive to the nanoparticle, but we assume that the
R4 segment of the co-peptide is on the surface. Consequently, we doubt this particle would
be stable in vivo without a longer hydrophobic histidine segment (i.e., R4H10).

Compared to PDPAEMA micelles, micelles formed with a diblock DEAEMA:DPAMA
copolymer enabled more escape of small and large molecules in the acidic tumor matrix,
probably because of the higher pKa. By incorporating different amounts of DEAEMA and
DPAEMA randomly (r) into a copolymer (P(DEAEMA-r-DPAEMA), Kongkatigumjorn
et al. made micelles that would disassemble at different pHs [120]. The micelles’ inner
core comprised PDEAEMA, P(DEAEMA-r-DPAEMA (3:1), P(DEAEMA-r-DPAEMA (1:1),
P(DEAEMA-r-DPAEMA) (1:3), or PDPAEMA completely disassembled at pH 7, 6.6, 6.2,
5.8, and 4.9, respectively. Dissolution of the micelles was consistent with the pKa for the
PDEAEMA, PDPAEMA, and the random copolymers. Except for the size of PDPAEMA-
only micelles, which increased significantly before disassembly, the size of the other micelles
modestly increased before disassembly. The antitumor efficacy of these micelles loaded
with Dox would be interesting to examine.

With a pKa of 7.5, it is not surprising that the PDMAEMA polymer block is on the
exterior surface of micelles. Car et al. [121] developed pH-responsive micelles based on
diblock copolymers comprising the hydrophobic polydimethysiloxane (PDMS) with a
fixed length (74 monomeric units) and PDMAEMA of various lengths. They determined
that empty micelles of PDMS and PDMAEMA with five monomeric units (AB5) had
significantly lower toxicity compared to PDMAEMA copolymers with greater lengths (13
or 22). Moreover, Dox-loaded AB5 micelles, when exposed to pH 5.5, released about 90%
after 2 days, while they only released about 15% at pH 7.4. As expected, the size of the
micelles and zeta potential increased as the pH was lowered. In general, as in this case,
we think it is preferable for the partially protonated component with higher pKa, such
as PDMAEMA, to be on the external surface of the pH-responsive NP. The PDMAEMA
component within the hydrophobic core may be problematic with unwanted drug leakage
in animal models.

In addition to PBAE polymers, histidine-rich polymers were among the earliest used
to form nanoparticles [105,122,123,132–148]. A primary reason for their development was
that histidine(imidazole)-rich polymers were effective and relatively non-toxic in forming
polyplexes for gene therapy [149,150]. Consequently, a large number of diverse structures
of these polymers have been synthesized to form nanoparticles. Micelles, mixed micelles,
and nanovesicles have been made from block linear and graft polymers. Since this topic has
been reviewed recently, we will discuss only a few notable studies utilizing these polymers
(see review by Imitaz et al. [151])

A remarkably stable nanoparticle at physiologic pH, yet one that demonstrated marked
pH-responsiveness, comprised a targeted PEGylated polyhistidine graft co-polymer (poly
(itaconic acid)-g-FA-PEG-g-PLH) [122]. Less than 5% of Dox was released by 48 h at pH 7.5
and 37 ◦C, whereas about 90% was released by 48 h at pH 5. By lowering the pH, there was
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charge reversal (negative to positive) and a step-wise increase in the size of the micelles.
Notably, these folate-targeted Dox-loaded micelles showed a greater reduction in cell
viability over free Dox or non-targeted micelles. The complexity of this micelle makes it
unlikely to reach clinical trials. Still, with its in vitro stability and pH-responsiveness, this
particle’s in vivo pharmacokinetics and antitumor efficacy should be fully investigated.

Like the 3-armed polymer containing PDEAMA [119], a 5-armed PLGA copolymer
was synthesized containing a single histidine at the end of each arm [123]. In contrast to
the 3-armed nanoparticles, the 5-armed histidine nanoparticles showed marked increases
in size in low pH media. The histidine-containing particles increased in size from 157 nm at
pH 7.4 to 1268 nm at pH 6.5. Consistent with an increase in size, the release of both drugs
(Dox, disulfiram) was pH-dependent. Despite the increase in size of the nanoparticles
at low pH, the particles showed greater penetration in a tumor spheroid model than
control nanoparticles.

4.2. Dual Delivery of Chemotherapy and Nucleic Acids

The pH-buffering polymeric nanoparticles that co-delivered drugs and nucleic acids
have many similarities to those that delivered only drugs. These include pH-dependent
charge–charge repulsion accompanied by size changes and the release of drugs. Nonethe-
less, these dual therapeutic nanoparticles are more complex with redox-dependent linkages
often incorporated. As a result, multilayer nanoparticles or micelles are required to effec-
tively deliver and release dual therapeutic agents with differing biophysical properties
to tumors.

Although more protonated polymers at physiologic pH, such as PEI, DMAEMA, and
polylysine, are usually on the nanoparticle’s outer shell, these polymers become more
hydrophobic upon binding to nucleic acids. Consequently, depending on the polymer and
the polymer design, the type of nucleic acids, and the ratio of polymers to nucleic acids,
pH-dependent polymers, notwithstanding their pKa, may be located in the inner, middle,
or outer layers of the nanoparticles.

Regardless of where the pH-dependent polymers are located, these polymers have
an essential role in disrupting nanoparticles in the tumor. For dual therapy delivery
nanoparticles synthesized from blocked copolymers, tumor-inhibitory plasmids were
confined to exterior surfaces, whereas the smaller siRNA may be in the inner or outer
shells. Notably, the buffering of pH-dependent polymers is attenuated upon binding to
nucleic acids [54]. The combination of siRNA targeting oncogenes and chemotherapy
in the nanoparticle had a markedly greater antitumor effect in every study compared to
delivering a single agent.

One potential advantage of pH-responsive polymers on the nanoparticle’s exterior
is that the particle’s increasing positive surface charge in acidic environments enhances
binding and uptake by cancer cells. There have been several examples of pH-dependent
copolymers that are part of the outer shell of the nanoparticles. Davoodi et al. formed a dual
pH- and redox-responsive micelle with a triblock copolymer of PEI-poly(ε-caprolactone)-
PEI (PEI-PCL-PEI) to deliver the p53-expressing plasmid and Dox [124]. In addition to
binding to the p53 plasmid, the partially protonated PEI component on the outer shell of
the micelles likely has another vital role. In a low pH environment, greater protonation of
PEI would be expected to disrupt the nanoparticles, facilitating the release of the plasmid
and Dox. Nonetheless, the pH-responsiveness of Dox release from the particle was not
measured, but reducing conditions (DTT, 10 mM) showed a modest enhancement of Dox
release. Like other hydrophobic drugs, Dox was incorporated in the hydrophobic domain
(i.e., poly-caprolactone) of the micelle (Table 1). Notably, PEI is not metabolizable and
can be toxic depending on the degree of branching and molecular weight. Although
the low molecular weight branched PEI that formed NPs (without drug or p53-plasmid)
showed minimal cytotoxicity, PEI should be avoided in most cases to formulate NPs
carrying chemotherapeutic agents. Nevertheless, PEI provides a paradigm for developing
copolymers with similar but less toxic properties.
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In another study, Zhang et al. synthesized a graft triblock succinyl chitosan-polylysine-
palmitic acid copolymer to form micelles, incorporating Dox and siRNA targeting the
Pgp transporter (siPgp) [125] (Figure 6). Chitosan, a pH-dependent polysaccharide with
a pKa between 6.0 and 6.5 [152], was on the particle’s outer shell, and the nucleic acid
was primarily bound to the highly charged polylysine (pKa~10.3) in the middle layer.
Consequently, the increase in the ZP and size of micelles at lower pHs likely resulted in
their instability and release of Dox from the inner hydrophobic palmitic acid layer. The
siPgp and Dox-loaded micelles inhibited HepG2 tumors in vitro and in vivo more than free
Dox alone. The efficacy of this dual therapeutic micelle compared to the other therapies
was particularly impressive in vivo in a mouse model with HepG2 tumors that expressed
high levels of the Pgp transporter.
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Figure 6. The pH- and redox-sensitive micelles formed with graft triblock succinyl chitosan-
polylysine-palmitic acid copolymers. While the chitosan outer layer was pH-responsive, the polyly-
sine middle layer was neutralized by siRNA, and the palmitic acid inner core incorporated Dox [125].

Although these first two studies showed evidence suggestive of the pH dependence
release of the drug (i.e., increase in size and ZP), the authors did not measure the drug
and nucleic acid release from the nanoparticle at lower pH. Consequently, the question
still arises whether pH-dependent polymers located on the outer shell are more effective at
disrupting the particle and releasing the drug and shRNA compared to polymers located
inside the particle. This cannot be definitively answered, although the pH-dependent
polymer on the outer shell of the particle in the following study demonstrated an impressive
release of the drug and shRNA [126]. Moreover, validation that a pH-dependent polymer
on the outer shell has an important role in disrupting the nanoparticle and facilitating the
release of Dox was also shown with PDMAEMA-containing micelles [121].

A third study with a pH-responsive polymer component on the outer shell exhibited a
dramatic release of shRNA and drugs as the pH was lowered [126,127]. The nanoparticle
carrier of PTX and an shRNA plasmid targeting Twist (shTw) comprised a poloxamer-PEI
conjugate and a stabilizer polymer, D-alpha-tocopheryl polyethylene glycol 1000 succinate
(TPGS). While the PEI component was on the exterior shell and interacted with the shRNA
plasmid, the hydrophobic tocopherol component stabilized PTX within the inner core of
the particle. The shTw and PTX exhibited pH-dependence release from the nanoparticle at
pH 6.5 and 5.0. Indeed, greater than 80% of both were released at pH 5.0 in 72 h at 37 ◦C.
A nanoparticle carrying shTw and PTX markedly reduced the pro-metastatic Twist factor
and reduced the viability of 4T1 cells compared to controls. Building on these results, the
therapeutic nanoparticle demonstrated increased accumulation of the shRNA and PTX in
tumors in vivo more than free-PTX. Moreover, nanoparticles that co-delivered shTw and
PTX eliminated lung metastases and synergistically reduced the growth of the primary 4T1
tumors by 80% compared to the free PTX-treated control.

There have been several nanoparticle designs in which the pH-responsive polymers
were not on the exterior of the nanoparticle. Similar to a previous discussed study [125],
siRNA was in the middle layer. Still, the pH-sensitive polymer here was part of the inner
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instead of the outer layer of the particle [128]. Chen et al. designed a dual responsive carrier
with pH- and redox-sensitivity to deliver Dox and siRNA. Micelles were formed with a
triblock polymer PEG-b poly(N-(2,2′-dithiobis(ethylamine)) aspartamide) (PAsp(AED))-
b-PDPAEMA. Whereas the inner core consisted of the pH-dependent PDPAEMA and the
outer core comprised PEG, the middle layer consisted of a redox-dependent PAsp(AED)
domain. The inner shell retained the Dox, whereas the middle shell contained the BCL-2
siRNA (siBCL-2), reversing Dox resistance and promoting tumor cell apoptosis. With a
pKa of 6.4, the pH-dependent yet hydrophobic PDPAEMA co-polymer is ideal for the inner
core. One interesting aspect was that the release of Dox from the micelle was minimal
(~5%) at 7. 4 and 37◦ over 24 h. The siRNA in complex with the middle shell formed a
compact layer, and upon exposure to glutathione and a pH of 5, Dox and siRNA were
rapidly released. Concomitant with release, the micelles increased significantly in size from
about 64 nm at pH 7.4 to 455 nm at pH 5.0. In addition, the micelles carrying Dox and
siBCL-2 showed enhanced tumor accumulation with marked synergistic antitumor activity
in vivo. Because the unwanted release of Dox at physiologic pH may be problematic for
many micelles, incorporating a middle layer with a siRNA may mitigate these instability
issues [128,153]. Barring synthetic scale-up problems, this micelle with a pH-sensitive yet
hydrophobic center represents one of the most promising candidates.

Gao et al. synthesized PEG-b-PLA-polyhistidine-ss-oligoethylenimine (PEG-b-PLA-
PLH-ss-OEI) polymer, forming a redox- and pH-sensitive nanoparticle to deliver Dox and
MDR-targeting siRNA [129]. PEG formed a hydrophilic shell, whereas the PLA and PLH
domains formed the Dox-incorporated hydrophobic core. In contrast to other micelles, the
siRNA was bound to a positively-charged OEI component (a subunit of PEI) in the inner
cavity. Regarding pH-dependency, the nanoparticles released about 40% of Dox at 7.4 in
12 h, while they released about 90% of Dox at pH 5.5. In contrast to Dox release, siRNA was
both pH- and redox-dependent. Notably, in vivo studies showed that these dual-delivery
nanoparticles completely inhibited the growth of drug-resistant MCF7 xenografts. Unlike
larger molecular weights of PEI, OEI would be expected to be significantly less toxic.
Nevertheless, scale-up of these NPs, in which the partially protonated OEI component is
internally located and neutralized with nucleic acids, may be challenging.

In addition to solid tumors, other diseases such as rheumatoid arthritis and osteoarthri-
tis may also have a low pH (i.e., in the synovial fluids), so pH-sensitive nanoparticles
could potentially target these pathological conditions [154,155]. Zhao and Zhang examined
whether a PEG-PEI/PEI-PCL nanoparticles incorporating methotrexate and Notch-1 siRNA
would decrease inflammation and paw thickness in a rheumatoid arthritis model [130].
The size and ZP of these nanoparticles were 162 nm and +22.4 mV, respectively. Despite
the positive ZP, the half-life of the drug-loaded nanoparticle in the blood stream was six
hours. Concomitant with improved pharmacokinetics, the PEI nanoparticle, delivered
systemically, reduced paw thickness markedly more than methotrexate alone. Although
the authors did not examine the release kinetics of methotrexate or the siRNA at low vs.
physiological pH with these carriers, the charge–charge repulsion and osmotic swelling of
PEI polyplexes have been well-established for the release of drugs into the cytosol. Neg-
atively charged methotrexate was electrostatically attached to the exterior surface of the
positively charged PEI polyplexes, whereas the siRNA neutralized PEI to varying degrees
throughout the particle. Interestingly, the methotrexate PEI polyplexes did not aggregate
red blood cells, whereas the PEI polyplexes did [156].

5. Disassembly of Nanoparticles Couple to pH-Sensitive Covalent Linkages

We have discussed nanoparticles disassembly based primarily on charge–charge
repulsion at lower pHs with concurrent release of chemotherapeutics [105]. Moreover,
pH-sensitive linkages between chemotherapy and carrier, which had minimal effect on
the structural integrity of the carrier, have also been discussed. We will now examine
two approaches based on the combination of pH bond cleavage and the disruption of the
nanoparticle to release the chemotherapeutic drug.
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The first approach relies on the cleavage of pH-sensitive linkages affecting the integrity
of the nanoparticle. This type of acid hydrolysis can result in a hydrophobic to hydrophilic
phase change or dissolution of the polymeric structure, releasing the encapsulated drug.
Second, acid-catalyzed cleavage of the bond between a hydrophobic molecule (includ-
ing the drug) and the polymer may destabilize the nanoparticle, enhancing drug release.
Concomitant with the release of the hydrophobic drug, the repellant charges on the poly-
meric nanoparticles become progressively dominant. Similar to chemotherapy and nucleic
acid co-delivery systems, titrating hydrophobic molecules to counter the positive internal
charge of copolymers, in many instances, may limit their clinical use currently [157,158].
The pH-sensitive bonds in these two scenarios have included acetals, imines, hydrazones,
and zinc-imidazole coordination bonds.

In an early study, Bachelder et al. masked the hydroxyl groups of dextran with acetals,
resulting in dextran particles becoming water-insoluble (Figure 7A) [159]. With a solvent
evaporation method, the particles of acetal-derivatized dextran were formed with a size
of about 240 nm. When exposed to a mildly acidic pH of 5.0, the acetal groups were
removed with complete dissolution of the particles within 72 h. Furthermore, a fluorescent
hydrophilic compound incorporated within the nanoparticles had a release half-life of 10 h
at 37 ◦C and pH 5 compared to about 15 days at pH 7.4. This study led to other applications
of pH bond cleavage affecting the polymeric carrier (Table 2).

Similarly, pH-sensitive acetal bonds affected the structural integrity of a PLLA delivery
particle for chemotherapy [160]. In contrast to acetal-derivatized dextran nanoparticles,
PLLA particles containing Dox were much larger, ranging in size from 2 to 15 µm. The
14 kD polymers that formed the nanoparticle consisted of multiple PLLA domains in which
acetal bonds were inserted into the backbone. In these nanoparticles, Dox was released
in a pH-dependent manner, and the particles showed significant toxicity toward breast
cancer cells in vitro. Nevertheless, based on their large size and poor cellular uptake, the
nanoparticles likely dissipated outside the cells with the release of the Dox. Compared to
Dox-loaded nanoparticles that did not have a pH-dependent linkage, the acetal-enriched
Dox nanoparticle injected intratumorally inhibited tumors significantly more in a mouse
model. To establish their clinical potential, these nanoparticles should be compared with
other drug-containing biomaterials, which have shown impressive antitumor efficacy when
injected intratumorally [161].

Table 2. Nanoparticle disassembly linked to pH-sensitive bonds.

Polymer Drug/Payload pH-Sensitive
Bond

Cell Lines 1

(In Vitro,
In Vivo)

Comments Reference

Dextran

Fluorescein-
labeled
Dextran
(FITC) 2

Acetal
RAW

macrophages
(+, −)

Acetal groups conjugated to
hydroxyl groups increased

hydrophobicity. The average size of
the microsphere was about 240 nm.

The release half-life for
FITC-dextran at pH 7.4 and 5.0 was
about 15 days and 10 h, respectively.

Also incorporated ovalbumin
stimulated immune response.

Bachelder et al.,
2008 [159]

PLLA backbone
with interspersed

acetal groups
Dox Acetal 4T1 (+,+)

Acetalized-PLLA microspheres
with sizes ranging from 2 to 15 µm.
About 30 and 70% of Dox release at

7.4 and 5.0, respectively. 12 days
after the 4th intratumoral injection,

subcutaneous tumors were
inhibited by about 80%.

Li et al.,
2018 [160]
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Table 2. Cont.

Polymer Drug/Payload pH-Sensitive
Bond

Cell Lines 1

(In Vitro,
In Vivo)

Comments Reference

Star polymer
comprising
DMAEMA

co-MAEBA-co-
DTDMA

Dox Imine HeLa, HepG2
(+, −)

Complex polymer synthesis with
optimal micelle size of 170 nm. Two

different imine interactions with
Dox. Dox release at pH 7.4 less than
5% in 48 h, whereas 60% release at
pH 5.0 and DTT 10 mM. Targeted
Dox-loaded micelles less effective

than free Dox except at high
Dox concentrations.

Qiu et al.,
2015 [158]

PMBC-Polylysine Dox Imine 4T1 (+,+)

ε-amino group of lysine formed
imine bonds with 4-CB or Dox.

Micelles demonstrated
pH-dependent charge reversal, size
increase, and Dox release. In vivo

Dox-loaded micelle inhibited
tumors in mice more than free Dox.

Ma et al.,
2018 [157]

PEG-b-(PCL-co-
DCL) Dox β-carboxylic

amide HepG2 (+, −)

Release of pH-sensitive
β-carboxylic acid resulted in

negative to positive charge reversal
micelle. Very pH-responsive

micelle. About 10% and 90% of Dox
were released at pH 7.4 and 5.3,
respectively. Notably, micelles

inhibited cells more effectively than
pH non-responsive particles.

Deng et al.,
2014 [162]

PEG-PAA PTX, Dox Acetal A549 (+, −)

With pH release of PTX from PAA
polymer, the negatively charged
PAA micelle was disassembled.

High loading capacity of 43% with
PTX. In contrast to sensitive cells,
micelles inhibited PTX-resistant
cells significantly more than free

PTX. Micelles were stable for
months at 4 ◦C. Additionally,
pH-dependent release of Dox

was shown.

Gu et al.,
2014 [163]

Iodoacetate-
modified
Keratin

Dox Hydrazone
A549 (+

in vitro; H22, +
in vivo)

Keratin-Dox NP formed by
desolvation with size of 250 nm.

About 60% of Dox released in 48 h
at pH 5, while less than 5% released
from particles in 11 days at pH 7.4.
Negative to positive charge reversal
as pH decreased. Dox-loaded NP

inhibited H22 tumors in vivo more
than free Dox.

Liu et al.,
2019 [164]

1 + or − indicate whether in vitro or in vivo experiments were done. 2 Abbreviations. FITC, fluorescein
isothiocyanate; PLLA, poly(L-lactic acid); Dox, doxorubicin; DMAEMA-co-MAEBA-DTDMA, a star polymer
comprising dimethylamino)ethyl methacrylate-co- methacryloxyethoxy)-benzaldehyde)-co- 2,2′-dithiodiethoxyl
dimethacrylate; PMBC-polylysine, 2-methacryloyloxy-ethyl phosphorylcholine-polylysine; PEG-b-(PCL-co-DCL),
a triblock copolymer, polyethylene glycol-b-(PCL-co-γ-dimethyl maleamidic acid-ε-caprolactone; PEG-PAA;
PEG-poly(acrylic) acid.
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Figure 7. Disruption of nanoparticles based on pH-sensitive bonds. (A) Upon exposure to acid, the
pH-sensitive acetal bonds broke apart, and the hydrophobic dextran nanoparticles underwent a
phase transition to hydrophilic polymeric chains with release of acetone and methanol [159]. (B) With
pH-dependent release of dimethyl maleic acid from the coating Peg-b-poly allylamine copolymer,
the copolymer became positive with charge–charge repulsion from the positively surface-charge
carbon dot. Consequently, cis-platinum on the carbon surface was then susceptible for release [165].
pH-sensitive bonds are highlighted in red.

By altering the balance between the hydrophobicity and the charge of the inner
core of the micelle with a pH-sensitive bond, several studies have shown promise in
delivering chemotherapeutic drugs. A significant problem has been the lack of retention
of the hydrophobic drug within the pH-sensitive nanoparticle or micelle. In particular,
micelles formed with the more protonated polybasic polymers such as DMAEMA (pKa-7.5)
and polylysine (pKa~10.3) or the negatively charged polyacidic polymers (polyacrylic
acid, pKa~4.5) in the hydrophobic domain may be destabilizing at physiological pH. As
previously discussed, one solution to stabilize the positively charged polymers in the
interior has been their interaction with negative-charged molecules such as siRNA.

Besides the addition of siRNA, increasing the hydrophobicity in the inner core may
stabilize the micelle to deliver PTX or Dox. For instance, Qiu et al. synthesized a pH
and redox-dependent star copolymer to form a micelle [158]. The branches consisted of
copolymers of methacryloxyethoxy)-benzaldehyde) (MAEBA) and DMAEMA emanating
from the 2,2′-dithiodiethoxyl dimethacrylate branch point. To incorporate the drug more
stably within the micelle, Dox was covalently linked by an aromatic imine linkage to the
aldehyde-containing MAEBA component of the polymer. Although imine bonds have
been reported to be unstable at neutral pH, studies have demonstrated that the Pi–Pi
hydrophobic interactions may stabilize the imine bonds. Moreover, despite the partially
charged DMAEMA in the interior, the hydrophobic Dox and the benzyl groups enhanced
the nanoparticle’s stability by increasing the interior’s hydrophobicity. After 48 h and
at pH 7.4, the aromatic imine linkage with Dox was stable, with less than 5% of the
Dox released, whereas about 50% of the drug was released at pH 5.0 and about 65% at
pH 5.0 with 10 mM DTT, respectively. Notably, despite exposure to low pH and DTT, the
incomplete release of Dox may limit its antitumor efficacy.

This strategy of increasing the hydrophobicity of the inner core was further inves-
tigated by modifying the highly charged poly-L-lysine (pKa~10.3). Ma et al. prepared
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polymeric micelles by conjugating 4-carboxybenzaldehyde (4-CB) and Dox with an am-
phiphilic copolymer via a pH-sensitive imine bond [157] (Figure 8). Dox and 4-CB attached
to the polylysine block segment formed the hydrophobic core, whereas the zwitterionic
poly(2-methacryloyloxy-ethyl phosphorylcholine) (PMBC) block formed the outer shell.
When exposed to an acidic environment, the imine linkages were readily broken with the
release of Dox and 4-CB from the polylysine segment. Release of Dox from the micelles at
pH 7.4, 6.8, and 5.5 was 30%, 40%, and 70%, respectively (48 h). As these two hydrophobic
molecules were released in acidic media, the micelle underwent a charge conversion (by
unmasking the poly-L-lysine), size enlargement, and disruption. Over 24 h, the micelles’
surface charge changed from −12 at pH 7.4 to + 34 mV at pH 5.5. Compared to free Dox,
the pH-sensitive micelle showed greater inhibition of initially large 4T1 tumors (~100 mm3)
(p < 0.05) in mice and less organ toxicity. Prior to charge reversal, the negatively charged
micelles may be less toxic and have a longer half-life, enabling greater amounts of the drug
to reach the tumor. Still, because of the complexity in establishing a hydrophobic core by
neutralizing the charge on the side chains of lysines by conjugation with Dox and 4CB, this
NP would be particularly challenging to scale up to treat humans.
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Figure 8. PMBC-b-polylysine copolymer-comprised micelles. The positive charge of polylysine was
neutralized by conjugating a pH-sensitive imine bond with the hydrophobic molecules, 4-CB and
Dox. With acidification, the micelles progressively enlarged, and 4-CB and Dox were released by
pH-sensitive imine bond [157].

Using a different approach, Deng et al. also prepared micelles that reversed from a
negative charge at pH 7.4 to a positive charge at pH 6.0 [162]. The pH-sensitive micelles
comprised PEG-b-(PCL-co-γ-dimethyl maleamidic acid-ε-caprolactone) (PEG-b-(PCL-co-
DCL) polymer. Under acidic conditions, these micelles underwent rapid charge reversal by
hydrolysis of the acid labile-β-carboxylic amides (i.e., dimethyl maleamide). Within 2 h, the
ZP of −7.0 of these micelles at pH 7.4 changed to +3.5 at pH 6.4. The negative charge on the
β-carboxylic amide on the polyester block enhanced the loading capacity of the positively
charged Dox in the micelle. Whereas 10% of the Dox was released from micelles at 7.4 in
12 h at 37 ◦C, nearly 90% was released at pH 5.3. The pH-sensitive PEG-b-P(CL-co-DCL)
loaded micelles inhibited the cell viability of HepG2 cells more effectively than the non-pH
sensitive micelles. The charge reversals of these β-carboxylic amide polyesters were similar
to others with β-carboxylic amides such as citraconic-amide functionalized polymers [166].
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The charge reversal, the stability, and the pH-responsiveness of this micelle are particularly
attractive properties, but unfortunately, in vivo efficacy studies were not carried out.

Although the disassembly of nanoparticles has been primarily centered on the basic
polymer repulsion, disruption of particles may also occur with charge–charge repulsion
of polyacidic polymers. Moreover, in contrast to liposomal Doxil®, delivery systems for
PTX have often been plagued by low loading and poor release of the drug. To overcome
these potential problems, Gu et al. conjugated PTX to the block copolymer of PEG and
poly(acrylic) acid (PAA) with an acid-labile acetal bond [163]. The loading capacity of
these micelles for PTX was as high as 43%. While PTX-loaded micelles were quite stable
at 4 ◦C for several months, the micelles released at 37 ◦C (48 h) about 29%, 66%, and 87%
at pH 7.4, 6.0, and 5.0, respectively. With the release of hydrophobic PTX in the acidic
environment, the repulsion of the negatively charged PAA chains became the dominant
factor in increasing the size and destabilizing the micelle. For in vitro inhibition studies,
the PTX-loaded micelle significantly reduced cell viability in drug-resistant A549 cells more
than free PTX (IC50, 10.9 vs. 175.8 µg/mL). The simplicity of these diblock copolymeric
micelles makes these appealing, but again as in the prior study, in vivo studies were not
done. This study also highlights that drug release at pH 7.4 under simulated in vivo
conditions does not necessarily correlate with long-term in vitro stability. Nevertheless,
the higher the release of the drug at 37 ◦C, the more likely there will be reduced antitumor
efficacy and more side effects.

Not all pH-dependent nanoparticles, which released hydrophobic drugs, were made
up of copolymers. Liu et al. modified the sulfhydryl-rich keratin protein with iodoacetate
and then hydrazine to form a pH-sensitive hydrazone linkage with Dox [164]. The keratin-
Dox nanoparticle had a size of about 250 nm after desolvation and cross-linking with
genepin. When exposed to a pH of 5, the keratin nanoparticle slowly released about 40 and
60% of Dox at 24 and 48 h, respectively. Only 5% of Dox was released from the keratin at
pH 7.4 over 11 days. Moreover, there was a charge reversal of the keratin-particle. The ZP
of the keratin-Dox nanoparticle at pH 7.4 and 5.0 changed from −30.4 to +6.7, respectively.
Although charge reversion did not occur at an extracellular pH of 6.8, the reduced negative
surface charge should enable the nanoparticle to be taken up more quickly by the cancer
cell. Notably, these Dox-containing nanoparticles effectively inhibited human alveolar
adenocarcinoma cells in vitro (A 549) and mouse hepatomas in vivo (H22 tumors). In
addition, animal survival was prolonged in the H22 tumor-bearing mice treated with the
nanoparticle compared to free Dox. [164]. The keratin-Dox nanoparticles also showed less
toxicity, as evidenced by body weight during treatment than free Dox.

6. PH-Sensitive Coatings

Although there are mechanistic overlaps with previous sections, the pH-dependent
coating distinctly differs from the remainder of the nanoparticle. In contrast to the pH
disassembly of nanoparticles previously discussed, a lower pH does not usually increase the
size of these cloaked NPs. In addition, coating nanoparticles with pH-sensitive polymers
has three objectives. First, coating of the particle may increase the stability and reduce
drug release at physiologic pH. Second, coating with a pH-sensitive polymer/peptide
may enhance the targetability of the nanoparticle. Several of the coatings may increase the
half-life of the NPs in the bloodstream.

Additionally, with the lower pHe in the tumor, the pH-responsive coating poly-
mer/peptide either separates from the underlying NP or adopts an α helix conformation.
In either case, uptake of the NP into the tumor cell is increased. Third, the pH-sensitive
coating may facilitate disrupting the nanoparticle and releasing the chemotherapeutic
drug under acidic conditions. While some coatings only improve targetability, most were
designed to accomplish all three objectives. An array of nanoparticles, including zeolith
particles [96], block polymeric particles [167], liposomes [168], carbon dots [165], meso-
porous silicon particles [169,170], and polypyrrole nanotubes [171] have been coated with
pH-sensitive polymers.
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The zeolith nanoparticles developed by Tran and Lee could have been placed else-
where [96]. pH-sensitive coordination and ionic bonds were important in releasing Dox
from the zeolith nanoparticles. Nevertheless, we placed the zeolith imidazole framework
(ZIF) nanoparticles here because release of the polymer coating was the first step in destabi-
lization of the nanoparticle and release of Dox. They incorporated Dox inside the ZIF that
was coated with polyacrylic acid (PAA), functioning as a gatekeeper to prevent Dox leakage
from the nanoparticle [96]. The rhombic dodecahedron-shaped ZIF nanoparticles were
formed by mixing zinc with 2-methylhistidine. After the negatively charged PAA interacted
with the positive ZIF surface, the ZP potential was altered from +37 to −17. While 25%
of the Dox was released slowly at pH 7.4 in 100-h, about 85% of the Dox was released at
pH 4.0. The pH-dependent release of Dox from the zeolith structure occurred through
four stages, including protonation and release of PAA from the nanoparticle, break-up of
zinc-imidazole bonds with disassembly of the nanoparticle, and enhanced solubility of the
Dox (Table 3). Although the ingenuity in formulating this particle is commendable, the
intricacy of the nanoparticle and the potential toxicity of the released zinc may hinder its
clinical application. As with other negatively charged polymer coatings, PAA could readily
be applied to other positively charged nanoparticles.

Jin et al. also developed a complex multistage-coated nanoparticle to deliver anti-
tumor drugs. They incorporated a siRNA, which targeted survivin, and PTX into a PEI-PLA
diblock nanoparticle to target lung cancer [167]. While PTX was retained in the hydrophobic
PLA core, the siRNA interacted with PEI on the surface. To the surface of the cationic
PEI-PLA-siRNA nanoparticle, a negatively charged PEG-poly-L-aspartate (PAsp) diblock
polymer was added, which reduced the surface charge from about +28 to +4. The acidic
pH of the endosomes should facilitate the release of PAsp-PEG as well as the release of
siRNA and PTX from the nanoparticle. Consistent with PAsp release from the nanoparticle
at an acidic pH, the ZP became more positive. Furthermore, the release of PTX from the
nanoparticle was pH-dependent. About 86% of PTX was released at pH 5.5, whereas 55%
of the drug was released at pH 7.4 after 72 h. When injected intravenously into mice, the
nanoparticle carrying the siRNA and PTX synergistically reduced the size of 4T1 tumors.

One recently developed nanocarrier that has garnered significant attention is the
carbon dot (CD) due to its fluorescence, water solubility, and accessible surface for mod-
ification. In one study, both redox- and pH-dependent mechanisms were important in
drug release from a carbon dot coated with negatively charged polymers [165]. With the
polymer coating, the carbon dots significantly increased in size from less than 10 nm to
about 150 nm. The negatively charged coating polymer was released in a mildly acid
environment, enabling the positively charged CD to interact with the cancer cell’s surface.
The conversion of the negative to the positive polymeric coating was based on the release
of the pH-sensitive dimethyl maleic acid (Figure 7B). Masking the charge with dimethyl
maleic acid has been used previously with the endosomal lysis melittin peptide [172].
In addition to the pH-sensitive polymer, a redox-sensitive prodrug of cis-platinum was
covalently bonded to the CD surface. In contrast to pH 7.4, the cis-platinum-loaded carbon
dots at pH 6.8 demonstrated marked toxicity to cancer cells in vitro. Importantly, the cis-
platinum-loaded carbon dots modified with the pH-sensitive polymers markedly reduced
the tumor xenograft size more than those modified with pH-insensitive polymers [165].
Although carbon dots (CD) have attracted attention due to their bioimaging and drug
delivery potential, there are still widespread concerns about their use in humans [173].
While more research is required to determine their toxicity, the coating polymer may have
applications with other nanoparticles.
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Table 3. pH release of coating polymers from NPs.

Coating
Polymer Nanoparticle Drug Cell Lines (In

Vitro, In Vivo) 1 Comments Reference

PAA Zeolith
imidazole NP Dox ND

Rhombic dodecahedron ZIF was formed by
zinc and 2-methylhistidine. PAA-coated
positively charged ZIF with size of about

170 nm. 2 Several components of NP
(coating, zinc-imidazole, Dox) were
pH-dependent. 25% and 85% of Dox
released from NP at pH 7.4 and 5.0,

respectively, in 100 h.

Tran and Lee,
2021 [96]

PAsp-PEG PEI-PLA NP PTX,
siSurvivin

4T1 (+, −);
A549 (+,+)

Coated NPs of about 82 nm enhanced
in vivo tumor efficacy with large tumors

regressing and prolonged animal survival
compared to non-coated NPs. Improved
tumor accumulation of NP with coating

polymer (biodistribution)

Jin et al., 2018
[167]

PEG-
(PAH/DMMA) CD Cis-

platinum

A2780 (+, −);
HeLa (+, −);

U14 (+,+)

Release of pH-sensitive dimethyl maleic
acid results in the coating polymer release

from CD. After decloaking, the
cis-platinum conjugated to CD is sensitive
to reducing conditions. A2780 and HeLa

cells were more sensitive to cloaked NP at
pH 6.8 than 7.4. Treated U14-bearing mice

regressed with coated Dox-NPs, and
pH-polymer was more effective than

pH-independent polymer.

Feng et al.,
2016 [165]

Chex50-HA Liposomes Dox
HeLa, MCF7,

Colon 26,
NIH3T3 (+, −)

80% release of Chex50-HA in 10 min from
NP at pH 4.5. Uptake of coated NP (size,
141 nm) was significantly greater in cells

with high expression of the CD44 receptor
(HeLa, Colon 26). Coated Dox-loaded NP
showed significantly greater cytotoxicity
toward HeLa cells than non-coated NP.

Miyazaki
et al., 2018

[168]

ATRAM
Cross-linked
BSA-PLGA

NP
Dox-TPP

Neuro 2A (+, −);
HeLa (+, −);

MCF-7 (+, −);
4T1, (+,+)

Dual pH and redox-dependent NP about
100 nm in size. Less than 5% and about

80% of Dox-TPP released from NP at pH
7.4 and 5.0 in 24 h. The half-life of 7 h in

blood in vivo with enhanced tumor
accumulation of NP. Treatment with

ATRAM-coated NPs regressed tumors and
was more effective than uncoated NPs.

Palanikumar
et al., 2020

[27]

1 + or − indicate whether in vitro or in vivo experiments were done. 2 Abbreviations. PAA, polyacrylic acid; NP,
nanoparticle; ND, not done; ZIF, zinc-imidazole framework; PAsp-PEG, polyaspartate-polyethylene glycol; PEI-
PLA, polyethyleneimine-polylactic acid; PEG-(PAH/DMMA), PEG-(poly-(allylamine)/dimethyl maleic acid; CD,
carbon dots; Chex50-HA, carboxylhexyl50-hyaluronic acid; ATRAM, acidity-triggered rational membrane peptide;
BSA-PLGA-NP, bovine serum albumin-polylactic-co-glycolic acid; Dox-TPP, doxorubicin triphenylphosphonium.

Since problems have occurred with the release of Dox from the FDA-approved lipo-
somal Doxil® product [53], development of liposomal products with improved release of
Dox has continued. One such effort led by Miyazaki et al. has been to coat liposomes with
several pH-sensitive polymers, such as modified lectins, dextran, and hyaluronic acids
(HA) [168,174]. With different modifications of hyaluronic acid, the pKa of the carboxyl
groups ranged from 5 to 6.7. Consequently, the distinct pKa ensured that protonation of
carboxyl groups would cover the pH range of the tumor matrix and early to late endosomes.
Upon acidification, protonation of the carboxyl groups of polymer destabilized the lipo-
somes releasing the entrapped contents. Compared to the other modified HA polymers, the
Chex50-HA polymer with a high pKa (between 6.4 and 6.7) and hydrophobicity showed the
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best results (Figure 4) [168]. There was nearly a 100% release of the fluorescent pyramine
from the coated liposomes at pH values of 4.5 within 30 min. In contrast, there was less than
10% of the pyramine release in 30 min. Whether the release profile of pyramine correlates
with Dox release is unclear. Moreover, in addition to HA that targeted the CD44 receptor on
the malignant cell’s surface, the cyclohexyl groups of Chex50-HA, through hydrophobic in-
teractions, enhanced cellular binding and entry of the modified liposomes. Consistent with
entry and the rapid drug release, the Chex50-HA coated liposomes loaded with Dox had
greater cytotoxicity toward malignant cells than other polymer-coated liposomes. Unlike
PAA and dimethylmaleamide-coating polymers which are not selective, the Chex50-HA
polymers are best suited for liposomes due to their destabilizing function.

In addition to polymer-coated particles, a peptide-coated nanoparticle that is pH-
responsive shows great promise. For example, Palanikumar et al. determined that Dox-
containing nanoparticles coated with a pH-responsive tumor peptide markedly enhanced
tumor delivery and antitumor efficacy [27]. The nanoparticles consisted of a polylactic-
co-glycolic acid core containing a derivative of Dox (Dox-triphenylphosphonium, TPP), a
disulfide crosslinked bovine serum albumin external shell, and an acidity-triggered ratio-
nal membrane (ATRAM) peptide conjugated to the outer shell. Whereas the ATRAM
peptide has a disordered structure at neutral pH, it formed an alpha helix in mildly
acid environments (pH 6.5), enabling its insertion into the cellular membrane tumor
cell [175,176]. The four glutamic acids within the ATRAM peptide (GLAGLAGLLGLEGLL-
GLPLGLLEGLWLGLELEGN) were responsible for the pH-dependent structural conformation.

Interestingly, the authors provide data suggesting that the ATRAM-coated nanopar-
ticles entered the cell through both clathrin-mediated endocytosis and translocation. In
addition to increasing cellular uptake, the ATRAM peptide markedly increased the delivery
and efficacy of the nanoparticle for tumors in an in vivo model. Moreover, the half-life of
the ATRAM-label NP was about 7 h compared to 30 min for free Dox. While the group
treated with the Dox-TPP loaded nanoparticles without ATRAM reduced tumor size by
60%, the group treated with nanoparticles coated with ATRAM had tumors that regressed
in size [27]. Still, several synthetic steps to form this particle may limit upscaling this prod-
uct though the ATRAM peptide could readily be attached to other drug-loaded particles.
Notably, this was the only drug-loaded NP in this review in which both pharmacokinetics
and biodistribution were done. Separate from the nanoparticle, the ATRAM peptide has a
prolonged circulatory time of greater than 4 h, probably because of its affinity to albumin.
This raises the possibility of whether low molecular weight ATRAM-chemotherapy conju-
gates would have greater penetration and antitumor efficacy than the larger particles in
human cancer.

7. Tumor-Penetrating Peptides and Nanoparticles as Potential
Chemotherapeutic Carriers

pH-dependent polymers and nanoparticles that have not incorporated or attached
chemotherapy agents may still have antitumor properties [44,45,177,178]. These nanopar-
ticles, which become progressively charged as the pH is lowered, may interact with the
negatively charged surface of tumor cells, enabling deeper tumor penetration. It would
not be surprising that several nanoparticles in this review share this deeper penetration
property, but few studies have explored this avenue [123]. In future studies, the following
polymers or nanoparticles could readily incorporate chemotherapy or have the chemother-
apy administered separately.

For example, Chang et al. synthesized several histidine-leucine peptides with different
patterns. One peptide showed antitumor activity with marked apoptosis that was pH
dependent. At pH 6.0, the L9H5.1 peptide (40 µM) showed significant toxicity compared
to a pH of 7.4 [177]. The enhanced toxicity of the peptides was generally associated with
higher helical content. Drug conjugates with the peptide alone or the incorporation of the
high leucine content peptide into a nanoparticle are certainly possible.
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In addition to peptides, Fan et al. showed that pH-dependent nanoparticles could
disrupt the stroma, which can make up 90% of pancreatic tumors [45]. Nanoparticles
with random amphipathic copolymers with a pKa of 6.8 effectively disrupted the stroma,
but those with a pKa of 6.3 did not. Interestingly, nanoparticles that differed in their
pKa were made of co-polymers with similar composition but with different molecular
weights (i.e., equivalent amounts of hexylmethacrylate, dimethylaminoethylmethacrylate,
and methacrylic acid). At a pH of 6.8, approximating the pHe of tumors, the effective
nanoparticle with higher pKa copolymers had a greater positive surface charge, allowing
its interaction with membranes of fibroblasts and pancreatic cancer cells in 2-D and 3-D
in vitro models. At a pH of 7.4, this co-polymeric nanoparticle did not affect either cell.
Whereas the in vivo model only used nanoparticles comprising copolymers to inhibit tumor
xenografts, future approaches may use these stroma-disrupting nanoparticles together with
gemcitabine or other chemotherapy agents. These investigators also determined that
the same pH-disrupting co-polymer which formed nanoparticles inhibited the growth
of mouse breast cancer 4T1 cells in vitro and in vivo [44]. Despite the promising results,
the partially protonated copolymers (pKa~6.8) may not be sufficiently hydrophobic to
incorporate chemotherapy agents stably at pH 7.4.

Similar to the PBAE nanoparticle, Zhang et al. have developed pH-sensitive nanopar-
ticles that depend on polymer degradation to release hydrophobic drugs [178]. They
demonstrated that amine-containing polyglyoxylamides rapidly depolymerized end-to-
end (“self-immolative”) when exposed to pH 6.0. Furthermore, the pH-sensitive end-caps
on these star-shaped polymers significantly affected the degradation rate. Whereas the
dimethoxytrityl (DMT) end-cap resulted in rapid degradation of the polymer at acidic
pHs, the pH-insensitive carboxybenzyl end cap showed little to no degradation. Similarly,
nanoparticles comprising these polymers and DMT end-caps showed similar degrada-
tion properties. In addition to the self-immolative properties, the authors suggest that
charge–charge repulsion between the polymers had a role in their depolymerization and
degradation of the nanoparticles under mildly acidic conditions [178,179]. These pH-
dependent polymers are early in their development but have promise as nanoparticle
carriers of chemotherapeutic drugs.

8. Conclusions

Several ingeniously designed yet incompletely developed nanoparticles are discussed
in this review. Some of these nanoparticles have only had their biophysical properties
characterized without in vitro or in vivo studies [96,104] (Tables 1–3). Other nanoparticles
demonstrated promise regarding their stability, pH responsiveness, and in vitro cytotoxicity,
but in vivo studies were not initiated [118,121,163]. Still, others showed marked antitumor
activity, but their stability at physiological pH may be problematic, and further stabilization
of these NPs may be required [116].

Of the 28 pH-disrupting nanoparticles in this review, six examined the in vivo biodis-
tribution of drug-loaded nanoparticles [27,125,127–129,167]. These biodistribution studies
showed marked tumor inhibition, with two demonstrating tumor regression. Notably, due
to the lack of in vivo studies, biodistribution was not done on the nanoparticles incorpo-
rating only the chemotherapeutic agent. In contrast, biodistribution experiments were
carried out in four of the six drug and nucleic acid combinations. Moreover, pharmacoki-
netics were completed in two studies [27,130], while pharmacokinetic and biodistribution
were just done in one study [27]. Consistent with these results, a limited number of pH-
dependent polymeric NP studies have studied the release of the drug during the transit
to the tumor [88]. Although potential methods exist to stabilize the nanoparticle-drug
interactions, such as cross-linking polymers and enhancing the hydrophobicity of the
carrier or the drug, modifications of the NP to increase the half-life cannot be done until
baseline studies are completed. To transition the more promising preclinical investigations
to clinical trials, further studies will require orthotopic tumor models, long-term stability
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and lyophilization-reconstitution assays, safety and toxicity profiles beyond the preliminary
results, and manufacturing feasibility.

Moreover, to justify further development, there were suggestive studies which showed
that pH-sensitive coating particles had markedly more antitumor efficacy than non-coating
pH-insensitive particles [27,167,168]. Limited yet more compelling evidence showed supe-
rior efficacy of well-control pH-dependent particles compared to pH-independent parti-
cles [81,114,119,162,165]. More specifically, direct comparisons between these two groups
ranged from the type of bonds to coating polymers. In contrast to the efficacy demonstrated
by the pH-sensitive approaches, we did not find studies that showed similar or better
efficacy with the pH-independent strategies.

Most of the obstacles for pH nanoparticles are not unique and can be readily applied
to both pH-dependent and -independent studies. Moreover, many mechanisms/properties
that may enhance EPR (or EPR-like) and tumor penetration for pH-independent particles
will also improve the efficacy of pH-dependent particles. Although pH-dependent NPs
accumulate more in tumors, this approach is still very dependent on EPR. Even alternative
pH-dependent strategies such as immunotherapy or phototherapy, which amplify the
tumor efficacy of the drug, will likely be limited by EPR [28,180]. Though a few early
approaches enhanced the EPR effect [4,181,182], nanoparticles’ accumulation in tumors
was relatively modest with about 30% greater accumulation than by normal tissues [4].
While increases in EPR have been modest, a great deal of research is ongoing to enhance
EPR or tumor entry of particles, including transcytosis, induction of nitric oxide with NPs,
and hitchhiking on tumor-associated macrophages [183–186]. Of these strategies, we think
that transcytosis will have the most significant immediate impact since the mechanism
of entry can be independent as well as supplement EPR [25,184]. We do not think that
significant advances in the clinic will happen with either pH-dependent or -independent
strategies until tumor entry is improved [187].

Although many shared obstacles exist with pH-independent therapies, at least three
differences will require further investigation to enhance pH-dependent strategies. First, to
varying degrees, the pH-dependent covalent bonds demonstrate drug released at pH 7.4
in transit to the tumor. In contrast, pH-insensitive covalent bonds are more stable but as
we have discussed, this type of bond may be limited by inadequate release in the tumor.
By affecting hydrophobicity, progress has been made to stabilize pH-sensitive linkages
and NP [88]. As discussed in this review, several pH-disrupting NPs with pH linkages in
hydrophobic environments or NPs that co-deliver siRNA and drugs were stable in vitro,
but release studies are required to confirm their stability in the circulatory system [128,162].
Second, once entry occurs into the tumor, the NP encounters a mildly acidic pH in the
tumor matrix and progressively lower pH in the tumor endosomes, enabling a range of
intermediate to complete drug release. While the heterogeneity of extracellular tumor pH
has been measured and mapped in selected solid tumors [52], no studies have calibrated
the drug’s pH release to specific tumor regions. However, advances have been made in
developing pH-responsive nanoparticles that release chemotherapeutic agents at several
distinct pHs between 6.4 and 7.2 [120]. Still, the loop to the location in the tumor has not
been closed. Third, although there is evidence of differences between the endosomes of
the tumor and normal tissues, this has been insufficiently investigated. Unfortunately,
there are no imaging methods to measure the pH of tumor (or normal tissue) endosomes
in vivo. As pH-sensitive nanoparticles improve, specific knowledge about extracellular
tumor pH and endosomal pH will become increasingly important. Without understanding
the heterogeneity of the tumor pH of the extracellular matrix and endosomes, the full
potential of pH-sensitive nanoparticles and strategies will not be realized.

Many pH-sensitive NPs demonstrated in vivo tumor inhibition or shrinkage. While
significant advances are occurring in copolymer synthesis in universities and manufac-
turing facilities, we think some of these polymers and NPs may currently be too complex
to advance beyond clinical trials and have widespread use. These include many graft
copolymers, multilayer nanoparticles, and charge reversal particles dependent on releasing
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pH-sensitive chemotherapeutic and other hydrophobic agents. Seemingly more compli-
cated than NPs delivering single agents, some NPs that co-delivered siRNA and chemother-
apeutic drugs demonstrated exceptional in vitro stability and striking antitumor efficacy.
These preclinical studies should be confirmed and extended to clinical trials. Although
aspects of pH strategies, including pH-linkages and coating peptides/polymers, will find
the most immediate application, technological advances for pH-disrupting polymeric NPs
will lead to their having a major role in treating patients with solid tumors.
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Abbreviations

AB5 polymer comprising polydimethysiloxane (PDMS) and PDMAEMA
ADP adenosine diphosphate
ATP adenosine triphosphate
Afc aminoferrocene

ATRAM
acidity-triggered rational peptide comprising GLAGLAGLLG-
LEGLLGLPLGLLEGLWLGLELEGN

4-CB 4-carboxybenzaldehyde
CD carbon dots

Chex50-HA
hyaluronic acid modified by cyclohexyl groups containing a carboxyl group or
alkyl esters

4-CB 4-carboxybenzaldehyde
Co-DCL co-dimethyl maleamidic acid-ε-caprolactone, a copolymer
DEAE diethyl aminoethyl (pH sensitive subunit of polymer)
DMAE dimethyl aminoethyl (pH sensitive subunit of polymer)
DPAE Diisopropyl aminoethyl (pH sensitive subunit of polymer)
Dox doxorubicin
Dox-Ma doxorubicin methacrylamide
EGFR epidermal growth factor receptor
EPR enhanced permeability and retention
FA folic acid
HA hyaluronic acid
HIF-1α hypoxia inducible factor-1 alpha
His histidine
H4R4 histidine-arginine peptide
Lys lysine
MCT monocarboxylate transporter
NHE-1-10 sodium hydrogen exchanger-1 to 10
MAEBA (methacryloxyethoxy)-benzaldehyde, a component of the copolymer
MDR multidrug resistance
MRI/MRS magnetic resonance imaging/magnetic resonance spectroscopy
NAD nicotinamide adenine dinucleotide
NADH nicotinamide adenine dinucleotide hydrogen
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NBC sodium bicarbonate transporter
OEI oligoethylenimine
PAA polyacrylic acid
PAsp poly-L-aspartic acid
PAsp(AED) poly(N-(2,2′-dithiobis(ethylamine)) aspartamide)
PBAE poly(β-amino ester) polymers
PCL poly(ε-caprolactone)
(m) PEG (methyl) polyethylene glycol
PDEAEMA poly(2-(diethylamino)ethyl methacrylate)
PDMAEMA poly(2-(dimethylamino)ethyl methacrylate
PDPAEMA (PDPA) poly(2-(diisopropylamino)ethyl methacrylate
PGP P-glycoprotein transporter
pHe extracellular pH
PEI polyethylenimine
PLH poly-L-histidine
PLLA (PLA) poly-L(L,D)-lactic acid
PLGA poly lactic-co-glycolic acid
PMMA mPEG-b-PDEAEMA
PPO Pluronic F-108
PPEGMA poly(polyethylene glycol) methyl ether methacrylate
PDMS polydimethylsiloxane
PMBC poly(2-methacryloyloxy-ethyl phosphorylcholine
PTX paclitaxel
shRNA short hairpin RNA expressed by plasmid
shTw short hairpin RNA targeting the Twist transcription factor
siBCL-2 siRNA targeting BCL-2
siPGP siRNA targeting the P-glycoprotein transporter
siRNA short interfering RNA
TCA tricarboxylic acid
TMDP trimethylene dipiperidine, one potential subunit that is part of PBAE
TPGS D-α-tocopheryl-PEG
V-ATPase vacuolar ATPase transporter
ZP zeta potential, which reflects the surface charge of the particle
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19. Avramović, N.; Mandić, B.; Savić-Radojević, A.; Simić, T. Polymeric Nanocarriers of Drug Delivery Systems in Cancer Therapy.
Pharmaceutics 2020, 12, 298. [CrossRef]

20. Estape Senti, M.; de Jongh, C.A.; Dijkxhoorn, K.; Verhoef, J.J.F.; Szebeni, J.; Storm, G.; Hack, C.E.; Schiffelers, R.M.; Fens, M.H.;
Boross, P. Anti-PEG antibodies compromise the integrity of PEGylated lipid-based nanoparticles via complement. J. Control.
Release 2022, 341, 475–486. [CrossRef]

21. Subhan, M.A.; Yalamarty, S.S.K.; Filipczak, N.; Parveen, F.; Torchilin, V.P. Recent Advances in Tumor Targeting via EPR Effect for
Cancer Treatment. J. Pers. Med. 2021, 11, 571. [CrossRef]

22. Zhao, Z.; Ukidve, A.; Kim, J.; Mitragotri, S. Targeting Strategies for Tissue-Specific Drug Delivery. Cell 2020, 181, 151–167.
[CrossRef]

23. Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis of nanoparticle delivery to tumours.
Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]

24. Sindhwani, S.; Syed, A.M.; Ngai, J.; Kingston, B.R.; Maiorino, L.; Rothschild, J.; MacMillan, P.; Zhang, Y.; Rajesh, N.U.; Hoang, T.;
et al. The entry of nanoparticles into solid tumours. Nat. Mater. 2020, 19, 566–575. [CrossRef]

25. Leng, Q.; Woodle, M.C.; Mixson, A.J. NRP1 transport of cancer therapeutics mediated by tumor-penetrating peptides. Drugs
Future 2017, 42, 95–104. [CrossRef] [PubMed]

26. Steffan, J.J.; Snider, J.L.; Skalli, O.; Welbourne, T.; Cardelli, J.A. Na+/H+ exchangers and RhoA regulate acidic extracellular
pH-induced lysosome trafficking in prostate cancer cells. Traffic 2009, 10, 737–753. [CrossRef] [PubMed]

27. Palanikumar, L.; Al-Hosani, S.; Kalmouni, M.; Nguyen, V.P.; Ali, L.; Pasricha, R.; Barrera, F.N.; Magzoub, M. pH-responsive high
stability polymeric nanoparticles for targeted delivery of anticancer therapeutics. Commun. Biol. 2020, 3, 95. [CrossRef] [PubMed]

28. Yan, Y.; Ding, H. pH-Responsive Nanoparticles for Cancer Immunotherapy: A Brief Review. Nanomaterials 2020, 10, 1613.
[CrossRef]

29. Warburg, O.; Posener, K.; Negelein, E. Uber den Stoffwechsel der Carcinomzelle. Bioch. Zeitsch 1924, 152, 309–344. [CrossRef]
30. Warburg, O. On the origin of cancer cells. Science 1956, 123, 309–314. [CrossRef]
31. Payen, V.L.; Porporato, P.E.; Baselet, B.; Sonveaux, P. Metabolic changes associated with tumor metastasis, part 1: Tumor pH,

glycolysis and the pentose phosphate pathway. Cell. Mol. Life Sci. 2016, 73, 1333–1348. [CrossRef] [PubMed]
32. Gillies, R.J. Cancer heterogeneity and metastasis: Life at the edge. Clin. Exp. Metastasis 2021, 39, 15–19. [CrossRef] [PubMed]
33. Perez-Herrero, E.; Fernandez-Medarde, A. The reversed intra- and extracellular pH in tumors as a unified strategy to chemothera-

peutic delivery using targeted nanocarriers. Acta Pharm. Sin. B 2021, 11, 2243–2264. [CrossRef] [PubMed]
34. Piasentin, N.; Milotti, E.; Chignola, R. The control of acidity in tumor cells: A biophysical model. Sci. Rep. 2020, 10, 13613.

[CrossRef]
35. Martinez-Zaguilan, R.; Seftor, E.A.; Seftor, R.E.; Chu, Y.W.; Gillies, R.J.; Hendrix, M.J. Acidic pH enhances the invasive behavior of

human melanoma cells. Clin. Exp. Metastasis 1996, 14, 176–186. [CrossRef]
36. Rofstad, E.K.; Mathiesen, B.; Kindem, K.; Galappathi, K. Acidic extracellular pH promotes experimental metastasis of human

melanoma cells in athymic nude mice. Cancer Res. 2006, 66, 6699–6707. [CrossRef]
37. Colegio, O.R.; Chu, N.Q.; Szabo, A.L.; Chu, T.; Rhebergen, A.M.; Jairam, V.; Cyrus, N.; Brokowski, C.E.; Eisenbarth, S.C.; Phillips,

G.M.; et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 2014, 513, 559–563.
[CrossRef]

38. Hjelmeland, A.B.; Wu, Q.; Heddleston, J.M.; Choudhary, G.S.; MacSwords, J.; Lathia, J.D.; McLendon, R.; Lindner, D.; Sloan, A.;
Rich, J.N. Acidic stress promotes a glioma stem cell phenotype. Cell Death Differ. 2011, 18, 829–840. [CrossRef]

39. Robey, I.F.; Baggett, B.K.; Kirkpatrick, N.D.; Roe, D.J.; Dosescu, J.; Sloane, B.F.; Hashim, A.I.; Morse, D.L.; Raghunand, N.; Gatenby,
R.A.; et al. Bicarbonate increases tumor pH and inhibits spontaneous metastases. Cancer Res 2009, 69, 2260–2268. [CrossRef]

40. Volk, T.; Jahde, E.; Fortmeyer, H.P.; Glusenkamp, K.H.; Rajewsky, M.F. pH in human tumour xenografts: Effect of intravenous
administration of glucose. Br. J. Cancer 1993, 68, 492–500. [CrossRef]

https://doi.org/10.1159/000265166
https://doi.org/10.1200/JCO.2020.38.15_suppl.TPS4661
https://doi.org/10.1016/j.ejps.2017.03.003
https://doi.org/10.1021/acsnano.5b00929
https://doi.org/10.1007/s13346-023-01310-1
https://doi.org/10.3390/pharmaceutics12040298
https://doi.org/10.1016/j.jconrel.2021.11.042
https://doi.org/10.3390/jpm11060571
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/s41563-019-0566-2
https://doi.org/10.1358/dof.2017.042.02.2564106
https://www.ncbi.nlm.nih.gov/pubmed/28603338
https://doi.org/10.1111/j.1600-0854.2009.00904.x
https://www.ncbi.nlm.nih.gov/pubmed/19302267
https://doi.org/10.1038/s42003-020-0817-4
https://www.ncbi.nlm.nih.gov/pubmed/32127636
https://doi.org/10.3390/nano10081613
https://doi.org/10.1007/BF01726151
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1007/s00018-015-2098-5
https://www.ncbi.nlm.nih.gov/pubmed/26626411
https://doi.org/10.1007/s10585-021-10101-2
https://www.ncbi.nlm.nih.gov/pubmed/33999364
https://doi.org/10.1016/j.apsb.2021.01.012
https://www.ncbi.nlm.nih.gov/pubmed/34522586
https://doi.org/10.1038/s41598-020-70396-1
https://doi.org/10.1007/BF00121214
https://doi.org/10.1158/0008-5472.CAN-06-0983
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/cdd.2010.150
https://doi.org/10.1158/0008-5472.CAN-07-5575
https://doi.org/10.1038/bjc.1993.375


Pharmaceutics 2023, 15, 1482 34 of 39

41. Gillies, R.J.; Raghunand, N.; Karczmar, G.S.; Bhujwalla, Z.M. MRI of the tumor microenvironment. J. Magn. Reson. Imaging 2002,
16, 430–450. [CrossRef] [PubMed]

42. van Sluis, R.; Bhujwalla, Z.M.; Raghunand, N.; Ballesteros, P.; Alvarez, J.; Cerdan, S.; Galons, J.P.; Gillies, R.J. In vivo imaging of
extracellular pH using 1H MRSI. Magn. Reson. Med. 1999, 41, 743–750. [CrossRef]

43. Adams, D.J.; Dewhirst, M.W.; Flowers, J.L.; Gamcsik, M.P.; Colvin, O.M.; Manikumar, G.; Wani, M.C.; Wall, M.E. Camptothecin
analogues with enhanced antitumor activity at acidic pH. Cancer Chemother. Pharmacol. 2000, 46, 263–271. [CrossRef]

44. Fan, F.; Piao, J.-G.; Zhao, Y.; Jin, L.; Li, M.; Wang, Y.; Yang, L. Bioinspired Membrane-Disruptive Macromolecules as Drug-Free
Therapeutics. ACS Appl. Bio Mater. 2020, 3, 1267–1275. [CrossRef]

45. Fan, F.; Jin, L.; Yang, L. pH-Sensitive Nanoparticles Composed Solely of Membrane-Disruptive Macromolecules for Treating
Pancreatic Cancer. ACS Appl. Mater. Interfaces 2021, 13, 12824–12835. [CrossRef] [PubMed]

46. Naeslund, J.; Swenson, K.-E. Investigations on the pH of Malignant Tumours in Mice and Humans after the Administration of
Glucose. Acta Obstet. et Gynecol. Scand. 1953, 32, 359–367. [CrossRef]

47. Eden, M.; Haines, B.; Kahler, H. The pH of rat tumors measured in vivo. J. Natl. Cancer Inst. 1955, 16, 541–556. [PubMed]
48. Ashby, B.S. pH studies in human malignant tumours. Lancet 1966, 288, 312–315. [CrossRef]
49. Kalliomaki, T.; Hill, R.P. Effects of tumour acidification with glucose+MIBG on the spontaneous metastatic potential of two

murine cell lines. Br. J. Cancer 2004, 90, 1842–1849. [CrossRef]
50. Adachi, E.; Tannock, I.F. The effects of vasodilating drugs on pH in tumors. Oncol. Res. 1999, 11, 179–185.
51. Park, W.; Chen, J.; Cho, S.; Park, S.J.; Larson, A.C.; Na, K.; Kim, D.H. Acidic pH-Triggered Drug-Eluting Nanocomposites for

Magnetic Resonance Imaging-Monitored Intra-arterial Drug Delivery to Hepatocellular Carcinoma. ACS Appl. Mater. Interfaces
2016, 8, 12711–12719. [CrossRef] [PubMed]

52. Zhang, X.; Lin, Y.; Gillies, R.J. Tumor pH and its measurement. J. Nucl. Med. 2010, 51, 1167–1170. [CrossRef]
53. Zhao, Y.; Alakhova, D.Y.; Kim, J.O.; Bronich, T.K.; Kabanov, A.V. A simple way to enhance Doxil® therapy: Drug release from

liposomes at the tumor site by amphiphilic block copolymer. J. Control. Release 2013, 168, 61–69. [CrossRef] [PubMed]
54. Vermeulen, L.M.P.; Brans, T.; Samal, S.K.; Dubruel, P.; Demeester, J.; De Smedt, S.C.; Remaut, K.; Braeckmans, K. Endosomal

Size and Membrane Leakiness Influence Proton Sponge-Based Rupture of Endosomal Vesicles. ACS Nano 2018, 12, 2332–2345.
[CrossRef] [PubMed]

55. Vermeulen, L.M.P.; De Smedt, S.C.; Remaut, K.; Braeckmans, K. The proton sponge hypothesis: Fable or fact? Eur. J. Pharm.
Biopharm. 2018, 129, 184–190. [CrossRef] [PubMed]

56. Hood, J.D.; Bednarski, M.; Frausto, R.; Guccione, S.; Reisfeld, R.A.; Xiang, R.; Cheresh, D.A. Tumor regression by targeted gene
delivery to the neovasculature. Science 2002, 296, 2404–2407. [CrossRef]

57. Wilner, S.E.; Wengerter, B.; Maier, K.; de Lourdes Borba Magalhaes, M.; Del Amo, D.S.; Pai, S.; Opazo, F.; Rizzoli, S.O.; Yan, A.;
Levy, M. An RNA alternative to human transferrin: A new tool for targeting human cells. Mol. Ther.-Nucleic Acids 2012, 1, e21.
[CrossRef]

58. Leng, Q.; Woodle, M.C.; Mixson, A.J. Targeted Delivery of siRNA Therapeutics to Malignant Tumors. J. Drug Deliv. 2017, 2017,
6971297. [CrossRef]

59. Li, J.M.; Wang, Y.Y.; Zhang, W.; Su, H.; Ji, L.N.; Mao, Z.W. Low-weight polyethylenimine cross-linked 2-hydroxypopyl-beta-
cyclodextrin and folic acid as an efficient and nontoxic siRNA carrier for gene silencing and tumor inhibition by VEGF siRNA.
Int. J. Nanomed. 2013, 8, 2101–2117. [CrossRef]

60. Ko, M.; Quinones-Hinojosa, A.; Rao, R. Emerging links between endosomal pH and cancer. Cancer Metastasis Rev. 2020, 39,
519–534. [CrossRef]

61. Heidel, J.D.; Yu, Z.; Liu, J.Y.; Rele, S.M.; Liang, Y.; Zeidan, R.K.; Kornbrust, D.J.; Davis, M.E. Administration in non-human
primates of escalating intravenous doses of targeted nanoparticles containing ribonucleotide reductase subunit M2 siRNA. Proc.
Natl. Acad. Sci. USA 2007, 104, 5715–5721. [CrossRef] [PubMed]

62. Choi, C.H.; Alabi, C.A.; Webster, P.; Davis, M.E. Mechanism of active targeting in solid tumors with transferrin-containing gold
nanoparticles. Proc. Natl. Acad. Sci. USA 2010, 107, 1235–1240. [CrossRef] [PubMed]

63. Patel, S.; Kim, J.; Herrera, M.; Mukherjee, A.; Kabanov, A.V.; Sahay, G. Brief update on endocytosis of nanomedicines. Adv. Drug
Deliv. Rev. 2019, 144, 90–111. [CrossRef] [PubMed]

64. Chen, J.; Wen, J.; Zheng, Y.; Yang, H.; Luo, K.; Liu, Q.; Hu, R.; Tan, Z.; Huang, Q.; Fu, J. Prognostic significance of SLC9A9 in
patients with resectable esophageal squamous cell carcinoma. Tumor Biol. 2015, 36, 6797–6803. [CrossRef] [PubMed]

65. Jiang, L.W.; Maher, V.M.; McCormick, J.J.; Schindler, M. Alkalinization of the lysosomes is correlated with ras transformation of
murine and human fibroblasts. J. Biol. Chem. 1990, 265, 4775–4777. [CrossRef] [PubMed]

66. Kondapalli, K.C.; Llongueras, J.P.; Capilla-Gonzalez, V.; Prasad, H.; Hack, A.; Smith, C.; Guerrero-Cazares, H.; Quinones-Hinojosa,
A.; Rao, R. A leak pathway for luminal protons in endosomes drives oncogenic signalling in glioblastoma. Nat. Commun. 2015,
6, 6289. [CrossRef]

67. Lucien, F.; Pelletier, P.P.; Lavoie, R.R.; Lacroix, J.M.; Roy, S.; Parent, J.L.; Arsenault, D.; Harper, K.; Dubois, C.M. Hypoxia-induced
mobilization of NHE6 to the plasma membrane triggers endosome hyperacidification and chemoresistance. Nat. Commun. 2017,
8, 15884. [CrossRef]

68. Lucien, F.; Lavoie, R.R.; Dubois, C.M. Targeting endosomal pH for cancer chemotherapy. Mol. Cell. Oncol. 2018, 5, e1435184.
[CrossRef]

https://doi.org/10.1002/jmri.10181
https://www.ncbi.nlm.nih.gov/pubmed/12353258
https://doi.org/10.1002/(SICI)1522-2594(199904)41:4&lt;743::AID-MRM13&gt;3.0.CO;2-Z
https://doi.org/10.1007/s002800000157
https://doi.org/10.1021/acsabm.9b01143
https://doi.org/10.1021/acsami.0c16576
https://www.ncbi.nlm.nih.gov/pubmed/33689289
https://doi.org/10.3109/00016345309157588
https://www.ncbi.nlm.nih.gov/pubmed/13263919
https://doi.org/10.1016/S0140-6736(66)92598-0
https://doi.org/10.1038/sj.bjc.6601766
https://doi.org/10.1021/acsami.6b03505
https://www.ncbi.nlm.nih.gov/pubmed/27159350
https://doi.org/10.2967/jnumed.109.068981
https://doi.org/10.1016/j.jconrel.2013.02.026
https://www.ncbi.nlm.nih.gov/pubmed/23474033
https://doi.org/10.1021/acsnano.7b07583
https://www.ncbi.nlm.nih.gov/pubmed/29505236
https://doi.org/10.1016/j.ejpb.2018.05.034
https://www.ncbi.nlm.nih.gov/pubmed/29859281
https://doi.org/10.1126/science.1070200
https://doi.org/10.1038/mtna.2012.14
https://doi.org/10.1155/2017/6971297
https://doi.org/10.2147/IJN.S42440
https://doi.org/10.1007/s10555-020-09870-1
https://doi.org/10.1073/pnas.0701458104
https://www.ncbi.nlm.nih.gov/pubmed/17379663
https://doi.org/10.1073/pnas.0914140107
https://www.ncbi.nlm.nih.gov/pubmed/20080552
https://doi.org/10.1016/j.addr.2019.08.004
https://www.ncbi.nlm.nih.gov/pubmed/31419450
https://doi.org/10.1007/s13277-015-3392-4
https://www.ncbi.nlm.nih.gov/pubmed/25835977
https://doi.org/10.1016/S0021-9258(19)34037-2
https://www.ncbi.nlm.nih.gov/pubmed/1690732
https://doi.org/10.1038/ncomms7289
https://doi.org/10.1038/ncomms15884
https://doi.org/10.1080/23723556.2018.1435184


Pharmaceutics 2023, 15, 1482 35 of 39

69. Fan, S.H.; Numata, Y.; Numata, M. Endosomal Na+/H+ exchanger NHE5 influences MET recycling and cell migration. Mol. Biol.
Cell 2016, 27, 702–715. [CrossRef]

70. Chen, Q.R.; Zhang, L.; Luther, P.W.; Mixson, A.J. Optimal transfection with the HK polymer depends on its degree of branching
and the pH of endocytic vesicles. Nucleic Acids Res. 2002, 30, 1338–1345. [CrossRef]

71. Andrian, T.; Riera, R.; Pujals, S.; Albertazzi, L. Nanoscopy for endosomal escape quantification. Nanoscale Adv. 2021, 3, 10–23.
[CrossRef] [PubMed]

72. Vermeulen, L.M.P.; Brans, T.; De Smedt, S.C.; Remaut, K.; Braeckmans, K. Methodologies to investigate intracellular barriers for
nucleic acid delivery in non-viral gene therapy. Nano Today 2018, 21, 74–90. [CrossRef]

73. Wong, A.S.; Mann, S.K.; Czuba, E.; Sahut, A.; Liu, H.; Suekama, T.C.; Bickerton, T.; Johnston, A.P.; Such, G.K. Self-assembling
dual component nanoparticles with endosomal escape capability. Soft Matter 2015, 11, 2993–3002. [CrossRef] [PubMed]

74. Beach, M.A.; Teo, S.L.Y.; Chen, M.Z.; Smith, S.A.; Pouton, C.W.; Johnston, A.P.R.; Such, G.K. Quantifying the Endosomal Escape
of pH-Responsive Nanoparticles Using the Split Luciferase Endosomal Escape Quantification Assay. ACS Appl. Mater. Interfaces
2022, 14, 3653–3661. [CrossRef] [PubMed]

75. Rehman, Z.U.; Hoekstra, D.; Zuhorn, I.S. Mechanism of Polyplex- and Lipoplex-Mediated Delivery of Nucleic Acids: Real-Time
Visualization of Transient Membrane Destabilization without Endosomal Lysis. ACS Nano 2013, 7, 3767–3777. [CrossRef]

76. Raghunand, N.; He, X.; van Sluis, R.; Mahoney, B.; Baggett, B.; Taylor, C.W.; Paine-Murrieta, G.; Roe, D.; Bhujwalla, Z.M.; Gillies,
R.J. Enhancement of chemotherapy by manipulation of tumour pH. Br. J. Cancer 1999, 80, 1005–1011. [CrossRef]

77. Midoux, P.; Monsigny, M. Efficient gene transfer by histidylated polylysine/pDNA complexes. Bioconjug. Chem. 1999, 10, 406–411.
[CrossRef]

78. Chen, Q.R.; Zhang, L.; Stass, S.A.; Mixson, A.J. Co-polymer of histidine and lysine markedly enhances transfection efficiency of
liposomes. Gene Ther. 2000, 7, 1698–1705. [CrossRef]

79. Deirram, N.; Zhang, C.; Kermaniyan, S.S.; Johnston, A.P.R.; Such, G.K. pH-Responsive Polymer Nanoparticles for Drug Delivery.
Macromol. Rapid Commun. 2019, 40, e1800917. [CrossRef]

80. Zhuo, S.; Zhang, F.; Yu, J.; Zhang, X.; Yang, G.; Liu, X. pH-Sensitive Biomaterials for Drug Delivery. Molecules 2020, 25, 5649.
[CrossRef]

81. Lee, C.C.; Gillies, E.R.; Fox, M.E.; Guillaudeu, S.J.; Frechet, J.M.; Dy, E.E.; Szoka, F.C. A single dose of doxorubicin-functionalized
bow-tie dendrimer cures mice bearing C-26 colon carcinomas. Proc. Natl. Acad. Sci. USA 2006, 103, 16649–16654. [CrossRef]
[PubMed]

82. Talelli, M.; Iman, M.; Rijcken, C.J.; van Nostrum, C.F.; Hennink, W.E. Targeted core-crosslinked polymeric micelles with controlled
release of covalently entrapped doxorubicin. J. Control. Release 2010, 148, e121–e122. [CrossRef] [PubMed]

83. Talelli, M.; Iman, M.; Varkouhi, A.K.; Rijcken, C.J.; Schiffelers, R.M.; Etrych, T.; Ulbrich, K.; van Nostrum, C.F.; Lammers, T.;
Storm, G.; et al. Core-crosslinked polymeric micelles with controlled release of covalently entrapped doxorubicin. Biomaterials
2010, 31, 7797–7804. [CrossRef]

84. Liu, C.; Liu, F.; Feng, L.; Li, M.; Zhang, J.; Zhang, N. The targeted co-delivery of DNA and doxorubicin to tumor cells via
multifunctional PEI-PEG based nanoparticles. Biomaterials 2013, 34, 2547–2564. [CrossRef] [PubMed]

85. Wuang, S.C.; Neoh, K.G.; Kang, E.T.; Leckband, D.E.; Pack, D.W. Acid-Sensitive Magnetic Nanoparticles as Potential Drug Depots.
AIChE J. 2011, 57, 1638–1645. [CrossRef]

86. Etrych, T.; Jelinkova, M.; Rihova, B.; Ulbrich, K. New HPMA copolymers containing doxorubicin bound via pH-sensitive linkage:
Synthesis and preliminary in vitro and in vivo biological properties. J. Control. Release 2001, 73, 89–102. [CrossRef]

87. Liu, Z.; Chen, X. Simple bioconjugate chemistry serves great clinical advances: Albumin as a versatile platform for diagnosis and
precision therapy. Chem. Soc. Rev. 2016, 45, 1432–1456. [CrossRef]

88. Yang, Y.; Li, X.; Song, J.; Li, L.; Ye, Q.; Zuo, S.; Liu, T.; Dong, F.; Liu, X.; He, Z.; et al. Structure–Activity Relationship of pH-Sensitive
Doxorubicin-Fatty Acid Prodrug Albumin Nanoparticles. Nano Lett. 2023, 23, 1530–1538. [CrossRef]

89. Zhang, Y.; Yang, C.; Wang, W.; Liu, J.; Liu, Q.; Huang, F.; Chu, L.; Gao, H.; Li, C.; Kong, D.; et al. Co-delivery of doxorubicin and
curcumin by pH-sensitive prodrug nanoparticle for combination therapy of cancer. Sci. Rep. 2016, 6, 21225. [CrossRef]

90. Zhang, P.; Ye, J.; Liu, E.; Sun, L.; Zhang, J.; Lee, S.-J.; Gong, J.; He, H.; Yang, V.C. Aptamer-coded DNA nanoparticles for targeted
doxorubicin delivery using pH-sensitive spacer. Front. Chem. Sci. Eng. 2017, 11, 529–536. [CrossRef]

91. Liu, Z.; Balasubramanian, V.; Bhat, C.; Vahermo, M.; Makila, E.; Kemell, M.; Fontana, F.; Janoniene, A.; Petrikaite, V.; Salonen, J.;
et al. Quercetin-Based Modified Porous Silicon Nanoparticles for Enhanced Inhibition of Doxorubicin-Resistant Cancer Cells.
Adv. Healthc. Mater. 2017, 6, 1601009. [CrossRef] [PubMed]

92. Liu, H.-N.; Guo, N.-N.; Wang, T.-T.; Guo, W.-W.; Lin, M.-T.; Huang-Fu, M.-Y.; Vakili, M.R.; Xu, W.-H.; Chen, J.-J.; Wei, Q.-C.;
et al. Mitochondrial Targeted Doxorubicin-Triphenylphosphonium Delivered by Hyaluronic Acid Modified and pH Responsive
Nanocarriers to Breast Tumor: In Vitro and in Vivo Studies. Mol. Pharm. 2018, 15, 882–891. [CrossRef]

93. Lei, M.; Chen, G.; Zhang, M.; Lei, J.; Li, T.; Li, D.; Zheng, H. A pH-sensitive drug delivery system based on hyaluronic acid
co-deliver doxorubicin and aminoferrocene for the combined application of chemotherapy and chemodynamic therapy. Colloids
Surf. B Biointerfaces 2021, 203, 111750. [CrossRef] [PubMed]

94. Yang, F.; Teves, S.S.; Kemp, C.J.; Henikoff, S. Doxorubicin, DNA torsion, and chromatin dynamics. Biochim. Biophys Acta 2014,
1845, 84–89. [CrossRef] [PubMed]

https://doi.org/10.1091/mbc.E15-04-0257
https://doi.org/10.1093/nar/30.6.1338
https://doi.org/10.1039/D0NA00454E
https://www.ncbi.nlm.nih.gov/pubmed/36131870
https://doi.org/10.1016/j.nantod.2018.06.007
https://doi.org/10.1039/C5SM00082C
https://www.ncbi.nlm.nih.gov/pubmed/25731820
https://doi.org/10.1021/acsami.1c18359
https://www.ncbi.nlm.nih.gov/pubmed/34964593
https://doi.org/10.1021/nn3049494
https://doi.org/10.1038/sj.bjc.6690455
https://doi.org/10.1021/bc9801070
https://doi.org/10.1038/sj.gt.3301294
https://doi.org/10.1002/marc.201800917
https://doi.org/10.3390/molecules25235649
https://doi.org/10.1073/pnas.0607705103
https://www.ncbi.nlm.nih.gov/pubmed/17075050
https://doi.org/10.1016/j.jconrel.2010.07.092
https://www.ncbi.nlm.nih.gov/pubmed/21529592
https://doi.org/10.1016/j.biomaterials.2010.07.005
https://doi.org/10.1016/j.biomaterials.2012.12.038
https://www.ncbi.nlm.nih.gov/pubmed/23332321
https://doi.org/10.1002/aic.12373
https://doi.org/10.1016/S0168-3659(01)00281-4
https://doi.org/10.1039/C5CS00158G
https://doi.org/10.1021/acs.nanolett.2c04976
https://doi.org/10.1038/srep21225
https://doi.org/10.1007/s11705-017-1645-z
https://doi.org/10.1002/adhm.201601009
https://www.ncbi.nlm.nih.gov/pubmed/27943644
https://doi.org/10.1021/acs.molpharmaceut.7b00793
https://doi.org/10.1016/j.colsurfb.2021.111750
https://www.ncbi.nlm.nih.gov/pubmed/33862573
https://doi.org/10.1016/j.bbcan.2013.12.002
https://www.ncbi.nlm.nih.gov/pubmed/24361676


Pharmaceutics 2023, 15, 1482 36 of 39

95. Boyacioglu, O.; Stuart, C.H.; Kulik, G.; Gmeiner, W.H. Dimeric DNA Aptamer Complexes for High-capacity-targeted Drug
Delivery Using pH-sensitive Covalent Linkages. Mol. Ther. Nucleic Acids 2013, 2, e107. [CrossRef] [PubMed]

96. Tran, V.A.; Lee, S.-W. pH-triggered degradation and release of doxorubicin from zeolitic imidazolate framework-8 (ZIF8) decorated
with polyacrylic acid. RSC Adv. 2021, 11, 9222–9234. [CrossRef]

97. Liu, J.; Zhang, S.; Hu, Y.; Yang, Z.; Li, J.; Liu, X.; Deng, L.; Wang, Y.; Zhang, X.; Jiang, T. Targeting PD-1 and Tim-3 pathways to
reverse CD8 T-cell exhaustion and enhance ex vivo T-cell responses to autologous dendritic/tumor vaccines. J. Immunother. 2016,
39, 171–180. [CrossRef]

98. Kowalczyk, A.; Kasprzak, A.; Poplawska, M.; Ruzycka, M.; Grudzinski, I.P.; Nowicka, A.M. Controlled Drug Release and
Cytotoxicity Studies of Beta-Lapachone and Doxorubicin Loaded into Cyclodextrins Attached to a Polyethyleneimine Matrix. Int.
J. Mol. Sci. 2020, 21, 5832. [CrossRef]

99. Hailing, Y.; Xiufang, L.; Lili, W.; Baoqiang, L.; Kaichen, H.; Yongquan, H.; Qianqian, Z.; Chaoming, M.; Xiaoshuai, R.; Rui, Z.; et al.
Doxorubicin-loaded fluorescent carbon dots with PEI passivation as a drug delivery system for cancer therapy. Nanoscale 2020,
12, 17222–17237. [CrossRef]

100. Charbgoo, F.; Alibolandi, M.; Taghdisi, S.M.; Abnous, K.; Soltani, F.; Ramezani, M. MUC1 aptamer-targeted DNA micelles for
dual tumor therapy using doxorubicin and KLA peptide. Nanomedicine 2018, 14, 685–697. [CrossRef]

101. Chou, S.T.; Hom, K.; Zhang, D.; Leng, Q.; Tricoli, L.J.; Hustedt, J.M.; Lee, A.; Shapiro, M.J.; Seog, J.; Kahn, J.D.; et al. Enhanced
silencing and stabilization of siRNA polyplexes by histidine-mediated hydrogen bonds. Biomaterials 2014, 35, 846–855. [CrossRef]
[PubMed]

102. Yildirim, T.; Traeger, A.; Sungur, P.; Hoeppener, S.; Kellner, C.; Yildirim, I.; Pretzel, D.; Schubert, S.; Schubert, U.S. Polymersomes
with Endosomal pH-Induced Vesicle-to-Micelle Morphology Transition and a Potential Application for Controlled Doxorubicin
Delivery. Biomacromolecules 2017, 18, 3280–3290. [CrossRef] [PubMed]

103. Liang, K.; Richardson, J.J.; Ejima, H.; Such, G.K.; Cui, J.; Caruso, F. Peptide-tunable drug cytotoxicity via one-step assembled
polymer nanoparticles. Adv. Mater. 2014, 26, 2398–2402. [CrossRef] [PubMed]

104. Yang, C.; Xue, Z.; Liu, Y.; Xiao, J.; Chen, J.; Zhang, L.; Guo, J.; Lin, W. Delivery of anticancer drug using pH-sensitive micelles
from triblock copolymer MPEG-b-PBAE-b-PLA. Mater. Sci. Eng. C 2018, 84, 254–262. [CrossRef]

105. Lee, E.S.; Shin, H.J.; Na, K.; Bae, Y.H. Poly(L-histidine)-PEG block copolymer micelles and pH-induced destabilization. J. Control.
Release 2003, 90, 363–374. [CrossRef]

106. Samiei Foroushani, M.; Niroumand, N.; Karimi Shervedani, R.; Yaghoobi, F.; Kefayat, A.; Torabi, M. A theranostic system
based on nanocomposites of manganese oxide nanoparticles and a pH sensitive polymer: Preparation, and physicochemical
characterization. Bioelectrochemistry 2019, 130, 107347. [CrossRef]

107. Patchornik, A.; Berger, A.; Katchalski, E. Poly-L-histidine. J. Am. Chem. Soc. 1957, 79, 5227–5236. [CrossRef]
108. Curtis, K.A.; Miller, D.; Millard, P.; Basu, S.; Horkay, F.; Chandran, P.L. Unusual Salt and pH Induced Changes in Polyethylenimine

Solutions. PLoS ONE 2016, 11, e0158147. [CrossRef]
109. Ziebarth, J.D.; Wang, Y. Understanding the protonation behavior of linear polyethylenimine in solutions through Monte Carlo

simulations. Biomacromolecules 2010, 11, 29–38. [CrossRef]
110. Zhu, L.; Powell, S.; Boyes, S.G. Synthesis of tertiary amine-based pH-responsive polymers by RAFT Polymerization. J. Polym. Sci.

Part A Polym. Chem. 2015, 53, 1010–1022. [CrossRef]
111. von Harpe, A.; Petersen, H.; Li, Y.; Kissel, T. Characterization of commercially available and synthesized polyethylenimines for

gene delivery. J. Control. Release 2000, 69, 309–322. [CrossRef] [PubMed]
112. Zhang, L.; Zhang, C.; Gu, X.; Wang, G. Self-assembly, pH-responsibility and controlled release of doxorubicin of PDEAEMA-PEG-

PDEAEMA triblock copolymers: Effects of PEG length. J. Polym. Res. 2021, 28, 175. [CrossRef]
113. Putnam, D.; Zelikin, A.N.; Izumrudov, V.A.; Langer, R. Polyhistidine-PEG:DNA nanocomposites for gene delivery. Biomaterials

2003, 24, 4425–4433. [CrossRef] [PubMed]
114. Lynn, D.M.; Langer, R. Degradable Poly(β-amino esters): Synthesis, Characterization, and Self-Assembly with Plasmid DNA. J.

Am. Chem. Soc. 2000, 122, 10761–10768. [CrossRef]
115. Kim, M.S.; Hwang, S.J.; Han, J.K.; Choi, E.K.; Park, H.J.; Kim, J.S.; Lee, D.S. pH-Responsive PEG-Poly(β-amino ester) Block

Copolymer Micelles with a Sharp Transition. Macromol. Rapid Commun. 2006, 27, 447–451. [CrossRef]
116. Zhao, S.; Tan, S.; Guo, Y.; Huang, J.; Chu, M.; Liu, H.; Zhang, Z. pH-sensitive docetaxel-loaded D-alpha-tocopheryl polyethylene

glycol succinate-poly(beta-amino ester) copolymer nanoparticles for overcoming multidrug resistance. Biomacromolecules 2013, 14,
2636–2646. [CrossRef]

117. Shenoy, D.; Little, S.; Langer, R.; Amiji, M. Poly(ethylene oxide)-modified poly(beta-amino ester) nanoparticles as a pH-sensitive
system for tumor-targeted delivery of hydrophobic drugs. 1. In vitro evaluations. Mol. Pharm. 2005, 2, 357–366. [CrossRef]

118. Chen, Q.; Li, S.; Feng, Z.; Wang, M.; Cai, C.; Wang, J.; Zhang, L. Poly(2-(diethylamino)ethyl methacrylate)-based, pH-responsive,
copolymeric mixed micelles for targeting anticancer drug control release. Int. J. Nanomed. 2017, 12, 6857–6870. [CrossRef]

119. Feng, J.; Wen, W.; Jia, Y.-G.; Liu, S.; Guo, J. pH-Responsive Micelles Assembled by Three-Armed Degradable Block Copolymers
with a Cholic Acid Core for Drug Controlled-Release. Polymers 2019, 11, 511. [CrossRef]

120. Kongkatigumjorn, N.; Smith, S.A.; Chen, M.; Fang, K.; Yang, S.; Gillies, E.R.; Johnston, A.P.R.; Such, G.K. Controlling Endosomal
Escape Using pH-Responsive Nanoparticles with Tunable Disassembly. ACS Appl. Nano Mater. 2018, 1, 3164–3173. [CrossRef]

https://doi.org/10.1038/mtna.2013.37
https://www.ncbi.nlm.nih.gov/pubmed/23860551
https://doi.org/10.1039/D0RA10423J
https://doi.org/10.1097/CJI.0000000000000122
https://doi.org/10.3390/ijms21165832
https://doi.org/10.1039/D0NR01236J
https://doi.org/10.1016/j.nano.2017.12.010
https://doi.org/10.1016/j.biomaterials.2013.10.019
https://www.ncbi.nlm.nih.gov/pubmed/24161165
https://doi.org/10.1021/acs.biomac.7b00931
https://www.ncbi.nlm.nih.gov/pubmed/28809539
https://doi.org/10.1002/adma.201305002
https://www.ncbi.nlm.nih.gov/pubmed/24375889
https://doi.org/10.1016/j.msec.2017.12.003
https://doi.org/10.1016/S0168-3659(03)00205-0
https://doi.org/10.1016/j.bioelechem.2019.107347
https://doi.org/10.1021/ja01576a043
https://doi.org/10.1371/journal.pone.0158147
https://doi.org/10.1021/bm900842d
https://doi.org/10.1002/pola.27529
https://doi.org/10.1016/S0168-3659(00)00317-5
https://www.ncbi.nlm.nih.gov/pubmed/11064137
https://doi.org/10.1007/s10965-021-02532-y
https://doi.org/10.1016/S0142-9612(03)00341-7
https://www.ncbi.nlm.nih.gov/pubmed/12922153
https://doi.org/10.1021/ja0015388
https://doi.org/10.1002/marc.200500769
https://doi.org/10.1021/bm4005113
https://doi.org/10.1021/mp0500420
https://doi.org/10.2147/IJN.S143927
https://doi.org/10.3390/polym11030511
https://doi.org/10.1021/acsanm.8b00338


Pharmaceutics 2023, 15, 1482 37 of 39

121. Car, A.; Baumann, P.; Duskey, J.T.; Chami, M.; Bruns, N.; Meier, W. pH-responsive PDMS-b-PDMAEMA micelles for intracellular
anticancer drug delivery. Biomacromolecules 2014, 15, 3235–3245. [CrossRef] [PubMed]

122. Sun, Y.; Li, Y.; Nan, S.; Zhang, L.; Huang, H.; Wang, J. Synthesis and characterization of pH-sensitive poly(itaconic acid)-
poly(ethylene glycol)-folate-poly(l-histidine) micelles for enhancing tumor therapy and tunable drug release. J. Colloid Interface
Sci. 2015, 458, 119–129. [CrossRef] [PubMed]

123. Swetha, K.L.; Maravajjala, K.S.; Sharma, S.; Chowdhury, R.; Roy, A. Development of a tumor extracellular pH-responsive
nanocarrier by terminal histidine conjugation in a star shaped poly(lactic-co-glycolic acid). Eur. Polym. J. 2021, 147, 110337.
[CrossRef]

124. Davoodi, P.; Srinivasan, M.P.; Wang, C.H. Synthesis of intracellular reduction-sensitive amphiphilic polyethyleneimine and
poly(epsilon-caprolactone) graft copolymer for on-demand release of doxorubicin and p53 plasmid DNA. Acta Biomater. 2016, 39,
79–93. [CrossRef]

125. Zhang, C.G.; Zhu, W.J.; Liu, Y.; Yuan, Z.Q.; Yang, S.D.; Chen, W.L.; Li, J.Z.; Zhou, X.F.; Liu, C.; Zhang, X.N. Novel polymer
micelle mediated co-delivery of doxorubicin and P-glycoprotein siRNA for reversal of multidrug resistance and synergistic tumor
therapy. Sci. Rep. 2016, 6, 23859. [CrossRef]

126. Shen, J.; Yin, Q.; Chen, L.; Zhang, Z.; Li, Y. Co-delivery of paclitaxel and survivin shRNA by pluronic P85-PEI/TPGS complex
nanoparticles to overcome drug resistance in lung cancer. Biomaterials 2012, 33, 8613–8624. [CrossRef]

127. Shen, J.; Sun, H.; Xu, P.; Yin, Q.; Zhang, Z.; Wang, S.; Yu, H.; Li, Y. Simultaneous inhibition of metastasis and growth of breast
cancer by co-delivery of twist shRNA and paclitaxel using pluronic P85-PEI/TPGS complex nanoparticles. Biomaterials 2013, 34,
1581–1590. [CrossRef]

128. Chen, W.; Yuan, Y.; Cheng, D.; Chen, J.; Wang, L.; Shuai, X. Co-delivery of doxorubicin and siRNA with reduction and pH dually
sensitive nanocarrier for synergistic cancer therapy. Small 2014, 10, 2678–2687. [CrossRef]

129. Gao, Y.; Jia, L.; Wang, Q.; Hu, H.; Zhao, X.; Chen, D.; Qiao, M. pH/Redox Dual-Responsive Polyplex with Effective Endosomal
Escape for Codelivery of siRNA and Doxorubicin against Drug-Resistant Cancer Cells. ACS Appl. Mater. Interfaces 2019, 11,
16296–16310. [CrossRef]

130. Zhao, G.; Zhang, H. Notch-1 siRNA and Methotrexate towards a Multifunctional Approach in Rhematoid Arthritis Management:
A Nanomedicine Approach. Pharm. Res. 2018, 35, 123. [CrossRef]

131. Diaz, I.L.; Sierra, C.A.; Jérôme, V.; Freitag, R.; Perez, L.D. Target grafting of poly(2-(dimethylamino)ethyl methacrylate) to
biodegradable block copolymers. J. Polym. Sci. 2020, 58, 2168–2180. [CrossRef]

132. Lee, E.S.; Na, K.; Bae, Y.H. Polymeric micelle for tumor pH and folate-mediated targeting. J. Control. Release 2003, 91, 103–113.
[CrossRef] [PubMed]

133. Gao, Z.G.; Lee, D.H.; Kim, D.I.; Bae, Y.H. Doxorubicin loaded pH-sensitive micelle targeting acidic extracellular pH of human
ovarian A2780 tumor in mice. J. Drug Target. 2005, 13, 391–397. [CrossRef]

134. Lee, E.S.; Na, K.; Bae, Y.H. Doxorubicin loaded pH-sensitive polymeric micelles for reversal of resistant MCF-7 tumor. J. Control.
Release 2005, 103, 405–418. [CrossRef]

135. Lee, E.S.; Oh, K.T.; Kim, D.; Youn, Y.S.; Bae, Y.H. Tumor pH-responsive flower-like micelles of poly(L-lactic acid)-b-poly(ethylene
glycol)-b-poly(L-histidine). J. Control. Release 2007, 123, 19–26. [CrossRef] [PubMed]

136. Liu, R.; Li, D.; He, B.; Xu, X.; Sheng, M.; Lai, Y.; Wang, G.; Gu, Z. Anti-tumor drug delivery of pH-sensitive poly(ethylene
glycol)-poly(L-histidine-)-poly(L-lactide) nanoparticles. J. Control. Release 2011, 152, 49–56. [CrossRef]

137. Li, Z.; Qiu, L.; Chen, Q.; Hao, T.; Qiao, M.; Zhao, H.; Zhang, J.; Hu, H.; Zhao, X.; Chen, D.; et al. pH-sensitive nanoparticles of
poly(L-histidine)-poly(lactide-co-glycolide)-tocopheryl polyethylene glycol succinate for anti-tumor drug delivery. Acta Biomater.
2015, 11, 137–150. [CrossRef]

138. Jia, L.; Jia, N.; Gao, Y.; Hu, H.; Zhao, X.; Chen, D.; Qiao, M. Multi-Modulation of Doxorubicin Resistance in Breast Cancer Cells by
Poly(l-histidine)-Based Multifunctional Micelles. Pharmaceutics 2019, 11, 385. [CrossRef]

139. Johnson, R.P.; Jeong, Y.I.; Choi, E.; Chung, C.W.; Kang, D.H.; Oh, S.O.; Suh, H.; Kim, I. Biocompatible Poly (2-hydroxyethyl
methacrylate)-b-poly(L-histidine) Hybrid Materials for pH-Sensitive Intracellular Anticancer Drug Delivery. Adv. Funct. Mater.
2012, 22, 1058–1068. [CrossRef]

140. Johnson, R.P.; Uthaman, S.; John, J.V.; Lee, H.R.; Lee, S.J.; Park, H.; Park, I.-K.; Suh, H.; Kim, I. Poly(PEGA)-b-poly(l-lysine)-b-
poly(l-histidine) Hybrid Vesicles for Tumoral pH-Triggered Intracellular Delivery of Doxorubicin Hydrochloride. ACS Appl.
Mater. Interfaces 2015, 7, 21770–21779. [CrossRef]

141. Hwang, J.H.; Choi, C.W.; Kim, H.W.; Kim, D.H.; Kwak, T.W.; Lee, H.M.; Kim, C.H.; Chung, C.W.; Jeong, Y.I.; Kang, D.H.
Dextran-b-poly(L-histidine) copolymer nanoparticles for ph-responsive drug delivery to tumor cells. Int. J. Nanomed. 2013, 8,
3197–3207. [CrossRef]

142. Wang, Y.; Li, P.; Chen, F.; Jia, L.; Xu, Q.; Gai, X.; Yu, Y.; Di, Y.; Zhu, Z.; Liang, Y.; et al. A novel pH-sensitive carrier for the delivery
of antitumor drugs: Histidine-modified auricularia auricular polysaccharide nano-micelles. Sci. Rep. 2017, 7, 4751. [CrossRef]

143. Kim, G.M.; Bae, Y.H.; Jo, W.H. pH-induced Micelle Formation of Poly(histidine-co-phenylalanine)-block-Poly(ethylene glycol) in
Aqueous Media. Macromol. Biosci. 2005, 5, 1118–1124. [CrossRef]

144. Wu, H.; Zhu, L.; Torchilin, V.P. pH-sensitive poly(histidine)-PEG/DSPE-PEG co-polymer micelles for cytosolic drug delivery.
Biomaterials 2013, 34, 1213–1222. [CrossRef] [PubMed]

https://doi.org/10.1021/bm500919z
https://www.ncbi.nlm.nih.gov/pubmed/25068477
https://doi.org/10.1016/j.jcis.2015.07.008
https://www.ncbi.nlm.nih.gov/pubmed/26210102
https://doi.org/10.1016/j.eurpolymj.2021.110337
https://doi.org/10.1016/j.actbio.2016.05.003
https://doi.org/10.1038/srep23859
https://doi.org/10.1016/j.biomaterials.2012.08.007
https://doi.org/10.1016/j.biomaterials.2012.10.057
https://doi.org/10.1002/smll.201303951
https://doi.org/10.1021/acsami.9b02016
https://doi.org/10.1007/s11095-018-2401-x
https://doi.org/10.1002/pol.20200204
https://doi.org/10.1016/S0168-3659(03)00239-6
https://www.ncbi.nlm.nih.gov/pubmed/12932642
https://doi.org/10.1080/10611860500376741
https://doi.org/10.1016/j.jconrel.2004.12.018
https://doi.org/10.1016/j.jconrel.2007.08.006
https://www.ncbi.nlm.nih.gov/pubmed/17826863
https://doi.org/10.1016/j.jconrel.2011.02.031
https://doi.org/10.1016/j.actbio.2014.09.014
https://doi.org/10.3390/pharmaceutics11080385
https://doi.org/10.1002/adfm.201102756
https://doi.org/10.1021/acsami.5b05338
https://doi.org/10.2147/IJN.S49459
https://doi.org/10.1038/s41598-017-04428-8
https://doi.org/10.1002/mabi.200500121
https://doi.org/10.1016/j.biomaterials.2012.08.072
https://www.ncbi.nlm.nih.gov/pubmed/23102622


Pharmaceutics 2023, 15, 1482 38 of 39

145. Tsai, H.C.; Chang, W.H.; Lo, C.L.; Tsai, C.H.; Chang, C.H.; Ou, T.W.; Yen, T.C.; Hsiue, G.H. Graft and diblock copolymer
multifunctional micelles for cancer chemotherapy and imaging. Biomaterials 2010, 31, 2293–2301. [CrossRef] [PubMed]

146. Yang, S.R.; Lee, H.J.; Kim, J.D. Histidine-conjugated poly(amino acid) derivatives for the novel endosomolytic delivery carrier of
doxorubicin. J. Control. Release 2006, 114, 60–68. [CrossRef] [PubMed]

147. Qiu, L.; Li, Z.; Qiao, M.; Long, M.; Wang, M.; Zhang, X.; Tian, C.; Chen, D. Self-assembled pH-responsive hyaluronic acid-g-
poly((L)-histidine) copolymer micelles for targeted intracellular delivery of doxorubicin. Acta Biomater. 2014, 10, 2024–2035.
[CrossRef]

148. Wu, J.-L.; Liu, C.-G.; Wang, X.-L.; Huang, Z.-H. Preparation and characterization of nanoparticles based on histidine–hyaluronic
acid conjugates as doxorubicin carriers. J. Mater. Sci. Mater. Med. 2012, 23, 1921–1929. [CrossRef] [PubMed]

149. Chou, S.T.; Leng, Q.; Scaria, P.; Woodle, M.; Mixson, A.J. Selective modification of HK peptides enhances siRNA silencing of
tumor targets in vivo. Cancer Gene Ther. 2011, 18, 707–716. [CrossRef]

150. He, J.; Xu, S.; Mixson, A.J. The Multifaceted Histidine-Based Carriers for Nucleic Acid Delivery: Advances and Challenges.
Pharmaceutics 2020, 12, 774. [CrossRef]

151. Imtiyaz, Z.; He, J.; Leng, Q.; Agrawal, A.K.; Mixson, A.J. pH-Sensitive Targeting of Tumors with Chemotherapy-Laden Nanoparti-
cles: Progress and Challenges. Pharmaceutics 2022, 14, 2427. [CrossRef] [PubMed]

152. Nilsen-Nygaard, J.; Strand, S.P.; Vårum, K.M.; Draget, K.I.; Nordgård, C.T. Chitosan: Gels and Interfacial Properties. Polymers
2015, 7, 552–579. [CrossRef]

153. Zhu, W.J.; Yang, S.D.; Qu, C.X.; Zhu, Q.L.; Chen, W.L.; Li, F.; Yuan, Z.Q.; Liu, Y.; You, B.G.; Zhang, X.N. Low-density lipoprotein-
coupled micelles with reduction and pH dual sensitivity for intelligent co-delivery of paclitaxel and siRNA to breast tumor. Int. J.
Nanomed. 2017, 12, 3375–3393. [CrossRef] [PubMed]

154. Cummings, N.A.; Nordby, G.L. Measurement of synovial fluid pH in normal and arthritic knees. Arthritis Rheum 1966, 9, 47–56.
[CrossRef]

155. Rajamaki, K.; Nordstrom, T.; Nurmi, K.; Akerman, K.E.; Kovanen, P.T.; Oorni, K.; Eklund, K.K. Extracellular acidosis is a novel
danger signal alerting innate immunity via the NLRP3 inflammasome. J. Biol. Chem. 2013, 288, 13410–13419. [CrossRef] [PubMed]

156. Kodama, Y.; Noda, R.; Sato, K.; Harasawa, H.; Kurosaki, T.; Nakagawa, H.; Nakamura, T.; Kitahara, T.; Muro, T.; Sasaki, H.
Methotrexate-Coated Complexes of Plasmid DNA and Polyethylenimine for Gene Delivery. Biol. Pharm. Bull. 2018, 41, 1537–1542.
[CrossRef] [PubMed]

157. Ma, B.; Zhuang, W.; Wang, Y.; Luo, R.; Wang, Y. pH-sensitive doxorubicin-conjugated prodrug micelles with charge-conversion
for cancer therapy. Acta Biomater. 2018, 70, 186–196. [CrossRef]

158. Qiu, L.; Hong, C.Y.; Pan, C.Y. Doxorubicin-loaded aromatic imine-contained amphiphilic branched star polymer micelles:
Synthesis, self-assembly, and drug delivery. Int. J. Nanomed. 2015, 10, 3623–3640. [CrossRef]

159. Bachelder, E.M.; Beaudette, T.T.; Broaders, K.E.; Dashe, J.; Frechet, J.M. Acetal-derivatized dextran: An acid-responsive biodegrad-
able material for therapeutic applications. J. Am. Chem. Soc. 2008, 130, 10494–10495. [CrossRef]

160. Li, J.; Zhang, X.; Zhao, M.; Wu, L.; Luo, K.; Pu, Y.; He, B. Tumor-pH-Sensitive PLLA-Based Microsphere with Acid Cleavable
Acetal Bonds on the Backbone for Efficient Localized Chemotherapy. Biomacromolecules 2018, 19, 3140–3148. [CrossRef]

161. Zhao, N.; Woodle, M.C.; Mixson, A.J. Advances in delivery systems for doxorubicin. J. Nanomed. Nanotechnol. 2018, 9, 519.
[CrossRef] [PubMed]

162. Deng, H.; Liu, J.; Zhao, X.; Zhang, Y.; Liu, J.; Xu, S.; Deng, L.; Dong, A.; Zhang, J. PEG-b-PCL Copolymer Micelles with the Ability
of pH-Controlled Negative-to-Positive Charge Reversal for Intracellular Delivery of Doxorubicin. Biomacromolecules 2014, 15,
4281–4292. [CrossRef] [PubMed]

163. Gu, Y.; Zhong, Y.; Meng, F.; Cheng, R.; Deng, C.; Zhong, Z. Acetal-linked paclitaxel prodrug micellar nanoparticles as a versatile
and potent platform for cancer therapy. Biomacromolecules 2013, 14, 2772–2780. [CrossRef] [PubMed]

164. Liu, P.; Wu, Q.; Li, Y.; Li, P.; Yuan, J.; Meng, X.; Xiao, Y. DOX-Conjugated keratin nanoparticles for pH-Sensitive drug delivery.
Colloids Surf B Biointerfaces 2019, 181, 1012–1018. [CrossRef]

165. Feng, T.; Ai, X.; An, G.; Yang, P.; Zhao, Y. Charge-Convertible Carbon Dots for Imaging-Guided Drug Delivery with Enhanced in
Vivo Cancer Therapeutic Efficiency. ACS Nano 2016, 10, 4410–4420. [CrossRef]

166. Lee, Y.; Ishii, T.; Cabral, H.; Kim, H.J.; Seo, J.H.; Nishiyama, N.; Oshima, H.; Osada, K.; Kataoka, K. Charge-conversional polyionic
complex micelles-efficient nanocarriers for protein delivery into cytoplasm. Angew. Chem. Int. Ed. 2009, 48, 5309–5312. [CrossRef]

167. Jin, M.; Jin, G.; Kang, L.; Chen, L.; Gao, Z.; Huang, W. Smart polymeric nanoparticles with pH-responsive and PEG-detachable
properties for co-delivering paclitaxel and survivin siRNA to enhance antitumor outcomes. Int. J. Nanomed. 2018, 13, 2405–2426.
[CrossRef]

168. Miyazaki, M.; Yuba, E.; Hayashi, H.; Harada, A.; Kono, K. Hyaluronic Acid-Based pH-Sensitive Polymer-Modified Liposomes for
Cell-Specific Intracellular Drug Delivery Systems. Bioconjug. Chem. 2018, 29, 44–55. [CrossRef]

169. Alswieleh, A.M.; Beagan, A.M.; Alsheheri, B.M.; Alotaibi, K.M.; Alharthi, M.D.; Almeataq, M.S. Hybrid Mesoporous Silica
Nanoparticles Grafted with 2-(tert-butylamino)ethyl Methacrylate-b-poly(ethylene Glycol) Methyl Ether Methacrylate Diblock
Brushes as Drug Nanocarrier. Molecules 2020, 25, 195. [CrossRef]

170. Alotaibi, K.M.; Almethen, A.A.; Beagan, A.M.; Alfhaid, L.H.; Ahamed, M.; El-Toni, A.M.; Alswieleh, A.M. Poly(oligo(ethylene
glycol) methyl ether methacrylate) Capped pH-Responsive Poly(2-(diethylamino)ethyl methacrylate) Brushes Grafted on Meso-
porous Silica Nanoparticles as Nanocarrier. Polymers 2021, 13, 823. [CrossRef]

https://doi.org/10.1016/j.biomaterials.2009.11.059
https://www.ncbi.nlm.nih.gov/pubmed/20042234
https://doi.org/10.1016/j.jconrel.2006.05.016
https://www.ncbi.nlm.nih.gov/pubmed/16828916
https://doi.org/10.1016/j.actbio.2013.12.025
https://doi.org/10.1007/s10856-012-4665-8
https://www.ncbi.nlm.nih.gov/pubmed/22580754
https://doi.org/10.1038/cgt.2011.40
https://doi.org/10.3390/pharmaceutics12080774
https://doi.org/10.3390/pharmaceutics14112427
https://www.ncbi.nlm.nih.gov/pubmed/36365245
https://doi.org/10.3390/polym7030552
https://doi.org/10.2147/IJN.S126310
https://www.ncbi.nlm.nih.gov/pubmed/28490877
https://doi.org/10.1002/art.1780090106
https://doi.org/10.1074/jbc.M112.426254
https://www.ncbi.nlm.nih.gov/pubmed/23530046
https://doi.org/10.1248/bpb.b18-00144
https://www.ncbi.nlm.nih.gov/pubmed/30270323
https://doi.org/10.1016/j.actbio.2018.02.008
https://doi.org/10.2147/IJN.S78355
https://doi.org/10.1021/ja803947s
https://doi.org/10.1021/acs.biomac.8b00734
https://doi.org/10.4172/2157-7439.1000519
https://www.ncbi.nlm.nih.gov/pubmed/30613436
https://doi.org/10.1021/bm501290t
https://www.ncbi.nlm.nih.gov/pubmed/25325531
https://doi.org/10.1021/bm400615n
https://www.ncbi.nlm.nih.gov/pubmed/23777504
https://doi.org/10.1016/j.colsurfb.2019.06.057
https://doi.org/10.1021/acsnano.6b00043
https://doi.org/10.1002/anie.200900064
https://doi.org/10.2147/IJN.S161426
https://doi.org/10.1021/acs.bioconjchem.7b00551
https://doi.org/10.3390/molecules25010195
https://doi.org/10.3390/polym13050823


Pharmaceutics 2023, 15, 1482 39 of 39

171. Chen, J.; Li, X.; Sun, Y.; Hu, Y.; Peng, Y.; Li, Y.; Yin, G.; Liu, H.; Xu, J.; Zhong, S. Synthesis of Size-Tunable Hollow Polypyrrole
Nanostructures and Their Assembly into Folate-Targeting and pH-Responsive Anticancer Drug-Delivery Agents. Chem. A Eur. J.
2017, 23, 17279–17289. [CrossRef] [PubMed]

172. Meyer, M.; Zintchenko, A.; Ogris, M.; Wagner, E. A dimethylmaleic acid-melittin-polylysine conjugate with reduced toxicity,
pH-triggered endosomolytic activity and enhanced gene transfer potential. J. Gene Med. 2007, 9, 797–805. [CrossRef]

173. Shen, C.L.; Liu, H.R.; Lou, Q.; Wang, F.; Liu, K.K.; Dong, L.; Shan, C.X. Recent progress of carbon dots in targeted bioimaging and
cancer therapy. Theranostics 2022, 12, 2860–2893. [CrossRef] [PubMed]

174. Yuba, E.; Tajima, N.; Yoshizaki, Y.; Harada, A.; Hayashi, H.; Kono, K. Dextran derivative-based pH-sensitive liposomes for cancer
immunotherapy. Biomaterials 2014, 35, 3091–3101. [CrossRef] [PubMed]

175. Nguyen, V.P.; Alves, D.S.; Scott, H.L.; Davis, F.L.; Barrera, F.N. A Novel Soluble Peptide with pH-Responsive Membrane Insertion.
Biochemistry 2015, 54, 6567–6575. [CrossRef]

176. Nguyen, V.P.; Palanikumar, L.; Kennel, S.J.; Alves, D.S.; Ye, Y.; Wall, J.S.; Magzoub, M.; Barrera, F.N. Mechanistic insights into the
pH-dependent membrane peptide ATRAM. J. Control. Release 2019, 298, 142–153. [CrossRef]

177. Chang, L.; Bao, H.; Yao, J.; Liu, H.; Gou, S.; Zhong, C.; Zhang, Y.; Ni, J. New designed pH-responsive histidine-rich peptides with
antitumor activity. J. Drug Target. 2021, 29, 651–659. [CrossRef]

178. Zhang, C.; Kermaniyan, S.; Smith, S.A.; Gillies, E.R.; Such, G.K. Acid-Responsive Poly(glyoxylate) Self-Immolative Star Polymers.
Biomacromolecules 2021, 22, 3892–3900. [CrossRef]

179. Yardley, R.E.; Kenaree, A.R.; Gillies, E.R. Triggering Depolymerization: Progress and Opportunities for Self-Immolative Polymers.
Macromolecules 2019, 52, 6342–6360. [CrossRef]

180. Chu, S.; Shi, X.; Tian, Y.; Gao, F. pH-Responsive Polymer Nanomaterials for Tumor Therapy. Front. Oncol. 2022, 12, 855019.
[CrossRef]

181. Maeda, H. Tumor-selective delivery of macromolecular drugs via the EPR effect: Background and future prospects. Bioconjug.
Chem. 2010, 21, 797–802. [CrossRef]

182. Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood vessels for drug delivery, factors involved,
and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63, 136–151. [CrossRef] [PubMed]

183. Shi, Y.; van der Meel, R.; Chen, X.; Lammers, T. The EPR effect and beyond: Strategies to improve tumor targeting and cancer
nanomedicine treatment efficacy. Theranostics 2020, 10, 7921–7924. [CrossRef] [PubMed]

184. Liu, X.; Jiang, J.; Meng, H. Transcytosis—An effective targeting strategy that is complementary to “EPR effect” for pancreatic
cancer nano drug delivery. Theranostics 2019, 9, 8018–8025. [CrossRef] [PubMed]

185. Huang, W.-C.; Chen, S.-H.; Chiang, W.-H.; Huang, C.-W.; Lo, C.-L.; Chern, C.-S.; Chiu, H.-C. Tumor Microenvironment-
Responsive Nanoparticle Delivery of Chemotherapy for Enhanced Selective Cellular Uptake and Transportation within Tumor.
Biomacromolecules 2016, 17, 3883–3892. [CrossRef]

186. Kinoshita, R.; Ishima, Y.; Chuang, V.T.G.; Nakamura, H.; Fang, J.; Watanabe, H.; Shimizu, T.; Okuhira, K.; Ishida, T.; Maeda, H.;
et al. Improved anticancer effects of albumin-bound paclitaxel nanoparticle via augmentation of EPR effect and albumin-protein
interactions using S-nitrosated human serum albumin dimer. Biomaterials 2017, 140, 162–169. [CrossRef]

187. Zhu, M.; Zhuang, J.; Li, Z.; Liu, Q.; Zhao, R.; Gao, Z.; Midgley, A.C.; Qi, T.; Tian, J.; Zhang, Z.; et al. Machine-learning-assisted
single-vessel analysis of nanoparticle permeability in tumour vasculatures. Nat. Nanotechnol. 2023, 1–10. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/chem.201702945
https://www.ncbi.nlm.nih.gov/pubmed/28913948
https://doi.org/10.1002/jgm.1075
https://doi.org/10.7150/thno.70721
https://www.ncbi.nlm.nih.gov/pubmed/35401835
https://doi.org/10.1016/j.biomaterials.2013.12.024
https://www.ncbi.nlm.nih.gov/pubmed/24406217
https://doi.org/10.1021/acs.biochem.5b00856
https://doi.org/10.1016/j.jconrel.2019.02.010
https://doi.org/10.1080/1061186X.2021.1873351
https://doi.org/10.1021/acs.biomac.1c00694
https://doi.org/10.1021/acs.macromol.9b00965
https://doi.org/10.3389/fonc.2022.855019
https://doi.org/10.1021/bc100070g
https://doi.org/10.1016/j.addr.2010.04.009
https://www.ncbi.nlm.nih.gov/pubmed/20441782
https://doi.org/10.7150/thno.49577
https://www.ncbi.nlm.nih.gov/pubmed/32685029
https://doi.org/10.7150/thno.38587
https://www.ncbi.nlm.nih.gov/pubmed/31754378
https://doi.org/10.1021/acs.biomac.6b00956
https://doi.org/10.1016/j.biomaterials.2017.06.021
https://doi.org/10.1038/s41565-023-01323-4

	Introduction 
	Acidic Tumor Environments 
	The Extracellular pH (pHe) of Tumors 
	pH-Regulation within Tumor Endosomes 

	PH-Sensitive Bonds 
	Covalent Bonds 
	Hydrazone Bonds 
	Imine Bonds 
	Methylene Bridges 
	Coordination Bonds 

	Non-Covalent Interactions 

	Charge–Charge Repulsion with the Release of Hydrophobic Drugs 
	Release of Chemotherapeutic Agents 
	Dual Delivery of Chemotherapy and Nucleic Acids 

	Disassembly of Nanoparticles Couple to pH-Sensitive Covalent Linkages 
	PH-Sensitive Coatings 
	Tumor-Penetrating Peptides and Nanoparticles as Potential Chemotherapeutic Carriers 
	Conclusions 
	References

