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Summary: D-α-tocopherol polyethylene glycol 1000 succinate (TPGS) is a pharmaceutical 
excipient approved by Chinese NMPA and FDA of USA. It’s widely applied as a multifunctional 
drug carrier for nanomedicine. The advantages of TPGS include P-glycoprotein (P-gp) inhibition, 
penetration promotion, apoptosis induction via mitochondrial-associated apoptotic pathways, 
multidrug resistant (MDR) reversion, metastasis inhibition and so on. TPGS-based drug delivery 
systems which are responding to external stimulus can combine the inhibitory functions of TPGS 
towards P-gp with the environmentally responsive controlled release property and thus exerts a 
synergistic anti-cancer effect, through increased intracellular drug concentration in tumors cells 
and well-controlled drug release behavior. In this review, TPGS-based nano-sized delivery systems 
responsive to different stimuli were summarized and discussed, including pH-responsive, redox-
responsive and multi-responsive systems in various formulations. The achievements, mechanisms 
and different characteristics of TPGS-based stimuli-responsive drug-delivery systems in tumor 
therapy were also outlined.   
Key words: D-α-tocopherol polyethylene glycol 1000 succinate; stimuli-responsive; nanomedicine; 
P-glycoprotein; cancer

D-α-tocopherol polyethylene glycol 1000 
succinate (TPGS, fig. 1), formed by esterification of 
vitamin E succinate (VES) and polyethylene glycol 
(PEG), is a water-soluble derivative of natural vitamin E 
(VE). TPGS has an amphiphilic structure consisting of 
a lipophilic alkyl tail (VE) and a hydrophilic polar head 
(PEG). It is commonly used in drug carriers due to the 
good biocompatibility and preferable physicochemical 
properties[1–3]. TPGS has been approved as a 
pharmaceutical excipient by Chinese NMPA and 
FDA of USA. With the development of research on 
TPGS, many studies showed that TPGS-based anti-
tumor nanomedicine exhibited high drug entrapping 
efficiency, long circulation time in body and good oral 
bioavailability[4–6]. More importantly, TPGS is also an 
efficient P-glycoprotein (P-gp) inhibitor. By binding 
to the non-transporting active site on P-gp, resulting 

in a conformational change and dysfunction of the 
original transportation of the P-gp[7, 8], and then TPGS 
effectively reduces the efflux of drug from tumor cells. 
The further study confirmed that TPGS and relevant 
derivatives could bind to the ATP active site of the P-gp 
nucleotide binding domains, which blocked the bond 
of ATP enzyme and restricted the hydrolyzation of ATP, 
subsequently cut off the energy supply of P-gp to reduce 
the substrate efflux and finally realized multidrug 
resistance (MDR) reversal[9–11]. Moreover, TPGS 
could be a potential inhibitor towards mitochondrial 
function. TPGS can reduce ATP consumption (∆RLU) 
and decrease the mitochondrial membrane potential 
(MMP). It was proposed that TPGS could not only 
reduce ATPase activity, but also affect mitochondrial 
function to inhibit P-gp[12–14]. This phenomenon has also 
been confirmed in some nano-drug systems based on 
TPGS as well. Wang et al[15] showed that TPGS could 
affect mitochondrial function through causing damage 
to the double-membrane structure of mitochondrial and 
disturbing the micro-environment of P-gp jet pump by 
reducing ATP production. And another study[16] has 
shown that TPGS was able to trigger mitochondrial 
apoptosis, which is helpful for inhibiting P-gp in tumor 

Current Medical Science
DOI https://doi.org/10.1007/s11596-020-2185-1

40(2):218-231,2020



219Current Medical Science  40(2):2020

Fig. 1 Chemical structure of TPGS based stimuli-responsive copolymers

cells. Therefore, the synergistic treatment of TPGS 
and anticancer drugs has a good prospect. TPGS can 
be utilized as a carrier for drug delivery, and can also 
reduce the efflux effect of chemotherapeutical drugs 
by inhibiting P-gp in tumor cells, so as to maintain a 
high level of intracellular drug concentration and then 
improve the antitumor efficiency. Moreover, TPGS can 
also enhance the treatment efficacy of MDR tumors 
through mitochondrial apoptosis pathway and even 
inhibit the metastasis, which benefits to the application 

of TPGS in anti-tumor treatment.
Polymers are excellent drug carriers. They 

have good biological compatibility, nice stability 
in the tissue environment, high loading capacity of 
drugs[17–19]. Moreover, their structure is flexible and can 
be designed to realize certain functions as needed, such 
as biodegradation, stimuli-responsibility and targeting 
modification[20, 21]. Among these, stimuli-responsive 
nano-drug system is widely applied in the field of anti-
tumor, which can solve the problems of biodistribution, 
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insufficient drug release and side effects in the delivery 
of traditional chemotherapeutics[22–25]. The combination 
of stimuli-responsive system and TPGS retained the 
advantages of the both, and thus attracted considerable 
attention[1, 2, 5]. In general, such systems exist stably in 
the normal tissue environment, while at the tumor site 
they release a sufficient number of drugs in response 
to the tumor microenvironment. Then the therapeutic 
effect can be enhanced because of the combined 
effect of the multifunction of TPGS and the burst drug 
release. To achieve this goal, pH-responsibility, redox-
responsibility and/or other stimuli-responsibility were 
introduced into TPGS-based nanomedicine. Here, we 
reviewed the recent progresses of stimuli-responsive 
drug delivery systems based on TPGS for anti-tumor, 
which provided a useful reference for the future 
development of this field (table1).

1 PH-RESPONSIVE DRUG DELIVERY SYSTEM 
BASED ON TPGS

The pH-responsive drug delivery system is the 
most commonly used vehicle. The pH in normal 
human tissues is generally neutral with a value of 
approximately 7.4. However, the environment in tumor 
tissue is usually acidic due to the lactic acid produced 
by tumor cells via anaerobic glycolysis[26]. Generally, 
the intercellular substance of tumor is weakly acidic 
with a pH value between 6.5 and 6.8[27, 28]. Furthermore, 
after endocytosis by cancer cells, the pH value of 
endosomes/lysosome is 6.0–4.0[29, 30]. The difference in 
pH value can be used as a switch to trigger the rapid 
disassembly of drug-loaded system. At the same time, 
owing to the function of TPGS, the efflux of released 
drugs is greatly suppressed, and a large number of 
drugs can accumulate in the tumor cells to improve the 
therapeutic effect, subsequently. 

TPGS can be used directly as a drug carrier as well 
as modified by other materials. It is an efficient and 
simple form of pH-responsive drug delivery system 
based on TPGS by directly mixing TPGS into the 
pH-responsive drug-loaded micelles or nanoparticles 
(NPs). Yu et al[13] prepared a pH-responsive di-
block copolymer, poly (ethylene glycol)-block-poly 
(2-(diisopropylamino) ethyl methacrylate) (PEG-b-
PDPA). After mixing with TPGS, PEG-PDPA/TPGS 
micelles formed for encapsulation of Doxorubicin 
(DOX) into the core of micelle under neutral 
condition. When the micelles were taken up by cells, 
the protonation of the di-isopropyl-substituted tertiary 
amino groups would happen in the acidic environment 
of early endosomes, which led to the dissociation of 
micelles and release of DOX. Meanwhile, TPGS can 
reduce the mitochondrial transmembrane potential 
and synergistically improve the cytotoxicity of DOX. 
PDPA/TPGS micelles reduced the IC50 value of DOX 

in resistant cells MCF-7/ADR by 6 times. Animal 
experiments showed that DOX-loaded PDPA/TPGS 
micelles (PDPA/TPGS@DOX) significantly inhibited 
the growth of orthotopic MCF-7/ADR tumor in a nude 
mouse model compared with free DOX. Similarly, 
Zhou et al[31] reported a PEG-poly(β-amino esters)
(PEG-PBAE)/TPGS hybrid micelle. Realizing P-gp 
inhibition via disrupting mitochondrial function and 
lowering ATP levels, DOX-loaded hybrid micelle 
system showed more cytotoxicity to MCF-7/ADR 
cells than free DOX. TPGS can also optimize the 
performance of nano-carrier in drug delivery. Hung et 
al[32] developed a nano-carrier (NHTPNs) comprising 
PLGA as the hydrophobic core and N-acetyl histidine 
was modified with TPGS (NAcHis-TPGS) as the shell. 
The surface charge of the system can be changed with 
the variation of the acidity of the tumor extracellular 
environment. The photothermal agent, indocyanine 
green (ICG) and the chemotherapeutic drug, DOX were 
selectively delivered to the tumor site. Experimental 
results showed that when the pH of the external 
environment changed from 7.4 to 5.0, the ζ-potential of 
nano-carriers would change from negative to neutral or 
positive value due to the protonation enhancement of the 
imidazole group of the NAcHis-TPGS fragment, which 
increased the affinity of ICG/DOX loaded NHTPNs 
towards tumor cells, then more drug-loaded NPs were 
taken up by tumor cells to achieve passive targeting. 
Fluorescent images also showed that DOX delivered by 
NHTPNs was more concentrated in the cytoplasm and 
nucleus of tumor cells, whereas free DOX was difficult 
to enter the cells. On the other hand, the increase of 
positive charge on the surface of NHTPNs can also 
promote the absorption and uptake of nano-carriers by 
macrophages in the acidic microenvironment of tumor 
cells, so that the NPs can penetrate into deep tumor 
hypoxic condition, which is a tough task for ordinary 
nano-carriers. In addition, ICG/DOX-loaded NHTPNs 
had a good image-guided photothermal capability, 
which can induce extensive apoptosis, and significantly 
inhibit tumor growth and recurrence. A mixed micelle 
system consisting of TPGS1000, TPGS2000 and 
α-TOS was developed for DOX encapsulation[14]. 
The loaded DOX showed a pH-dependent release, 
which was about 4 times higher under acidic condition 
(pH=5.5) than that under neutral condition (pH=7.4). 
Meanwhile, due to the P-gp inhibition function of 
TPGS, intracellular drug accumulation increased. The 
anti-tumor efficiency of DOX-loaded mixed micelles 
was 45 times higher than that of free DOX in vitro (in 
MCF-7/ADR cells), and DOX-loaded mixed micelles 
showed reduced cardiotoxicity and hepatotoxicity in 
vivo comparing with the free DOX. We also applied 
TPGS as a stabilizer to improve the stability of a novel 
pH-responsive NP system composed by poly (β-amino 
ester)-g-β-cyclodextrin (PBAE-g-β-CD)[33]. After the
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coupling of TPGS and adamantoic acid (AD), the 
resultant AD-TPGS could insert into β-CD through 
host-guest interaction, which could reduce the surface 
potential of particles and increase the stability of the 
system. Such composite system could co-load and 
realize programmed release of DOX and adjudin (a 
mitochondrial function inhibitor) so as to achieve 
higher tumor killing effect, reduce the required drug 
dose and overcome the tumor drug resistance.

Polymers are usually used to bond with drugs 
to form inactive precursors, known as prodrugs[34]. 
The active drug can be dissociated under external 
signal stimulation in vivo. TPGS is widely used as 
prodrug substrate, with the advantages of good self-
assembly effect, long circulation time and increased 
cell uptake[35–37]. The design of pH-responsive breaking 
chemical bonds in the prodrug can make drug release 
faster and more accurate. We synthesized a safe and 
effective pH-responsive prodrug where DOX and 
TPGS were conjugated by Schiff base bond[38]. This 
prodrug self-assembled with PEGylated lipid to form a 
hybrid micelle system. When the hybrid micelle entered 
into tumor cells by endocytosis, DOX and TPGS were 
rapidly released in the low pH environment of tumor 
cells due to the hydrolysis of Schiff base bond. The 
released TPGS not only reduced the drug efflux, 
but also induced apoptosis caused by mitochondrial 
depolarization. The tumor targeting ability of nano-
drug was further enhanced by surface modification of 
hybrid micelles with targeted integrin ligand cRGD. 
As a result, the hybrid micelles were demonstrated to 
enhance the growth/metastasis inhibition to melanoma 
B16F10. Because of the self-assembly ability, polymer 
prodrug could also be a carrier to deliver other 
drugs. Hou et al[39] combined cis-aconitic anhydride-
modified doxorubicin (CAD) with TPGS to prepare 
a pH-responsive anti-tumor prodrug NPs (TCAD 
NPs) by self-assembling, and then photosensitizer 
chlorin Ce6 (Ce6) was loaded into the prodrug NPs 
to fabricate a pH-responsive tumor near-infrared 
fluorescence imaging and chemo-photodynamic 
combination therapy system (TCAD@Ce6 NPs). 
Due to the hydrolysis of acid-responsive amide bonds 
under the acidic condition, accelerated release of 
both DOX and Ce6 occurred in the simulated tumor 
microenvironment (pH=6.5), and more drugs released 
at pH5.5 which was close to the value in cell lysosome. 
In a neutral environment, Ce6 was concentrated in 
the core of NPs. This system kept a low fluorescence 
intensity to maintain low phototoxicity in the blood 
circulation because of self-quenching effect. However, 
under the acidic environment in the tumor, the NPs 
released more Ce6, which increased the fluorescence 
intensity and enhanced the phototoxicity in the tumor 
cells. TCAD@Ce6 NPs realized a pH-triggered 
chemo-photodynamic combination therapy, achieved 

an improved therapeutic efficacy and reduced system 
toxicity compared with the positive controls. Designing 
prodrugs based on multiple pathways according to 
the tumor microenvironment can also enhance anti-
tumor efficacy. Dong et al[40] connected TPGS to the 
homopolymer of itaconic acid via ester bond to obtain 
an amphiphilic polymer, PIAT, which was linked 
by cinnamaldehyde (CA) through pH-responsive 
hydrazone bond to establish prodrug PIAThydCA. 
The system was stable in the neutral environment of 
normal cells, but released CA due to the hydrazone 
bond breaking in acidic tumor environments, as well as 
lysosomes and endosomes. The released CA and TPGS 
synergistically increased intracellular reactive oxygen 
species (ROS) levels and induced apoptosis of human 
breast cancer cells MCF-7 through the mitochondrial 
pathway. Moreover, PIAThydCA and PIAT did not 
show toxicity to normal cells L929, indicating the good 
specificity of this system towards tumor.

Copolymers of TPGS with other monomers can 
also be used as smart drug carriers. Generally, these 
copolymers contained primary, secondary, and/
or tertiary amines[41]. In neutral environment, the 
pH-responsive segments performed as hydrophobic 
materials, which is suitable to encapsulate the 
hydrophobic drugs. Under weak acidic conditions, 
the main chain protonates, which break endosomes 
through the “proton sponge” effect and achieves the 
rapid release of the entrapped drugs[42–44]. We first 
synthesized a novel copolymer TPGS-b-PBAE (TP) 
for loading Docetaxel (DTX) to realize a rapid release 
of DTX at pH5.5[45]. The TP copolymer inhibited P-gp 
and significantly enhanced cytotoxicity against the 
drug-resistant human ovarian cancer A2780/T. Zhang 
et al[46] also used this delivery system (TPGS-b-PBAE) 
for the co-encapsulation of DOX and curcumin (CUR) 
to improve the release rates of DOX and CUR at 
acidic environment. The proapoptotic effect of DOX 
and anti-angiogenesis function of CUR generated 
the synergistic effect, which had a better therapeutic 
effect on hepatocellular carcinoma (HCC) inhibition. 
Specially, the TPGS fraction made the whole system 
to maintain a higher accumulation in tumor cells and 
a longer retention time, probably due to the extended 
circulating time of NPs. The efficiency of rapid drug 
release combined with P-gp inhibition was verified 
in many delivery systems. Li et al[47] prepared 
another TPGS-based pH-responsive copolymer, poly 
(L-histidine)-poly (lactide-co-glycolide)-TPGS (PLH-
PLGA-TPGS), as a drug carrier. They examined the 
loading and intracellular release condition of DOX. 
Since protonation of the imidazole group in PLH 
rose below pH6.0, PLH-PLGA-TPGS NPs swelled 
in endosomes and lysosomes, and the sudden release 
of DOX triggered in tumor cells. Studies have shown 
that, after being internalized by MCF-7/ADR cells 
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for a certain period of time, most particles were 
concentrated in lysosomes, which accelerated the 
release of DOX because of the acidic conditions. In 
addition, compared to free DOX, the drug-loaded NPs 
were more destructive to DOX-resistant MCF-7/ADR 
cells, which effectively reversed the MDR effect. 

Inorganic NPs another widely-used drug 
carriers[48, 49]. The surface modification of inorganic 
particles may improve the treatment efficacy of 
inorganic NPs. Kankala et al[50] designed copper-
substituted mesoporous silica nanocarriers (Cu-
MSNs) to load DOX. The Cu-MSNs framework was 
conjugated to DOX by a pH-responsive linker and 
coated with TPGS to obtain the monolayer vesicle. 
After endocytosis of tumor cells, DOX was largely 
released because of the breaking of coordination 
bonds between DOX and co-impregnated copper 
(II) in the mesoporous materials under the low pH 
of endosomes. TPGS kept the concentration of nano-
drugs in cells at a high level by reducing the MDR 
presentation and inhibiting its function to realize the 
synergistic therapy. Binding through covalent bond 
allows TPGS to be more stably modified on the surface 
of the NPs to avoid loss during circulation compared 
to the coating alone. Cheng et al[51] encapsulated DOX 
in mesoporous silica NPs (MSNs), and then coated 
highly adhesive polydopamine (PDA) on the surface 
of MSNs-DOX through oxidative polymerization, 
finally conjugated TPGS-NH2 to the PDA coated 
MSNs-DOX to obtain MSNs-DOX@PDA-TPGS by 
Michael addition reaction. Under normal physiological 
conditions (pH=7.4), PDA, attached to the surface 
of the NPs, was stable and effective to prevent drug 
release. When pH dropped to 5.0, the release of DOX 
increased significantly because the PDA coating 
partially degraded and fell off due to a decrease in pH 
value, which meant the “gate keeper” on the surface 

of the NPs was open and the cargo in NPs was free to 
be released consequently (fig. 2). Meanwhile, the same 
as other systems, TPGS was helpful for overcoming 
MDR and demonstrated a good antitumor effect.

Connecting the targeted ligands to the stimuli-
responsive system through TPGS is an alternative 
way to achieve active targeting. For instance, Guissi 
et al[52] designed mitoxantrone prodrug (MTO-TPGS), 
connected folate (FA) with TPGS to obtain FA-TPGS, 
and finally produced the pH-responsive mixed micelles 
(MTO-FMCT). Both the initial release amount in the 
first 12 h and the cumulative release amount in the 40 
h at pH5.0 were 100%‒110% more than that at pH7.4. 
In addition, MTO-FMCT increased the uptake of MCF-
7 cells through folate-mediated endocytosis, which 
significantly increased the accumulation of MTO in 
vivo, and enhanced the anti-tumor effect. Besides, the 
TPGS with ligand could realize multi-functionality 
with the P-gp inhibition of TPGS. Another example is 
paclitaxel (PTX) loaded dextran-g-PLGA-g-histidine 
(HDP)-FA-TPGS2k mixed micelles[53]. Due to the 
protonation of imidazole ring of the HDP copolymer 
in the mixed micelles, the PTX release of this system 
increased by 40% when pH decreased from 7.4 to 5.0. 
In vivo experiments confirmed that the mixed micelles 
had higher anti-tumor activity on PTX-resistant MCF-
7 breast cancer cells than the free PTX, which may be 
related to the synergy of pH-dependent release, TPGS-
mediated P-gp inhibition and FA receptor-mediated 
endocytosis.

2 REDOX-RESPONSIVE DRUG DELIVERY 
SYSTEM BASED ON TPGS

In addition to the difference in pH value, tumor 
cells have a specific redox microenvironment 
compared to normal cells. The concentration of 

MSN

DOX

MSN-DOX

Dopamine
pH 8.5

pH 8.5

Endocytosis

MSN-DOX@PDA

MSN-DOX@PDA-TPGS

Injection
Inhibit P-gp efflux

Endosome
or lysosome

(pH 5.0)
Nucleus

Blood vessel (pH 7.4)

Normal cells

Tumor cells (pH 6.5)

Fig. 2 Schematic illustration of pH-responsive doxorubicin-loaded MSNs-DOX@PDA-TPGS NPs to overcome MDR of tumor.
Copyright 2020 from Wiley[51]
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glutathione (GSH) in the intracellular fluid of tumor 
cells is at least 4 times higher than that in normal 
tissues (approximately 4 μmol/g vs. 1 μmol/g)[54, 55]. 
Besides, the growth of ROS in cells is associated 
with cancer, infection, inflammatory diseases, etc. 
In some tumor tissues, a high concentration of ROS 
was observed[56–58]. Based on the large difference of 
GSH/ROS concentrations inside and outside of tumor 
microenvironments, researchers designed a series of 
smart redox-responsive drug delivery systems. Among 
these, introducing the disulfide bond into the drug 
carrier is the most commonly used method[59–61]. In the 
presence of a certain amount of the reducing agents 
such as GSH and cysteine, disulfide bond breaks and 
promotes the drug release from the carrier.

We firstly reported a redox-responsive TPGS based 
prodrug, TPGS-SS-PTX, by connecting TPGS and 
PTX via dithiodipropionic acid[62]. This prodrug could 
self-assemble to form stable micelles with a diameter 
of about 140 nm in the physiological environment. 
However, under the condition of 10 mmol/L DTT 
(simulated tumor environment), the release rate of 
PTX was accelerated due to the cleavage of disulfide 
bond and thus PTX exhibited a better effect of killing 
the drug-resistant tumor cells than Taxol. Qiao et al[63] 

also synthesized disulfide bond containing TPGS-
mitoxantrone (MTO) prodrug. When micelles were 
absorbed into the tumor cells, the MTO was rapidly 
released under the high concentration of GSH in the 
cells. Compared to free MTO, the TPGS-MTO prodrug 
micelle significantly inhibited the growth of drug-
resistant breast tumor cells (MDA-MB-231/MDR), 
which was attributed to the ATP activity depletion 
caused by the interaction between mitochondria and 
TPGS. Banala et al[64] developed a redox-responsive 
hybrid micelle system to synergistically release different 
drugs. Epalrestat (EPR) was combined with TPGS to 
obtain a redox-responsive prodrug (EPR-SS-TPGS). 
TPGS-vitamin B6 (TPGS-B6) was also synthesized. 
Then EPR-SS-TPGS, TPGS-B6 and DOX were mixed 
in the appropriate ratio to form the hybrid micelles. In 
the presence of DTT, the release amount of DOX and 
EPR in the micelle system greatly increased compared 
to that in normal environment. TPGS prolonged the 
circulating half-life of both drugs and increased the 
bioavailability of the drugs in the tumor site. The mixed 
micelles significantly down-regulated CD44 receptor 
level, better suppressed tumor metastasis, and reduced 
the cardiac toxicity for the EPR and active target by 
promoting drug accumulation in tumor site.

Disulfide bonds can be conveniently bonded 
between materials to form polymer carriers. Dong 
et al[65] prepared a novel biodegradable amphiphilic 
polymer MPEG-SS-2SA which was synthesized 
through disulfide bonds between PEG monomethyl 
ether (MPEG) and stearic acid (SA), and prepared PTX 

loaded mixed micelles of MPEG-SS-2SA and TPGS. 
In a reductive environment (10 mmol/L DTT), a large 
amount of PTX was released within 24 h. In addition, 
owing to TPGS, mixed micelles could significantly 
inhibit the activity of the mitochondrial respiratory 
complex II, reduce ATP levels and effectively prevent 
the efflux of PTX in cells, thus showing the effect 
of MDR reversal of tumor cells. Zhang’s group[66] 

connected TPGS and PLA by disulfide bond to form 
a copolymer, TPGS-SS-poly(lactide) (TPGS-ss-PLA), 
then prepared PTX-loaded NPs through solvent-
emulsifying method with cRGD as the tumor targeting 
group. Under the reductive condition of tumor cells, 
PTX release was accelerated. The NPs had a preferable 
curative effect of PTX-resistant tumor cells with the 
cooperation of TPGS which inhibited drug efflux. 
Wang et al[67] prepared a core-cross-linked iRGD 
conjugated NP system based on lipoic acid modified 
TPGS-g-PLGA (LA-PLGA-TPGS) and DSPE-PEG 
respectively. Under reductive conditions (10 mmol/L 
DTT), the mixed micelles dissociated rapidly, thus 
triggering the release of the loaded DTX. The NPs 
significantly increased the uptake of DTX by tumor 
cells and inhibited cell proliferation consequently.

Nitrate is a redox-responsive group and quick 
nitric oxide (NO) release can be triggered by the 
GSH in tumor cells. Zhang’s group synthesized TPGS 
nitrate (TPGS-NO3) as a NO releasing system, which 
was stable in physiological conditions while released 
NO fast in cancer cells[68]. On this basis, we combined 
TPGS-SS-PTX and TPGS nitrate to obtain mixed 
micelles (TSP-TN) with the function of “self-promoted 
delivery”[69]. The mixed micelles could accumulate in 
the tumor through the EPR effect. After the endocytosis 
by the tumor cells, PTX and NO were rapidly released 
under a reductive environment, and NO could diffuse 
outside the tumor cells to exert bio-functions such as 
vasodilation and angiogenesis, thereby increasing 
the vascular permeability of tumor, blood perfusion 
and vascular density, and further promoting the 
accumulation of micelles in the tumor. TPGS inhibited 
P-gp and cooperated with PTX to overcome MDR 
(fig. 3). TSP-TN mixed micelles demonstrated a great 
potential to prevent tumor progression and proliferation 
by remodeling the tumor microenvironment. TPGS-
NO was further used as a carrier for delivery of DOX-
ADD (a conjugated compound of DOX and Adjudin 
linked by the hydrazone bond)[70]. Similar to TSP-TN, 
NO and TPGS cooperated to improve the accumulation 
and penetration of drugs in tumor tissues. Meanwhile, 
TPGS inhibited P-gp by inducing mitochondrial 
dysfunction; ADD was also a mitochondrial inhibitor 
that depressed P-gp activity. Therefore, this micelle 
had a significant effect on inhibiting tumor growth and 
metastasis of MCF7 resistant cells. 

Other chemical bonds with redox-responsibilities 
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are designed in carrier construction. Zhang’s group[71] 
combined TPGS1000 and PTX by single sulfide bond 
and disulfide bond respectively to obtain two kinds 
of dual redox-responsive prodrugs TPGS-s-PTX and 
TPGS-sccs-PTX, and then they self-assembled to 
obtain prodrug micelles TSP PMs and TSCS PMs. They 
found that TSP PMs and TSCS PMs were responsive to 
the two opposite stimuli of oxidation and reduction. In 
the environment of GSH and H2O2, the burst release 
of PTX occurred, and the PTX release amount of 
TSP PMs was larger than that of TSCS PMs. Besides, 
TPGS could increase tumor-specific ROS signal by 
inhibiting the mitochondrial respiratory complex Ⅱ, 
thereby establishing ROS-generated positive feedback 
effect, which could supplement the consumed ROS to 
maintain a high level of ROS, then induce the rapid 
and complete release of drug. The elevated ROS could 
also induce mitochondria-mediated apoptosis via the 
ROS/Cyt C/caspase-9/3 pathway, and reverse MDR by 
P-gp efflux inhibition. The influence on mitochondrial 
function of TPGS itself enabled it to control redox 
system in tumor cells. Su et al[72] synthesized a novel 
amphiphilic copolymer (TBH) by linking hyaluronic 
acid (HA) and TPGS through aryl borate ester. When 
TBH carrier entered tumor cells, the aryl borate 
degraded under the action of intracellular ROS. As a 
result, this system rapidly disintegrated into TPGS and 
HA, and the loaded drug DOX in the system released. 
The dissociated TPGS enhanced the drug retention 

effect to increase cytotoxicity. On the other hand, 
TPGS promoted ROS regeneration via mitochondrial 
pathway, which supplemented the consumption of 
ROS by TBH system. In addition, HA could improve 
the tumor targeting ability. The TBH-delivery system 
expanded the triggering and regeneration mechanism 
of ROS, tumor targeting, and MDR reversal ability 
based on P-gp inhibition, which significantly inhibited 
the tumor growth of MCF-7/ADR tumor-bearing nude 
mice. 

3 OTHER-RESPONSIVE DRUG DELIVERY 
SYSTEM BASED ON TPGS

Enzyme plays an important role in many 
biochemical processes, by triggering or catalyzing the 
physiological reaction. The expression of enzyme will 
change with concentration in different organization, 
which even specifically occurs in specific tissue. 
Since matrix metalloproteinases (MMPs) were highly 
expressed in various malignancies, oligopeptide 
GPVGLIGK-NH2 (GK8) was inserted between 
α-tocopherol succinate (α-TOS) and polyethylene 
glycol monomethyl ether 2000 (mPEG2K) instead of 
succinate to form a TPGS analogue (TGK)[73]. Then, 
TGK was mixed with TPGS in a ratio of 40:60 to 
form hybrid micelles. In the presence of collagenase 
IV (a mixture of MMP-2 and MMP-9), PTX loaded in 
TGK micelles was effectively released, and the uptake 
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of micelles by HT1080 cells was doubled due to the 
breaking of GK8 under the MMP-2/9 environment 
compared to nonsensitive micelles mPEG2K-α-TOS. 
The hybrid micelles demonstrated good targeting 
and accumulation capacity, as well as strongest anti-
tumor efficacy in HT1080 tumors model with minimal 
systemic toxicity.

The temperature is higher in some nidus such 
as cancer and inflammation than in normal tissue, 
which makes it possible to design a temperature-
responsive nano-drug delivery system. Temperature-
responsive delivery system based on TPGS is also 
one of the concerns. Zhao et al[74] successfully 
prepared mixed micelles based on TPGS and poly 
(N-isopropylacrylamide-co-N, N-dimethylacrylamide) 
118-poly (D, L-lacticco-glycolic acid) 71 (PID118-b-
PLA71), and modified with anti-GD2 antibody. The 
shell of the mixed micelle was thermo-responsive. 
When temperature is higher than the volume phase 
transition temperature (VPTT), the outer shell of 
the mixed micelles changes from hydrophilic to 
hydrophobic, and the particle size increases from 
150 nm to 500 nm, leading to more drug release and 
enhanced cell endocytosis in neuroblastoma (NB) 
cells, as well as good activity against NB in vitro. F127 
is a good thermo-responsive pharmaceutical excipient. 
Docetaxel nanocrystals (DOC-NCS) was added 
into TPGS-modified Pluronic F127 thermosensitive 
hydrosol to obtain injectable DOC-NCS-TPGS-
PF127 hydrogel. The preparation was liquid at room 
temperature and could be injected locally. When 
injected into the body, it was converted into gel and 
conducive to continuous and stable release of the drug 
for 72 h since its gel point is between 30 and 35°C. The 
growth inhibition of DOC-NCS-TPGS-PF127 hydrogel 

on SMMC-7721/RT cells was significantly higher than 
that of DOC solution or PF127 gel containing DOC-
NCS. This system could form a drug depot with P-gp 
inhibition capability and thus demonstrated a good 
therapeutic effect against drug-resistant solid tumors[75]. 

4 MULTI-RESPONSIVE DRUG DELIVERY 
SYSTEM BASED ON TPGS

In recent years, researchers have been trying 
to integrate a variety of different stimuli response 
functions into the drug delivery system to realize the 
smarter, more advanced and more precise controlled 
release of drug[76–80]. At present, the TPGS-based drug 
delivery system has been designed as dual responsive 
to different stimuli. 

We constructed an intelligent nanocarrier with 
pH and redox dual response by linking PBAE and 
TPGS via disulfide bonds[81]. The carrier was prepared 
by Michael-type step polymerization using TPGS 
succinic cystamide macromonomer. The copolymer 
C32-g-TPGS could be self-assembled into NPs and 
used to encapsulate paclitaxel (PTX). When the drug-
loaded NPs in acidic (pH=5.5) and reductive (DTT=10 
mmol/L) environment, a burst release of PTX occurred 
due to the protonation of the C32 backbone and the 
disulfide bond breaking, while TPGS dissociated from 
the copolymer inhibited the efflux of P-gp on PTX to 
maintain the intracellular concentration of PTX at a 
high level, and greatly enhanced the cytotoxicity against 
drug-resistant cells (A2780/T) compared to Taxol (fig. 
4). We also induced F127-FA into such system as the 
active targeting moiety to form hybrid micelles and to 
increase its tumor accumulation. This hybrid micelle 
increased the cell uptake, heightened toxicity to tumor 

Fig. 4 Schematic illustration of pH-, redox dual-responsive C32-g-TPGS copolymers NPs for drug-controlled release and inhibition of
MDR in tumor cells. Copyright 2020 from Elsevier[81]
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cells, inhibited drug efflux, and exhibited a good effect 
to suppress the growth of drug-resistant tumor[82].

Multiple response would happen at the same time 
or step by step. Han et al[83] prepared the liposome-
modified mesoporous silica NPs (LTMSNs) with 
dual response to pH and reduction for the DOX 
delivery. TPGS was attached to the surface of MSN by 
disulfide bond to obtain the lipid-coated layer by self-
assembling. LTMSNs showed well pH and reductive 
dual response DOX release behavior, which was 
mainly affected by the dissociation of lipid layer and 
the electrostatic force between MSNs and DOX. Under 
the reductive condition in tumor cells, lipid layer was 
detached from the surface of the carrier because of 
the disulfide bond rupture, and the drug was diffused 
from the pores of NPs. On the other side, the DOX 
molecules were tightly entangled and rarely released 
due to the electrostatic interaction at pH7.4. When pH 
dropped to 5.0, the protonation effect of the silanol 
groups weakened the electrostatic force, which caused 
the release of DOX to increase again. Along with the 
effect of TPGS on inhibiting drug efflux and inducing 
tumor cell apoptosis, LTMSNs showed better uptake 
efficiency, greater cytotoxicity and higher intracellular 
accumulation in drug-resistant MCF-7/ADR cells.

Combining external stimuli with internal response 
could better regulate the drug release behavior of NPs. 
Sha et al[84] connected the photothermal conversion 
agent cypate to the surface of MSN by disulfide bond. 
DOX was encapsulated and coated with TPGS to 
construct the drug delivery system TCMSN. When the 
DOX-loaded TCMSN was taken up by tumor cells, 
cypate and TPGS detached from the surface of MSN 
due to the disulfide bond rupture. Cypate generated 
heat under NIR light to promote the release of DOX 
and lysosome escape, and realize thermotherapy. 
Before reaching the tumor cells, TPGS could improve 
the stability of the system and slow down the early 
release of drugs. In tumor cells, TPGS dissociated 
from the NPs to reduce the drug efflux and reverse 
multi-drug resistance. This kind of drug carrier with 
dual responsive release to GSH reduction and NIR 
photothermy combined the effect of hyperthermia with 
MDR inhibition, which presented enhanced anti-tumor 
activity compared with single treatment strategy.

5 CONCLUSION

The MDR seriously restricts the efficacy and 
application of chemotherapeutic drugs in tumor therapy, 
and TPGS exhibits various advantages including 
P-gp inhibition, good biological safety, mitochondria 
functional disruption, which make it become a prominent 
“star” in the field of reversing P-gp mediated tumor 
MDR. The development of environmental stimuli-
responsive drug carriers is a promising direction for 

improving the efficiency of drug treatment, increasing 
the precision of drug release in tumor, and reducing the 
toxicity and side effects of chemotherapeutic drugs on 
normal tissues. At present, TPGS-based drug carriers 
with common stimuli-response including pH-response, 
redox-response, temperature response, and enzyme 
response, are effectively designed based on the specific 
characteristics of tumor microenvironment. In the past 
few years, more and more researchers focused on 
multiple response drug delivery systems, which can 
respond to two or more external stimuli signals. These 
reactions occurred at the same time or sequentially 
in the pathological site[85], so the drug can be more 
accurately delivered and released on lesion location 
and the anti-cancer efficacy can be further improved. 
However, most of the currently reported TPGS-based 
stimuli-responsive nanomedicine systems stay in the 
basic research stage, and there are still many problems 
to be solved in clinical development. In future, it is 
necessary to design more sophisticated and intelligent 
drug carriers combined with the TPGS, and to develop 
more convenient and responsive nano-drugs to achieve 
clinical translation.
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