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Abstract: Glutathione (GSH) is involved in and regulates important physiological functions of the
body as an essential antioxidant. GSH plays an important role in anti-oxidation, detoxification, anti-
aging, enhancing immunity and anti-tumor activity. Herein, based on the physiological properties
of GSH in different diseases, mainly including the strong reducibility of GSH, high GSH content
in tumor cells, and the NADPH depletion when GSSH is reduced to GSH, we extensively report
the design principles, effect, and potential problems of various nano-drugs in diabetes, cancer,
nervous system diseases, fluorescent probes, imaging, and food. These studies make full use of the
physiological and pathological value of GSH and develop excellent design methods of nano-drugs
related to GSH, which shows important scientific significance and prominent application value for
the related diseases research that GSH participates in or responds to.
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1. Glutathione Structure

Glutathione (GSH) was discovered by Hopkins in 1921 [1], and is a tripeptide com-
pound formed of glutamic acid, cysteine, and glycine through the peptide bond condensa-
tion. Its chemical name is γ-L-glutamyl-L-cysteyl-glycine, and the molecular formula is
C10H17O6SN3 [2]. There are two kinds of glutathione, namely reduced glutathione (GSH)
and oxidized glutathione (GSSG). The structure of GSH contains an active reducing group,
sulfydryl (-SH), which is easily oxidized and dehydrogenated. Glutathion peroxidase
(GSH-Px) can catalyze GSH to GSSG, while glutathione reductase (GSH-R) can use nicoti-
namide adenine dinucleotide phosphate (NADPH) to catalyze GSSG to GSH. The main
active group of GSSG is disulfide bond (-SS-). GSH biosynthesis is directly controlled by
the synthase system, rather than like the protein synthesis on the ribosome [3–5]. The
specific structure and synthesis procedure are shown in Figure 1.
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Figure 1. Structure and synthesis procedure of GSH and GSSH.

2. Physiological Function of GSH

GSH is found in almost every cell of the body [6], and widely presents in a variety
of essential organs and tissues, such as blood, liver, and kidney, in which the liver and
kidney are the main synthetic, metabolic, and excretory organs of GSH [7]. Generally, GSH
plays an important physiological role in organisms, while GSSG needs to be reduced to
GSH to achieve physiological activity. GSH maintains the normal function of immune
system and has the obvious antioxidant and detoxification effects. Moreover, the unique
structure of GSH makes it to be a prominent free-radical scavenger in the body [8–10].
Therefore, GSH has the advantages of excellent roles in anti-aging, enhancing immunity,
and anti-tumor activity [11–13]. When a small amount of H2O2 is generated in the cell,
GSH reduces H2O2 to H2O with GSH-Px, while being oxidized to GSSG. GSSG accepts
H+ and reduces to GSH with GSH-R, so that the scavenging reaction of free radicals in
the body can continue, which protects the structure and function of cell membrane from
interference and damage of oxides [14]. In addition, GSH also has a relieving activity on
neuronal excitatory intoxication [15], which can be utilized to alleviate the toxic and side
reactions caused by chemotherapy in patients with malignant tumors [16].

Although GSH plays an important role in physiological functions, significant limi-
tations remain, including its inability to penetrate cell membranes, easy oxidation, poor
stability, and low bioavailability, which dramatically compromise the effectiveness of the
treatment in diseases. Nanotechnology is a novel drug delivery technology which makes
the biological active substance embedded or modified on the nanomaterials mainly through
physical, chemical, and other conjugation methodologies. Nanoparticles formed by en-
capsulation or self-assembly can not only protect the biological activity of GSH, but also
improve its stability and bioavailability. In addition, the strong reduction characteristic of
GSH in microenvironment can be used to cleave specific redox responsive nanoparticles in
order to achieve effects of controlled-release and target of drugs. Therefore, in this review,
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we focus separately on the design principles, effects, and potential problems of various
nano-drugs based on the physiological property of GSH in different diseases. Moreover,
current challenges and future strategies for developing nano-drugs are also discussed from
practical application point of view.

3. Nano-Drug Delivery Systems

With the high investment and rapid development in recent years, nanotechnology has
been applied in all fields of biomedical science and technology [17]. Similarly, nanotechnol-
ogy provides new approach for drug delivery, especially targeted drug delivery. Targeted
drug delivery systems deliver desired drugs to the diseased parts and reduce distribution
to normal tissues or cells [18]. Advantages of nanoparticles as drug delivery systems are
described as follow: (1) Dissolve insoluble drugs and prevent drug degradation from
the body; (2) prolong the circulation time of drugs; (3) exhibit good biocompatibility and
biodegradability; (4) possess high drug loading capacity and low toxicity; (4) selectively
deliver drugs to therapeutic targets, such as tumor tissue, tumor cells, tumor-associated
stromal cells, and suborganelles [19]. So far, numerous materials such as polymers, lipids,
and inorganic materials have been developed and used as drug carriers to control the re-
lease behavior of drugs [20,21]. In addition, REDOX response stimulation has been highly
valued in the treatment of disease and is widely used in nanomedical drug delivery [22,23].
REDOX potentials in microenvironments are multivariable in different tissues and can be
used to design REDOX sensitive delivery systems. Therefore, the design and manufacture
of glutathione responsive nanoparticles may be a promising approach for targeted drug
delivery [24].

4. Nano-Drug Design for Diabetes Based on the Physiological Properties of GSH
4.1. Nano-Drug Design Based on the Role of GSH in Oxidative Stress

Oxidative stress has been confirmed as a predominant pathogenesis for diabetes, and
hyperglycemia is a primary risk factor for promoting the production of reactive oxygen
species (ROS). There are multiple kinds of ROS, such as superoxide anion (O2−), hydrogen
peroxide (H2O2), hydroxyl radical (OH−), nitrogen dioxide (NO2) and nitric oxide (NO)
free radicals, and so on [25]. A series of antioxidant in the normal body, include vitamin A,
vitamin C, vitamin E, GSH, superoxide dismutase (SOD), GSH-Px, and GSH-R, etc., [26].
Among them, GSH is an important member of the body’s endogenous antioxidant. It has
the advantages of scavenging free radicals, alleviating damage and maintaining redox
equilibrium in cells [27]. When the body is attacked by free radicals, GSH can be used as a
direct scavenger of free radicals, a co-substrate of GSH-Px, a cofactor of enzymatic reaction,
and a conjugate of many endogenous reactions to improve oxidative stress and delay the
development of diabetes [28].

Notably, many researchers have designed nano-drugs for treatment of diabetes and
complications based on the physiological role of GSH in oxidative stress. Wei Wang
et al. [29] designed a novel antioxidant glutathione liposome (GSH-LIP) to apply in therapy
of diabetic nephropathy. GSH-LIP could not only improve the bioavailability of GSH,
but also remove the excess ROS induced by oxidative stress and improve the antioxidant
capacity. Xiao et al. [30] developed a delivery system composed of enteric Eudragit L100-
cysteine/reduced glutathione nanoparticles (Eul-cys/GSH NPs) for oral delivery of insulin.
They found that Eul-cys/GSH NPs could promote the intestinal absorption of insulin, and
prolong the time of blood sugar reduction, which suggested that Eul-cys/GSH NPs might
be a promising delivery system for diabetic therapy. The above nano-drug designs of
GSH were that drugs were encapsulated in phospholipids or amphiphilic materials, such
as liposome, micelles, as shown in Figure 2A. Kuan et al. [31] designed the GSH-bound
magnetic nanoparticles which were prepared through the covalent bond linkage of GSH
and nanoparticles. It had indicated that this GSH-bound magnetic nanoparticles could
retain approximately 87% enzyme activity and obtain glucagon-like peptide-1, a peptide
hormone for type 2 diabetes therapy. This design of nano-drug was combining SH in
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GSH with silla-NH2 by covalent bond, as shown in Figure 2B. Mottaghipisheh et al. [32]
discovered that S. marianum, B. vulgaris, and D. sophia extracts combining CuO nanoparticles
exhibited a certain effect on diabetic rats, and they could significantly decrease the content
of GSH-Px to prevent GSH oxidation. Gurunathan research group [33] employed Au
nanoparticles (AuNPs) to treat the diabetes and compensated for the loopholes in the
body’s antioxidant defense system. The experimental results indicated that the levels of
GSH, superoxide dismutase (SOD), catalase and GSH-Px were significantly increased in
diabetic rats treated with AuNPs, by inhibition of lipid peroxidation and ROS generation
during hyperglycemia. Most of these nano-drugs are active nanoenzymes which directly
act on GSH or GSH-Px to regulate GSH synthesis, as shown in Figure 2C.

Figure 2. Nano-drugs for diabetes designment based on GSH. (A) GSH was encapsulated into
Enteric eudragit L100-cysteine to prepare reduced glutathione nanoparticles (Eul-cys/GSH NPs) [30];
(B) GSH-bound magnetic nanoparticles (SPION@silica-NH2). GSH was reacted with maleic anhy-
dride to form SPION@silica-GSH nanoparticles [31]; (C) transmission electron microscope images of
CuO nanoparticles and Au nanoparticles enzyme [32,33].
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4.2. Nano-Drug Design Based on the Role of GSH in Polyol Pathway

When the blood glucose concentration in diabetes increases and exceeds the normal
metabolic capacity, much glucose is metabolized through the polyol pathway. Aldose
reductase (AR) in the polyol pathway reduces the excessive glucose to sorbitol by NADPH
as cofactor. A large amount of sorbitol accumulation results in excessive sorbitol in the
cell and damages the cell permeability owing to their low lipophilicity. Subsequently,
sorbitol does not penetrate the cell membrane, and further cause cell swelling and rupture,
inducing a series of diabetes and chronic complications development [34–37]. GSSH can
deplete NADPH and be reduced to GSH by GSH-R. If the synthesis of GSH is normal, or a
dramatic decline in the GSH occurs, the NADPH consumption is bound to increase [21].
Hence, the polyol pathway is reversed to restrain the sorbitol production, which provides
a new target for the prevention and alleviation of diabetes (Figure 3A).

By competing NADPH with GSH-R and hence resulting in reduced amount of GSH,
the polyol pathway increases susceptibility to intracellular oxidative stress. Wang et al. [29]
prepared a novel antioxidant GSH liposomes (GSH-LIP) which were applied in therapy of
diabetic nephropathy. It indicated that GSH-LIP effectively depleted NADPH to block the
polyol pathway, and dramatically relieved diabetic nephropathy, which provided a new
theoretical basis for the nano-drug research in therapy diabetic nephropathy.

5. Nano-Drug Design for Tumor Based on the Physiological Properties of GSH
5.1. Nanoparticles Implement Tumor Targeting Delivery Mechanisms
5.1.1. Passive Targeting

Passive targeting mainly depends on its nanometer size and the microvascular struc-
ture at the tumor site. Compared with normal tissues, most tumor tissues have incomplete
vascular remodeling due to vigorous growth and metabolism, with a gap of 10–1000 nm
between vascular endothelium. Therefore, nanoparticles of the corresponding size can
reach tumor tissues through blood circulation and are enriched in tumor tissues through en-
hanced permeability and retention (EPR) effect [38]. It is generally believed that 10–100 nm
nanoparticles have better EPR effect [39]. On the other hand, the growth state and density
of vascular endothelial in tumor area can also affect the EPR effect [40].

5.1.2. Active Targeting

In order to further enhance the uptake of nano-drug delivery system by tumor cells,
the surface of the nanoparticles can be modified with actively targeted ligand, so that
they can enter cells through receptor-ligand-mediated endocytosis by recognizing specific
receptors on the surface of tumor cells [41]. Compared with the passive targeting, the
active targeting nanoparticles have stronger specificity and can significantly increase the
intracellular drug concentration in tumor cells [42].

5.1.3. Tumor Microenvironment Responsive Nano-Drug Delivery System

Compared with normal tissues, tumor tissues and cells present unique characteristics
of microenvironment, mainly reflecting the following aspects [43]: (1) pH value: the
tumor environment is weakly acidic, pH 6.5–7.0. Tumor cell inclusions or lysosomes
have a lower pH of 4.0–6.0 [44]; (2) tumor cells present a reductive environment in which
glutathione concentration can reach 1–10 mM, which is 100–1000 times than that of the
blood environment [45]; (3) mitochondria of tumor cells present an oxidative environment,
in which the concentration of reactive oxygen species (ROS) can reach mM level [46].
pH responsive nano-drug delivery system: the change of the body properties under pH
stimulation makes the nanoparticles depolymerize to achieve the purpose of targeted
drug delivery in tumor cells [47]. Reductive nano-drug delivery system: according to
the concentration difference between GSH in tumor cells and normal tissues, reduction
sensitive nanocarrier materials are designed. Disulfide or disselenium bonds contained in
the carrier material can be reduced by intracellular GSH and broken, thus causing drastic
changes in the properties of the carrier and releasing the encapsulated drugs [48].
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5.2. Nano-Drug Design Based on NADPH Depletion during GSSG Reduction in Ferroptosis

Ferroptosis is a programmed cell death pathway that is featured with altered iron
and redox homeostasis. Particularity of ferroptosis is generally believed to be the accu-
mulation of ROS relied on iron, resulting in the occurrence of lipid peroxidation and cell
death [49]. Furthermore, ferroptosis also shows the decline of regulation of core enzyme
GPX4 in antioxidative system (glutathione system). The lipid peroxides will be scavenged
by GPX4. If the activity of GPX4 is inhibited, more lipid peroxides will be produced to
result in oxidative imbalance and ferroptosis occurrence [50]. Therefore, GPX4 inhibition
or modulation of GSH biosynthesis to decrease GPX4 activity are two typical approaches
for ferroptosis induction. GSSG is reduced to GSH with GSH-R and consuming NADPH.
NADPH is an essential intracellular reducing agent for the elimination of lipid hydroper-
oxides, and when these processes are impaired, ferroptosis is triggered [51]. In addition,
another mechanism of ferroptosis is arachidonic acid/adrenic acid (AA/AdA), in which
accumulation of PE-AA-OOH is another apparent marker of ferroptosis. It is worth not-
ing that the accumulation of PE-AA-OOH in cells depends on the activity of GPX4, and
PE-AA-OOH can be oxidized to PE-AA-OH in the presence of GPX4 [52–54]. Therefore,
NADPH depletion, excessive PE-AA-OOH, and GPX4 deficiency are generally proposed
as the main characteristics of induced ferroptosis [55–57], as shown in Figure 3B.

Figure 3. Pathogenesis of GSH involved in: (A) mechanism of polyol pathway [21]; (B) mechanism
of ferroptosis [58].

Wang et al. [58] designed the azobenzene linker with nitroimidazole-conjugated
polypeptide (DHM@RSL3), which cleaved under anaerobic environment. DHM@RSL3
nano-micelles entered the cells and cleaved to release RSL3, a kind of GPX4 inhibitor.
Meanwhile, azobenzene depletes NADPH, a key coenzyme in the synthesis of GSH and
Trx(SH)2, resulting in decreasing contents of GSH and Trx(SH)2, and dually inducing
ferroptosis to promote tumor cell apoptosis. Zhao et al. [59] prepared an RSL3 iron
fluorescence inducer, which was encapsulated in micelles to target GPX4. They found that
in drug-resistant human ovarian adenocarcinoma cell models, RSL3 micelles were found
to be 30 times toxic than the activable control micelles. This is mainly due to a decline in
GSH, which enhances the ability of RSL3 to induce ferroptosis.
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5.3. Nano-Drug Design Based on GSH Reductive Ability in Tumor Microenvironment
5.3.1. Theory of Redox-Sensitive in Nano-Drug Delivery System

GSH is considered the primary mercaptan-disulfide redox buffer as a reducing agent
in cells [60,61]. The concentration of GSH in blood is only 0.1% to 1% of that in cells [62],
hence blood is usually the environment in which GSH less mediated redox reactions.
However, tumor cells are characterized as abnormal tumor metabolism and elevated GSH
level when the oxidative stress produced, and the cytosolic GSH concentration in tumor
cells (2–20 mmol·L−1) is 1000 times higher than that in normal cells, resulting in presenting
strong reducing environment [63,64]. This extreme difference in concentration makes
GSH to be a redox trigger in drug delivery system. Therefore, a redox-sensitive targeted
nano-drug delivery system has emerged, whose main design feature is the introduction
of responsive chemical bonds in the carrier backbone, side chain or crosslinking agent.
Moreover, these chemical bonds are relatively stable in the normal environment of the
human body including blood and tissue, but they are easy to undergo redox reaction with
high concentration of GSH, leading to the cleavage of chemical bonds to release drugs, and
achieving accurate delivery of drugs in tumor cells [65,66].

5.3.2. Chemical Bonds That React with GSH

The redox-sensitive chemical bonds play a crucial role in the redox-sensitive targeted
nano-drug delivery system, which is equivalent to the switch of the delivery system
and directly affects the drug release. There are some common redox-sensitive chemical
bonds, such as disulfide bond (-S-S-), mono thioether bond (-S-), conjugate bond of -Pt-O-,
diselenide-conjugated bond (-Se-Se-), conjugate bond of -Se-N-, mono selenium bond
(-Se-). Among them, disulfide bond has been widely used to develop reduction-responsive
drug delivery system for cancer therapy. The kinds and characteristics of common redox-
sensitive chemical bonds are shown in Table 1.

Table 1. Redox-sensitive chemical bonds and their characteristics.

Kinds Response Sensitivity Stability in Normal Environment Complexity in Construction Reference

S-S strong reduction sensitivity stable easy [67–72]
-S- strong dual redox sensitivity relatively stable relatively easy [73–75]

Pt-O strong reduction sensitivity relatively stable easy [76,77]
Se-Se strong dual redox sensitivity relatively stable easy [78–80]
Se-N strong dual redox sensitivity relatively stable easy [81]
-Se- weak dual redox sensitivity unstable relatively easy [82–84]

5.3.3. Nano-Drug Design Based on Different Chemical Bonds
Nano-Drug with S-S

Disulfide bond (S-S) is one of the most common GSH reduction sensitivity bond, and
the main method of introducing -S-S- is to design prodrugs with redox sensitive bonds.
Shao et al. [67] successfully combined camptothecin and chlorambucilby by disulfide
bonds to design a new drug–drug conjugated prodrug. Under high concentration of
GSH in tumor cells, the disulfide bonds are destroyed and effectively release these two
anticancer drugs. Compared with a single anticancer drug, two anticancer drugs can not
only effectively kill tumor cells, but also notably reduce the adverse side effects on normal
cells (Figure 4A). Khorsand et al. [68] designed the thiol-responsive degradable micelles
consisting of a pendant disulfide-labeled methacrylate polymer block (PHMssEt) and a
hydrophilic poly (ethylene oxide) (PEO) block. The disulfide bond in PEO-b-PHMssEt is
cleaved under the action of GSH, leading to the instability of the self-assembled micelles.
This GSH-triggered micelle instability altered their size distribution and formed large
aggregates, thereby enhancing the release of encapsulated anticancer drugs and providing
multifunctional drug delivery applications (Figure 4B). Sun et al. [69] prepared PTX-SS-
CIT nanoparticles with higher dual redox sensitivity, faster tumor-specific drug release,
and stronger anti-tumor activity (Figure 4C). Luo et al. [70] designed the novel redox
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responsive conjugates by bridging PTX and OA with disulfide bond (PTX-S-S-OA). PTX-
S-S-OA nanoparticles exhibited distinct superiority over both taxol and PTX-OA, and
the tumor almost completely disappeared in mice after the treatment by nanoparticles
(Figure 4D). Furthermore, there are many nano-drug designs for anti-tumor therapy based
on disulfide bond [71,72], which provide a promising perspective for the design of nano-
drug delivery system.

Figure 4. Schematic design of different GSH responsive anticancer drugs with disulfide bond.
(A) Camptothecin and chlorambucil conjugated with disulfide bond (SS) supramolecular anticancer
drugs. Nanoparticles cleavage to CPT with GSH [67]; (B) GSH-responsive degradable PEO-b-
PHMssEt micelles. PEO-b-PHMssEt cleavage to PEO-b-PHMSH with GSH [68]; (C) the disulfide
bond-bridged prodrugs PTX-SS-CIT cleavage to different compounds with GSH [60]; (D) redox-
responsive conjugates by bridging PTX and OA with disulfide bond (PTX-S-S-OA). PTX-S-S-OA
cleavage to PTX with GSH [70].
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Nano-Drug with -S-

Mono thioether bond (-S-) as a binder is widely applied in anti-tumor and nano-
drug delivery system design. Cong et al. [73] successfully developed a novel dual re-
dox responsive prodrug-nanosystem (PTX-S-OA/TPGS NPs) assembled by hydrophobic
small-molecule prodrugs. PTX-S-OA/TPGS NPs were significantly superior to disulfide
conjugate (PTX-2S-OA) in terms of dual redox sensitive drug release and in vivo antitumor
efficacy. PTX-S-OA/TPGS NPs have an impressive high drug loading and are effective
in selectively releasing drugs at the tumor site, as shown in Figure 5A. Meng et al. [74]
synthesized a new prodrug DTX-S-LA, which utilized mono thioether bond as a linker to
bridge linoleic acid (LA) and docetaxel (DTX). DTX-S-LA self-assembled with DEPEG-PEG
to form nanoparticles with a drug loading capacity of 53.4%. These nanoparticles had the
characteristics of uniform particle size, high blood stability, and fast drug release in tumor
cells and had higher tumor inhibition rate in vivo compared with free DTX, as shown in
Figure 5B. Zhang et al. [75] synthesized a kind of CUR-S-CUR prodrug by coupling two
CUR molecules with mono thioether bond for GSH responsive drug delivery, as shown in
Figure 5C. These CUR-S-CUR NPs exhibited good colloid stability, more efficient cellular
uptake, and intracellular/nuclear drug delivery compared to free CUR.

Figure 5. Schematic design of different GSH-responsive anticancer drugs with -S-. (A) Schematic representation of the
preparation of PEGylated prodrug NPs of PTX-S-OA and cleavage by GSH or ROS [73]; (B) schematic representation of
DTX-S-LA self-assemble in water and cleavage with GSH in tumor cells [61]; (C) schematic representation of CUR-S-CUR
prodrug self-assemble and its uptake by tumor cells [75].

Nano-Drug with Pt-O

Pt-O bond can be reduced and cleaved by GSH to release active metabolite Pt(II).
Based on this theory, Ling et al. [76] designed the GSH-sensitive prodrug nanoparticles
Pt(IV) for effective drug delivery and cancer therapy. Pt(IV) nano-drugs could resist thiol-
mediated detoxification through the GSH depletion. After Pt(IV) nanoparticles are reduced
by GSH, Pt-O broke down and released enough active Pt(II) metabolites, which covalently
bonded with the target DNA and induced apoptosis (Figure 6A). Huang et al. [77] found
that Pt(IV)NP-cRGD exhibited strong echogenic signals and excellent echo persistence
under ultrasound imaging. Furthermore, the GSH-sensitive drug delivery system not
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only maximized the therapeutic effect, but also reduced the toxicity of chemotherapy.
Pt(IV)NP-cRGD, together with ultrasound imaging, depleted GSH, and increased ROS
levels, leading to mitochondria-mediated apoptosis (Figure 6B).

Figure 6. Self-assembled Pt (IV) nanoparticles for specific delivery of Pt drugs. (A) Pt (IV) was reduced with GSH to Pt
(II) [76]. (B) Pt(IV)NP-cRGD was reduced with GSH to Pt (II) [77].

Nano-Drug with Se-Se

Diselenide-conjugated bond (Se-Se) has a unique dual redox sensitivity. High expres-
sion of GSH in tumors or ROS generation by oxidative stress, such as H2O2, can break the
diselenide-conjugated bond to complete the redox response. Manjare et al. [78] synthesized
a new GSH reduction-triggered fluorescent probe (A) by connecting two molecules of
BODIPY-Se by the diselenide-conjugated bond, which could be utilized to detect GSH or
H2O2 in cancer cells. Diselenide-conjugated bond of fluorescent probe (A) was cleaved by
GSH, then reacted with ROS to emit fluorescence. Han et al. [79] prepared the fluorescent
molecule diselenide SeDSA nanoparticles containing 9, 10-distyrylanthracene (DSA) deriva-
tive (SeDSA) with aggregation-induced emission (AIE). SeDSA could co-assemble with the
antitumor prodrug and diselenide-containing paclitaxel (SePTX), to form SeDSA-SePTX
Co-NPs (Co-NPs). SeDSA-SePTX Co-NPs rapidly disintegrate and release AIE dye and
PTX under the reducing environment, which played the role of tumor imaging and tumor
therapy. Zhao et al. [80] designed diselenide-crosslinked polymer gels (SeSey-PAA-TPEx)
via free radical copolymerization. The diselenide crosslinker in the gels could be frag-
mented in the presence of H2O2 or GSH due to its redox-responsive property for diagnosis
of tumor.

Nano-Drug with Se-N

Conjugate bond of Se-N is a novel dual redox sensitive bond, which is not only
responsive with GSH to form Se-H, but also responsive with H2O2 to form Se-N, achieving
dual redox responsive effect. Xu et al. [81] developed a new dual redox sensitive fluorescent
probe (Cy-O-Eb) based on this theory, which could dynamically track the changes of
H2O2 and GSH in living cells, and directly monitored the redox status of cells. The
apoptosis process of HepG2 tumor was successfully observed by Cy-O-Eb. In this report,
the breakage and generation of Se-N bond in the structure cause a change in fluorescence
in the fluorescent probe under two different environments. Under the action of GSH, Se-N
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bond breaks and generates Se-H structure, and the fluorescence intensity is greatly reduced.
On the contrary, the Se-N bond was regenerated and the fluorescence was restored under
the effect of H2O2, as shown in Figure 7.

Figure 7. Dual reaction of probe (Cy-O-Eb) with GSH/H2O2 [81]. The Se-N bond (strong fluorescence) in Cy-O-Eb was
reduced with GSH to form Se-H bond (weak fluorescence). Se-N was regenerated and the fluorescence was restored under
the effect of H2O2.

Nano-Drug with -Se-

Mono selenium bond (-Se-) is an oxidation stimuli responsive bond, which is mainly
oxidized by ROS, such as H2O2, and is ruptured to release nano-drugs. Wang et al. [82]
prepared the drug-loaded polymeric nanoparticles of selenium-inserted copolymer (I/D-
Se-NPs). I/D-Se-NPs rapidly dissociate in a few minutes mediated by ROS and promoted
the continuous release of anti-tumor drugs. Moreover, Jiang et al. [83] developed a dual-
stimuli responsive and wormlike micelle system (C11-Se-C11) using a switchable selenium-
containing surfactant. Zhang et al. [84] designed a viscoelastic wormlike micellar solution
based on a new redox-responsive surfactant, namely sodium dodecylselanylpropyl sulfate
(SDSePS). The above selenium bond in nanoparticles can be oxidized by H2O2 to form
Se=O to play relative activity.

5.3.4. Glutathione Responsive Photodynamic Therapy

Phototherapy can be divided into photothermal therapy (PTT) and photodynamic
therapy (PDT). PTT is a treatment method for killing tumors by injecting photothermal
materials into the body and irradiating them with near-infrared light (750~1400 nm). When
tumor tissues/cells are heated to 40–45 ◦C, cell membranes and nucleic acids are damaged
or mitochondrial dysfunction occurs in the process of hyperthermia. Prolonged exposure
to high heat eventually leads to the death of tumor tissue/cells. During PTT, tumor
tissue/cells have a lower heat tolerance than normal tissue/cells. Therefore, it is possible
to selectively kill tumor tissues/cells by using the ability of local tumor heating, while not
harming the normal tissues/cells [85].

PDT has emerged as a technique for disease treatment which requires three essential
components: photosensitizers (PS), specific wavelengths of light (ultraviolet light, visible
and near-infrared light), and oxygen. Light excitation at a specific site triggers a photo-
chemical reaction in PS resulting in the production of reactive oxygen species (ROS), which
subsequently yields tissues/cells damage and death. PDT can provide accurate stimulus
that triggers ROS production at a defined time and specific site resulting in a significant
reduction of off-target effects on healthy tissues [86,87].
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The concentration of intracellular ROS directly determines the effect of photodynamic
therapy. Hence, a decline in GSH can increase the level of ROS and promote cell apoptosis,
which provides the primary theory for photodynamic therapy. Ruan et al. [88] constructed
a nanosystem, Cu-tryptone nanoparticles (Cu-Try NPs), that promoted photodynamic ther-
apy through the consumption of GSH. It demonstrated that Cu-Try NPs could deplete GSH
to increase intracellular ROS and improve the photodynamic therapy. Chen et al. [89] devel-
oped a kind of hydrophobic cysteine-based polydisulfide amide (Cys-PDSA) polymers and
utilized them as black phosphorus quantum dots nanocarrier. Paclitaxel (PTX) was loaded
into the nanoparticles to achieve a combination of chemotherapy and photothermal therapy
for cancer through GSH reduction mediated by disulfide bond. Yang et al. [90] prepared a
new type of pH/GSH multi-response chitosan nanoparticles (SA-CS-NAC), and SA-CS-
NAC-loaded photosensitizer ICG to form the amphoteric mercapto chitosan nanoparticles
(SA-CS-NAC@ICG NPs) by self-assembly. SA-CS-NAC@ICG NPS successfully achieved
multi-response to release ICG in a microenvironment with low pH and high GSH in tumor
cells. At the same time, in vitro cell experiments confirmed that SA-CS-NAC@ICG NPS
had strong cell uptake ability, low biotoxicity, and good tumor inhibition.

6. Nano-Drug Design Based on the Role of GSH in Neurological Diseases

GSH takes participated in the neurodegenerative changes of Parkinson’s disease,
mainly against the production of intracellular ROS during oxidative stress. The concen-
tration of GSH in the substantia nigra in patients with Parkinson’s disease dramatically
decreased, indicating a close relationship between GSH, oxidative stress, and Parkinson’s
disease. Based on the theory above, Ma et al. [91] prepared Ag44(SR)30 silver nanoclusters
with a ligand of 5-mercapto-2-nitrobenzoic acid, and completed the high precision detec-
tion of GSH, which enables more accurate and comprehensive diagnosis and assessment
of Parkinson’s disease. It had been reported that autism spectrum disorders (ASD) were
also associated with GSH [92–95]. The research found that both reduced GSH and total
GSH levels were lower in the ASD group than that in the control group [96]. In addition,
some studies had found that the treatment with GSH could effectively protect renal tubular
epithelial cells, reduce the occurrence of acute renal damage or even acute renal failure,
and improve the survival rate of patients with cerebral hemorrhage [97]. Although GSH
is directly or indirectly involved in the pathogenesis of neurological diseases, nano-drug
design based on the role of GSH in oxidative stress has not been reported. This is a weak-
ness and blind area in the nano science research, we can make full use of the advantages of
nanotechnology, combining the characteristics of nervous system diseases to develop new
targeted nano-drugs.

7. Fluorescent Nano-Probe Design Based on Physiological Properties of GSH

The traditional methods for the visual quantitative determination of intracellular ROS
and GSH are mostly instrumental analysis. However, the sample pre-treatment process is
complicated, the determination is time-consuming, and the GSH and ROS in vivo cannot be
monitored in real time. In contrast, fluorescent probe technology has the advantages of high
sensitivity, good selectivity, and good real-time performance, which show the outstanding
features for monitoring GSH and ROS in vivo and in vitro [98–100]. The following is an
introduction to the design of fluorescent nano-probes based on the physiological properties
of GSH, hoping to provide some references for the clinical application of nano-probes
through the summary of this paper.

Liu et al. [101] synthesized a novel two-photon fluorescence probe MT-1 for the de-
tection of biological mercaptans mainly GSH in mitochondria. 4-dinitrobenzene sulfonyl
group (DNBS) in fluorescent probe, which acted as the responsive group of GSH. Fluores-
cence of the probe would be quenched due to the electron-absorbing action of DNBS. But
when the probe reacted with GSH in mitochondria, DNBS was eliminated, and fluorescence
of the probe was restored to directly observe biological mercaptan in living cells and tissues,
which were used to detect and observe cell status. Chen et al. [102] prepared a fluorescent
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probe for the detection of GSH in aqueous solution and living cells by introducing dini-
trophenyl ether into 2-(2′-hydroxy-3′-ethoxyphenyl) benzothiazole. The fluorescence of
the probe was quenched due to the strong electron-absorbing of the nitro group, but when
the probe was reduced by GSH, the fluorophore was released to emit a strong fluorescence
at 485 nm. Both of the above designs introduce a strong electron-absorbing group into
the probe structure, and the fluorescence of probe is quenched or resurrected after GSH
regulation. There are also some references for the application of this design [103–109].

All the above are small molecular fluorescent probes, and their poor tumor targeted
ability and solubility have limited their application in vivo. In order to effectively penetrate
tumors, especially those tumors with dense stroma, Niko et al. [110] designed a GSH-
responsive fluorescent probe in which the amphiphilic fluorescent material NR12D was
self-assembled and coated with a polymer DSP containing disulfide bonds. Li et al. [111]
prepared micelles by covalently linking the NIR fluorescent dye dimethyl-4H-pyran (DCM)
with the anti-tumor drug gemcitabine using a disulfide bond as a bridge to achieve the
targeted positioning and therapeutic effect of the nanoprobe. Zhang et al. [112] synthesized
a GSH-responsive probe using the fluorescent material amantadine-naphthalimide and the
anticancer drug camptothecin to achieve active fluorescence imaging in cancer cells. Lu
et al. [113] used hollow mesoporous carbon (HMC) coated with doxorubicin and grafted
reduction-sensitive near-infrared dye (HMC SS-CDPEI) to prepare a nanoprobe to monitor
the release of doxorubicin. Choi et al. [114] designed and synthesized a GSH-responsive
fluorescent carbon nanoprobe. All these probes disintegrate under the action of GSH, and
the fluorescence emission can monitor the drug release in real time.

8. Nano-Imaging Design Based on Physiological Properties of GSH

Nano-imaging technology is to design GSH-responsive nanoparticles in which nano-
imaging materials are encapsulated in the nanoparticles for dual-mode imaging and com-
bination therapy. Li et al. [115] reported that the drug paclitaxel (PTX) and hydroxyethyl
starch were bonded by disulfide bonds, and then the fluorophore DiR was encapsulated
in the nanoparticle nucleus during self-assembly, during which the DiR fluorescence was
quenched. When the nanoparticles were endocytosed by tumor cells, the disulfide bonds
were cleaved by excessive GSH, resulting in the simultaneous release of DiR and PTX in
the nanoparticles. The fluorescence of DiR recovered and could be applied in photoacous-
tic imaging. Yang et al. [116] synthesized a GSH-responsive hyaluronic acid (HA) and
poly (ε-caprolactone) copolymer nanoparticle encapsulated with DOX and superparamag-
netic iron oxide (SPIO). Under the action of high levels of GSH, disulfide bonds of these
nanoparticles broke, releasing internal DOX and SPIO. SPIO could be utilized in magnetic
resonance imaging, while DOX was used in chemotherapy, allowing the combination of
imaging and chemotherapy. Yang et al. [117] reported that amphiphilic dextran derivatives
were developed from disulfide-linked dextran-g-poly-(N-3-carbobenzyloxy-L-lysine) graft
polymer (Dex-g-SS-PZLL) and used as theranostic nanocarriers for chemotherapy and
magnetic resonance imaging. Consequently, these reduction-sensitive nanoparticles are
promising theranostic nanocarriers for magnetic resonance imaging and chemotherapy.

9. Application of Nanoscale GSH in Food Field

Design of sodium alginate and chitosan bilayer-modified GSH nanoliposomes was
reported by Wei et al. [118]. The results of storage stability and gastrointestinal stability
showed that sodium alginate and chitosan bilayer-modified liposomes not only enhanced
the stability of GSH, but significantly reduced the release rate of GSH in the gastrointestinal
tract. Therefore, in a complex food-processing system, the use of sodium alginate and
chitosan bilayer-modified liposomes could avoid the rapid release of GSH, increase the
stability of GSH, and thus promote the absorption of GSH by gastrointestinal cells, and
enhance the nutritional value of food. This study provides a reference basis and data
support for the application of GSH nanoliposomes modified by sodium alginate and
chitosan in food field.
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10. Summary and Perspectives

GSH tablets and GSH injection are widely used in clinic. GSH is a kind of polypep-
tide, which does not exist stably during transportation and preservation, which brings
some difficulties for clinical preservation, transportation, and application. Therefore, it is
very important to develop nano-drugs and technologies based on the pathological char-
acteristics of GSH so that GSH can play much greater role in clinical practice. However,
GSH nanoparticles are limited to basic experiments and have not been widely used in
clinical practice. In view of the problems faced by nanotechnology in clinical diseases, it
is necessary to design intelligent nanoparticles with the help of interdisciplinary integra-
tion. Nanoparticles adjust its chemical and biological functions by stimulating responsive
structural changes, so as to realize intelligent biomedical applications, which is a new
interdisciplinary research direction.

In conclusion, based on the physiological and pathological properties of GSH, different
types of nano-drugs can be designed from the GSH synthesis process and the physiological
regulation of GSH, which can not only improve the targeted abilities of nano-drugs, but
also achieve the treatment of special diseases. These nanotechnologies take full advantage
of the strong reductivity of GSH, the high content of GSH in tumor cells, and the NADPH
depletion when GSSH is reduced to GSH designing active targeting nano-drugs. This
paper reviews the principles and applications of nano-drugs in diabetes, cancer, nervous
system diseases, fluorescent probes, imaging, and food, based on the physiological prop-
erties of GSH. These studies make full use of the physiological and pathological value
of GSH and develop excellent nano-drug design methods, which provide important sci-
entific significance and application value for the research of related diseases that GSH
participates in.

Author Contributions: M.L. and J.Q. designed this paper, and W.L. wrote this paper. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors thanks to the Harbin Medical University Daqing Campus Yu Weihan Out-
standing Youth Fund (DQYWH201603) and Heilongjiang Province ordinary undergraduate youth
innovative personnel training program (UNPYSCT-2015036). National Natural Science Foundation
of China (82173153).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Liu, Y.; Hyde, A.S.; Simpson, M.A.; Barycki, J.J. Emerging Regulatory Paradigms in Glutathione Metabolism. Adv. Cancer Res.

2014, 122, 69–101.
2. Harington, C.R.; Mead, T.H. Synthesis of Glutathione. Biochem. J. 1935, 29, 1602–1611. [CrossRef]
3. Penninckx, M.J.; Elskens, M.T. Metabolism and Functions of Glutathione in Micro-Organisms. Adv. Microb. Physiol. 1993, 34,

239–301.
4. Bachhawat, A.K.; Yadav, S. The Glutathione Cycle: Glutathione Metabolism Beyond the Gamma-Glutamyl Cycle. IUBMB Life

2018, 70, 585–592. [CrossRef]
5. Bachhawat, A.K.; Kaur, A. Glutathione Degradation. Antioxid. Redox. Signal. 2017, 27, 1200–1216. [CrossRef] [PubMed]
6. Jana, A.; Joseph, M.M.; Munan, S.; Sharma, K.; Maiti, K.K.; Samanta, A. A Single Benzene Fluorescent Probe for Efficient

Formaldehyde Sensing in Living Cells Using Glutathione as an Amplifier. J. Photochem. Photobiol. B 2021, 214, 112091. [CrossRef]
[PubMed]

7. Shuhua, X.; Ziyou, L.; Ling, Y.; Fei, W.; Sun, G. A Role of Fluoride on Free Radical Generation and Oxidative Stress in BV-2
Microglia Cells. Mediat. Inflamm. 2012, 2012, 102954. [CrossRef] [PubMed]

8. Meister, A. Glutathione, Ascorbate, and Cellular Protection. Cancer Res. 1994, 54, 1969–1975.
9. Rodrigues, C.; Percival, S.S. Immunomodulatory Effects of Glutathione, Garlic Derivatives, and Hydrogen Sulfide. Nutrients

2019, 11, 295. [CrossRef]
10. Song, D.; Lin, Z.; Yuan, Y.; Qian, G.; Li, C.; Bao, Y. DPEP1 Balance GSH Involve in Cadmium Stress Response in Blood Clam

Tegillarca granosa. Front. Physiol. 2018, 9, 964. [CrossRef] [PubMed]
11. Agarwal, P. Assessment of Anti-Aging Efficacy of the Master Antioxidant Glutathione. Int. J. Sci. Basic Appl. Res. 2017, 33,

257–265.

http://doi.org/10.1042/bj0291602
http://doi.org/10.1002/iub.1756
http://doi.org/10.1089/ars.2017.7136
http://www.ncbi.nlm.nih.gov/pubmed/28537416
http://doi.org/10.1016/j.jphotobiol.2020.112091
http://www.ncbi.nlm.nih.gov/pubmed/33285487
http://doi.org/10.1155/2012/102954
http://www.ncbi.nlm.nih.gov/pubmed/22933830
http://doi.org/10.3390/nu11020295
http://doi.org/10.3389/fphys.2018.00964
http://www.ncbi.nlm.nih.gov/pubmed/30079033


Molecules 2021, 26, 5567 15 of 19

12. Anaisa, V.; Ferreira, A.V.; Valerie, A.C.M.; Koeken, V.C.; Matzaraki, V.; Kostidis, S.; Alarcon-Barrera, J.C.; de Bree, L.C.; Moorlag,
S.J.; Mourits, V.P.; et al. Glutathione Metabolism Contributes to the Induction of Trained Immunity. Cells 2021, 10, 971.

13. Vanin, A.F.; Ostrovskaya, L.A.; Korman, D.B.; Kubrina, L.N.; Borodulin, R.R.; Fomina, M.M.; Bluchterova, N.V.; Rykova, V.A.;
Timoshin, A.A. Anti-Tumour Activity of Dinitrosyl Iron Complex with Glutathione and S-Nitrosoglutathione Preparations:
Comparative Studies. Biofizika 2015, 60, 1157.

14. Scire, A.; Cianfruglia, L.; Minnelli, C.; Bartolini, D.; Torquato, P.; Principato, G.; Galli, F.; Armeni, T. Glutathione Compartmen-
talization and Its Role in Glutathionylation and Other Regulatory Processes of Cellular Pathways. Biofactors 2019, 45, 152–168.
[CrossRef]

15. Escartin, C.; Joon Won, S.J.; Malgorn, C.; Auregan, G.; Berman, A.E.; Chen, P.C.; Deglon, N.; Johnson, J.A.; Suh, S.W.; Raymond,
A.; et al. Nuclear Factor Erythroid 2-Related Factor 2 Facilitates Neuronal Glutathione Synthesis by Upregulating Neuronal
Excitatory Amino Acid Transporter 3 Expression. J. Neurosci. 2011, 31, 7392–7401. [CrossRef]

16. Zhang, L.W.; Li, X.L.; Zhao, H.B.; Lie, M.J.; Li, Z.H. Influence of Glutathione Responsive Tumor-Targeted Camptothecin
Nanoparticles on Glioma Based on Oxidative Stress. Colloid Interface Sci. Commun. 2021, 42, 100423. [CrossRef]

17. Heath, J.R. Nanotechnologies for Biomedical Science and Translational Medicine. Proc. Natl. Acad. Sci. USA 2015, 112,
14436–14443. [CrossRef]

18. Bae, Y.H.; Park, K. Targeted Drug Delivery to Tumors: Myths, Reality and Possibility. J. Control. Release 2011, 153, 198–205.
[CrossRef]

19. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer Nanomedicine: Progress, Challenges and Opportunities. Nat. Rev.
Cancer 2017, 17, 20–37. [CrossRef] [PubMed]

20. Rossi, F.; Ferrari, R.; Castiglione, F.; Mele, A.; Perale, G.; Moscatelli, D. Polymer Hydrogel Functionalized with Biodegradable
Nanoparticles as Composite System for Controlled Drug Delivery. Nanotechnology 2014, 26, 015602. [CrossRef] [PubMed]

21. Stumpel, J.E.; Gil, E.R.; Spoelstra, A.B.; Bastiaansen, C.W.; Broer, D.J.; Schenning, A.P. Stimuli-Responsive Materials Based on
Interpenetrating Polymer Liquid Crystal Hydrogels. Adv. Funct. Mater. 2015, 25, 3314–3320. [CrossRef]

22. Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-Responsive Nanocarriers for Drug Delivery. Nat. Mater. 2013, 12, 991–1003. [CrossRef]
[PubMed]

23. Huo, M.; Yuan, J.; Tao, L.; Wei, Y. Redox-Responsive Polymers for Drug Delivery: From Molecular Design to Applications. Polym.
Chem. 2014, 5, 1519–1528. [CrossRef]

24. Wang, J.; Sun, X.; Mao, W.; Sun, W.; Tang, J.; Sui, M. Tumor Redox Heterogeneity-Responsive Prodrug Nanocapsules for Cancer
Chemotherapy. Adv. Mater. 2013, 25, 3670–3676. [CrossRef] [PubMed]

25. Huang, S.; Tan, M.; Guo, F.; Dong, L.; Liu, Z.; Yuan, R.; Dongzhi, Z.; Lee, D.S.; Wang, Y.; Li, B. Nepeta angustifolia C. Y. Wu Improves
Renal Injury in HFD/STZ-Induced Diabetic Nephropathy and Inhibits Oxidative Stress-Induced Apoptosis of Mesangial Cells. J.
Ethnopharmacol. 2020, 255, 112771. [CrossRef] [PubMed]

26. Bai, J.; Liu, C.; Zhu, P.; Li, Y. Novel Insights into Molecular Mechanism of Mitochondria in Diabetic Cardiomyopathy. Front.
Physiol. 2020, 11, 609157. [CrossRef] [PubMed]

27. Raj Rai, S.R.; Bhattacharyya, C.; Sarkar, A.; Chakraborty, S.; Sircar, E.; Dutta, S. Glutathione: Role in Oxidative/Nitrosative Stress,
Antioxidant Defense, and Treatments. ChemistrySelect 2021, 6, 4566–4590. [CrossRef]

28. Wiedenmann, T.; Dietrich, N.; Fleming, T.; Altamura, S.; Deelman, L.E.; Henning, R.H.; Muckenthaler, M.U.; Nawroth, P.P.;
Hammes, H.P.; Wagner, A.H.; et al. Modulation of Glutathione Peroxidase Activity by Age-Dependent Carbonylation in
Glomeruli of Diabetic Mice. J. Diabetes Complicat. 2018, 32, 130–138. [CrossRef] [PubMed]

29. Shen, H.; Wang, W. Effect of Glutathione Liposomes on Diabetic Nephropathy Based on Oxidative Stress and Polyol Pathway
Mechanism. J. Liposome Res. 2020, 6, 1–9. [CrossRef] [PubMed]

30. Zhang, Y.; Lin, X.; Du, X.; Geng, S.; Li, H.; Sun, H.; Tang, X.; Xiao, W. pH-Sensitive Thiolated Nanoparticles Facilitate the Oral
Delivery of Insulin In Vitro and In Vivo. J. Nanopart. Res. 2015, 17, 103. [CrossRef]

31. Kuan, W.C.; Lai, J.W.; Lee, W.C. Covalent Binding of Glutathione on Magnetic Nanoparticles: Application for Immobilizing Small
Fragment Ubiquitin-Like-Specific Protease 1. Enzym. Microb. Technol. 2021, 143, 109697. [CrossRef]

32. Mohammadifard, M.; Mottaghipisheh, J. The Effects of Ethanolic Herbal Extracts and CuO Nanoparticles on Catalase, Glutathione
Peroxidase and Malondialdehyde in Male Diabetic Rats. Biologia 2017, 72, 357–363. [CrossRef]

33. Barathmanikanth, S.; Kalishwaralal, K.; Sriram, M.; Pandian, S.R.; Youn, H.S.; Eom, S.; Gurunathan, S. Anti-oxidant Effect of Gold
Nanoparticles Restrains Hyperglycemic Conditions in Diabetic Mice. J. Nanobiotechnology 2010, 8, 16. [CrossRef] [PubMed]

34. Sedeek, M.; Hebert, R.L.; Kennedy, C.R.; Burns, K.D.; Touyz, R.M. Molecular Mechanisms of Hypertension: Role of Nox Family
NADPH Oxidases. Curr. Opin. Nephrol. Hypertens. 2009, 18, 122–127. [CrossRef] [PubMed]

35. Griendling, K.K.; Camargo, L.L.; Rios, F.J.; Alves-Lopes, R.; Montezano, A.C.; Touyz, R.M.; Griendling, K.K. Oxidative Stress and
Hypertension. Circ. Res. 2021, 128, 993–1020. [CrossRef]

36. Zhang, Y.; Murugesan, P.; Huang, K.; Cai, H.; Zhang, Y. NADPH Oxidases and Oxidase Crosstalk in Cardiovascular Diseases:
Novel Therapeutic Targets. Nat. Rev. Cardiol. 2020, 17, 170–194. [CrossRef] [PubMed]

37. Paravicini, T.M.; Touyz, R.M. NADPH Oxidases, Reactive Oxygen Species, and Hypertension: Clinical Implications and
Therapeutic Possibilities. Diabetes Care 2008, 31, 170–180. [CrossRef] [PubMed]

38. Bertrand, N.; Wu, J.; Xu, X. Cancer Nanotechnology: The Impact of Passive and Active Targeting in the Era of Modern Cancer
Biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef] [PubMed]

http://doi.org/10.1002/biof.1476
http://doi.org/10.1523/JNEUROSCI.6577-10.2011
http://doi.org/10.1016/j.colcom.2021.100423
http://doi.org/10.1073/pnas.1515202112
http://doi.org/10.1016/j.jconrel.2011.06.001
http://doi.org/10.1038/nrc.2016.108
http://www.ncbi.nlm.nih.gov/pubmed/27834398
http://doi.org/10.1088/0957-4484/26/1/015602
http://www.ncbi.nlm.nih.gov/pubmed/25490351
http://doi.org/10.1002/adfm.201500745
http://doi.org/10.1038/nmat3776
http://www.ncbi.nlm.nih.gov/pubmed/24150417
http://doi.org/10.1039/C3PY01192E
http://doi.org/10.1002/adma.201300929
http://www.ncbi.nlm.nih.gov/pubmed/23740675
http://doi.org/10.1016/j.jep.2020.112771
http://www.ncbi.nlm.nih.gov/pubmed/32201300
http://doi.org/10.3389/fphys.2020.609157
http://www.ncbi.nlm.nih.gov/pubmed/33536936
http://doi.org/10.1002/slct.202100773
http://doi.org/10.1016/j.jdiacomp.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29223856
http://doi.org/10.1080/08982104.2020.1780607
http://www.ncbi.nlm.nih.gov/pubmed/32567425
http://doi.org/10.1007/s11051-014-2847-7
http://doi.org/10.1016/j.enzmictec.2020.109697
http://doi.org/10.1515/biolog-2017-0031
http://doi.org/10.1186/1477-3155-8-16
http://www.ncbi.nlm.nih.gov/pubmed/20630072
http://doi.org/10.1097/MNH.0b013e32832923c3
http://www.ncbi.nlm.nih.gov/pubmed/19430333
http://doi.org/10.1161/CIRCRESAHA.121.318063
http://doi.org/10.1038/s41569-019-0260-8
http://www.ncbi.nlm.nih.gov/pubmed/31591535
http://doi.org/10.2337/dc08-s247
http://www.ncbi.nlm.nih.gov/pubmed/18227481
http://doi.org/10.1016/j.addr.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24270007


Molecules 2021, 26, 5567 16 of 19

39. Torchilin, V. Tumor Delivery of Macromolecular Drugs Based on the EPR Effect. Adv. Drug Deliv. Rev. 2011, 63, 131–135.
[CrossRef]

40. Maeda, H. Toward a Full Understanding of the EPR Effect in Primary and Metastatic Tumors as Well as Issues Related to Its
Heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3–6. [CrossRef]

41. Danhier, F.; Feron, O.; Preat, V. To Exploit the Tumor Microenvironment: Passive and Active Tumor Targeting of Nanocarriers for
Anti-Cancer Drug Delivery. J. Control. Release 2010, 148, 135–146. [CrossRef] [PubMed]

42. Allen, T.M. Ligand-Targeted Therapeutics in Anticancer Therapy. Nat. Rev. Cancer 2002, 2, 750–763. [CrossRef]
43. Cheng, R.; Meng, F.; Deng, C. Bioresponsive Polymeric Nanotherapeutics for Targeted Cancer Chemotherapy. Nano Today 2015,

10, 656–670. [CrossRef]
44. Kanamala, M.; Wilson, W.R.; Yang, M. Mechanisms and Biomaterials in pH-Responsive Tumour Targeted Drug Delivery: A

Review. Biomaterials 2016, 85, 152–167. [CrossRef]
45. Cheng, R.; Feng, F.; Meng, F. Glutathione-Responsive Nano-Vehicles as a Promising Platform for Targeted Intracellular Drug and

Gene Delivery. J. Control. Release 2011, 152, 2–12. [CrossRef] [PubMed]
46. Shim, M.S.; Xia, Y.A. Reactive Oxygen Species (ROS)-Responsive Polymer for Safe, Efficient, and Targeted Gene Delivery in

Cancer Cells. Angew. Chem. 2013, 125, 7064–7067. [CrossRef]
47. Manchun, S.; Dass, C.R.; Sriamornsak, P. Targeted Therapy for Cancer Using pH-Responsive Nanocarrier Systems. Life Sci. 2012,

90, 381–387. [CrossRef]
48. Deng, B.; Ma, P.; Xie, Y. Reduction-Sensitive Polymeric Nanocarriers in Cancer Therapy: A Comprehensive Review. Nanoscale

2015, 7, 12773–12795. [CrossRef]
49. Yuan, H.; Pratte, J.; Giardina, C. Ferroptosis and Its Potential as a Therapeutic Target. Biochem. Pharm. 2021, 186, 114486.

[CrossRef]
50. Zhang, Z.Z.; Lee, E.E.; Sudderth, J.; Yue, Y.; Zia, A.; Glass, D.; Deberardinis, R.J.; Wang, R.C. Glutathione Depletion, Pentose

Phosphate Pathway Activation, and Hemolysis in Erythrocytes Protecting Cancer Cells from Vitamin C-induced Oxidative Stress.
J. Biol. Chem. 2016, 291, 22861–22867. [CrossRef]

51. Shimada, K.; Hayano, M.; Pagano, N.C.; Stockwell, B.R. Cell-Line Selectivity Improves the Predictive Power of Pharmacogenomic
Analyses and Helps Identify NADPH as Biomarker for Ferroptosis Sensitivity. Cell Chem. Biol. 2016, 23, 225–235. [CrossRef]
[PubMed]

52. Friedmann, A.J.P.; Conrad, M. Selenium and GPX4, a Vital Symbiosis. Free Radic. Biol. Med. 2018, 127, 153–159. [CrossRef]
[PubMed]

53. Liu, H.; Schreiber, S.L.; Stockwell, B.R. Targeting Dependency on the GPX4 Lipid Peroxide Repair Pathway for Cancer Therapy.
Biochemistry 2018, 57, 2059–2060. [CrossRef]

54. Hirschhorn, T.; Stockwell, B.R. The Development of the Concept of Ferroptosis. Free Radic. Biol. Med. 2019, 133, 130–143.
[CrossRef]

55. Turchi, R.; Faraonio, R.; Lettieri-Barbato, D.; Aquilano, K. An Overview of the Ferroptosis Hallmarks in Friedreich’s Ataxia.
Biomolecules 2020, 10, 1489. [CrossRef]

56. Stockwell, B.R.; Friedmann, A.J.P.; Bayir, H.; Bush, A.I.; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascon, S.; Hatzios, S.K.; Kagan,
V.E.; et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017, 171, 273–285.
[CrossRef]

57. Meng, X.; Deng, J.; Liu, F.; Guo, T.; Liu, M.; Dai, P.; Fan, A.; Wang, Z.; Zhao, Y. Triggered All-Active Metal Organic Framework:
Ferroptosis Machinery Contributes to the Apoptotic Photodynamic Antitumor Therapy. Nano Lett. 2019, 19, 7866–7876. [CrossRef]
[PubMed]

58. Guo, X.; Liu, F.; Deng, J.; Dai, P.; Qin, Y.; Li, Z.; Wang, B.; Fan, A.; Wang, Z.; Zhao, Y. Electron-Accepting Micelles Deplete
Reduced Nicotinamide Adenine Dinucleotide Phosphate and Impair Two Antioxidant Cascades for Ferroptosis-Induced Tumor
Eradication. ACS Nano 2020, 14, 14715–14730. [CrossRef]

59. Gao, M.; Deng, J.; Liu, F.; Fan, A.; Wang, Y.; Wu, H.; Ding, D.; Kong, D.; Wang, Z.; Peer, D.; et al. Triggered Ferroptotic Polymer
Micelles for Reversing Multidrug Resistance to Chemotherapy. Biomaterials 2019, 223, 119486. [CrossRef]

60. Xu, Z.; Qin, T.; Zhou, X.; Wang, L.; Liu, B. Fluorescent Probes with Multiple Channels for Simultaneous Detection of Cys, Hcy,
GSH, and H2S. TrAC Trends Anal. Chem. 2019, 121, 115672. [CrossRef]

61. Raza, A.; Hayat, U.; Rasheed, T.; Bilal, M.; Iqbal, H.M.N. Redox-Responsive Nano-Carriers as Tumor-Targeted Drug Delivery
Systems. Eur. J. Med. Chem. 2018, 157, 705–715. [CrossRef]

62. Sufi, S.A.; Pajaniradje, S.; Mukherjee, V.; Rajagopalan, R. Redox Nano-Architectures: Perspectives and Implications in Diagnosis
and Treatment of Human Diseases. Antioxid. Redox. Signal. 2019, 30, 762–785. [CrossRef] [PubMed]

63. Li, R.; Peng, F.; Cai, J.; Yang, D.; Zhang, P. Redox Dual-Stimuli Responsive Drug Delivery Systems for Improving Tumor-Targeting
Ability and Reducing Adverse Side Effects. Asian J. Pharm. Sci. 2020, 15, 311–325. [CrossRef]

64. Lee, Y.; Thompson, D.H. Stimuli-Responsive Liposomes for Drug Delivery. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017,
9, 10. [CrossRef] [PubMed]

65. Meng, F.; Hennink, W.E.; Zhong, Z. Reduction-Sensitive Polymers and Bioconjugates for Biomedical Applications. Biomaterials
2009, 30, 2180–2198. [CrossRef] [PubMed]

http://doi.org/10.1016/j.addr.2010.03.011
http://doi.org/10.1016/j.addr.2015.01.002
http://doi.org/10.1016/j.jconrel.2010.08.027
http://www.ncbi.nlm.nih.gov/pubmed/20797419
http://doi.org/10.1038/nrc903
http://doi.org/10.1016/j.nantod.2015.09.005
http://doi.org/10.1016/j.biomaterials.2016.01.061
http://doi.org/10.1016/j.jconrel.2011.01.030
http://www.ncbi.nlm.nih.gov/pubmed/21295087
http://doi.org/10.1002/ange.201209633
http://doi.org/10.1016/j.lfs.2012.01.008
http://doi.org/10.1039/C5NR02878G
http://doi.org/10.1016/j.bcp.2021.114486
http://doi.org/10.1074/jbc.C116.748848
http://doi.org/10.1016/j.chembiol.2015.11.016
http://www.ncbi.nlm.nih.gov/pubmed/26853626
http://doi.org/10.1016/j.freeradbiomed.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29522794
http://doi.org/10.1021/acs.biochem.8b00307
http://doi.org/10.1016/j.freeradbiomed.2018.09.043
http://doi.org/10.3390/biom10111489
http://doi.org/10.1016/j.cell.2017.09.021
http://doi.org/10.1021/acs.nanolett.9b02904
http://www.ncbi.nlm.nih.gov/pubmed/31594301
http://doi.org/10.1021/acsnano.0c00764
http://doi.org/10.1016/j.biomaterials.2019.119486
http://doi.org/10.1016/j.trac.2019.115672
http://doi.org/10.1016/j.ejmech.2018.08.034
http://doi.org/10.1089/ars.2017.7412
http://www.ncbi.nlm.nih.gov/pubmed/29334759
http://doi.org/10.1016/j.ajps.2019.06.003
http://doi.org/10.1002/wnan.1450
http://www.ncbi.nlm.nih.gov/pubmed/28198148
http://doi.org/10.1016/j.biomaterials.2009.01.026
http://www.ncbi.nlm.nih.gov/pubmed/19200596


Molecules 2021, 26, 5567 17 of 19

66. Jiang, Z.; Thayumanavan, S. Disulfide-containing Macromolecules for Therapeutic Delivery. Isr. J. Chem. 2020, 60, 132–139.
[CrossRef] [PubMed]

67. Shao, W.; Liu, X.; Sun, G.; Hu, X.Y.; Zhu, J.J.; Wang, L. Construction of Drug-Drug Conjugate Supramolecular Nanocarriers Based
on Water-Soluble Pillar [6] Arene for Combination Chemotherapy. Chem. Commun. 2018, 54, 9462–9465. [CrossRef] [PubMed]

68. Khorsand, B.; Lapointe, G.; Brett, C.; Oh, J.K. Intracellular Drug Delivery Nanocarriers of Glutathione-Responsive Degradable
Block Copolymers Having Pendant Disulfide Linkages. Biomacromolecules 2013, 14, 2103–2111. [CrossRef]

69. Sun, B.; Luo, C.; Yu, H.; Zhang, X.; Chen, Q.; Yang, W.; Wang, M.; Kan, Q.; Zhang, H.; Wang, Y.; et al. Disulfide Bond-Driven
Oxidation- and Reduction-Responsive Prodrug Nanoassemblies for Cancer Therapy. Nano Lett. 2018, 18, 3643–3650. [CrossRef]

70. Luo, C.; Sun, J.; Sun, B.; Liu, D.; Miao, L.; Goodwin, T.J.; Huang, L.; He, Z. Facile Fabrication of Tumor Redox-Sensitive
Nanoassemblies of Small-Molecule Oleate Prodrug as Potent Chemotherapeutic Nanomedicine. Small 2016, 12, 6353–6362.
[CrossRef]

71. Wang, Y.; Liu, D.; Zheng, Q.; Zhao, Q.; Zhang, H.; Ma, Y.; Fallon, J.K.; Fu, Q.; Haynes, M.T.; Lin, G.; et al. Disulfide Bond
Bridge Insertion Turns Hydrophobic Anticancer Prodrugs into Self-Assembled Nanomedicines. Nano Lett. 2014, 14, 5577–5583.
[CrossRef]

72. Xue, P.; Liu, D.; Wang, J.; Zhang, N.; Zhou, J.; Li, L.; Guo, W.; Sun, M.; Han, X.; Wang, Y. Redox-Sensitive Citronellol-Cabazitaxel
Conjugate: Maintained In Vitro Cytotoxicity and Self-Assembled as Multifunctional Nanomedicine. Bioconjug. Chem. 2016, 27,
1360–1372. [CrossRef]

73. Luo, C.; Sun, J.; Liu, D.; Sun, B.; Miao, L.; Musetti, S.; Li, J.; Han, X.; Du, Y.; Li, L.; et al. Self-Assembled Redox Dual-Responsive
Prodrug-Nanosystem Formed by Single Thioether-Bridged Paclitaxel-Fatty Acid Conjugate for Cancer Chemotherapy. Nano Lett.
2016, 16, 5401–5408. [CrossRef]

74. Li, M.; Zhao, L.; Zhang, T.; Shu, Y.; He, Z.; Ma, Y.; Liu, D.; Wang, Y. Redox-Sensitive Prodrug Nanoassemblies Based on Linoleic
Acid-Modified Docetaxel to Resist Breast Cancers. Acta Pharm. Sin. B 2019, 9, 421–432. [CrossRef] [PubMed]

75. Zhang, H.; Zhang, Y.; Chen, Y.; Zhang, Y.; Wang, Y.; Zhang, Y.; Song, L.; Jiang, B.; Su, G.; Li, Y.; et al. Glutathione-Responsive
Self-Delivery Nanoparticles Assembled by Curcumin Dimer for Enhanced Intracellular Drug Delivery. Int. J. Pharm. 2018, 549,
230–238. [CrossRef]

76. Ling, X.; Tu, J.; Wang, J.; Shajii, A.; Kong, N.; Feng, C.; Zhang, Y.; Yu, M.; Xie, T.; Bharwani, Z.; et al. Glutathione-Responsive
Prodrug Nanoparticles for Effective Drug Delivery and Cancer Therapy. ACS Nano 2019, 13, 357–370. [CrossRef] [PubMed]

77. Huang, H.; Dong, Y.; Zhang, Y.; Ru, D.; Wu, Z.; Zhang, J.; Shen, M.; Duan, Y.; Sun, Y. GSH-Sensitive Pt (IV) Prodrug-Loaded
Phase-Transitional Nanoparticles with a Hybrid Lipid-Polymer Shell for Precise Theranostics Against Ovarian Cancer. Theranostics
2019, 9, 1047–1065. [CrossRef]

78. Manjare, S.T.; Kim, S.; Heo, W.D.; Churchill, D.G. Selective and Sensitive Superoxide Detection with a New Diselenide-Based
Molecular Probe in Living Breast Cancer Cells. Org Lett. 2014, 16, 410–412. [CrossRef] [PubMed]

79. Han, W.; Zhang, S.; Qian, J.; Zhang, J.; Wang, X.; Xie, Z.; Xu, B.; Han, Y.; Tian, W. Redox-responsive Fluorescent Nanoparticles
Based on Diselenide-containing AIEgens for Cell Imaging and Selective Cancer Therapy. Chem. Asian J. 2019, 14, 1745–1753.
[CrossRef]

80. Zhao, J.; Pan, X.; Zhu, J.; Zhu, X. Novel AIEgen-Functionalized Diselenide-Crosslinked Polymer Gels as Fluorescent Probes and
Drug Release Carriers. Polymers 2020, 12, 551. [CrossRef]

81. Xu, K.; Qiang, M.; Gao, W.; Su, R.; Li, N.; Gao, Y.; Xie, Y.; Kong, F.; Tang, B. A Near-Infrared Reversible Fluorescent Probe for
Real-Time Imaging of Redox Status Changes In Vivo. Chem. Sci. 2013, 4, 1079–1086. [CrossRef]

82. Wang, Y.; Deng, Y.; Luo, H.; Zhu, A.; Ke, H.; Yang, H.; Chen, H. Light-Responsive Nanoparticles for Highly Efficient Cytoplasmic
Delivery of Anticancer Agents. ACS Nano 2017, 11, 12134–12144. [CrossRef] [PubMed]

83. Jiang, J.; Zhang, D.; Yin, J.; Cui, Z. Responsive, Switchable Wormlike Micelles for CO2/N2 and Redox Dual Stimuli Based on
Selenium-Containing Surfactants. Soft Matter 2017, 13, 6458–6464. [CrossRef] [PubMed]

84. Zhang, Y.; Liu, L.; Liu, X.; Fang, Y. Reversibly Switching Wormlike Micelles Formed by a Selenium-Containing Surfactant and
Benzyl Tertiary Amine Using CO2/N2 and Redox Reaction. Langmuir 2018, 34, 2302–2311. [CrossRef]

85. Wang, D.; Dong, H.; Li, M.; Cao, Y.; Yang, F.; Zhang, K.; Dai, W.; Wang, C.; Zhang, X. Erythrocyte-Cancer Hybrid Mem-
brane Camouflaged Hollow Copper Sulfide Nanoparticles for Prolonged Circulation Life and Homotypic-Targeting Photother-
mal/Chemotherapy of Melanoma. ACS Nano 2018, 12, 5241–5252. [CrossRef]

86. Rao, L.; Cai, B.; Bu, L.L.; Liao, Q.Q.; Guo, S.S.; Zhao, X.Z.; Dong, W.F.; Liu, W. Microfluidic Electroporation-Facilitated Synthesis
of Erythrocyte Membrane-Coated Magnetic Nanoparticles for Enhanced Imaging-Guided Cancer Therapy. ACS Nano 2017, 11,
3496–3505. [CrossRef]

87. Zhen, X.; Xie, C.; Pu, K. Temperature-Correlated Afterglow of a Semiconducting Polymer Nanococktail for Imaging-Guided
Photothermal Therapy. Angew. Chem. 2018, 130, 4002–4006. [CrossRef]

88. Ruan, Y.; Jia, X.; Wang, C.; Zhen, W.; Jiang, X. Methylene Blue Loaded Cu-Tryptone Complex Nanoparticles: A New Glutathione-
Reduced Enhanced Photodynamic Therapy Nanoplatform. ACS Biomater. Sci. Eng. 2019, 5, 1016–1022. [CrossRef]

89. Chen, H.; Liu, Z.; Wei, B.; Huang, J.; You, X.; Zhang, J.; Yuan, Z.; Tang, Z.; Guo, Z.; Wu, J. Redox Responsive Nanoparticle
Encapsulating Black Phosphorus Quantum Dots for Cancer Theranostics. Bioact. Mater. 2021, 6, 655–665. [CrossRef]

http://doi.org/10.1002/ijch.201900160
http://www.ncbi.nlm.nih.gov/pubmed/34168383
http://doi.org/10.1039/C8CC05180A
http://www.ncbi.nlm.nih.gov/pubmed/30083687
http://doi.org/10.1021/bm4004805
http://doi.org/10.1021/acs.nanolett.8b00737
http://doi.org/10.1002/smll.201601597
http://doi.org/10.1021/nl502044x
http://doi.org/10.1021/acs.bioconjchem.6b00155
http://doi.org/10.1021/acs.nanolett.6b01632
http://doi.org/10.1016/j.apsb.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30972286
http://doi.org/10.1016/j.ijpharm.2018.07.061
http://doi.org/10.1021/acsnano.8b06400
http://www.ncbi.nlm.nih.gov/pubmed/30485068
http://doi.org/10.7150/thno.29820
http://doi.org/10.1021/ol4033013
http://www.ncbi.nlm.nih.gov/pubmed/24369820
http://doi.org/10.1002/asia.201801527
http://doi.org/10.3390/polym12030551
http://doi.org/10.1039/c2sc22076h
http://doi.org/10.1021/acsnano.7b05214
http://www.ncbi.nlm.nih.gov/pubmed/29141151
http://doi.org/10.1039/C7SM01308F
http://www.ncbi.nlm.nih.gov/pubmed/28876348
http://doi.org/10.1021/acs.langmuir.7b03837
http://doi.org/10.1021/acsnano.7b08355
http://doi.org/10.1021/acsnano.7b00133
http://doi.org/10.1002/ange.201712550
http://doi.org/10.1021/acsbiomaterials.8b01398
http://doi.org/10.1016/j.bioactmat.2020.08.034


Molecules 2021, 26, 5567 18 of 19

90. Yang, Z.; Li, P.; Chen, Y.; Gan, Q.; Feng, Z.; Jin, Y.; Zhou, C.; He, Z.; Wang, C.; Liu, Y.; et al. Construction of pH/Glutathione
Responsive Chitosan Nanoparticles by a Self-Assembly/Self-Crosslinking Method for Photody-Namic Therapy. Int. J. Biol.
Macromol. 2021, 167, 46–58. [CrossRef] [PubMed]

91. Ma, S.; Yang, Q.; Zhang, W.; Xiao, G.; Wang, M.; Cheng, L.; Zhou, X.; Zhao, M.; Ji, J.; Zhang, J.; et al. Silver Nanoclusters and
Carbon Dots Based Light-Addressable Sensors for Multichannel Detections of Dopamine and Glutathione and Its Applications in
Probing of Parkinson’s Diseases. Talanta 2020, 219, 121290. [CrossRef]

92. Chauhan, A.; Chauhan, V.; Brown, W.T.; Cohen, I. Oxidative Stress in Autism: Increased Lipid Peroxidation and Reduced Serum
Levels of Ceruloplasmin and Transferrin–The Anti-oxidant Proteins. Life Sci. 2004, 75, 2539–2549. [CrossRef]

93. Jayaprakash, P.; Isaev, D.; Shabbir, W.; Lorke, D.E.; Sadek, B.; Oz, M. Curcumin Potentiates α7 Nicotinic Acetylcholine Receptors
and Alleviates Autistic-Like Social Deficits and Brain Oxidative Stress Status in Mice. Int. J. Mol. Sci. 2021, 22, 7251. [CrossRef]

94. Stanton, J.E.; Malijauskaite, S.; McGourty, K.; Grabrucker, A.M. The Metallome as a Link Between the “Omes” in Autism Spectrum
Disorders. Front. Mol. Neurosci. 2021, 14, 695873. [CrossRef]

95. Pangrazzi, L.; Balasco, L.; Bozzi, Y. Natural Antioxidants: A Novel Therapeutic Approach to Autism Spectrum Disorders?
Antioxidants 2020, 9, 1186. [CrossRef]

96. Melnyk, S.; Fuchs, G.J.; Schulz, E.; Lopez, M.; Kahler, S.G.; Fussell, J.J.; Bellando, J.; Pavliv, O.; Rose, S.; Seidel, L.; et al. Metabolic
Imbalance Associated with Methylation Dysregulation and Oxidative Damage in Children with Autism. J. Autism Dev. Disord.
2012, 42, 367–377. [CrossRef] [PubMed]

97. Diao, X.; Zhou, Z.; Xiang, W.; Jiang, Y.; Tian, N.; Tang, X.; Chen, S.; Wen, J.; Chen, M.; Liu, K.; et al. Glutathione Alleviates Acute
Intracerebral Hemorrhage Injury via Reversing Mitochondrial Dysfunction. Brain Res. 2020, 1727, 146514. [CrossRef] [PubMed]

98. Jung, H.S.; Chen, X.; Kim, J.S.; Yoon, J. Recent Progress in Luminescent and Colorimetric Chemosensors for Detection of Thiols.
Chem. Soc. Rev. 2013, 42, 6019–6031. [CrossRef] [PubMed]

99. Yue, Y.; Huo, F.; Yin, C. Yue Y. The Chronological Evolution of Small Organic Molecular Fluorescent Probes for Thiols. Chem. Sci.
2020, 12, 1220–1226. [CrossRef] [PubMed]

100. Zheng, Y.; Hou, P.; Li, Y.; Sun, J.; Cui, H.; Zhang, H.; Chen, S. A Phenothiazine-HPQ Based Fluorescent Probe with a Large Stokes
Shift for Sensing Biothiols in Living Systems. Molecules 2021, 26, 2337. [CrossRef]

101. Liu, Z.; Wang, Q.; Wang, H.; Su, W.; Dong, S. A FRET Based Two-Photon Fluorescent Probe for Visualizing Mitochondrial Thiols
of Living Cells and Tissues. Sensors 2020, 20, 1746. [CrossRef] [PubMed]

102. Ren, X.; Wang, F.; Lv, J.; Wei, T.; Zhang, W.; Wang, Y.; Chen, X. An ESIPT-Based Fluorescent Probe for Highly Selective Detection
of Glutathione in Aqueous Solution and Living Cells. Dye. Pigment. 2016, 129, 156–162. [CrossRef]

103. Mao, Y.; Xu, Y.; Li, Z.; Wang, Y.; Du, H.; Liu, L.; Ding, R.; Liu, G. A GSH Fluorescent Probe with a Large Stokes Shift and Its
Application in Living Cells. Sensors 2019, 19, 5348. [CrossRef] [PubMed]

104. Xu, S.; Zhou, J.; Dong, X.; Zhao, W.; Zhu, Q. Fluorescent Probe for Sensitive Discrimination of Hcy and Cys/GSH in Living Cells
via Dual-Emission. Anal. Chim. Acta. 2019, 1074, 123–130. [CrossRef]

105. Huang, J.; Chen, Y.; Qi, J.; Zhou, X.; Niu, L.; Yan, Z.; Wang, J.; Zhao, G. A Dual-Selective Fluorescent Probe for Discriminating
Glutathione and Homocysteine Simultaneously. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 201, 105–111. [CrossRef]

106. Xia, X.; Qian, Y. NIR Two-Photon Fluorescent Probe for Biothiol Detection and Imaging of Living Cells In Vivo. Analyst 2018, 143,
5218–5224. [CrossRef]

107. Tian, M.; Liu, Y.; Jiang, F.L. On the Route to Quantitative Detection and Real-Time Monitoring of Glutathione in Living Cells by
Reversible Fluorescent Probes. Anal. Chem. 2020, 92, 14285–14291. [CrossRef]

108. Li, R.; Kassaye, H.; Pan, Y.; Shen, Y.; Li, W.; Cheng, Y.; Guo, J.; Xu, Y.; Yin, H.; Yuan, Z. A Visible and Near-Infrared Dual-
Fluorescent Probe for Discrimination Between Cys/Hcy and GSH and Its Application in Bioimaging. Biomater. Sci. 2020, 8,
5994–6003. [CrossRef]

109. Yoshida, M.; Kamiya, M.; Yamasoba, T.; Urano, Y. A Highly Sensitive, Cell-Membrane-Permeable Fluorescent Probe for Glu-
tathione. Bioorg. Med. Chem. Lett. 2014, 24, 4363–4366. [CrossRef]

110. Niko, Y.; Arntz, Y.; Mely, Y.; Konishi, G.; Klymchenko, A.S. Disassembly-Driven Fluorescence Turn-On of Polymerized Micelles
by Reductive Stimuli in Living Cells. Chemistry 2014, 20, 16473–16477. [CrossRef] [PubMed]

111. Li, Q.; Cao, J.; Wang, Q.; Zhang, J.; Zhu, S.; Guo, Z.; Zhu, W.H. Nanomized Tumor-Microenvironment-Active NIR Fluorescent
Prodrug for Ensuring Synchronous Occurrences of Drug Release and Fluorescence Tracing. J. Mater. Chem. B 2019, 7, 1503–1509.
[CrossRef] [PubMed]

112. Zhang, Y.H.; Zhang, Y.M.; Sheng, X.; Wang, J.; Liu, Y. Enzyme-Responsive Fluorescent Camptothecin Prodrug/Polysaccharide
Supramolecular Assembly for Targeted Cellular Imaging and In Situ Controlled Drug Release. Chem. Commun. 2020, 56,
1042–1045. [CrossRef] [PubMed]

113. Lu, H.; Zhao, Q.; Wang, X.; Mao, Y.; Chen, C.; Gao, Y.; Sun, C.; Wang, S. Multi-Stimuli Responsive Mesoporous Silica-Coated
Carbon Nanoparticles for Chemo-Photothermal Therapy of Tumor. Colloids Surf. B Biointerfaces 2020, 190, 110941. [CrossRef]

114. Choi, C.A.; Ryplida, B.; In, I.; Park, S.Y. Selective Redox-Responsive Theragnosis Nanocarrier for Breast Tumor Cells Mediated by
MnO2/Fluorescent Carbon Nanogel. Eur. J. Pharm. Sci. 2019, 134, 256–265. [CrossRef]

115. Li, Y.; Wu, Y.; Chen, J.; Wan, J.; Xiao, C.; Guan, J.; Song, X.; Li, S.; Zhang, M.; Cui, H.; et al. A Simple Glutathione-Responsive
Turn-On Theranostic Nanoparticle for Dual-Modal Imaging and Chemo-Photothermal Combination Therapy. Nano Lett. 2019, 19,
5806–5817. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ijbiomac.2020.11.141
http://www.ncbi.nlm.nih.gov/pubmed/33271181
http://doi.org/10.1016/j.talanta.2020.121290
http://doi.org/10.1016/j.lfs.2004.04.038
http://doi.org/10.3390/ijms22147251
http://doi.org/10.3389/fnmol.2021.695873
http://doi.org/10.3390/antiox9121186
http://doi.org/10.1007/s10803-011-1260-7
http://www.ncbi.nlm.nih.gov/pubmed/21519954
http://doi.org/10.1016/j.brainres.2019.146514
http://www.ncbi.nlm.nih.gov/pubmed/31628933
http://doi.org/10.1039/c3cs60024f
http://www.ncbi.nlm.nih.gov/pubmed/23689799
http://doi.org/10.1039/D0SC04960C
http://www.ncbi.nlm.nih.gov/pubmed/34163883
http://doi.org/10.3390/molecules26082337
http://doi.org/10.3390/s20061746
http://www.ncbi.nlm.nih.gov/pubmed/32245186
http://doi.org/10.1016/j.dyepig.2016.02.027
http://doi.org/10.3390/s19245348
http://www.ncbi.nlm.nih.gov/pubmed/31817200
http://doi.org/10.1016/j.aca.2019.05.008
http://doi.org/10.1016/j.saa.2018.05.006
http://doi.org/10.1039/C8AN01605D
http://doi.org/10.1021/acs.analchem.0c03418
http://doi.org/10.1039/D0BM01237H
http://doi.org/10.1016/j.bmcl.2014.08.033
http://doi.org/10.1002/chem.201405040
http://www.ncbi.nlm.nih.gov/pubmed/25347980
http://doi.org/10.1039/C8TB03188F
http://www.ncbi.nlm.nih.gov/pubmed/32255021
http://doi.org/10.1039/C9CC08491F
http://www.ncbi.nlm.nih.gov/pubmed/31868189
http://doi.org/10.1016/j.colsurfb.2020.110941
http://doi.org/10.1016/j.ejps.2019.04.027
http://doi.org/10.1021/acs.nanolett.9b02769
http://www.ncbi.nlm.nih.gov/pubmed/31331172


Molecules 2021, 26, 5567 19 of 19

116. Yang, H.; Wang, N.; Mo, L.; Wu, M.; Yang, R.; Xu, X.; Huang, Y.; Lin, J.; Zhang, L.M.; Jiang, X. Reduction Sensitive Hyaluronan-SS-
Poly (epsilon-Caprolactone) Block Copolymers as Theranostic Nanocarriers for Tumor Diag-Nosis and Treatment. Mater. Sci. Eng.
C Mater. Biol. Appl. 2019, 98, 9–18. [CrossRef] [PubMed]

117. Yang, H.-K.; Qi, M.; Mo, L.; Yang, R.-M.; Xu, X.-D.; Bao, J.-F.; Tang, W.-J.; Lin, J.-T.; Zhang, L.-M.; Jiang, X.-Q. Reduction-
Sensitive Amphiphilic Dextran Derivatives as Theranostic Nanocarriers for Chemotherapy and MR Imaging. RSC Adv. 2016, 6,
114519–114531. [CrossRef]

118. Wei, Z.-J.; Yu, S.-X. Modification and Stability Evaluation of Reduced Glutathione Nano-Liposomes. Sci. Technol. Food Ind. 2020,
11, 28–36.

http://doi.org/10.1016/j.msec.2018.12.132
http://www.ncbi.nlm.nih.gov/pubmed/30813097
http://doi.org/10.1039/C6RA22373G

	Glutathione Structure 
	Physiological Function of GSH 
	Nano-Drug Delivery Systems 
	Nano-Drug Design for Diabetes Based on the Physiological Properties of GSH 
	Nano-Drug Design Based on the Role of GSH in Oxidative Stress 
	Nano-Drug Design Based on the Role of GSH in Polyol Pathway 

	Nano-Drug Design for Tumor Based on the Physiological Properties of GSH 
	Nanoparticles Implement Tumor Targeting Delivery Mechanisms 
	Passive Targeting 
	Active Targeting 
	Tumor Microenvironment Responsive Nano-Drug Delivery System 

	Nano-Drug Design Based on NADPH Depletion during GSSG Reduction in Ferroptosis 
	Nano-Drug Design Based on GSH Reductive Ability in Tumor Microenvironment 
	Theory of Redox-Sensitive in Nano-Drug Delivery System 
	Chemical Bonds That React with GSH 
	Nano-Drug Design Based on Different Chemical Bonds 
	Glutathione Responsive Photodynamic Therapy 


	Nano-Drug Design Based on the Role of GSH in Neurological Diseases 
	Fluorescent Nano-Probe Design Based on Physiological Properties of GSH 
	Nano-Imaging Design Based on Physiological Properties of GSH 
	Application of Nanoscale GSH in Food Field 
	Summary and Perspectives 
	References

