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Abstract

In the past decade, drug delivery systems that can respond to the tumor microenvironment or
external stimuli have emerged as promising platforms for treating malignancies due to their
improved antitumor efficacy and reduced side effects. In particular, biodegradable polymeric
micelles have attracted increasing attention and been rapidly developed as a distinct therapeutic to
overcome limitations of conventional chemotherapeutic anticancer drugs. Because of their
advantages with respect to biocompatibility, degradability, circulation time, and tumor
accumulation, considerable effort has been dedicated to the developing and optimizing micellar
systems during the past few years. This review highlights recent advances concerning stimuli-
responsive micelles made of biodegradable polypeptide and polyester as nanocarries for drug
delivery, and especially limits the content to pH sensitive, redox sensitive, and photo-sensitive
micellar systems for safe and efficient cancer chemotherapy.
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INTRODUCTION

Malignancy is one of the leading causes of death around the world [1]. Due to its high
mortality and morbidity, treating this devastating disease has received increasing attention
over the past few decades. Among various treatment modalities, chemotherapy, surgery and
radiotherapy are currently the most important treatments in clinic [2]. However, surgical
treatment carries the risks of causing structural and functional abnormalities of normal
tissues and organs plus the need for surveillance to monitor recurrence. Radiotherapy may
cause serious side effects, such as liver and kidney dysfunction, bone marrow suppression,
and immunosuppression. As for chemotherapy, although there has been a rapid development
of new small-molecule chemotherapeutic drugs in recent years along with improved
chemotherapeutic protocols, challenges remain relating to their implementation [3]: (i) many
drugs already in clinical use (for example, doxorubicin, paclitaxel, camptothecin and

"Address correspondence to this author at the Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD
21205, USA; Tel: (410) 955-0075; Fax: 410-502-9814; xingde@jhu.edu.

Send Ordersfor Reprintsto reprints@benthamscience.ae

CONFLICT OF INTEREST
The author(s) confirm that this article content has no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yan and Li

Page 2

cisplatin) are easily degraded under physiological conditions and thus have short half-lives
in vivo; (i) low drug bioavailability and serious systemic toxicities to normal tissue result in
highly restricted in vivo applications; and (iii) it is necessary to increase drug dose in some
cases since the drug-resistant cells may arise during the course of chemotherapy [4, 5].

Therefore, improving chemotherapeutic effects and reducing side effects have been a long
sought-after goal for researchers. Over the past few years, the emergence of nanocarrier
systems for drug delivery has offered a practical and innovative means for overcoming the
challenges associated with chemotherapy [6]. Compared to small-molecule
chemotherapeutic drugs, nanomedicines can more effectively and selectively accumulate and
retain in tumor tissues through the abnormally leaky vasculature and relative lack of
lymphatic drainage in tumor sites. This enhanced permeability and retention (EPR) effect [7]
is a major driving force for passive targeting. Furthermore, nanomedicines can offer
additional benefits to overcome the limitations of conventional formulations [6-9], including
(i) improved solubility and stability through encapsulation of poorly soluble drugs; (ii)
controlled drug release and prolonged circulation time; (iii) ability to change biological
membrane transport properties and increase the trans-membrane permeability; (iv) potential
for targeted drug delivery; and (v) ability to incorporate multiple drugs for combined
therapy. Therefore, nanomedicines can realize some specific clinical objectives which cannot
be achieved by means of traditional drug administration.

However, implementation of these functions greatly depends on the nanocarriers. Current
drug delivery systems for treatment of malignancies, whether already approved in clinical
trials or still undergoing research, mainly include liposomes, polymeric micelles/vesicles,
dendrimers, inorganic nanoparticles (such as gold nanoparticles, magnetic nanoparticles,
carbon nanotubes and mesoporoussilica, etc.) and macro/nanogels [10]. Of these
nanocarriers, polymeric micelles composed of biocompatible amphiphilic block/graft
copolymers have been the subject of particular interest. These micelles consist of a
hydrophilic shell (e.g. poly(ethylene glycol)) surrounding a hydrophobic core, and can serve
as reservoirs of bioactive molecules for sustained release. In particular, polypeptide [11-13]
and polyester [14] have become the focus of current research for their unique and excellent
biodegradable and biocompatible properties. Through rational molecular design, a series of
functional polypeptide and polyester nanomicelles have been developed for cancer therapy.
It is promising that several biodegradable polymeric micellar anticancer nanomedicines are
already in early- to late-phase clinical trials [15-20]. A successful example of such a
formulation that has been approved for clinical use is Genexol-PM, a biodegradable
monomethoxy poly (ethylene glycol)-block-poly(D,L-lactide) (MPEG-PDLLA) copolymer
micelle loaded with the anticancer drug paclitaxel (PTX). This formulation was approved in
South Korea in 2007 to treat breast, lung, and ovarian cancers [21].

Although considerable progress has been made regarding polymeric drug delivery systems,
there have been very few revolutionary breakthroughs in oncology chemotherapy during the
last ten years. Polymeric drug delivery systems still face a series of key and basic scientific
issues which are yet to be overcome. The first critical challenge is the limited penetration
depth of nanomedicines into tumor tissues, leading to therapeutic failure. The second
challenge comes from multidrug resistance, which is related to P-glycoprotein. P-
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glycoprotein is an ATP-binding multidrug transporter overexpressed in cancer cells. It
prevents drug accumulation within cancer cells by actively pumping drug out of the cells,
conferring resistance to a wide range of chemotherapeutic agents. Another major hurdle is
intracellular drug release, a last but critical factor that contributes to the inefficacy for drug
delivery. For non-intelligent nanocarriers, drug release typically relies primarily on the drug
itself leaking slowly from the nanovectors. After internalization and degradation by the
lysosomal enzymes, only a small fraction of free drugs remain in cytoplasm. This
incomplete drug release and low drug concentration inside cancer cells may lead to
relatively low inhibition of tumor cell proliferation. Even worse, this could also potentially
contribute to drug resistance.

With this in mind, an ideal drug delivery system should be able to selectively deliver drugs
to tumor sites and specifically and completely release drugs within target cells to maximize
therapeutic efficacy and reduce systemic toxicity. At the same time, the drug should also be
released in a controlled manner in response to the tumor microenvironment or slight physical
or chemical changes in the surroundings. Fortunately, stimuli-responsive nanomedicines can
meet all of these requirements. These kinds of nanocarriers take advantage of specific
biological microenvironments and respond in a dynamic fashion to moderate drug release
profiles based on parameters such as temperature, pH, the redox potential inside cells, or
specific exogenous physical stimuli. As a result, not only can stimuli-responsive
nanomedicines specifically release drug, but drug resistance can also be overcome to some
extent by the combination of highly efficient cellular endocytosis and responsive
intracellular release.

Herein, we will highlight the most significant recent progress made in the area of stimuli-
responsive polymeric micelles and particularly limit the content on polypeptide and
polyester micelles for cancer therapy.

STIMULI-RESPONSIVE POLYMERIC MICELLAR DRUG DELIVERY SYSTEMS

In order to design stimuli-responsive polymeric micelles for cancer therapy, it is critical to
understand the physiological mechanisms of cancer pathogenesis and in particular the
characteristics of the tumor microenvironment. In addition to uncontrolled cell growth, there
are several features that differentiate malignant tumors from normal tissues, including [22]:
(i) low extracellular pH and high lactate levels; (ii) relatively low oxygen levels (hypoxia and
anoxia); (iii) specifically overexpressed proteins and enzymes; and (iv) low glucose, etc.
These characteristics provide possibilities and opportunities for developing smart
nanocarriers. By taking advantage of endogenous or exogenous stimuli, different stimuli-
responsive drug delivery systems can be exploited.

pH-SENSITIVE POLYMERIC MICELLAR DRUG DELIVERY SYSTEM

Stimuli-responsive drug delivery systems have attracted increasing attention in the past few
years and are currently center of active research due to their potential biomedical
applications. The stimuli studied so far have included temperature, pH, oxidation or
reduction, sound and light, etc. Each of these potential stimuli has sparked significant
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interest in the design, synthesis and exploitation of new smart materials. Of the various
stimuli-responsive nanocarriers, pH-sensitive drug delivery system is most commonly used
due to the acidic tumor microenvironment.

The extracellular pH in tumor tissue is slightly lower than normal tissues (i.e. 7.4). This
intrinsic feature mainly results from the well-known Warburg effect [23]. Due to the rapid
growth and metastasis of cancerous cells, the blood vessels in tumors are unable to provide
adequate nutrients and oxygen to the tumor cells for proliferation. As a result, lactic acid is
produced via anaerobic glycolysis. In addition, the relative lack of internal tumor vasculature
makes complete clearance of lactic acid difficult, resulting in an acidic tumor
microenvironment. The average extracellular pH of tumors has been shown to be
approximately 7.06 with a range of 5.7-7.8 [24]. Although this value varies with tumor
histology, tumor volume, and the location inside the tumor, acidic pH can serve as an
impetus for drug release. Based on this feature, the methyl maleate bond has been
increasingly studied given that it can be broken under weakly acidic conditions (pH ~6.8)
[25]. Wang et al. designed and synthesized charge-conversion micelles to deliver
doxorubicin by attaching pH-sensitive methyl maleate groups to the hydrophilic
polyphosphate block of an amphiphilic block copolymer poly(e-caprolactone) (PCL) and
poly(allyl ethylene phosphate) (PCL-b-PAEP) (see Fig. 1) [26]. The prepared micelles were
neutrally charged under physiological conditions, but were shown to be activated by the
acidic extracellular environment of the tumor. In the tumor microenvironment, the micelles
became positively charged due to the generation of free amino groups by cleaving off methyl
maleate, resulting in efficient cellular uptake and enhanced therapeutic effects. A similar
concept was also recently applied by Chen’s group and Zhang’s group to make polypeptide
and PEG-b-PCL copolymer micelles with pH-triggered charge reversal for promoting cell
uptake and enhanced intracellular delivery of cisplatin and doxorubicin, respectively [27,
28].

Although the intracellular pH of tumor cells is similar to normal cells, intracellular pH
gradients can still be used to design stimuli-responsive nanocarriers to moderate the drug
release behavior. In most cases, the nanocarriers are uptaken via endocytosis and then
entrapped in the endosomes. Early endosomes have a pH of around 5-6 [29], while late
lysosomes, the most acidic organelles, have a pH of around 4-5 [30, 31]. These dramatic
variations in the pH value provide opportunities for designing specific intracellular drug
delivery systems.

Generally, pH responsive polymeric nanomicelles responsive to the tumor intracellular
microenvironment can be divided into two categories. One category contains proton donor
group with a specific pKa value in the polymer chain, such as L-histidine [30], pyridine [32]
and tertiary amino groups [33], etc. When the environmental pH is higher than the pKa, the
neutrally charged amphiphilic copolymer can self-assemble into nanoparticles. When the
environmental pH is lower than pKa, the segment with the proton donor groups will be
protonated and thus becomes positively charged. As a result, the conformation or
hydrophobic/hydrophilic balance of the micelles is disrupted, leading to micelle swelling or
disintegration and thus the rapid release of loaded drugs. Among these types of
nanomicelles, poly(L-histidine) based copolymers have drawn increasing interest and are
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being widely investigated for pH-sensitive drug delivery systems due to their
biodegradability, low toxicity, and combined pH triggered release and endolysosomal escape
properties [34]. Bae’s group has pioneered a series of poly(L-histidine) based copolymer
micelles that destabilize at tumor pH [35-38]. For example, they have developed a mixed
micellar platform composed of polyHis-b6-poly(ethylene glycol) (PEG) and poly(L-lactic
acid) (PLLA)-5-PEG [39]. The as-prepared mixed micelles showed good stability at
physiological pH, but when the pH dropped to pH 7.0 or lower, they destabilized as the
polyHis block in the micelle core was ionized. Additionally, by varying the ratio of the two
components, controlled pH-triggered drug release could be achieved within a certain pH
range. Most importantly, /n vivo studies showed significantly enhanced antitumor efficacy
with intravenous administration of DOX-loaded micelles to MCF-7 xenograft nude mice, in
comparison with free drug administration. Likewise, Gu et a/. fabricated pH-sensitive
micelles composed of poly(ethylene glycol)-poly(I-histidine)-poly(l-lactide) triblock
copolymers [40]. Their /n vitro study also showed much better inhibition of tumor cell
proliferation by the DOX-loaded micelles compared to free drug.

The other type of pH-sensitive drug delivery system contains pH-sensitive chemical bonds
that are susceptible to hydrolysis in the acidic intracellular microenvironment. When the
environmental pH drops, the acid-labile bonds can be cleaved, resulting in micelle
dissolution or degradation. To date, the typical acid-labile bonds include hydrazone [41, 42],
oxime [43], imide [44, 45], orthoesters [46, 47], vinyl ethers [48], and B-thiopropionate [49].
Among these, hydrazone bonds have been the most widely studied. A typical example of pH
responsive nanomicelles bearing hydrazone bonds was reported by Kataoka’s group. They
successfully prepared the prodrug micelle by conjugating doxorubicin to poly(ethylene
glycol)-block-poly(aspartate) (PEG-b-PAsp) via a pH-labile hydrazone linkage [50, 51]. As
expected, the anti-tumor efficacy, pharmacokinetics, and biodistribution of this pH sensitive
prodrug micelle were much better than free DOX. Recently, Jing et al. reported
polycarbonate/Pirarubicin prodrug micelles with different linkage groups including
hydrazone, ester and amide bonds [52]. Micelles with hydrazone linkages released faster
than those with ester or amide linkages. Furthermore, studies in Balb/c mice models showed
that implanted EMT6 tumors were most susceptible to those micelles with hydrazone
linkages in vivo. PEG-b-PLLA micelles conjugated with cisplatin by the same linkage by
Zhang’s group also showed controlled pH-dependent drug release [53].

It is worth noting that dual pH-sensitive micelles have already been engineered to
simultaneously achieve long half-lives in blood with efficient tumor cell uptake while
maintaining their ability to rapidly release drug once inside the cell. For example, Wang et
al. have reported a dual pH-sensitive polymer-DOX micelle that can reverse its surface
charge to encourage cell uptake (Fig. 2) [54]. At tumor extracellular pH (~6.8), the
negatively charged portion of the polymer is cleaved to reveal a positively charged amine
group. At endosomal pH (~5.5), the hydrazone bond is cleaved to release DOX. /n vitro
studies have shown that these dual pH-sensitive micelles are more cytotoxic to drug-
resistance SK-3'd cancer stem cells than conventional micellar systems.
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REDOX-SENSITIVE POLYMERIC MICELLAR DRUG DELIVERY SYSTEM

Because the extracellular and intracellular compartments are at different redox potentials,
disulfide bonds have been extensively exploited to create redox-sensitive nanocarriers for
intracellular drug delivery. The disulfide bond, a dynamic covalent bond existing in
numerous biological systems, can be rapidly cleaved by glutathione (GSH). The
concentration of GSH found in intracellular compartments (~2—10 mM) is significantly
higher than that in extracellular compartments (~2-10 uM) [55]. Furthermore, due to the
reductive environment caused by severe hypoxia within some tumor tissues, a several-fold
increase in GSH concentration has been found in tumor cells compared to healthy cells [56].
These uniquely high GSH concentrations in tumor cells provide the opportunity to
implement specific drug delivery systems that respond to intracellular conditions. Therefore,
such smart nanovehicles containing reductively degradable disulfide bonds show promise as
a means for efficient intracellular release of anticancer drugs.

One way to achieve redox sensitive polymeric micelles is to self-assemble amphiphilic
copolymers comprising hydrophobic and hydrophilic blocks linked by a single disulfide
bond into shell-shedding nanocarriers. Cleavage of the disulfide bond leads to detachment of
the shell and instability of the nanocarriers, resulting in rapid release of the trapped contents.
Zhong et al. have used this principle to prepare shell detachable block polymer micelles
from poly(e-caprolactone) and poly(ethylene glycol) (PEG) (PCL-SS-PEG) containing a
disulfide bridge to deliver DOX [57]. In /n vitro studies, intracellular accumulation of DOX
from these redox-responsive micelles was significantly improved compared to non-reducible
PEG-PCL micelles. A similar idea was reported by Wang et a/. using the block polymer
poly(e-caprolactone) and poly(ethyl ethylene phosphate) (PCL-SS-PEEP) [58]. Notably,
Wang et al. further revealed that accelerated release of free drug from these intracellular
shell detachable micelles significantly enhanced their ability to overcome multidrug
resistance in MCF-7/ADR breast cancer cells [59]. Currently, redox-responsive shell-
shedding nanocarriers have also been synthesized with other polymers, including the linear
PEG-SS-PLA [60, 61], the star-shaped PEG-PCL [62], PEG-SS-poly(y-benzyl-L-glutamate)
[63], and PEG-SS-poly(e-benzyloxycarbonyl-L-lysine) [64], etc.

In addition to redox-responsive shell-shedding nanocarriers, redox-sensitive micelles with
degradable main- or side-chains have also been harnessed for intracellular drug release. For
instance, Huang et al. prepared biodegradable pseudo-polypeptide micelles containing
disulfide bonds in the polymer backbone [65]. Their /n vitro studies revealed these DOX
loaded main-chain degradable micelles had a higher anticancer efficiency towards Hela cells
than controls with non-reductive carbon bonds.

Furthermore, redox-sensitive reversible disulfide bonds can also be introduced either in the
shell or the core to fabricate shell or core cross-linked micelles, respectively [66—-68]. This
cross-linking approach is a powerful strategy to stabilize micelles. By cross-linking the shell
or core with redox-sensitive bonds, the micelles can maintain their high stability even after
dilution in blood. Upon reaching the target site, the micelles are taken up by tumor cells and
the cross-linker is cleaved under the reductive conditions within the cells. Once the cross-
linker is cleaved, the micelles rapidly disintegrate to specifically and intracellularly release
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anticancer drugs. For example, Jing et al. have designed interfacially reversible cross-linked
biodegradable micelles based on the amphiphilic block copolymer mPEG-b-PLG-b-(PLA),
(PLG: poly(glutamic acid)) [69]. The micelles are formed by cross-linking mPEG-b-PLG-
b(PLA), poylmers via the carboxyl group on their PLG segments using cystamine, a
disulfide-containing cross-linker. /n vitro studies with DOX-loaded mPEG-b-PLG-b(PLA),
micelles showed both responsiveness to reducing conditions and markedly enhanced
stability. Furthermore, Jing et al. have developed reduction-sensitive core-cross-linked
micelles based on mMPEG-b-P(LA-co-MTCgy) block copolymer (MTCgy: thiol-
functionalized polycarbonate). These core-cross-linked micelles exhibit enhanced stability
even under extremely disruptive conditions (Fig. 3) [70]. /n vitro studies of DOX release
suggested that the core-cross-linked micelles released drug slowly in the absence of
glutathione (GSH), but rapidly when exposed to 10 mM GSH, the approximate intracellular
concentration of GSH in tumor cells. Moreover, in vitro MTT assays showed greater
inhibition of cellular proliferation as the intracellular concentration of GSH was increased
from 0 to 20 mM in cells exposed to the cross-linked micelles. Recently, a robust core cross-
linked PEG-polypeptide micellar system based on the disulfide containing cross-linker
cysteine N-carboxyanhydride (cysteine-NCA) has also been independently reported by
Chen’s and Yan’s groups [71, 72].

Notably, Shuai and co-workers recently reported the first example of an interlayer-cross-
linked polypeptide micelle sensitive to both reducing conditions and acidic pH [73]. The
micelles were stable and show no premature drug leakage under physiological pH, but burst
to completely release the loaded anticancer drug when exposed to acidic and reductive
intracellular conditions. Most importantly, this DOX loaded dual sensitive nanocarrier
exhibited remarkable antitumor efficacy both /in vitroand jn vivo in comparison with
nonsensitive PEG-PCL micelles (see Fig. 4).

Beyond applying disulfide linkage, the diselenide bond, which can also respond to relatively
low concentrations of a reducing or oxidizing agents, was recently used in redox-responsive
drug delivery systems [74]. Xu and co-workers have developed a series of main-chain, side-
chain and dendritic selenium-containing polymers for controlled drug release [75-78].
Meanwhile, Chen’s group has also reported a polypeptide micellar system containing a
diselenide bond [79]. Doxorubicin release from this diselenide cross-linked micellar system
was minimal under non-reductive conditions, while rapid release was observed at a low
concentration of GSH.

PHOTO-SENSITIVE POLYMERIC MICELLAR DRUG DELIVERY SYSTEM

Light is a particularly attractive exogenous stimulus for triggering responsive nanocarriers
both because it is noncontact and because it is possible to precisely control the wavelength,
direction, illumination area, and intensity of a light source. As a result, it is possible to
trigger on-demand drug release with specific spatial and temporal control at room
temperature [80, 81]. Additionally, developments in laser and light-wave guide transmission
technology provide practical possibilities for photo-chemotherapy, where light is used as a
trigger to initiate the release of desired therapeutic agents [82, 83].
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Among various photoresponsive groups, the o-nitrobenzyl group and its derivatives are
particularly promising because of their photo-reactivity to UV-irradiation. These o-
nitrobenzyl groups easily can be integrated into the backbone or side chain of a polymer.
Upon exposure to UV irradiation, they undergo a Norrish type Il intramolecular
rearrangement and are removed [84]. Amphiphilic biodegradable copolymers containing o-
nitrobenzyl groups have been used to synthesize light-sensitive micelles. For example, Jing
and coworkers have used polycarbonate polymers containing o-nitrobenzyl groups in their
side chains to prepare UV-induced core disruptive micelles [85]. These micelles exhibited
rapid drug release behavior upon external light stimulation due to the photolysis of the o-
nitrobenzyl groups. Furthermore, this approach has been extended to some other
biodegradable polypeptides, such as PEG-poly(S-(2-nitrobenzyl)-I-cysteine) [86]. The
release profile of loaded model drug Nile Red was observed in a few seconds upon UV-
irradiation at 365 nm.

However, because light in the ultraviolet-visible region is strongly scattered and has poor
penetration depth (~10 mm) in biological tissues, the application of most current light-
triggered drug delivery systems requires direct illumination and is hence limited to surface
regions of the body such as the skin [87]. As a result, near infrared (NIR) light-triggered
drug delivery systems are promising alternatives. Unlike UV-region light, NIR light in the
700-1000 nm region has reduced optical scattering and significantly improved penetration
depth (e.g. up to a few centimeters) in biological samples. Moreover, NIR light is less
harmful to the cells than high-energy ultra-violet (UV) light, further justifying its use /n
vivo. Some recent work has already been done in this area. For instance, Zhao and co-
workers have reported a biocompatible polypeptide micelle based on PEO-poly(glutamic
acid) that can facilitate drug release upon irradiation by NIR light [88]. By attaching
hydrophobic coumarin groups to the side chains of poly(glutamic acid), the as-prepared
block copolymer can self-assemble into micelles in aqueous solution. Irradiation by 794 nm
NIR light induces cleavage of the coumarin groups from the polypeptide block, leading to a
shift in the hydrophilic-hydrophobic balance and disruption of the micellar structure to
release the loaded antibacterial drug (Rifampicin) or anticancer drug (Paclitaxel).

Despite the promising proof of concept, NIR light-responsive biodegradable micellar drug
delivery systems remain largely unexplored, and evidence of the feasibility of such a system
in vivois still needed. An important and interesting future direction will be the development
of biocompatible and biodegradable photo-responsive materials that will play a critical role
in the clinical translation of this system.

OTHER STIMULI-RESPONSIVE DRUG DELIVERY SYSTEMS

In addition to the major classes of stimuli-responsive drug delivery systems mentioned
above, other important systems including thermo-responsive [89, 90], enzyme-responsive
[91-93], magnetically-responsive [94, 95] and ultrasound-responsive [96, 97] nanocarries
are also being widely explored. A typical example is the DOX loaded thermally sensitive
liposome system Thermo-Dox [98], which has already progressed to clinical trials. This
thermo sensitive liposome can retain the entrapped drug at physiologic body temperature
(=37 °C), but will rapidly release the drug when heat treatment (~40-42°C) is applied.
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Recently, thermal gradients have also been used to trigger release of DOX from
biodegradable amphiphilic micelles synthesized from polyester [99] and polypeptide [100,
101], which also provide the possibility for potential clinical use. In addition to thermally-
responsive systems, enzyme-responsive polymeric micellar systems are also promising for
intelligent drug delivery. As we know, enzymes play key roles in metabolic processes and
specific types of enzymes are usually overexpressed in tumor tissues, making it possible to
mediate drug delivery behavior both in the extracellular environment and intracellular
compartment. For instance, matrix metalloproteinase (MMP) is highly overexpressed in
tumor cells [102]. Liu and co-workers [103] used a specific peptide sequence GPLGVRG,
which can be recognized and subsequently cleaved by MMP, to prepare PEG-sheddable
PEG-GPLGVRG-PAsp(DET) micelles that allowed for more efficient cellular uptake and
endosomal escape. Cathepsin B, another lysosomal enzyme overexpressed in several
malignant tumors, has also been harnessed to cleave the peptide sequence Gly-Phe-Leu-Gly-
Phe (GFLGF) from mPEG-GFLGF-PDLLA polymerosomes to accelerate drug release
[104].

It is important to note that drug delivery systems responsive to more than one stimulus are
fundamentally interesting and have attracted great attention in recent years. The most
common combination involves pH and redox responsiveness [105-107] or pH and thermo-
responsiveness [108]. As discussed, these interlayer cross-linked polypeptide micelles are
good examples for pH and redox responsiveness [73], as the use of multiple stimuli allows
for further improved drug delivery and therapeutic efficacy. However, despite the superior
versatility of multi-stimuli-responsive nanovectors, they often seem too complicated. To
move beyond the proof-of-concept stage, further studies will be necessary both /n vitro and
in vivoto demonstrate the feasibility of these multi-stimuli strategies.

CONCLUSIONS AND PERSPECTIVES

Considerable progress has been made concerning biodegradable stimuli-responsive
polypeptides and polyester micelles for the treatment of malignancy. The major available
physiological stimuli include pH gradients, redox-potentials and overexpressed enzymes.
Variations in external physical stimuli, such as light, temperature, magnetic field, and
ultrasound provide additional possibility for tumor-specific, on-demand drug release. By
taking advantage of the tumor microenvironment and external stimuli, biodegradable
stimuli-responsive micelles have exhibited enhanced cellular internalization and rapid
intracellular drug release, thus resulting in improved antitumor efficacy and reduced side
effects. The concept of stimuli-responsive drug delivery by biodegradable micelles also
made more attractive by their potential to mitigate multi-drug resistance.

Despite immense progress made in the past decade, most available stimuli-responsive
systems remain in the proof of concept stage. More follow-up work and innovative
approaches will be required to address some remaining challenges. Firstly, greater sensitivity
of biodegradable micelles to either tumor microenvironment or external stimuli needs to be
further improved, especially for rapid intracellular drug release to overcome drug resistance.
Secondly, except for spherical micelles, the effects of different morphologies, shapes, and
surface properties of stimuli-responsive micelles deserve more attention and more

Curr Pharm Biotechnol. Author manuscript; available in PMC 2018 May 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yan and Li Page 10

extensively investigation, which could benefit to improve cellular uptake efficiency, prolong
circulation time, and probably enhance tumor penetration depth. Finally, since active
targeting strategies already exhibit improved drug delivery to specific tissues and cells,
stimuli-responsive micelles decorated with target ligands may significantly improve
anticancer efficacy. With combined interdisciplinary efforts, new developments will be able
to further refine the function of biodegradable stimuli-responsive micelles, making them
even better drug delivery systems and leading to even further improved therapeutic
outcomes.
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Fig. 1.
DOX-loaded zwitterionic polymer-based micelles change their surface properties in

response to tumor extracellular pH. (1) PCL-b-P(AEP-g-TMA/DMA), an amphiphilic
zwitterionic block copolymer, assembles into micelles and encapsulates DOX at pH 7.4. The
micelles are of appropriate size to take advantage of tumors’ enhanced permeability and
retention effect /n vivo. (2) When the extracellular pH decreases to 6.8, as in the tumor
extracellular environment, DMA is cleaved from the anionic component of the polymer,
forming PCL-b-P(AEP-g-TMA/Cya). The resulting micelles are positively charged and are
more readily taken up by tumor cells. Reproduced with permission [26]. Copyright 2012,
Wiley-VCH.
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Fig. 2.

Dual pH-responsive polymer-Dox conjugates (MPEG-6-PAEP-Cya-Hyd-DOX-DA) self-
assemble into negatively charged micelles in water (1). When the micelle is exposed to the
acidic tumor microenvironment (pH ~6.8), the negatively-charged portion of the polymer is
cleaved off, revealing an amine group and rendering the particles positively charged (2). The
positively charged micelles are more readily endocytosed by tumor cells (3, 4) and
accumulate in endolysosomal compartments within the cell. At the even more acidic pH of
endolysosomes (~5.5), the hydrazone bond is cleaved to release DOX, which diffuses into
the nucleus of the cell (5). Reproduced with permission from Reference [54]. Copyright
2012, American Chemical Society.
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Fig. 3.

Schematic showing the formation of and drug release from cross-linked mPEG-4-P(LA-co-
MTCsgh) micelles. Reproduced with permission from Reference [70]. Copyright 2011, Royal
Society of Chemistry.
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(A) Dual-sensitive interlayer-cross-linked micelles (HP-ICM) can be assembled from
MPEG-PAsp(MEA)-PASM(DIP) with DOX loading at pH 7.4, and are stable up to pH 10.
However, at pH 5.0 or under reducing conditions (DTT), the micelles rapidly disintegrate to
release DOX. (B) Release profile of DOX from HP-ICM at various pH and reducing
conditions. (C) Cellular uptake of DOX delivered as free drug, HP-ICM, and control PEG-
PCL micelles. (D) Fluorescence images showing /n vivo accumulation of DOX into tumor-
bearing nude mice. DOX-loaded HP-ICM passively accumulate in the tumor. (a) Tumor
growth inhibition is greatest when DOX-loaded HP-ICM are injected via tail vein, compared
to controls (b). Reproduced with permission from Reference [73]. Copyright 2011, Wiley-

VCH.
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