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REVIEW

Bioresponsive functional nanogels as an emerging platform for cancer therapy
Dechun Huanga, Hongliang Qiana, Haishi Qiaoa, Wei Chena, Jan Feijenb,c and Zhiyuan Zhongb

aDepartment of Pharmaceutical Engineering, School of Engineering, China Pharmaceutical University, Nanjing, P. R. China; bBiomedical Polymers
Laboratory, Jiangsu Key Laboratory of Advanced Functional Polymer Design and ApplicationCollege of Chemistry, Chemical Engineering and
Materials Science, Soochow University, Suzhou, P. R. China; cDepartment of Polymer Chemistry and Biomaterials, Faculty of Science and
Technology MIRA Institute for Biomedical Technology and Technical Medicine, University of Twente, Enschede, Netherlands

ABSTRACT
Introduction: Bioresponsive nanogels with a crosslinked three-dimensional structure and an aqueous
environment that undergo physical or chemical changes including swelling and dissociation in response
to biological signals such as mild acidity, hyperthermia, enzymes, reducing agents, reactive oxygen species
(ROS), and adenosine-5ʹ-triphosphate (ATP) present in tumor microenvironments or inside cancer cells have
emerged as an appealing platform for targeted drug delivery and cancer therapy.
Areas covered: This review highlights recent designs and development of bioresponsive nanogels for
facile loading and triggered release of chemotherapeutics and biotherapeutics. The in vitro and in vivo
antitumor performances of drug-loaded nanogels are discussed.
Expert opinion: Bioresponsive nanogels with an excellent stability and safety profile as well as fast
response to biological signals are unique systems that mediate efficient and site-specific delivery of
anticancer drugs, in particular macromolecular drugs like proteins, siRNA and DNA, leading to signifi-
cantly enhanced tumor therapy compared with the non-responsive counterparts. Future research has to
be directed to the development of simple, tumor-targeted and bioresponsive multifunctional nanogels,
which can be either constructed from natural polymers with intrinsic targeting ability or functionalized
with targeting ligands. We anticipate that rationally designed nanotherapeutics based on bioresponsive
nanogels will become available for future clinical cancer treatment.

Abbreviations: AIE, aggregation-induced emission; ATP, adenosine-5ʹ-triphosphate; ATRP, atom trans-
fer radical polymerization; BSA, bovine serum albumin; CBA, cystamine bisacrylamide; CC, Cytochrome
C; CDDP, cisplatin; CT, computed tomography; DC, dendritic cell; DiI, 1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ-tetra-
methylindocarbocyanine perchlorate; DOX, doxorubicin; dPG, dendritic polyglycerol; DTT, dithiothreitol;
EAMA, 2-(N,N-diethylamino)ethyl methacrylate; EPR, enhanced permeability and retention; GrB, gran-
zyme B; GSH, glutathione tripeptide; HA, hyaluronic acid; HAase, hyaluronidases; HCPT, 10-
Hydroxycamptothecin; HEP, heparin; HPMC, hydroxypropylmethylcellulose; LBL, layer-by-layer; MTX,
methotrexate; NCA, N-carboxyanhydride; OVA, ovalbumin; PAH, poly(allyl amine hydrochloride); PBA,
phenylboronic acid; PCL, polycaprolactone; PDEAEMA, poly(2-diethylaminoethyl methacrylate); PDGF,
platelet derived growth factor; PDPA, poly(2-(diisopropylamino)ethyl methacrylate); PDS, pyridyldisul-
fide; PEG, poly(ethylene glycol); PEGMA, polyethyleneglycol methacrylate; PEI, polyethyleneimine; PHEA,
poly(hydroxyethyl acrylate); PHEMA, poly(2-(hydroxyethyl) methacrylate; PNIPAM, poly(N-isopropylacry-
lamide); PMAA, poly(methacrylic acid); PPDSMA, poly(2-(pyridyldisulfide)ethyl methacrylate); PTX, pacli-
taxel; PVA, poly(vinyl alcohol); QD, quantum dot; RAFT, reversible addition-fragmentation chain transfer;
RGD, Arg-Gly-Asp peptide; ROP, ring-opening polymerization; ROS, reactive oxygen species; TMZ,
temozolomide; TRAIL, tumor necrosis factor-related apoptosis inducing ligand; VEGF, vascular endothe-
lial growth factor.

ARTICLE HISTORY
Received 12 April 2018
Accepted 2 July 2018

KEYWORDS
Nanogels; stimuli-sensitive;
drug delivery; tumor
microenvironment;
anticancer drug; cancer
therapy

1. Introduction

Nanogels are nano-sized three-dimensional (3D) hydrogels that
are made of physically or chemically crosslinked water-soluble
polymers [1]. Nanogels with a high water content present several
unique features such as a high porosity, mechanical properties
similar to those of the natural extracellular matrix (ECM), good
biocompatibility, and excellent compatibility with different bioac-
tives including proteins and nucleic acids [2–6]. In the past years,
many efforts have been directed to the development of functional

nanogels for enhanced cancer therapy [7–9]. In particular, biore-
sponsive nanogels that undergo physical or chemical changes
including swelling and dissociation in response to biological sig-
nals such as enzymes, hyperthermia, mild acidity, reducing agents,
reactive oxygen species (ROS), and adenosine-5ʹ-triphosphate
(ATP), either present in the tumor microenvironment or inside
the cancer cells, are very appealing in that (i) they showsite-specific
andmarkedly enhanced drug release at the site of action, boosting
anticancer effects; (ii) they are easily applied and less expensive as
compared to systems based on external stimuli (e.g. magnetic,
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ultrasonic, near-infrared, temperature) as no external equipment is
required to trigger drug release; and (iii) they have excellent
patient compliance [10–12]. Notably, bioresponsive nanogels exhi-
bit typically swift responses, which are significantly faster than
usually observed for other nanosystems such as micelles, vesicles,
and nanoparticles, due to the fact that they have an aqueous
internal environment and microporous structure. Furthermore,
nanogels are able to stably encapsulate multi-compounds with
high loading efficiency and preserve drug bioactivity, which is
especially important for peptides/proteins and nucleic acids, play-
ing critical roles in combination therapies [13–15].

Bioresponsive nanogels are usually made by crosslinking
functional derivatives of water-soluble polymers that can be of
natural or synthetic origin or by employing functional cross-
linkers in combination with water-soluble monomers or poly-
mers. Both fabrication techniques and chemistry play a
significant role in development of bioresponsive functional
nanogels. Techniques like inverse mini-emulsion, inverse
nanoprecipitation, microfluidics, and in-situ self-assembly are
commonly used for the nanogel fabrication with sophisticated
control over size and shape [16–18]. For example, Bazban-
Shotorbani et al. applied droplet microfluidics using a 2D
hydrodynamic flow focusing method (2D-HFF) to fabricate
alginate nanogels with average sizes ranging from 68 to
138 nm, showing a good degree of controllability over the
nanogel sizes and their composition [19]. The process of
nanogel formation takes place among the polymer chains
during either polymerization of low molecular weight mono-
mers using heterogeneous polymerization reactions in the
presence of functional crosslinkers, or crosslinking of polymer
precursors via a variety of crosslinking approaches including
click chemistry, Schiff-base reactions, thiol-disulfide exchange,
and photo-initiated crosslinking [20,21]. In particular, the
recent developments in click chemistry such as strain-pro-
moted azide-alkyne cycloaddition, Michael-type addition reac-
tion, Diels-Alder reaction, and tetrazole-alkene photo-click
chemistry allow the preparation of nano/microgels without
the use of potentially toxic catalysts or the interference with
encapsulated bioactives owing to its unique bio-orthogonal
features [22]. For example, Steinhilber et al. developed pH-
degradable hyperbranched polyglycerol (HPG) nano/microgels
via the ‘copper-free’ azide-alkyne cycloaddition reaction for
protein and living cell delivery [23,24]. Chen et al. developed

reducible hyaluronic acid (HA)-based nanogels with intrinsic
fluorescence by combining the inverse nanoprecipitation
method and tetrazole-alkene photo-click chemistry for protein
delivery and cell imaging [25,26].

Nevertheless, current nanogel-based drug formulations have
to be further optimized to meet the clinical requirements [27].
Bioresponsive nanogels with unique design, especially the che-
mically crosslinked ones, are highly attractive for targeted drug
delivery because of their superior stability under normal condi-
tions but fast response to specific tumor environments, which
well solves the problem of high stability for long circulation
versus fast drug release at the tumor site. However, another
critical challenge for nanogel formulations is their poor tumor
accumulation and intratumoral penetration due to the stiff
tumor ECM, high interstitial fluid pressure (IFP) as well as their
specific affinity for the tumor cells in the tumor microenviron-
ment. Even though some passive tumor-targeting of nanogel
systems takes place, their stealth surface (e.g. by PEG and dex-
tran) required for prolonged circulation also results in modest
and inefficient cellular uptake, which is detrimental for the
effective transport of many anticancer drugs incorporated in
nanogels including PTX and DOX into the tumor cells. The
advances in polymer chemistry to explore nanogels with con-
trollable composition, architecture, and surface functionality
with a specific tumor-homing ligand such as a polysaccharide,
antibody, peptide, saccharide or folic acid may lead to improve-
ments with respect to tumor retention and accumulation of
nanogels, and selective and efficient internalization by target
tumor cells [28–31]. Moreover, dual ligand modification of nano-
gels may lead to both improved transport to the tumors,
improved tumor penetration and uptake by tumor cells. In this
review, we will highlight the design rationales as well as the
recent exciting progress of bioresponsive nanogels, which are
responsive to signals provided in the tumor environment or
inside cancer cells to trigger drug release (Scheme 1). We will
focus especially on attempts to further fine-tune drug release
and augment therapeutic efficacy of nanogel drug formulations.
Up to now, tumor targeted bioresponsive nanogels have been
explored to achieve improved tumor accumulation and cellular
uptake, and unprecedented control over drug release, leading
to superior in vitro and/or in vivo treatment efficacy.

2. pH-responsive nanogels

Lots of efforts have been directed to the development of pH-
responsive nanogels for tumor targeted drug delivery, since
there are natural pH gradients in the tumor tissue microenvir-
onments (pH 6.5–7.2) as well as in the endosomal/lysosomal
compartments in the cells (pH 5.0–6.5) compared with the pH
value of normal tissues (pH 7.4) [32]. The strategy of pH-
triggered drug release has been explored using various
approaches to overcome the various extra/intra-cellular bar-
riers for drug delivery and to develop a successful anticancer
therapy.

2.1. Amino-based pH-responsive nanogels

In the past several years, pH-responsive nanogels containing
protonable amino groups, such as primary, secondary and
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tertiary amines, have been designed for targeted drug delivery,
since they are prone to swelling at mildly acidic pHs to trigger
drug release [33–35]. For example, Baeʼs group synthesized a
virus-mimetic nanogel (VM-nanogel) system with a hydropho-
bic core made of poly(L-histidine-co-phenylalanine) (poly(His32-
co-Phe6)) and a two-layer hydrophilic shell containing PEG as an
inner shell and bovine serum albumin (BSA) as a capsid-like
outer shell [36]. The swelling of the nanogel core at endosomal
pH (pH 6.4) enhanced the release of DOX, whereas the nanogel
expansion combinedwith the proton buffering effect of polyHis
facilitated endosomal escape. DOX-loaded VM-nanogels effi-
ciently killed A2780/AD cells by intracellular DOX release, and
could further migrate to neighboring tumor cells to exert their
bio-functions. pH-responsive nanogels have been fabricated
from natural chitosan and gelatin to achieve controlled release
of drugs for anticancer treatment [15]. Zhang et al. also
explored a virus-like nanogel system based on poly(N-isopro-
pylacrylamide) (PNIPAM) and N-lysinal-N’-succinyl modified
chitosan (NLSC) with a BSA capsid-like shell for deep tumor
penetration by pH-induced reversible swelling-shrinking [37].
Like the virus invasion, these nanogels migrated from one dead
HepG2 cell to the neighboring cells for repeating efficacy
(Figure 1). Song et al. prepared a biomimetic nanogel com-
posed of hydroxypropyl-β-cyclodextrin acrylate and two oppo-
sitely charged chitosan derivatives for combinatorial
chemotherapy and immunotherapy [38]. The nanogel shielded
with an erythrocyte membrane was able to deliver the immu-
notherapeutic agent interleukin-2 via the so-called ‘nanos-
ponge’ properties, followed by precisely pH-controlled release
of the anticancer drug paclitaxel in the tumor microenviron-
ment, significantly enhancing the antitumor activity with
improved drug penetration and increased antitumor immunity.

pH-sensitive nanogels are emerging as promising carriers
for treating skin cancer via the transdermal route, which has

shown numerous beneficial properties such as improving
patient compliance since they are conveniently dosed com-
pared to intravenous and oral therapy [39]. Curcumin-loaded
chitin nanogels with a good and stable colloidal dispersion in
water showed a pH-dependent release profile for transdermal
drug delivery [40]. A375 melanoma cells showed higher cellu-
lar uptake of curcumin-loaded chitin nanogels compared to
human dermal fibroblasts (HDFs), resulting in higher toxicity
for A 375 melanoma cells. Ex vivo studies carried out using
porcine skin showed 4-fold higher penetration for curcumin-
loaded nanogels in comparison to a curcumin solution, in
which the nanogels were more located in the deeper layers
of the epidermis and dermis. Histopathological evaluation of
the skin clearly indicated the loosening as well as the frag-
mentation of the stratum corneum in case of the nanogel-
treated groups. Divya et al. used chitin nanogels to encapsu-
late two anti-psoriatic drugs, acitretin (Act) and aloe-emodin
(AE) by simple regeneration chemistry [41]. The systems exhib-
ited higher swelling and release at acidic pH. The ex vivo skin
permeation studies using porcine skin confirmed the higher
deposition of the systems at epidermal and dermal layers.
Further in vivo anti-psoriatic activity study using Perry’s
mouse tail model and skin safety studies showed potential
benefits for topical delivery of Act and AE in psoriasis.

Recently, Gao et al. developed a pH-sensitive nanogel sys-
tem based on gelatin coated by mesenchymal stem cell mem-
branes for high tumor targeting and therapy [42]. The coating
of stem cell membranes on the nanogels surface facilitated a
remarkable stability and tumor-targeting toward HeLa cells,
followed by endosomal pH-triggered DOX release, resulting
in significant antitumor efficiency in a human ovarian cancer
model.

The amino-containing nanogels owing to their pH depen-
dent positive charge can not only be used for the

Scheme 1. Illustration of fabrication and unique features of bioresposive functional nanogels, which respond to biosignals such as enzymes, hyperthermia, mild
acidity, reducing agents, ROS, and ATP, either present in the tumor microenvironment or inside the cancer cells.
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encapsulation of small drugs, but also for the incorporation of
proteins or nucleic peptides, which can be subsequently deliv-
ered into cells. Khaled et al. developed hybrid silica nanogels
shielded with crosslinked cationic poly(2-diethylaminoethyl
methacrylate) (PDEAEMA) for intracellular delivery of siRNA
[35]. The protonation of the tertiary amine in the shell at acidic
pH facilitated endolysosomal escape and siRNA release, and
also caused efficient silencing of the CXCR4 expression in an
orthotopic human breast cancer-bearing mouse model due to
tumor accumulation followed by uptake and endosomal
escape of the nanogels. Guével et al. prepared a self-
assembled hybrid gold nanocluster (Au NCs) nanogels loaded
with the 21 amino acid consisting peptide
(TRALNNVNRIGNCCAPPVAGG) and the Donkey IgG antibody
(Ab) for combination of efficient fluorescence imaging and
enhanced intracellular protein delivery [43]. The cationic poly
(allyl amine hydrochloride) (PAH) coated on the Au nanopar-
ticles exhibited reversible swelling-shrinking properties in the
pH range of 6 to 10, directly controlling the aggregation-
induced emission (AIE) phenomenon.

2.2. Carboxyl-based ph-responsive nanogels

Carboxyl-containing nanogels also exhibited pH-sensitive drug
release due to the decreased electrostatic interactions with
the cargoes at acidic conditions. For example, Li et al. devel-
oped a core-shell microsphere composed of poly(methacrylic
acid) (PMAA) nanogels as the core and a chitosan/alginate (CS/
AL) multilayer as the shell via layer-by-layer (LBL) assembly
[44]. Compared to the bare PMAA nanogels, the core-shell
microspheres displayed a higher DOX loading and an
improved pH-controllable drug release. Lin et al. used natural
lysozyme and pectin to fabricate biodegradable nanogels for
MTX delivery, in which MTX release was accelerated at acidic

pH. These nanogels induced enhanced apoptosis of HepG2
cells as compared with free MTX [45]. Su et al. developed
thermo-/pH-responsive poly(N-isopropyl acrylamide-co-acrylic
acid) nanogels functionalized with iRGD-conjugated gold
nanoclusters (AuNCs) on the surface for targeted drug delivery
[46]. DOX trapped in the negatively charged swollen NGs
could be released in a controlled way. The cellular uptake of
the NGs was enhanced by the use of the iRGD motif and the
intracellular tracking was facilitated by the AuNCs both in
HUVECs and B16 cells. The confocal laser scanning microscopy
revealed that the majority of the nanogels were internalized
into the cells and located at lysosomes, leading to a desirable
pH-dependent fast drug release. Wu et al. developed pH-
responsive nanogels based on hydroxypropylcellulose-poly
(acrylic acid) (HPC-PAA) with immobilized CdSe quantum
dots (QDs) [47]. Hydrophilic temozolomide (TMZ) drug was
efficiently loaded into the hybrid nanogels and exhibited an
acidic pH-triggered release profile. The hybrid nanogels can
also be used for pH-sensing with a strong NIR emission at
741 nm for detecting the physiochemical environment (pH
7.4) and a less sensitive visible emission at 592 nm for imaging
mouse melanoma B16F10 cells [48]. They also designed
another hybrid nanogel system based on covalently cross-
linked poly(methacrylic acid) (PMAA) networks semi-interpe-
netrated with chitosan chains to simultaneously facilitate
biosensing, bioimaging, and pH-regulated delivery of TMZ.

2.3. Acid-labile bond-based pH-responsive nanogels

Acid-labile bonds including hydrazine, cis-aconityl and acetal/
ketal groups in nanogel systems can degrade fast at mild acid
pH conditions, which facilitates either efficient cellular uptake of
nanogels or rapid dissociation of the gels for intracellular drug
release. For example, Du et al. fabricated ultra pH-responsive

Figure 1. Schematic illustration of an intra-intercellular delivery system based on a reversible swelling–shrinking nanogel for deep tumor penetration.
Reproduced with permission from Wiley [37]
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nanogels containing 2,3-dimethylmaleic imide bonds which
could efficiently degrade at the extracellular tumor pH (pH 6.8)
to convert the surface charge from negative to positive for
enhanced cellular uptake, followed by pH-triggered intracellular
DOX release in MDA-MB-435s cells [49]. The negative control
consisting of a non-charge-conversional nanogel was only
located in the extracellular space or on the cell membrane.
Chen et al reported that pH-degradable PVA nanogels based
on vinyl ether acryl (VEA) functionalized PVA were fabricated
with tailored nanogel sizes by photo-crosslinking of thermo-
induced nanoaggregates [50]. These nanogels showed pH-trig-
gered PTX release and fast acid-degradation into native PVA,
poly(hydroxyethyl acrylate) (PHEA) and acetaldehyde. Li et al.
developed pH-responsive nanogels based on a block copolymer
of PEG-b-poly[N-[N-(2-aminoethyl)-2-aminoethyl]-L-glutamate]
(PEG-b-PNLG) by the formation of benzoic imine bonds using
terephthalaldehyde (TPA) as a cross-linker [51]. The cleavage of
benzoic imine bonds in tumoral acidic environments (pH ∼6.4)
induced the destruction of nanogels and resulted in rapid release
of their payloads. The DOX-loaded nanogels exhibited higher
cytotoxicity against the breast cancer cell line MDA-MB-231
than free DOX, with IC50 values of DOX-loaded nanogels and
free DOX of 3.66 and 15.45 μg/mL, respectively.

pH-Degradable nanogels are also highly promising for pro-
tein delivery. For example, Steinhilber et al. designed acetal-
degradable nanogels based on dendritic polyglycerol (dPG)
via a bio-orthogonal ‘click’ reaction by an inverse nanopreci-
pitation procedure [24]. The enzyme activity and structural
integrity of the model protein asparaginase were retained
after encapsulation and acid-triggered release. Recently,
Dimde et al. devised a pH-sensitive nanogel platform based
on dPG and low molecular weight polyethylenimine units for
siRNA delivery [52]. These cationic nanogels were able to
encapsulate siRNA. The pH-sensitive benzacetal-bonds
enabled the controlled intracellular release of siRNA, which
significantly improved silencing of the GFP expression in
HeLa cells as compared to non-degradable PEI controls.

3. Enzyme-responsive nanogels

Enzymes are known to be not only efficient but also highly specific
catalysts for chemical transformations under aqueous conditions.
In the tumor microenvironment and lysosomes, there are abun-
dant enzymes such as proteolytic enzymes, hyaluronidase, lipase,
matrix metalloproteinases (MMP) and lysosomal enzymes. In the
past years, various enzyme-responsive nanogels have been
designed to obtain triggered release of drugs and proteins in
the tumor extracellular environment or in cancer cells [53–55]. It
is interesting to note that enzymes in the tumor environment can
not only trigger drug release but also improve tumor penetration
and cellular uptake. Hyaluronic acid (HA) is a natural material with
intrinsic targetability toward CD44-overexpressed tumor cells. The
degradation of HA can be triggered by extracellular overexpressed
hyaluronidases (HAase) in tumors. Yang et al. developed HA nano-
gels via radical copolymerization of methacrylated HA and di
(ethylene glycol) diacrylate (DEGDA) in aqueous solution for
CD44-targeted delivery of DOX [56]. Rapid dissociation of HA
nanogels was triggered by the combination of lipase and hyalur-
onidase, resulting in enhanced DOX accumulation at the tumor

site and significant tumor inhibition. Jiang et al. developed a
programmed drug-delivery nanogel-liposome system composed
of a liposomal core and a crosslinked HA shell for the sequential
and site-specific delivery of tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL) and DOX [57]. The rapid degra-
dation of the HA shell by HAase in the tumor environment
induced fast extracellular release of TRAIL and subsequent inter-
nalization of the liposomes. The IC50 of TRAIL and DOX co-loaded
systemwas 83 ngmL–1 towardMDA-MB-231 human breast cancer
cells, which was 5.9-fold higher than that of the DOX only (single
drug) system. More recently, Zhu et al. developed HAase-degrad-
able HA nanogels crosslinked by radical polymerization of self-
assembled cholesteryl methacrylated HA. These nanogels were
used for systemic delivery of the anticancer protein deoxyribonu-
clease I and efficient therapy of lung cancer [58]. The anticancer
protein and citraconic anhydride shielded HAase were co-encap-
sulated in nanogels, in which HAase could be activated by hydro-
lysis of the citraconic amide under acidic condition, resulting in
fast enzymatic degradation of HA nanogels and accelerated pro-
tein release, both in the acidic tumor microenvironment and
intracellularly. In vivo therapeutic efficacy studies using A549
tumor-bearing mice showed that the anticancer protein and
shielded HAase co-loaded nanogels had a more pronnouced
tumor-inhibiting effect than the nanogels only loaded with the
anticancer protein (tumor inhibitory ratio: 62% vs 41%), which was
mostly attributed to enhanced tumor penetration and protein
release by the tumor-specific activation of nanogel self-
destruction.

Wang et al. prepared G4-PAMAM dendrimer-based nano-
gels containing the bioadhesive RGDC peptide and enzyme-
responsive RAADyC peptide (arg-ala-ala-asp-D-tyr-cys-NH2) for
targeted DOX delivery [59]. The size of the nanogels decreased
fast in the presence of elastase with sustained DOX release,
which was due to the specific cleavage of RAADyC peptide
and peeling off the nanogel by elastase. Xiong et al. reported
bacteria-sensitive triple-layered nanogels (TLN) that
responded to a special bacteria-accumulated tumor environ-
ment for differential anticancer drug delivery within a tumor
[60]. DOX-loaded TLN (TLND) was selectively degraded in the
attenuated SBY1 bacteria-accumulated tumor environment,
facilitating differential DOX release and selective killing of
tumor cells. Recently, Wang et al. designed and synthesized
enzyme-responsive nanogels by free radical precipitation poly-
merization using N-isopropylacrylamide as the scaffold and
bis-acryl functionalized MMP2-responsive peptide (AAc-
GPLGVRGK-AAc) as the crosslinker. These nanogels were
used for hydrophilic P-5m peptide encapsulation and tumor
metastasis inhibition [61]. Nanogels with narrow-distributed
sizes exhibited a high P-5m loading capacity of 43.4% and
excellent and specific MMP2-triggered payload release proper-
ties. The nanogels suppressed lung cancer cell migration and
invasion, ultimately achieving remarkable tumor metastasis
inhibition in vivo.

4. Thermosensitive nanogels

The distinct hyperpyrexia locally in malignant tumors is always
used as a bio-signal to induce the changes of thermo-sensitive
nanogels in their particle volume, which is conveniently
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applied to control drug release from these nanogels. Nanogels
based on PNIPAM and its copolymers exhibit good thermo-
sensitivity with a lower critical solution temperature (LCST) of
around 32°C. For example, thermo-sensitive nanogels com-
posed of chitosan (CTS) grafted with poly(NIPAM-co-acryla-
mide) through free radical polymerization were optimized
with a volume phase transition temperature of 38°C by adjust-
ing the ratio of NIPAM/AAm at 5.5 wt.% [62]. Because of
electrostatic absorptive endocytosis, thermo-responsive nano-
gels showed enhanced cellular uptake after loading with cou-
marin-6, and nanogels encapsulated with PTX exhibited
noticeable antitumor efficacy in the human colon carcinoma
HT-29 cells xenograft nude mice model. Molina et al. devel-
oped thermo-sensitive PNIPAM-HPG nanogels with positive or
negative charges by semi-interpenetration and in situ poly-
merization of the corresponding pH-sensitive monomers of (2-
dimethylamino) ethyl methacrylate (DMAEM) or 2-acrylamido-
2-methylpropane sulfonic acid (AMPS) into PNIPAM-HPG
nanogels to modulate the encapsulation and the release of
DOX, resulting in overcoming drug resistance in cancer cells
[63]. The in vivo study showed that free DOX had a moderate
inhibitory effect on the growth of the DOX-resistant MaTu/
ADR tumor with an inhibition of about 27%, while DOX-loaded
thermo-sensitive semi-interpenetrated nanogels caused a sig-
nificant tumor growth inhibition up to 75%.

Shirakura et al. developed thermo-sensitive nanogels based
on the combination of acrylic acid and acrylamide for con-
trolled delivery of cisplatin (CDDP) [64]. It was interesting that
with the combination of acrylamide and acrylic acid a UCST
like system could be constructed based on the cleavage of
hydrogen bonds between acrylic acid and acrylamide at ele-
vated temperature, causing swelling of the nanogel matrix
rather than de-swelling. In vitro cytotoxicity experiments con-
firmed that CDDP-nanogels had a remarkably greater efficacy
at slightly higher temperatures.

5. Reduction-sensitive nanogels

The concentration level of glutathione tripeptide (GSH) is
about 2–3 orders higher (approximately 2–10 mM) in the
cytosol and nuclei than in the extracellular fluids (approxi-
mately 2–20 μM) [65,66]. Furthermore, the GSH concentration
in some tumor tissues is about 4-fold higher than that in
normal tissues. It was also reported that a substantial amount
of γ-interferon-inducible lysosomal thiol-reductase (GILT) is
present in endosomes and lysosomes, which could cleave
disulfide bonds at low pH [67]. This significant difference in
GSH levels has led to the design of redox-responsive nanogels
containing disulfide bonds which can be disassembled in the
cytosol and nuclei of cells. The disulfide bonds can be intro-
duced either into the polymer chains or in the crosslinkers,
using disulfide containing molecules (e.g. lipoic acid and
cystamine) or thiol-disulfide exchange reactions [68–70].

Thayumanavanʼs group developed reducible nanogels by
the self-assembly of random copolymer with 30% of hydro-
philic oligo(ethylene glycol)methacrylate and 70% of lipophilic
pyridyldisulfide (PDS)-bearing methacrylate monomer, fol-
lowed by crosslinking via the dithiothreitol (DTT)-initiated

thiol-disulfide exchange reaction [71]. The residual PDS func-
tionalities in the nanogels provided useful handles to intro-
duce thiolated ligands like TAT peptide and FITC on the
nanogel surface for cell targeting and imaging. The hydropho-
bic guest molecules encapsulated in the nanogels were effi-
ciently released in the presence of 10 mM GSH, while almost
no release was observed with 10 µM GSH, mimicking the GSH
concentration outside the cell and within blood plasma. More
recently, Park and Kim et al. reported a self-crosslinked redu-
cible HPG nanogel synthesized by anionic ring-opening poly-
merization of 2-((2-(oxiran-2-ylmethoxy) ethyl)disulfanyl)
ethan-1-ol (SSG) monomer, followed by thiol-disulfide
exchange reaction with a catalytic amount of DTT [72]. The
nanogels could not only retain small molecular therapeutics
irrespective of their hydrophilic or hydrophobic nature but
also large enzymes during the self-crosslinking chemistry,
and these nanogels could further accomplish the controlled
release of active therapeutic agents under the reducible cyto-
sol conditions for cancer therapy.

Zhong et al. developed reducible nanogels with a
hydrodynamic size of 152–219 nm via self-assembly of HA-
lysine-lipoic acid conjugates followed by DTT-catalyzed self-
crosslinking [73]. These reducible HA nanogels mediated
active targeting delivery and fast release of DOX to CD44-
positive breast cancers in vivo, effectively overcoming drug
resistance (ADR) and prolonging mice survival rate. Notably,
DOX-loaded the reducible HA nanogels induced also highly
efficacious and targeted inhibition of human hematological
cancer xenografts in nude mice such as LP-1 human multiple
myeloma (MM) and AML-2 human acute myeloid leukemia
[74]. To further improve drug loading capability and reduce
nanogel sizes, lipoic acid was linked to HA via poly(γ-benzyl-
L-glutamate) (PBLG) [75]. These nanogels exhibited a high
DOX loading ability of 25.8 wt.% and small size of
72–80 nm due to presence of π-π interactions between
PBLG and DOX. These compacted HA nanogels showed little
drug leakage under physiological conditions while quickly
releasing ca. 92% DOX in 30 h in a cytosol-mimicking reduc-
tive environment. The in vivo studies showed a superb toler-
ated dose of over 100 mg DOX equiv./kg by the injection of
DOX-loaded nanogels with an extraordinary breast tumor
accumulation of 8.6%ID/g in mice, exerting effective tumor
growth inhibition in MCF-7 human breast tumor-bearing
nude mice. These tumor-targeted multifunctional HA nano-
gels are derived from natural compounds and easy to pre-
pare, rendering them highly appealing for clinical translation.

Pedrosa et al. prepared reducible HA nanogels through self-
assembly of 11-amino-1-undecanethiol functionalized HA (HA-
AT) followed by crosslinking with 1,4-bis(3-[2-pyridyldithio]
propionamido)-butane (DPDPB) via the thiol-disulfide
exchange reaction [76]. These HA nanogels showed efficient
loading and reduction-controlled release of curcumin and
simvastatin. Wu et al. fabricated bioreducible heparin (HEP)
nanogels with a size of 80–200 nm by copolymerization of
vinyl-functionalized HEP and cystamine bisacrylamide (CBA)
without using any surfactants [77]. DOX-loaded HEP nanogels
exhibited a remarkable DOX accumulation of 9.3% ID/g in
tumors and tumor growth inhibition (TGI) over 85% in the
H22 hepatic tumor model. Zhang et al. designed CXCR4
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chemokine targeted reducible dextrin nanogels via self-cross-
linking of thiolated dextrin followed by coating with
AMD3100, a CXCR4 antagonist [78]. These multifunctional
dextrin nanogels exhibited a high anti-metastatic effect by
inhibiting CXCR4-mediated invasion of 4T1 and U2OS cells.
Recently, Zhu et al. developed reducible and fluorescent HA-
iodixanol nanogels (HAI-NGs) from HA-cystamine-tetrazole
(HA-Cys-Tet) conjugate and polyiodixanol-methacrylate (SS-
PI-MA) by combining nanoprecipitation and photo-click cross-
linking reaction [79]. HAI-NGs exhibited significantly enhanced
X-ray computed tomography (CT) imaging of MCF-7 breast
tumors in nude mice following either intratumoral or intrave-
nous injection as compared to free iodixanol control and
targeted chemotherapy of MCF-7 human breast tumors.

Chen et al. prepared reduction-responsive polypeptide
nanogels by one-step ring-opening polymerization (ROP) of
mono-functional phenylalanine N-carboxyanhydride and di-
functional cysteine N-carboxyanhydride [80]. DOX-loaded
polypeptide nanogels exhibited an upregulated intratumoral
accumulation and improved antitumor efficacy compared with
free DOX in a HepG2 hepatoma model. They also designed
positively charged reducible polypeptide nanogels based on
poly(L-lysine)–poly(L-phenylalanine-co-L-cystine) (PLL–P(LP-
co-LC)) [81]. 10-Hydroxycamptothecin (HCPT)-loaded nanogels
revealed fast release of HCPT in bladder cancer (BC) cells,
prolonged residence time, improved tissue penetration,
enhanced antitumor efficacy and reduced side effects as com-
pared to free HCPT in an orthotopic bladder cancer model.

Chen et al. fabricated receptor and microenvironment dual-
recognizable polypeptide nanogels by decoration with phe-
nylboronic acid (PBA) and morpholine (MP) [82]. DOX-loaded
dual-recognizable nanogels exhibited greater targeting effi-
ciency, significantly improved growth inhibition of primary
tumor (relative tumor volume was 2.4% compared with PBS
control group) as well as markedly reduced metastasis of
metastatic B16F10 melanoma over PBA or MP single-modified
nanogels (Figure 2).

Reproduced with permission from American Chemical
Society [82].

Reducible nanogels are of particular interest for intracellu-
lar protein delivery. Chen et al. developed in-situ forming
redox-responsive degradable nanogels from water-soluble
poly(ethylene glycol)-b-poly(2-(hydroxyethyl) methacrylate-co-
acryloyl carbonate) (PEG-P(HEMA-co-AC)) block copolymers
under aqueous conditions in the presence of cystamine [83].
These redox-sensitive nanogels exhibited facile loading and
enhanced intracellular delivery of cytochrome C (CC), leading
to greatly improved apoptosis of HeLa cells compared to free
CC or redox-insensitive controls. Li et al. developed cationic
reducible nanogels by photo-induced radical polymerization
of methacrylated dextran (dex-MA), trimethyl aminoethyl
methacrylate (TMAEMA) and pyridyldisulfide methacrylamide
for intracellular delivery of OVA into dendritic cells (DCs) [84].
These disulfide-crosslinked nanogels were rapidly dissociated
to efficiently release OVA in the presence of cytosol-levels of
GSH, which facilitated the cross-presentation of the MHC class

Figure 2. Schematic illustration of engineering nanogels with both receptor-mediated targeting (RMT) and environment-mediated targeting (EMT) for targeted and
highly efficient inhibition of metastatic B16F10 melanoma.
Reproduced with permission from American Chemical Society [83].
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I antigen in DCs. Chen et al. developed reducible and fluor-
escent HA nanogels from HA-cystamine-methacrylate (HA-Cys-
MA) and HA-lysine-tetrazole (HA-LysTet) by combining inverse
nanoprecipitation and photo-click chemistry [25]. These
photo-click HA nanogels exhibited a high loading of CC and
granzyme B (GrB), and could effectively target and release
proteins to CD44 positive MCF-7 and A549 cancer cells
(Figure 3). GrB-loaded HA nanogels at a low dose of 3.8–
5.7 nmol GrB equiv./kg completely suppressed growth of sub-
cutaneous MCF-7 human breast tumor and orthotopic A549
human lung tumor xenografts with minimal adverse effects.
Reducible and fluorescent photo-click HA nanogels were also
prepared from hyaluronic acid-graft-oligo(ethylene glycol)-tet-
razole (HA-OEG-Tet) using L-cystine dimethacrylamide (MA-
Cys-MA) as a crosslinker, which were used to achieve targeted
protein therapy of MCF-7 breast tumor in mice with significant
tumor growth inhibition at dosages of 80 and 160 nmol CC
equiv./kg [85]. More recently, CD44 and EGFR dual-targeted
functional nanogels were prepared by incorporating GE11
peptide (YHWYGYTPQNVI)-functionalized HA [26]. These dual-
targeted reducible nanogels showed significantly increased
uptake by CD44 and EGFR-positive SKOV-3 ovarian cancer
cells compared with CD44 single-targeted nanogels. GrB-
loaded nanogels induced nearly complete growth suppression
of both SKOV-3 human ovarian carcinoma and MDA-MB-231
human breast tumor in mice at a low dose of 3.85 nmol GrB

equiv/kg, elucidating that dual targeting approach is poten-
tially interesting in targeted tumor therapy. Reproduced with
permission from American Chemical Society [25].

Gouda et al. developed redox-sensitive, PEGylated and cross-
linked polyplexes (PCPs) coated with silica nanogels for the
intracellular delivery of siRNA [86]. The coating of silica nanogels
improved the stability of PCPs, inhibited unintentional siRNA
release, and increased the sequence-specific gene silencing
activity by promoting endosomal escape and/or regulating
the intracellular trafficking. Averick et al. developed reducible
cationic nanogels from oligo(ethylene oxide) methacrylate
(OEOMA) and quaternized dimethylaminoethyl methacrylate
(Q-DMAE) using PEG-dimethacrylate (DMA) as a crosslinker by
atom transfer radical polymerization (ATRP) [87]. These cationic
nanogels could complex with plasmid DNA and siRNA and
mediate reduction-triggered nucleic acid release in the
Drosophila Schneider 2 cell line. Hong et al. fabricated reduc-
tion-sensitive siRNA/PEI complex nanogels from thiol-termi-
nated siRNA and thiolated linear PEI (LPEI) followed by
oxidation [88]. These siRNA/LPEI complex nanogels were highly
stable, and exhibited higher cellular uptake by MDA-MB-435-
GFP cells and more efficient gene silencing than siRNA/LPEI
physical complexes. Dunn et al. designed siRNA conjugated
nanogels by photo-crosslinking of siRNA bearing disulfide-
linked acrylate groups, and abundant hygroscopic liquid mono-
mers, via a particle replication in non-wetting templates (PRINT)

Figure 3. Schematic illustration of bioresponsive fluorescent HA NGs prepared by combining inverse nanoprecipitation and catalyst-free photoclick reaction for facile
encapsulation, active tumor-targeting, and intracellular delivery of apoptotic proteins in vivo.
Reproduced with permission from American Chemical Society [25].
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technique [89]. siRNA was retained well in the cylindrical catio-
nic PRINT nanogels over 48 h in PBS and released fast once
arriving at the cytosolic reductive environment, resulting in
high transfection efficiency and efficient gene knockdown in
HeLa cells. Li et al. designed reduction-sensitive aptamer-based
DNA nanogels containing a cancer targeting S6 DNA aptamer
for specific recognition of human A549 adenocarcinoma epithe-
lial cell line and release of the therapeutic genes inside the
target cells [90]. Nanogels encapsulated with therapeutic
genes, antisense oligonucleotides and DNAzyme oligonucleo-
tides, induced marked cell proliferation inhibition, reduction of
MMP-9 protein expression, and suppression of A549 cell migra-
tion. Nuhn et al. fabricated redox-responsive cationic nanogels
from poly(tri(ethylene glycol) methyl ether methacrylate)-b-
poly(pentafluorophenyl methacrylate) [P(MEO3MA)-b-P
(PFPMA)] block copolymer using a disulfide-containing sper-
mine derivative as a crosslinker [91]. siRNA was facilely con-
densed within the cationic nanogels while efficiently released
upon addition of DTT due to disruption of the nanogel network.
Recently, Li prepared gene concentrated bio-reducible nano-
gels with locally enriched positive charge but low cytotoxicity
for intracellular Bcl2 siRNA delivery [92]. A self-crosslinked redu-
cible siRNA-nanogel complex was formed by reacting thiolated
PEI of 1.8 kDa and thiolated dextrin using the suspension
method, followed by siRNA loading. The intracellular GSH-trig-
gered siRNA release strategy exhibited the same level of dereg-
ulation of Bcl2 protein expression compared with the use of
cationic PEI of 25 kDa in vitro, while the cytotoxicity was
decreased and almost no hemotoxicity was found. Bcl2 siRNA-
loaded nanogels significantly inhibited tumor growth in 4T1-luc
tumor bearing BALB/C mice, in which the tumor volume was
about 24% of the average tumor volume found in the saline
group.

6. ROS-responsive nanogels

ROS have been closely related to important pathophysiological
events including atherosclerosis, aging, and cancer. A moderate
level of ROS is involved with normal cell functions, but excessive
amounts of ROS cause oxidative stress and damage of critical
components of cells at all levels including DNA, proteins, and
lipids. Cancer cells are reported to overproduce ROS and are
thus under increased oxidative stress. This phenomenon can be
used as one of the promising intracellular stimuli for selective
delivery of drugs to diseased sites by targeting oxidative micro-
environments at different levels. For example, Shim et al.
reported that WIFPWIQL peptide (GRP78P)-functionalized and
ROS-responsive thioketal-based DNA complex nanogels caused
selective and enhanced gene transfection in prostate cancer
cells [93]. Deepagan et al. prepared spontaneous diselenide-
crosslinked ROS-responsive nanogels from PEG-polyglutamine
derivatives by ROP of γ-3-chloropropanyl-L-glutamate and γ-
benzyl-L-glutamate NCA monomers with mPEG-NH2 as a macro-
initiator [94]. DOX-loaded ROS-responsive nanogels were shown
to release DOX quickly in the presence of 10−4 M of H2O2

mimicking the tumorous region, resulting in more drug taken
up by tumors (3.73-fold higher amount compared with free
drug) and effective suppression of tumor growth. Tian et al.
developed ROS-responsive nanogel systems by copolymerizing

N,N’-bis(methacryloyl) selenocystamine (BMASC) and
methacrylic acid (MAA) [95]. These diselenide-crosslinked nano-
gels were disassembled in response to elevated 1O2 generated
by indocyanine green (ICG) with NIR irradiation, resulting in
accelerated DOX release in HEK-293 cells and significantly
decreased cell viability.

7. Dual-bioresponsive nanogels

Dual-bioresponsive nanogels have received growing interests
for targeted drug delivery in that combining two different
responses could significantly improve both responsivity and
site-specificity [96,97]. Two stimuli take effect either simulta-
neously at the pathological sites or in a sequential manner in
the drug transporting pathways. Dual-responsive nanogels
with enhanced control over rate and site of drug release
have a tremendous potential for targeted cancer therapy.

7.1. pH and reduction dual-bioresponsive nanogels

pH and redox dual-sensitive nanogels have been designed and
developed to achieve (i) fast and complete drug release in
cancer cells or (ii) improved cellular uptake via charge reversal
at tumor extracellular pH followed by reduction-triggered drug
release in the cytosol. pH and reduction dual-responsive poly-
peptide nanogels were prepared from polyglutamine using
2,2ʹ-dithiobis(N,N’-dimethylethylamine) (dTbDEA) as a crosslin-
ker for intracellular release of DOX in HepG2 cells [98]. The
cellular internalization of DOX-loaded nanogels was enhanced
under tumor acidic condition (pH 6.8) due to the quaternary
ammonium groups. Furthermore, DOX-loaded nanogels exhib-
ited significant in vitro and in vivo antitumor activities com-
pared with free DOX. Li et al. reported that dual-responsive
nanogels prepared from ATRP polymerized PEG-PDEA block
polymer crosslinked by N,N’-bis(bromoacetyl) cystamine
(BBAC) had enhanced DOX release in an acidic (pH 6.8) and
reductive (10.0-mM GSH) environment, leading to more effi-
cient inhibition of A549 cell proliferation [99]. Bahadur et al.
constructed pH and redox dual-responsive nanogels from poly
[(2-(pyridin-2-yldisulfanyl)-co-PEG] (PDSEG) crosslinked by
thiol-disulfide exchange initiated by tris(2-carboxyethyl)phos-
phine (TCEP) for co-delivery of DOX and PTX to achieve syner-
getic therapy [100]. The release of DOX from nanogels was
accelerated at acidic pH as well as in the reductive environment.
The swelling of the nanogels facilitated their escape from the
endosomes/lysosomes and DOX delivery into the nucleus, lead-
ing to a synergistic effect against HCT-116 cells. Wang et al.
developed redox-sensitive nanogels based on dextran grafted
PAA with disulfide-containing junctions (Dex-SS-PAA) through
a one-step self-assembly assisted methodology (SAA) [101].
DOX was conjugated onto nanogels via an acid-labile hydra-
zone bond. The release of DOX exhibited pH and redox dual-
responsivity, significantly inhibiting the growth of MDA-MB-231
tumors. Wu et al. designed and prepared FA-decorated pH and
reduction dual-responsive nanogels from reflux-precipitation
copolymerization of AA and CBA and folate PEG conjugation
via carbodiimide chemistry as a co-delivery system for DOX and
cisplatin (CDDP) to overcome drug resistance [102]. DOX and
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CDDP-loaded dual-responsive nanogels could introduce more
drugs into MCF-7/ADR cells than free drugs, exhibiting a super-
ior cell-killing activity. The in vivo test revealed that the combi-
nation therapy was effective for the multidrug-resistant MCF-7/
ADR tumor with reduced side effects. Thayumanavan et al.
prepared self-crosslinked, pH and reduction dual-sensitive
nanogels based on PEGMA-co-PDPAMA-co-PPDSMA copoly-
mer, in which the DPA units exhibited reversible pH-responsive
surface charge for enhanced cellular uptake and the disulfide
crosslinking points were used for reduction-triggered drug
release [103]. The 2-(diisopropylamino)ethyl methacrylate
(DPA) moieties in the nanogels became positively charged at
tumor pKa of about 6.2, thereby significantly enhancing cellular
uptake in HeLa cells.

Haag et al. developed pH and reduction dual-responsive
prodrug nanogels from lipoic acid-functionalized hyper-
branched polyglycerol (hPG) that was cross-linked with
disulfide bonds via a thiol-disulfide exchange reaction
and thiol-Michael addition reaction [104]. These nanogels
showed low drug leaching while efficient intracellular DOX
release via acid-triggered cleavage of the hydrazone linker
and dissociation of nanogels triggered by the intracellular
GSH was accomplished. pH and reduction dual-responsive
PVA nanogels were also obtained from carboxyl-alkynyl-
functionalized PVA (PVA-COOH-alkynyl) and azido-functio-
nalized PVA (PVA-N3) by inverse nanoprecipitation via the
click reaction [105]. The introduction of cis-aconitic acid
into PVA nanogels not only greatly increased DOX encap-
sulation due to the strong electrostatic interaction, but
also promoted cellular uptake at tumor acidic pH by the
surface charge conversion and accelerated DOX release at
endosomal pH by the decrease of electrostatic interaction

with DOX. The cleavage of disulfide bonds at intracellular
GSH concentrations facilitated rapid and complete DOX
release. DOX-loaded dual-responsive nanogels had
lowIC50 values of 0.32 and 0.45 μg DOX equiv./mL for
MCF-7 and HeLa cells, respectively. Further studies on
cRGD peptide-decorated pH and reduction dual-responsive
PVA nanogels revealed efficient and targeted delivery of
DOX to αvβ3 integrin overexpressing human glioblastoma
U87-MG cells in vitro and in vivo, resulting in effective
growth inhibition of a human glioblastoma xenograft in
nude mice (Figure 4) [106].

7.2. Other dual-bioresponsive nanogels

pH or redox responsivity has also been combined with other
stimuli to obtain dual-bioresponsive nanogels for better con-
trolled drug delivery. For example, ATP, as the ‘molecular unit
of currency’ of intracellular energy transfer, is present in a low
concentration (< 0.4 mM) in the extracellular environment, but
comparably high concentration in the cytosol (1–10 mM). The
prominent difference in ATP levels between the extracellular
and intracellular environments can be exploited to trigger
drug release from nanogels inside cells [107]. Haag et al.
fabricated ATP and pH dual-responsive nanogels from dPG
and boronate-functionalized dPG via the inverse nanoprecipi-
tation method [108]. The nanogels were crosslinked via the
complexation of 1,2-diols and boronic acids. MTX was effi-
ciently entrapped during the inverse nano-precipitation pro-
cess. The nanogels could partially release MTX in the acidic
endosome/lysosome compartments due to the weakened
electrostatic interaction and after arriving at the cytosol,
further MTX release took place in response to the cytosolic

Figure 4. cRGD-decorated pH and reduction dual-responsive PVA nanogels (cRGD-SS-NGs) for efficient treatment of human glioblastoma.
Reproduced with permission from Wiley [107].
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ATP concentration. ATP and pH dual-sensitive zwitterionic
nanogels were prepared from dPG and citraconic acid-functio-
nalized dPG via inverse nano-precipitation [109]. Notably,
these dual-responsive nanogels conferred a two-stage charge
conversion profile, i.e. to tumor extracellular conditions (pH
6.5–6.8) for enhanced cellular uptake and to intracellular acidic
environment (pH 5–6) for CC release, as well as ATP respon-
sivity to enhance cytosolic release of CC.

Rimondino et al. prepared temperature- and pH-responsive
nanogels in a one-pot synthesis from NIPAM, 4-acryloylamine-
4-(carboxyethyl)heptanodioic acid (ABC), and N,N’-methylene-
bisacrylamide (BIS) as a crosslinker for effective encapsulation
and sustained release of the anticancer drug cisplatin [110].
Nanogels underwent a reversible volume phase transition
triggered by mimicking endolysosomal acidic compartments.
Strong hydrogen bonds and a phase change were detected
after the deprotonation of ABC moieties, which was exploited
for a triggered release of cisplatin at endolysosomal pH values,
resulting in high toxicities against A549 cells in vitro. Hu et al.
designed core-shell nanogels (CS-NGs) based on a core of
emulsion polymerized acrylamide (AAm) and N-(3-aminopro-
pyl) methacrylamide (APMAAm) with a pH-degradable
glycerol dimethacrylate (GDA) crosslinker, and a shell of UV-
crosslinked acrylated HA and N,N’-methylene-bisacrylamide
(MBA) assembled by the carbodiimide crosslinking reaction
[111]. These CS-NGs were responsive to overexpressed hyalur-
onidase (HAase) and acidic pH in the tumor microenvironment
for co-delivery of TNF-related apoptosis inducing ligand
(TRAIL) and antiangiogenic cilengitide. After intravenous injec-
tion into MDA-MB-231 tumor-bearing nude mice, CS-NGs were
accumulating in the tumor tissues, where the overexpressed
HAase degraded the HA matrix, and previously loaded trans-
glutaminase (TG) was released from the nanogel shells, cata-
lyzing the formation of micro-sized ‘drug delivery depots’. The
cellular uptake of the oversized depots was restrained, which
facilitated the interaction of plasma membranes of the cells
with TRAIL/cilengitide released from the depots due to the
degradation of nanogel core in the acidic tumor
microenvironment.

8. Conclusion

In recent years, we have witnessed rapid evolution of biore-
sponsive functional nanogels for targeted delivery of antic-
ancer drugs and biotherapeutics. Bioresponsive nanogels are
unique in that they have good aqueous stability, can encap-
sulate different drugs ranging from hydropholic chemothera-
peutics to proteins and siRNA, exhibit fast response to
biological stimuli, and are amenable to functionalization with
cell targeting ligands, hence achieving not only efficient
release of drug into the tumor and/or inside the cancer cells
but also high cancer cell specificity. Different fabrication meth-
ods and crosslinking chemistries allow facile control over
nanogel size, drug loading, crosslinking density and drug
release rate. The in vitro and in vivo studies on varying bior-
esponsive functional nanogels in different cancer cells and
tumor models reveal that they are of tremendous potential
for improved cancer therapy.

9. Expert opinion

In spite of significant progress achieved in the field of nanogel
design and synthesis, few nanogel systems have been translated
into clinical studies. There are still many critical issues that need
to be investigated for their future clinical applications. In order to
be applied in the clinic, bioresponsive nanogels should be made
of simple and well-established biocompatible and non-immuno-
genic materials such as natural polysaccharides, polyesters, poly-
peptides, PEG, PVA, and small natural compounds (e.g. amino
acids, lactic acid, cholesterol, etc.) with as little modification as
possible and using biocompatible chemistry. The engineering of
nanogels with intricate structures andmulti-properties should be
performed with a scalable production and a batch-to-batch
reproducibility. Microfluidic technologies could be one of the
possible methods to address this issue, producing nanogels in
a reproducible, well-controlled, and high-throughput manner. It
should be noted that bioresponsive nanogel formulations could
act like a double-edge sword. If delivered to healthy tissue and
cells, nanogels might cause more detrimental effects than tradi-
tional non-responsive counterparts. For example, low pH is not
only present in the endo/lysosomal compartments of cancer
cells, but also in healthy cells. Hence, it is critically important
that bioresponsive nanogels are selectively delivered to target
tissue and into the tumor cells while sparing normal cells. Tumor-
targeted and bioresponsive multifunctional nanogels can be
either constructed with an intrinsic targeting ability e.g. by
using hyaluronic acid or functionalized with targeting ligands
e.g. folic acid, peptides, and antibodies. In this sense, CD44-
targeted bioreducible HA nanogels purely based on biocompa-
tible natural raw materials (HA, lipoic acid and amino acids)
fabricated via a simple, safe and efficient process demonstrated
promising pre-clinical results in different tumor models and are
particularly interesting for clinical translation.

One great feature of bioresponsive nanogels is their high
water content and excellent compatibility with macromolecu-
lar drugs like proteins, siRNA, miRNA, and DNA, which renders
them particularly suitable for loading and targeted intracellu-
lar delivery of biotherapeutics. The rapid advance in biotech-
nology has recently identified various proteins, siRNA, miRNA
and DNA as new, potent and specific anticancer drugs. The
lack of safe and efficient delivery systems, however, restrains
their advance to clinical settings. In the future, more efforts
should be directed to the development of clinically viable
bioresponsive functional nanogels for targeted delivery and
triggered cytosolic release of therapeutic proteins, siRNA,
miRNA and DNA. Moreover, bioresponsive functional nanogels
are also of particular interest for co-delivery of small chemical
anticancer agents and macromolecular drugs, to effectively
combat drug resistance and metastasis that are responsible
for most incurable cancers. At the moment most nanogels
have been developed only containing one ligand for targeting
to tumors. In the future more attention has to paid to the
design of nanogels with multiple ligands to improve targeting,
transport through blood vessels via transcytosis to the tumor,
tumor penetration and uptake by tumor cells.

It should also be noted that to date little is known about
the exact extracellular and intracellular fate of the bio-respon-
sive nanogels, especially with respect to the extracellular
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enzyme-triggered degradation, the behavior within the endo/
lysosomal compartments and the lack of detailed understanding
of disulfide cleavage in the cytosol. Further development of
responsive nanogel systems requires better understanding of
their extracellular/intracellular trafficking and fate. Moreover,
although many studies proved the efficacy of nanogel formula-
tions and their safety, detailed information about their long-
term accumulation, in vivo pharmacokinetics and degradation
profiles is still lacking. Hopefully, future studies also using more
advanced analytical techniques will provide us with better
insights about the in vitro and in vivo behavior of nanogels
and will help to translate the improvements in nanogel design
and development of nanogel formulations from the bench to
the bedside. We are convinced that with rational design and
further intensive studies, bioresponsive polymeric nanogel for-
mulations will evolve as highly promising tools for the effective
treatment of various cancers in clinical trials.
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