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Abstract

Background Currently nanomedicines are the focus of attention from researchers and clinicians because of the successes
of lipid-nanoparticles-based COVID-19 vaccines. Nanoparticles improve existing treatments by providing a number of
advantages including protection of cargo molecules from external stresses, delivery of drugs to target tissues, and sustained
drug release. To prevent premature release-related side effects, stable drug loading in nanoformulations is required, but the
increased stability of the formulation could also lead to a poor drug-release profile at the target sites. Thus, researchers have
exploited differences in a range of properties (e.g., enzyme levels, pH, levels of reduced glutathione, and reactive oxygen
species) between non-target and target sites for site-specific release of drugs. Among these environmental stimuli, pH gra-
dients have been widely used to design novel, responsive nanoparticles.

Area covered In this review, we assess drug delivery based on pH-responsive nanoparticles at the levels of tissues (tumor
microenvironment, pH ~6.5) and of intracellular compartments (endosome and lysosome, pH 4.5-6.5). Upon exposure to
these pH stimuli, pH-responsive nanoparticles respond with physicochemical changes to their material structure and sur-
face characteristics. These changes include swelling, dissociation, or surface charge switching, in a manner that favors drug
release at the target site (the tumor microenvironment region and the cytosol followed by endosomal escape) rather than the

surrounding tissues.

Expert opinion Lastly, we consider the challenges involved in the development of pH-responsive nanomedicines.

Keywords Nanomedicines - pH-responsiveness - Tumor microenvironment - Endosomal escape

Introduction

Recently nanomedicines have gained significant attention
from researchers and clinicians because of the successes of
lipid-nanoparticles-based COVID-19 vaccines (Reichmuth
et al. 2016; Chaudhary et al. 2021; Damase et al. 2021; Gao
et al. 2021). Nanoparticles improve existing treatments by
providing a number of advantages, including protection of
cargo molecules from external stresses, delivery of drugs
to target tissues, and sustained drug release (Lee et al.
2021). Nanoparticles are intended to release their cargo at
the target sites without premature release, which can cause
side effects in other tissues (Lee et al. 2021). To prevent
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premature release, stable drug loading in nanoformulations
is required, but the increased stability of the formulation
can also lead to a poor drug-release profile at the target
sites (Lee et al. 2021). Thus, researchers have exploited
differences in properties (e.g., enzyme levels, pH, levels of
reduced glutathione (GSH), and reactive oxygen species)
between non-target and target sites for site-specific release
of drugs (Mura et al. 2013). Researchers have also explored
the use of environmentally responsive nanoparticles that can,
when exposed to external stimuli (e.g., temperature, electric
field, magnetic field, or ultrasound), produce physicochemi-
cal changes that favor drug release at the target site (Mura
et al. 2013). Liposomes, polymeric micelles, lipoplexes, and
polyplexes have been developed to use these physical and
chemical cues to modify drug release properties (Gao et al.
2010; Wu et al. 2018; Deirram et al. 2019; Zhuo et al. 2020).

Among environmental stimuli, pH gradients have been
widely used to design novel, pH-responsive nanoparticles
(Gao et al. 2010; Wu et al. 2018; Deirram et al. 2019; Zhuo
et al. 2020). The success of lipid nanoparticles having
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pH-responsive properties, which enable the loaded RNA
drugs to escape from endosome by changing protonation
status (Gao et al. 2021), especially emphasizes the use of
pH differences between endo/lysosomal (pH 4.5-6.5) (Hu
et al. 2015) and extracellular (pH ~7.4) environments.
Because the tumor microenvironment (TME) is mildly
acidic (pH ~ 6.5) compared to normal tissues (pH ~7.4) (He
et al. 2020; Thomas et al. 2020), pH-targeting nanomedi-
cines have also been widely developed for the TME (He
et al. 2020; Thomas et al. 2020). This review assesses drug
delivery based on pH-responsive nanoparticles at the levels
of tissues and of intracellular compartments. In particular,
specific examples of targeting the TME and of intracellular
delivery will be demonstrated to highlight the designs of
conceptually interesting pH-responsive nanoparticles. At
the tissue level, many researchers have designed nanopar-
ticle formulations to exploit the more acidic pH of TMEs,
compared to the neutral pH of normal tissue, to achieve
high local drug concentrations. At the intracellular level, a
variety of pH-responsive nanoparticles have been designed
for cytosolic delivery of endolysosomal-liable therapeutics,
such as small molecule drugs, peptides, proteins, and nucleic
acid drugs (mRNA, siRNA), from the acidic endolysoso-
mal compartments to the cytosol. As endosomal escape has
a crucial role in the cytosolic delivery of therapeutics by
pH-responsive nanoparticles, endosomal escape mecha-
nisms have been highlighted. Finally, we discuss the future
research directions and challenges in the development of
pH-responsive nanomedicines.

Drugs pH-responsive Drug-loaded
nanoparticles pH-responsive
nanoparticles

Fig. 1 Nanoparticles that are responsive to the pH of acidic tis-
sue: tumor targeting. pH-responsive nanoparticles can be accumu-
lated in tumor tissue by enhanced permeability and retention effects
that mediate both passive and active targeting. The acidic pH (~6.5
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Nanoparticle responsiveness to tissue pH:
tumor targeting

Whereas normal cells acquire energy via oxidative phos-
phorylation, tumor cells utilize the energy of oxygen-inde-
pendent glycolysis to adapt to the abnormal conditions
of insufficient oxygen and energy sources (e.g., glucose)
due to the heterogeneously distributed tumor vasculatures
(Kim and Dang 2006). The oncogenic metabolism results
in the accumulation of a large amount of lactic acid along
with excess protons and carbon dioxide (termed the War-
burg effect) (Christofk et al. 2008). This leads to enhanced
acidification of the extracellular TME with pH often in
the range of 6.5-6.8 (He et al. 2020; Thomas et al. 2020),
which can cause increased tumor metastasis and treatment
resistance (Thews and Riemann 2019; Ward et al. 2020).
In addition, insufficient blood supply and poor lymphatic
drainage, characteristics of most tumors, also contribute
to the acidity of the TME (Thews and Riemann 2019; He
et al. 2020; Thomas et al. 2020; Ward et al. 2020). Thus,
the acidity of the TME is a general characteristic for most
types of solid tumors (Fig. 1).

Many researchers have demonstrated that the acidic
condition could be utilized as a promising target for tumor-
specific imaging and therapy based on nanoparticles, offer-
ing advantages over conventional receptor-ligand-based
tumor-targeting strategies (Gao et al. 2010; Deirram et al.
2019; He et al. 2020; Thomas et al. 2020). Furthermore,
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in many cases, nanoparticles are formulated to load drugs
via stable interactions, such as hydrophobic interactions,
charge-charge interactions, and covalent conjugation, for
the prevention of free-drug release. However, the stable
interactions may cause poor drug release at the desired
target sites. To achieve target-specific drug release from
the nanoparticles while maintaining a stable drug load in
the nanoparticles at non-target sites such as normal tis-
sue, the acidic condition of the TME could be utilized
(Gao et al. 2010; Deirram et al. 2019; He et al. 2020;
Thomas et al. 2020; Ward et al. 2020). Nanoparticles
have been formulated for pH-dependent drug release by

using polymers that change their physicochemical proper-
ties based on local pH levels (Gao et al. 2010; Wu et al.
2018; Deirram et al. 2019; Yan et al. 2020), such as acid-
responsive swelling, acid-responsive solubility changes,
acid-mediated charge changes, and acid-triggered cleavage
of covalent bonds (Fig. 1, Table 1).

As an example of nanoparticles having an acid-respon-
sive swelling property, engineered polymeric nanoparticles
using acrylate-based cross-linked hydrophobic polymers
with hydroxyl groups that were masked by pH-labile pro-
tecting groups (e.g., 2,4,6-trimethoxybenzaldehyde) have
been reported (Griset et al. 2009, Fig. 2a). The nanoparticles

Table 1 Nanoparticle pH-
responsiveness to tissue pH: responsive
tumor targeting mecha- Structure (Name) pH Examples
nisms
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Fig.2 Strategies for tumor microenvironment acidic pH-respon-
sive nanoparticles. (I). a Swelling: The protecting group of nanopar-
ticle derived from 2,4,6-trimethoxybenzaldehyde is cleaved at a pH
of ~5. This transformation reveals the hydrophilic hydroxyl groups
and formation of nanoparticle with resulting expansion of the hydro-
gel nanoparticle in water. b Solubility changes: Schematic diagram
depicting tumor-targeting and pH-responsive polymeric micelles of
AP-PEG-PLA/MPEG-PAE (AP-pH-PM), which triggered doxoru-
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bicin (DOX) release by the sharp pH-dependent micellization/demi-
cellizaton transition at the tumoral acidic pH. c, Charge changes:
Schematic diagram of surface modification process of AuNPs
with ssDNA and cytochrome ¢ modification process (upper) and
pH responsive behavior of CytC/ssDNA-AuNPs (lower). Panels a,
b and c are reproduced with permission from Griset et al. (2009), Wu
et al. (2010), and Park et al. (2019), respectively
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undergo a hydrophobic-to-hydrophilic transition at a mildly
acidic pH due to pH-specific cleavage of the protecting
group in mildly acidic conditions, which leads to swelling
and rapid drug release, showing effective in vitro and in vivo
anticancer activity.

pH-dependent hydrophobic-to-hydrophilic transitions
were also used to control polymer dissolution, in which the
polymer matrix collapses to drive drug release. For example,
nanoparticles based on poly(ethylene glycol) (PEG)-poly(B-
amino ester) polymers with a pKb of ~6.5 were formulated
(Griset et al. 2009). At neutral pH, the nanoparticles were
stable, but mildly acidic pH (6.4—6.8) conditions induced
a sharp micellization-demicellization transition leading to
efficient drug release due to an amine protonation-mediated
increase of the polymer solubility. In another study, sponta-
neous self-assembly of poly(amidoamine) dendrimers into
nanoparticles occurred at physiological pH levels, while
drug release due to nanoparticle disassembly took place at
mildly acidic pH levels (pH ~6) (Wu et al. 2010, Fig. 2b).
On the other hand, pH-dependent hydrophilic to hydropho-
bic transitions could be utilized for TME-activated in situ
self-assembly of biopolymers for targeted cancer therapy.
(Cong et al. 2019; Wang et al. 2020). For example, tumor
penetrating polymer-peptide conjugates (poly(p-thioester)
backbones conjugated with a cytotoxic peptide KLAK dec-
orated with a pH-sensitive moiety, cis-aconitic anhydride
(CAA), and a cell-penetrating peptide TAT; PT-K-CAA) was
developed to attack solid tumor deeply (Cong et al. 2019).
Upon the acidic conditions (pH 6.5) of TME in the deep
tumor mass, the hydrophilic biopolymer underwent CAA
hydrolysis-mediated hydrophobicity increase, leading to
in situ self-assembly and restoration of anti-cancer activity.
In another study, PEG-conjugated the photosensitizer zinc
phthalocyanine (ZnPc) with pH-labile maleic acid amide
linker was developed for tumor-specific photodynamic ther-
apy (Wang et al. 2020). In the acidic conditions of TME,
the biopolymer could readily form large clusters in situ to
improve tumor retention by PEG-shedding-mediated hydro-
phobicity increases.

In another report, pH-responsive gold nanoparticles that
were designed to aggregate in an acidic condition similar
to the TME were prepared by introducing a mixed layer of
single-stranded DNA and cytochrome c on the surface of the
gold nanoparticles (Park et al. 2019, Fig. 2c). In a normal
physiological pH environment (pH ~7.4), the surface charge
of the gold nanoparticles was negative and the electrostatic
repulsion between negative charges of the gold nanoparti-
cles kept them separated. However, in the acidic conditions
(pH < 6.5) of the TME, the charge of cytochrome c on the
surface of the gold nanoparticles gradually became positive,
leading to the formation of large clusters of gold nanoparti-
cles through electrostatic attraction induced by the opposite
charge of the cytochrome ¢ and the DNA strands. The low

pH-specific aggregation of gold nanoparticles resulted in a
red shift of the spectroscopic absorption peak, showing a
low pH-specific high photothermal efficacy of near-infrared
radiation for cancer-specific photothermal therapy.

For the decomposition of acidic pH-specific nanoparti-
cles, nanoformulations can be designed with a pH-labile
linker such as an imine, ester, hydrazine, carboxydimeth-
ylmaleic anhydride, orthoester, beta-thiopropionate, viny-
lether, or phosphoramide (Wu et al. 2018; Deirram et al.
2019). Notably, the imine bond, which is formed by conju-
gation of a primary amine with ketones or aldehydes, can
be hydrolyzed in a weakly acidic environment (pH 6.8), and
thus, the imine bond can be used as a linker responsive to
the pH of the TME (Gu et al. 2008; Wu et al. 2018; Cheng
et al. 2019; Tao et al. 2020; Zhuo et al. 2020). To prepare
nanoparticles that are responsive to the pH of the TME, an
amphiphilic polycation composed of cholic acid grafted to
poly-L-lysine (PLL-CA) has been conjugated with PEG via
a pH-responsive benzoic imine linker (Gu et al. 2008). The
PEG layer improves the stability and the circulation time of
the nanoparticles. The PEG shell of polycationic micelles
formed by self-assembly of PEG-PLL-CA is detached by
the acidic pH of the TME (pH < 6.8). This leads to efficient
intracellular uptake of polycation nanoparticles due to the
attraction between the positive charges of the nanoparti-
cles and the negative charges of the cancer cell membrane.
Thus, the system has a high potential for tumor-specific
anti-cancer activity. In another study, a pH-responsive
nanopolymer, pentaerythritol tetra(3-mercaptopropionate)-
allylurea-poly(ethylene glycol) (PETMP-AU-PEG) has
been prepared by the Schiff-base imine formation between
terminal-aldehyde PEG and PETMP-AU (Tao et al. 2020).
While PETMP-AU-PEG loaded with doxorubicin (DOX)
is highly stable in the neutral environment, the formation is
responsive to weakly acidic conditions (pH 6.8 and 6.0) for
the release of DOX for cancer-specific therapy. A cleavable
PEGylated hyaluronic acid nanoparticle-based drug delivery
system (HA-mPEG,,—DOX) based on a imine bond respon-
sive to the pH of the TME has also been reported (Zhang
et al. 2020, Fig. 3). The nanoparticles can efficiently target
CD44-positive CT26 cells and the pH-responsive cleavable
PEG shell can be detached in weakly acidic environments
to effectively promote the cellular uptake of HA-DOX nano-
particles, leading to effective in vitro and in vivo anticancer
activity.

The acetal group is another example of a functional
group that is responsive to the pH of the TME (Wu et al.
2018; Zhuo et al. 2020). Cancer-associated fibroblast cells
in the TME can target valsartan-loaded pH-sensitive nano-
particles (TME-activated angiotensin receptor blockers)
for enhanced immune checkpoint blockade antibody thera-
peutics by reversing immune suppression (Chauhan et al.
2019). While ~30% of the drugs are released from the
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Fig.3 Strategies for tumor microenvironment acidic pH-respon-
sive nanoparticles (II). Cleavage of covalent bond: schematic dia-
gram of the HA-mPEG,~DOX conjugate from fabrication, self-

nanoparticles in 74 h in a normal physiological (pH ~7.4)
environment, about 70% of the drugs release in 74 h in
a mildly acidic (pH ~6.7) environment, highlighting the
responsiveness of the nanoparticles to the acidic condi-
tions of the TME.

The pH-responsive mechanisms described here draw
upon a general phenomenon of the acidity of TMEs. Here,
nanoparticles maintain stability in circulation and undergo
physicochemical changes that favor localized drug release.
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assembly and the pH responsive DOX release for active targeting
colorectal cancer therapy in vivo. Reproduced with permission from
Zhang et al. (2020)

Nanoparticle responsiveness to organelle
pH: intracellular delivery

In many cases, target sites and target molecules for drugs
are usually located in the intracellular regions (Pack et al.
2005; Torchilin 2008; Kanasty et al. 2013; Zhao et al.
2014; Qin et al. 2019; Chaudhary et al. 2021; Damase
et al. 2021). Most small molecule drugs can easily reach
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the target site and show their activity. In contrast, to
achieve intracellular target site-specific therapeutic effi-
cacy, some drugs, including DNA drugs, RNA drugs,
protein and peptides drugs, and some acid/enzymes-labile
small molecule drugs, must penetrate cellular membranes
and should be protected from intracellular harsh conditions
(e.g., hydrolysis, enzyme-mediated degradation, and low
pH), especially in endosomes or lysosomes (Pack et al.
2005; Torchilin 2008; Kanasty et al. 2013; Zhao et al.
2014; Qin et al. 2019; Chaudhary et al. 2021; Damase
et al. 2021). To be efficiently delivered into the desired
intracellular regions, such as the nucleus and cytoplasm,
while overcoming the limitations, various nanotechnolo-
gies that are capable of protecting drugs from harsh con-
ditions and facilitating the entry and escape of the drugs
into the cytoplasm have been explored (Fig. 4) (Pack et al.
2005; Torchilin 2008; Kanasty et al. 2013; Zhao et al.
2014; Qin et al. 2019; Chaudhary et al. 2021; Damase
et al. 2021).

Nanoparticles are typically taken into cells via endocy-
tosis into endosomes and are then subsequently fused with
acidic lysosomal compartments that are typically considered

Drugs pH-responsive
nanoparticles pH-responsi
nanoparticles

Drug-loaded 4) ¢ 41,rin. 2) Caveolin
Ve 5 dependent pathway
or 3) independent

as a final destination for the degradation of macromolecules
and serve as organelles for the storage of hydrolytic enzymes
(Canton and Battaglia 2012). Usually, in endosomes and lys-
osomes, rapid endosomal acidification (~2-3 min) occurs,
which is optimal for many hydrolases and other endo/lyso-
somal enzymes (Murphy et al. 1984; Deirram et al. 2019).
Because of the activity of the ATP-dependent proton influx
pumps present in the membrane of both endosomes and lys-
osomes (Diering and Numata 2014), a stable pH gradient is
established in different compartments during the maturation
process (early endosomes: pH 6.5, late endosomes: pH 5.5,
and lysosomes: pH 4.5) compared with a cytoplasmic pH
(~7.0) and a normal physiologic pH (~7.4) (Hu et al. 2015).
The lower acidic conditions (pH ~4.5) and different enzy-
matic activities in lysosomes compared to endosomes can be
harmful to the therapeutic molecules being delivered, espe-
cially for macromolecules such as DNA drugs, RNA drugs,
peptides, proteins, and other enzyme or acid-labile small
molecule drugs (Pack et al. 2005; Torchilin 2008; Kanasty
et al. 2013; Zhao et al. 2014; Qin et al. 2019; Chaudhary
et al. 2021; Damase et al. 2021). Therefore, nanoparticles
carrying therapeutics that are vulnerable to these conditions

Endosome —
recylin
g Endosomes
~pH 5.5
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Lysosomes
pathway Endosome’ y‘ e Lysosomal
enzymes
mm)  -pHES ~pH 4.5
| &
Membrane / Endosomal escape through 1) the proton sponge
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Qifoeolic A tumor cell
drug delivery

Fig.4 Nanoparticles that are responsive to the pH of acidic orga-
nelles: intracellular delivery. pH-responsive nanoparticles can be
accumulated in the tumor tissue by passive targeting (via enhanced
permeability and retention) and active targeting. Nanoparticles are
typically taken up into cancer cells via endocytosis into endosomes
(early: ~pH 6.5; late: ~pH 4.5) and are then subsequently fused with
acidic lysosomal compartments (~pH 4.5, containing hydrolytic lys-
osomal enzymes). For drugs that are susceptible to the harsh condi-
tions of endosomes and lysosomes, such as DNA drugs, RNA drugs,
protein and peptides drugs, and some enzyme and acid labile-small

molecule drugs, delivery with nanomedicines necessitates nano-
particles that can escape from the endosome before fusing with lys-
osomes. Endosomal escape usually occurs by one or a combination
of the following mechanisms: (1) proton sponge effects, (2) osmotic
lysis, (3) membrane fusion, (4) pore-forming effects, and (5) mem-
brane disruption. The efficient endosomal escape by pH-responsive
nanoparticles leads to cytosolic drug delivery. On the other hand,
nanoparticles themselves could be directly fused with cellular mem-
branes, resulting in direct drug release into cytosol without joining in
the endosomes
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need to escape from the endosomes before they fuse with
lysosomes (Pack et al. 2005; Torchilin 2008; Kanasty et al.
2013; Zhao et al. 2014; Qin et al. 2019; Chaudhary et al.
2021; Damase et al. 2021). Endosomal acidification can be
used as a trigger for endosomal escape and payload release.
The mechanism underlying nanoparticle escape from
endosomes has not been fully explained. Several hypotheses
have been formulated, including the proton sponge effect and
osmotic lysis, membrane fusion, a pore-forming effect, and
membrane disruption (Fig. 4, Table 2) (Selby et al. 2017).

A common strategy for inducing endosomal escape is via
the proton sponge effect, which is based on the buffering
effect of polymers with a pKa in a physiologically relevant
range. As the components of nanoparticles become proto-
nated, protons are continuously pumped into the endosomes
or lysosomes, leading to the transport of chloride counte-
rions to maintain a charge balance. This results in a high
osmotic pressure that eventually induces rupturing of the
endosome or lysosome. A well-known example of a poly-
mer having a buffering effects is polyethyleneimine, which

Table 2 Nanoparticle H-
responsiveness to organelle respponsive
pH: intracellular delivery mecha- Structure (Name) pH | Examples
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is commonly used to load DNA and RNA drugs by forming
polyion complexes (Zheng et al. 2012). The polypeptides
poly(l-lysine) (PLys) (Kodama et al. 2015), poly(I-histidine)
(PHis) (Wu et al. 2013, Fig. 5a) and poly(arginine) (PArg)
(Zhao et al. 2012) are other examples for cytosolic deliv-
ery of DNA and RNA drugs by the endosomal buffering
mechanism.

Another endosomal escape mechanism is the disassembly
of a cationic polymer particle into its component monomers,
leading to an increase in osmotic pressure that is associ-
ated with rupturing of the endosome (Lomas et al. 2008;
Massignani et al. 2009). An initial study of a responsive
polymersome prepared from poly(2-methacryloyloxy)eth-
ylphosphorylchlorine-block-poly(2-(diisopropylamino)ethyl
methacrylate) (PMPC-b-PDPAEMA) block copolymer that
could disassemble within the endosomal pH range supports
the mechanism (Lomas et al. 2008). While the vesicles are
stable at physiological pH, they disassemble due to a change
in hydrophobicity of the PDPAEMA component at endoso-
mal acidic conditions (pH ~ 6), leading to endosomal escape
by endosomal rupture caused by an increase in osmotic
pressure. A rapidly degradable, pH-dependent nanoparti-
cle composed of 10 kDa molecular weight poly(p-amino
ester) (poly-1), a lipid bilayer, and a PEG-lipid has also been
reported (Su et al. 2011, Fig. 5b). Poly-1 is a weak polyelec-
trolyte that is water-insoluble at elevated pH but dissolves
in aqueous solutions below pH7. A higher transfection
efficiency has been observed in poly-1-based nanoparticles
with electrostatically associated mRNA encoding for GFP
compared to a control consisting of a nanoparticle based on
non-responsive polylactic-co-glycolic acid, indicating evi-
dence of endosomal escape. In addition to osmotic pressure
increase and endosomal rupture associated with disassem-
bly of the nanoparticles, the authors suggest that the proton
sponge effect may also influence the endosomal escape of
the poly-1 particles.

In nature, enveloped viruses can induce endosomal escape
by fusion of the viral capsid to envelop with the endosomal
membrane, allowing the viral capsid to enter the cytoplasm
(White and Whittaker 2016). Likewise, particles (especially
liposomes) assembled from lipids or amphiphilic materials
may also allow the loaded drug to enter the cytoplasm by
fusion of the nanoparticle membrane (e.g., the phospholipid
bilayer of a liposome) with the endosomal membrane (Zel-
phati and Szoka 1996). For example, liposomal formula-
tions based on the cationic lipids (N-[1-(2,3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium chloride, N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride,
or dioleoyldimethylammonium chloride) have demonstrated
potential for cytoplasmic gene delivery (Balazs and Godbey
2011). Usually, incorporating neutral or helper lipids such
as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
or 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) into

the lipid formation mixture to prepare cationic liposomes
provides stabilization of the lipid bilayer. Whereas cationic
liposomes prepared with DOPC, which promotes stable
lamellar structures, do not exhibit improved endosomal
escape, cationic liposomes prepared with DOPE have been
shown to facilitate escape due to structural transitions from
a multilamellar structure to an inverted hexagonal liquid
crystalline phase when exposed to the low pH of endocytic
vesicles (Cullis et al. 1986; Farhood et al. 1995; Koltover
et al. 1998). Electron microscopy results demonstrate that
DOPE-containing cationic liposomes show an endosomal
destabilizing effect but DOPC formulations do not have an
effect, supporting the mechanism (Zhou and Huang 1994).
The inverted hexagonal structure interacts more favorably
with anionic membranes, resulting in membrane fusion and
DNA release (Koltover et al. 1998). However, conventional
liposomes have limitations, such as short circulation time
due to removal by immune cells including macrophages.
Thus, modification of liposomes with PEG is a conventional
method to improve in vivo circulation time due to the reduc-
tion of interactions with macrophages. However, the steric
barrier provided by PEG is thought to interfere with a fusion
of fusogenic lipids-based nanoparticles and polymer-based
nanoparticles with the endosomal membrane (Song et al.
2002; Mishra et al. 2004). To overcome the adverse effect of
PEGylation on endosomal escape, some groups have devel-
oped liposomes prepared with PEG analogues that are sensi-
tive to either pH or the reduction condition.

Mechanical stress was used to induce endosomal dis-
ruption by designing nanoparticles that change size (e.g.,
by swelling) upon a change in pH. Cross-linked polymer
nanoparticles that were assembled from pH-responsive
polymers could swell due to repulsion between the poly-
mer chains when they become ionized (Mura et al. 2013).
Nanoparticles that were prepared with a 2-diethylamino
ethyl methacrylate (DEAEMA) core cross-linked with
poly(ethylene glycol) dimethacrylate and a 2-aminoe-
thyl methacrylate shell underwent endosomal acidic pH
(~ 5)-specific swelling behavior (a 2.8-fold change in
diameter) (Hu et al. 2007). Approximately 90% of cells
incubated with the nanoparticles loaded with a fluores-
cence molecule, calcein, had cytosol fluorescence signals,
but cytosol fluorescence signals were observed in fewer
than 5% of the cells incubated with calcein or calcein
with non-responsive particles in a control group, indica-
tive of endosomal escape. The endosome escape was also
confirmed by loading the nanomedicine with the model
antigen ovalbumin (OVA) and measuring interferon-y
(IFN-vy) secretion by primary T cells in response to antigen
presentation by dendritic cells (Hu et al. 2009). However,
while 40% of the cells had diffuse siRNA fluorescence
when incubated for 1 h, the knockdown by this system
was significantly lower than by a commercially available
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lipid reagent. This may be due to strong electrostatic
interactions between the cargo and the carrier when in
the cytosol. A nanoparticle formulated by polymerization
of DEAEMA in the presence of heterobifunctional PEG
(CH, = CH-Ph-PEG-COOH) and using ethylene glycol
dimethacrylate as a cross-linker also showed swelling
behavior (5.1- to 6.8-fold increases) when the PDEAEMA
was protonated in an endosomal acidic condition (Oishi
and Nagasaki 2007). The nanoparticles combined with a
PEG-b-poly(l-Lysine)/pDNA polyplex showed significant
increases in transfection efficiency.

Endosomal disruption-mediated escape can also occur
through the direct interaction of polymers with the endo-
somal membrane (Nakase et al. 2010). A large body of
evidence suggests that polymer-based systems induce
escape by interacting with cellular membranes. While the
major escape mechanism of polycationic polymer-based
nanomedicines is the proton sponge effect, the escape
mechanism for polyanionic polymer-based nanomedicines
is attributed to an increase in hydrophobicity due to pro-
tonated carboxylate groups, which results in membrane
insertion and subsequent membrane disruption (Nakase
et al. 2010). Some useful polymers to achieve such inter-
actions are poly(propylacrylic acid), poly(butyl acrylate),
and polyimidazole-hexyl methacrylate (poly-ImHeMA).
Incorporating one of the polymers into polymer-based
nanoparticles has been shown to induce a pH-mediated
increase in hydrophobicity due to the protonated car-
boxylate, leading to escape caused by the disruption of
the endosomal membrane. For example, a micelle car-
rier prepared with cationic poly(2-dimethylamino ethyl
methacrylate) (PDMAEMA) and a pH-responsive mem-
brane disruption block comprised of DMAEMA, propy-
lacrylic acid, and butyl methacrylate, showed low pH (pH
5.8)-specific disassembly and endosomal escape behaviors
(Convertine et al. 2010). The micelles loaded with siRNA
that targeted mRNA for the housekeeping gene GAPDH
by interacting their negatively charged cargo with the
PDMAEMA shell induced significant knockdown of the
GAPDH. A PDMAEMA polymer micelle has also been
used as a vaccine delivery system by including pyridyl
disulfide methacrylate in the PDMAEMA block to load
OVA (Wilson et al. 2013). Polymersomes assembled from
a triblock copolymer consisting of PEG and poly(glycerol
methacrylate) ends, and a central weakly basic block,
poly-ImHeMA, showed similar siRNA delivery efficiency
(Gallon et al. 2015, Fig. 5c). Another novel pH-respon-
sive nanomedicine for cancer immunotherapy was also
reported. The particles were self-assembled from a pep-
tide—drug conjugate consisting of a hydrophilic targeting
motif (arginyl-glycyl-aspartic acid; RGD), two protonat-
able histidines (the pH-responsive moiety), and an ester
bond-linked hydrophobic IDO inhibitor, which exhibits

pH-responsive disassembly and esterase-catalyzed drug
release, augmenting antitumor immunity of checkpoint
inhibitors. (Han et al. 2020).

Escape mediated by endosomal disruption can also occur
via peptides that self-assemble across the membrane to cre-
ate defined pores (Li et al. 2004; Nakase et al. 2010; Danial
et al. 2015). Nanoparticles can be designed to contain pro-
tein transduction domains (PTDs), which are cationic, 10-30
amino acid sequences that hypothetically disrupt endosomal
membranes upon endosomal acidification (Lundberg et al.
2003). Various viral or bacterial protein-derived polypep-
tides have been shown to facilitate endosomal escape. For
example, the co-administration of a free tumor-penetrating
peptide (e.g., iRGD sequence) exerted enhancement of the
efficacy of DOX (DOX liposomes), paclitaxel (nab-pacli-
taxel), and monoclonal antibody (Anti-HER-2 antibody,
trastuzumab) treatments (Sugahara et al. 2010). Gener-
ally, the dimensions of transmembrane pores, thought to
be 1-2 nm and therefore limiting the usefulness of PTDs,
induce the efficient release of therapeutic cargo. The engi-
neered peptide GALA can induce the release of molecules
up to~5000 Da (Li et al. 2004). GALA is negatively charged
at pH7 and comprises a repeated EALA (glu-ala-leu-ala)
motif, which forms an alpha helix when the glutamic acid
residues become protonated at the endosomal acidic pH
level. This protonation causes them to span the lipid bilayer
of the endosome. shGALA-modified and PEGylated lipid-
based particles called multifunctional nanodevices (PEG-
MEND) loaded with siRNA showed 82% knockdown of the
target gene through enhanced endosomal escape (Sakurai
et al. 2011). Using a screen of antimicrobial peptides from
the antimicrobial peptide database, the aurein 1.2 peptide
sequence and a H4R4 peptide consisting of four arginine
units and four histidine units have also been reported to have
endosomolytic properties (Liang et al. 2014; Li et al. 2015).
These sequences have been demonstrated to induce endoso-
mal escape both in vitro and in vivo.

In the cases of drugs (e.g., small molecular anti-cancer
drugs) that are stable in endo/lysosomes, nanoparticles are
designed to conjugate with the drugs via an acidic pH-liable
linker so that the drugs can be released from the nanoparti-
cles by the endo/lysosomal acidic pH and escape the endo/
lysosomes via passive diffusion. The linkers include esters,
hydrazine, carboxydimethylmaleic anhydride, orthoesters,
beta-thiopropionate, vinylether, and phosphoramide (Gao
et al. 2010; Wu et al. 2018; Deirram et al. 2019; Zhuo
et al. 2020). For example, drug release at low pH (< 6.0)
has been reported with bi(PEG-PLA)-Pt(IV)[cisplatin]
conjugate-based nanoparticles having hydrazone cross-
linkers (Aryal et al. 2010). The pH-responsive nanoparti-
cles exhibit endosomal intracellular drug release, leading to
enhanced cellular cytotoxicity over free cisplatin in vitro.
DOX conjugated with polymer backbones via a hydrazine
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bond showed endosomal acidic pH-mediated specific cleav-
age, and thus DOX loading into nanoparticles and acidic
pH-mediated drug release profiles have been widely applied
when designing nanoparticles with polymeric backbones,
including poly(hexyl methacrylate) (Filippov et al. 2013;
Zhang et al. 2018), metallic cores (Fe;0, (Zhang et al. 2007)
and Au (Hudlikar et al. 2016)), polyphosphoester (Sun et al.
2014), poly (methacryloyloxyethyl phosphorylcholine)
(Chen et al. 2012), hyaluronan (Xu et al. 2013), sugars (pul-
lulan (Wang et al. 2016) and dextran (Zhang et al. 2015)),
and poly(amino acid). As an example, a DOX conjugated
polymer has been prepared via thiol-maleimide click chem-
istry of thiolated poly(methacrylic acid) and a maleimide-
functionalized DOX derivative having a hydrazone bond
(Cui et al. 2012). pH-responsive nanoparticles were prepared
via mesoporous silica-templated assembly. While there was
a limited release at a physiological pH of 7.2 (~20%),~80%
of the drug was released at pH 5.5 in 24 h due to endosomal/
lysosomal acidic pH-mediated hydrazone bond cleavage,
leading to enhancement of anti-cancer activity.

Ester groups have also been used for acidic pH-medi-
ated drug release. Liposome-like nanoparticles have been
prepared by conjugating camptothecin with PEG via an
ester bond, followed by loading with DOX (Bruyere et al.
2010; Shen et al. 2010). The rapid release of both DOX and
camptothecin at endolysosomal acidic conditions (pH < 5)
has been described (Bruyere et al. 2010; Shen et al. 2010).
Similarly, other researchers have reported on nanoparticles
based on a series of orthoester model compounds that have
different hydrolysis rates at pH values of 4.5-7.4 (Bruyere
et al. 2010). However, when pH-responsive drug-cleavage
strategies are applied, the released drugs in the lysosomes
must be stable in the harsh acidic and enzymatic conditions
of lysosomes. If not, other pH-responsive systems for endo-
somal escapes mentioned above should be considered.

Recently, the success of lipid nanoparticle (LNP)-based
mRNA vaccines have highlighted the importance of pH-
responsive nanocarriers to enhance endosomal escape of
therapeutics into the cytosol. LNPs are typically taken up
into cells via a variety of endocytosis routes, such as clath-
rin- and caveolae-mediated endocytosis, into endosomes (Li
et al. 2019; Wu and Li 2021). The lipids composition, degree
of PEGylation, and surface charge, as well as the size of
the nanoparticles affect the efficiency of the internalization.
The ionizable cationic lipids in the compositions of LNPs
play a pivotal role in promoting the endosomal escape of
mRNA. The ionizable lipids become protonated within the
acidic environment of the endosome (pH < ~6.5), and thus,
those positively charged lipids form ion pairs with the nega-
tively charged phospholipids of the endosome membrane,
disrupting the bilayer structure (Reichmuth et al. 2016).
The cholesterol component of the LNP structure may also
affect the fusion of the LNPs with the endosome (Aldosari
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et al. 2021). These two interactions result in the endosomal
escape of mRNA cargo. In addition to the membrane disrup-
tion activity, the proton sponge effect may also contribute to
endosomal escape (Reichmuth et al. 2016).

Perspectives, challenges, and future
research directions

A number of elegant strategies have been employed to design
pH-responsive nanoparticles for therapeutic delivery. The
pH-responsiveness of nanoparticles can be created by pH-
degradable linkages, pH-cleavable cross-links, or charge-
shifting polymers. These strategies enable the nanoparticles
to deliver their therapeutic agent site-specifically in response
to pH changes found in the acidic organelle compartments
within the cell (endosomes, lysosomes) or in acidic tumor
tissue. This pH-responsive site specificity is especially nec-
essary when applied with therapeutics, such as DNA or RNA
drugs, peptide or proteins drugs, and acid- and enzyme-
labile small molecular drugs, that are very susceptible to
high levels of enzymes and acidic conditions in lysosomes,
to which the majority of nanomedicines are delivered.
Even though some pH-responsive nanoparticles, such as
LNPs for mRNA delivery, showed promising results in the
clinic and in the market, there are still challenges remain-
ing. First, issues such as biodistribution and the non-spe-
cific accumulation of nanoparticles in organs like the liver
still limit the in vivo use of many nanoparticles. This is
especially true in the case of LNPs, most of which usually
accumulate in the liver due to specific interactions of ApoE
on the surface of nanoparticles with LDL receptors on the
hepatocytes after forming a protein corona with ApoE pro-
tein (Sato et al. 2020; Sebastiani et al. 2021). Second, while
some materials presented in this review show some degree
of endosomal escape, the efficiency of escape generally
remains low, and thus further work is required to signifi-
cantly improve the efficiency. For example, current LNPs
generally have a low degree of endosomal escape (<2%),
and thus, there is still room for the improvement of mRNA
delivery in pH-responsive LNPs research (Wu and Li 2021).
Third, even though it is challenging to compare different
delivery systems across studies because there is wide varia-
tion in cell or tumor types and experimental protocols used,
understanding the mechanisms of escape with thorough
studies is absolutely necessary to improve the amount of
endosomal escape. More than one escape mechanism are
likely required for efficient cytoplasmic delivery of therapeu-
tics. The physical and chemical properties of nanoparticles,
such as size, shape, or charge, may affect escape from the
endosome. Fourth and last, many researchers have ques-
tioned the exact roles of targeting ligands on the surface
of the nanoparticles in endosomal escape. Caution must be
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taken when a targeting ligand is used to improve intracel-
lular delivery, because the extent of endosomal acidification
could be affected by the choice of targeting ligand used and
thus the endocytic pathway taken. For example, folic acid
functionalization on the surface of nanoparticles was dem-
onstrated to lead to endocytosis through recycling centers
characterized by a near-neutral pH of 6—7, which may make
it less suitable for pH-based mechanisms (Yang et al. 2007).

In conclusion, nanoparticle formulations that can respond
to pH gradients within the microenvironments of tissues
and cell organelles may be a powerful tool for therapeutic
drug delivery. Because cytosolic delivery and TME deliv-
ery mediated by pH-responsive nanoparticles have gained
a great deal of attention from a multitude of researchers
and clinicians, massive efforts will be put into additional
research and thus more pH-responsive nanoparticles will
be designed, developed, and clinically tested. After the
challenges indicated above are addressed, the systems will
become ideal tools for the development of vaccines as well
as for the treatment of a variety of diseases.
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