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A facile approach for thermal and reduction
dual-responsive prodrug nanogels for intracellular
doxorubicin delivery†

Huan Peng,‡ab Xiaobin Huang,‡c Alex Oppermann,d Andrea Melle,ab

Lindsey Weger,ab Marcel Karperien,c Dominik Wölld and Andrij Pich*ab

In this study, thermal and redox dual sensitive nanogels based on N-vinylcaprolactam (VCL) and N-succinimidyl

methacrylate (Suma) crosslinked with diallyl disulfide were synthesized via a facile and straightforward

method. The reactive succinimide groups were mainly located in the nanogel shell which increases

considerably their accessibility for conjugation reactions. Doxorubicin (DOX) was successfully loaded

into the nanogel through two different routes. Approximately 91.3% of DOX molecules were covalently

bound to the nanogel network via coupling with succinimide groups under mild conditions to obtain

prodrug nanogels, while 8.7% of DOX molecules were captured into the nanogels via electrostatic

interactions with the –COOH group from the hydrolyzed ester groups of the nanogels. The DOX-loaded

nanogels demonstrated volume phase transition temperature (VPTT) near human physiological temperature.

The nanogels shrink near body temperature, which could help lock the drug molecules stably in blood

circulation. The conjugation of DOX molecules in nanogels avoided premature unspecific drug release

under physiological conditions. The small amount of physically loaded DOX (due to electrostatic

interactions) could be partially released as free DOX due to the increasing acidic conditions in the

endosome/lysosome pathway. The chemically conjugated DOX was released in the form of a prodrug

polymer triggered by the high concentration of glutathione in the cytosol that induced nanogel

degradation. The present drug delivery system exhibits a sustainable delivery profile in the intracellular

release study and high antitumor activity. We are convinced that the thermal and reduction dual-

responsive prodrug nanogels have tremendous potential in controlled drug release.

1. Introduction

The new developments in modern medicine are challenging the
technology of drug delivery all the way through, promoting new
methods and vehicles for controlled drug release in biological
systems.1–3 Principally designed drug carriers could grant enhanced
efficacy and reduced toxicity for anticancer drugs. In the past
decades, various drug delivery carriers including polymersomes,4,5

liposomes,6,7 micelles,8,9 proliposomes and nanogels have
gained tremendous attention and been pursued vigorously.10,11

Considerable investigations have disclosed the principles
of administering a pharmaceutical compound to achieve a
therapeutic effect in living bodies. Unremitting endeavor from
scientists has provided an increased understanding of the pros
and cons of different materials as drug delivery vehicles.12,13

Although nanoassemblies including micelles and polymersomes
are widely investigated as nano-vehicles for drug delivery, the
inherent stability problem may inevitably cause nonspecific
interaction with biocomponents in blood and accumulation in
body.14,15 The core or shell crosslinked polymeric micelles seem
to be suitable while the leakage problem of loaded cargo remains
unsolved, especially for the lowly crosslinked micelles.16–18 Lipo-
somes are versatile carrier systems suitable for the delivery of
hydrophobic, hydrophilic and amphipathic drugs with enhanced
therapeutic index and reduced toxicity.19 However, the rapid
clearances of liposomes from circulation due to uptake and
drug leakage during storage largely restrict the applications.20

Polymeric prodrugs are macromolecular derivatives of drugs
with chemical transformation, which could exert desired efficacy.
Although the chemical binding significantly enhances the drug
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delivery stability, the current macromolecular prodrugs face the
problem of short circulation time and poor accumulation in
target tumors due to the low molecular weight of the polymer
chain.21,22 Recently, nanogels as a prolonged circulating macro-
molecular carrier with enhanced permeability and retention
effect for tumor therapy have aroused widespread concerns in
both academia and industry.

Nanogels are crosslinked polymeric network colloids with
unique advantages as drug delivery carriers including tunable
and homogenous particle size, functional groups and a large
specific surface area for bioconjugation as well as the avail-
ability of an interior network for cargo encapsulation.23,24

Hydrophilic biodegradable nanogels are especially attractive
for programmed delivery of hydrophobic drugs at the target
site in response to external stimuli. Thayumanavan and colleagues
reported hydrophilic polymeric nanogels based on poly(ethylene
glycol) with pyridyldisulfide side groups as a versatile platform for
lipophilic guest molecule encapsulation, which could be released
under intracellular reduction conditions.25 However, the encapsu-
lation stability is largely dependent on the interaction between the
cargo and the vehicle as well as the crosslinking density. The
sequestration stability is of great significance to prevent leaching,
which may cause unspecific drug release into the blood circula-
tion. Prodrug nanogels can not only securely conjugate the drug to
avoid premature release, but also provide high molecular weight
macromolecular compartments, which prolong the blood circu-
lation period and improve the accumulation in tumor tissues.
Notably, only compounds smaller than 50 kDa can be readily
excreted from the body via kidneys.26 Therefore, biodegradability
and stimuli-responsibility under intracellular conditions are of
significant importance to prodrug nanogels as a drug delivery
carrier. Taking advantage of the intracellular acidic conditions,
nanogels with a pH-responsive crosslinker could be suitable for
controlled drug delivery. Haag and co-workers reported pH and
redox dual-responsive prodrug nanogels based on dendritic
polyglycerols, which exhibited low specific drug leaching but
efficient intracellular triggered release.27 Furthermore, reduction
sensitive degradable nanogels are attractive candidates as drug
carriers due to the redox environment in the cytoplasm, caused
by the high concentration of glutathione. It is worth noting that
the glutathione levels are much higher in malignant tumors
compared with normal tissues.28 Matyjaszewski et al. prepared
biodegradable nanogels based on oligo(ethylene oxide) monomethyl
ether methacrylate and disulfide-functionalized dimethacrylate
via inverse mini-emulsion atom transfer radical polymerization.29

The degradable nanogels were employed in the triggered release
of encapsulated drugs and 90% of the nanogels were degraded
in 3 h in the presence of 20% glutathione in water. Park and
co-workers explored degradable hyaluronic acid nanogels cross-
linked with disulfide linkages via an inverse emulsion method
for the delivery of siRNA. The release rates of siRNA could be
modulated by adjusting the glutathione concentration.30 Con-
sidering the normal human body temperature is around 37 1C,
nanogels with volume phase transition temperature (VPTT) in
aqueous solution near the physiological temperature are of great
interest for drug released. Narain et al. reported galactose-based

thermosensitive nanogels for the target delivery of iodoazomycin
arabinofuranoside and evaluate its role in hypoxia selective
theranostic management of therapy-resistant cancer cells.31

In the present work, we synthesized thermal and redox dual-
sensitive biodegradable prodrug nanogels with tunable size in a
facile and straightforward approach. The nanogels were synthe-
sized by polymerization of N-vinylcaprolactam (VCL) and
N-succinimidyl methacrylate (Suma), crosslinked by allyl
disulfide through a modified precipitation polymerization process
in a water/acetonitrile mixture. The use of the organic solvent
improved the solubility of Suma and allyl disulfide, which was
essential for the efficient incorporation of reactive groups and
cleavable crosslinker in nanogels. N-Vinylcaprolactam was used as
a main monomer to render the nanogels biocompatibile and
thermo-sensitive, while the disulfide linkage provided degrad-
ability under intracellular reduction conditions. The reactive
ester groups of Suma were mainly located on the shell of the
nanogels, facilitating a stable conjugation of doxorubicin (DOX)
molecules. Meanwhile approximately 8.7% of drug was loaded as
free DOX molecules via electrostatic interaction with the carboxyl
group from partial hydrolysis of the active ester group. Compared
with other dual-responsive nanogel drug delivery carriers,32–34 the
present system demonstrated a critical temperature near 37 1C
the physiological temperature of the human body. The colloidal
shrinkage at this volume phase transition temperature could help
lock the drug molecules stably in blood under physiological
conditions until the crosslinking network is degraded by redox
stimuli in tumor cells.35,36 Furthermore, chemically loaded drug
could be efficiently released as a prodrug polymer by endogenous
intracellular stimuli with low leaching during blood circulation.
Scheme 1 illustrates the synthesis route of prodrug nanogels and
the suggested working mechanism of the nanogel drug delivery
system in target cells.27 The prodrug nanogels shrunk in blood
circulation and locked the drug molecules stably. The prodrug
nanogels were internalized into the HeLa cells by endocytosis.
The enhanced acidic conditions in the endosome/lysosome

Scheme 1 Prodrug nanogel synthesis, integration into cells and suggested
intracellular release mechanism of DOX.
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pathway let the physically loaded DOX release partially due to the
surface charge properties of the carrier, while the glutathione in
the cytosol made the nanogel degrade, further releasing the
chemically loaded drug as a prodrug polymer. The liberated
DOX-compound (prodrug polymer) then interacted with DNA by
intercalation and inhibition of macromolecular biosynthesis.37

The released prodrug have several advantages compared with
free DOX molecules in the following aspects: (1) the water
solubility and bioavailability of the hydrophobic drug could be
improved; (2) the drug activity during circulation and intra-
cellular trafficking could be preserved; and (3) less pronounced
immunological body due to reduction in antigenic activity.38

This strategy avoids the poor stability problem of encapsulation-
oriented vehicles including micelles, liposomes and inert nano-
gels. Moreover, the higher molecular weight of the nanogel may
help prolong the circulation time in the blood stream while the
biodegradability made the drug carrier to be eliminated from the
body via kidneys. Last but not least, the nanogels showed VPTT
near the physiological temperature, which could also be beneficial
for controlled drug release.

2. Experimental
2.1 Materials

N-Succinimidyl methacrylate (Suma, 98%, Aldrich), diallyl disulfide
(98%, Aldrich), doxorubicin hydrochloride (DOX, 98%, TCI),
glutathione (GSH, 98%, Aldrich), polyvinylpyrrolidone (PVP,
Mn B 40 kDa, Aldrich), Alexa Fluors 647 Cadaverine (Alexa Fluor,
ThermoFisher), b-mercaptoethylamine (MEA, 96%, Aldrich), dialysis
tubes (MWCO 50 kDa, 1000 Da, SPECTRUMs LABORATORIES,
USA), dimethyl sulfoxide–d6 (DMSO–D6, 99.8%, Deutero GmbH)
and acetonitrile (MeCN, 99.8%, VWR) were used as received.
2,20-Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) was
recrystallized in ethanol and N-vinylcaprolactam (VCL, 98%,
Aldrich) was distilled before use. Deionized water was used for
all experiments.

2.2 One-pot synthesis of poly(VCL-co-Suma) nanogels (NG)

A typical procedure for the synthesis of poly(VCL-co-Suma)
nanogels (NG) was described in the following. 2 g of VCL,
0.11 g (4 mol%) of Suma, 1.25 g of PVP and 0.1 g of diallyl
disulfide were completely dissolved in a mixture of 100 mL
deionized water and 45 mL MeCN. The solution was transferred
into a double-wall glass reactor and purged with nitrogen for
1 h while stirring with a mechanical stirrer. A small vial was
charged with 0.15 g of AIBN in 5 mL MeCN and purged with
nitrogen for 1 hour. The reactor was heated to 60 1C before
AIBN was added. The solution was further purged with nitrogen
for 30 min and the reaction was carried out for another 4 h.
The obtained nanogels were purified by centrifugation–
re-dispersion cycles and extensive dialysis. A small amount of
the sample was dried by lyophilization and well dispersed in
DMSO–d6 with the help of immersible sonication before
1H NMR analysis.

2.3 Synthesis of prodrug nanogels (DOX-NG)

Typically, 5 mg of nanogels were redispersed in 5 mL aqueous
solution (pH B 9) in a small vial. 1 mg of DOX was added into
the system. The vial was covered with foil and placed in a
shaker at a speed of 800 rpm overnight. Afterwards, the
obtained prodrug nanogels were separated by centrifugation
and purified by extensive dialysis in the dark. The DOX loading
content was measured by UV-Vis analysis and calculated
according to the following equations:

Drug loading content = Md/Mn � 100% (1)

Drug loading efficiency = Md/Mf � 100%. (2)

Here, Md is the weight of DOX in the nanogels, Mn is the weight
of nanogels and Mf is the weight of feeding DOX.

The amount of unloaded free DOX was determined by
measuring the supernatants and the release medium with a
UV-Vis spectrometer at l = 495 nm. The obtained DOX-NG was
redispersed in 5 mL acetate buffer solution (10 mM, pH 3) and
dialyzed in 30 mL of the same buffer at room temperature
in the dark. 3 mL of the release medium was taken out and
replenished with the same amount of fresh buffer. The absorbance
of DOX was measured with a UV-Vis spectrometer until the signals
reached equilibrium. The amount of DOX loaded via chemical
conjugation and by electrostatic adsorption was calculated
according to the following equations:

Chemical conjugation = Mc/Md � 100% (3)

Electrostatic adsorption = Me/Md � 100%. (4)

Here, Me is the weight of DOX loaded via electrostatic adsorp-
tion and Mc is the weight of DOX loaded via chemical conjuga-
tion and equals (Md � Me).

A small amount of the sample was dried by lyophilisation
and well dispersed in DMSO–d6 with the help of immersible
sonication before 1H NMR analysis.

2.4 Reactive succinimidyl group distribution study

To study the distributions of the succinimidyl groups in the
nanogels, the nanogels were labelled with Alexa Fluor through a
similar method described above. The purified dye labelled
nanogels were analysed by super-resolution microscopy. Super-
resolution microscopy was performed on a custom-built fluores-
cence microscopy setup. The beam of a 100 mW, 640 nm laser
(Cobolt) was combined with the beam of a 75 mW, 375 nm laser
(Toptica) using a dichroic mirror. The combined laser beam was
focused on the back focal plane of a UPLFLN 100XO2 oil
immersion objective (Olympus) mounted on an IX83 inverted
microscope (Olympus). Fluorescence light was collected via the
same objective and imaged onto the chip of a high sensitive
EMCCD camera (Andor iXON Ultra 897). The image was further
magnified by a factor of two using two lenses resulting in a total
magnification of 200 and a corresponding pixel size of 80 nm.
Alexa 647 labelled nanogels were deposited on the coverslip
surface by spin-coating the nanogel dispersion. A 50 mM
solution of b-mecaptoethylamine (MEA) was added to the sample
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prior to imaging as a switching buffer. Super-resolved images
were generated by recording movies with 60 000 frames at
100 frames per second using an irradiation intensity of
4 kW cm�1 of the 640 nm laser. To account for a decreasing
blinking frequency during the acquisition, the 375 nm laser
was switched on after the acquisition of 30 000 frames at an
intensity of 12 W cm�1. The movies were analysed using the
ImageJ plugin ThunderSTORM.39 To analyse the distribution of
dye labels and subsequently the distribution of reactive groups
in the nanogels, the custom-made software program SoMaCoFit
was used.40

2.5 In vitro drug release study

The in vitro release of DOX was performed in buffers with or
without GSH at 37 1C in two different media, i.e., (a) 10 mM
acetate buffer, pH 5.4 and (b) 10 mM phosphate buffer, pH 7.4.
An amount of prodrug nanogels were homogenously dispersed
in 5 mL buffer solution and transferred into a dialysis tube and
immersed in 30 mL buffer at 37 1C in the dark. 3 mL of the
release medium was taken out and replenished with the same
amount of fresh buffer. The absorbance of DOX was measured
with a UV-Vis spectrometer at l = 495 nm. The release experi-
ments were performed in triplicate, and the results are the
average data.

Small amounts of prodrug nanogels were incubated in
10 mM acetate buffer (pH 5.4) with 10 mM GSH for one week
to enable the prodrug nanogels degrade completely. The sample
was dialyzed (MWCO 1000 Da) in water to remove the byproducts
and salts. The products were freeze-dried before 1H NMR
analysis.

2.6 Cellular uptake and intracellular release study

HeLa cells in suspension were seeded at 0.3 � 104 cells per well
in a 96-well microtiter plate in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin–streptomycin (P/S) and kept in an
incubator at 37 1C and 5% CO2. After 24 hours, the cells were
incubated with 10 mg mL�1 DOX-loaded nanogel or free DOX.
The culture medium was removed and the cells were washed
3 times with PBS after incubation for 2 h, 10 h and 24 h
respectively. Paraformaldehyde (4%) was used to fix the cells for
30 minutes followed by 3 washing steps using PBS. The cells
were permeabilized with PBST (0.5% TritonX-100 in PBS) for
15 minutes and then washed with PBS. The cell nuclei were
stained with 40,6-diamidino-2-phenylindole (DAPI) for 5 min and
then washed with PBS. Fluorescence images of cells were taken
with a BD pathway 435 confocal microscope (BD Biosciences).

2.7 Presto Blue cell viability assay

HeLa cells were seeded at a density of 1 � 104 cells per well in a
96-well microtiter plate in DMEM supplemented with 10% FBS
and 1% P/S and incubated at 37 1C and 5% CO2. Each experi-
ment was performed in triplicate. After 24 h, the medium was
replaced by 180 mL of fresh DMEM medium (containing 10%
FBS and 1% P/S) and 20 mL of samples of various concentra-
tions of nanogel or prodrug nanogel suspensions in phosphate

buffer (10 mM, pH 7.4). Cells cultured in DMEM medium
containing 10% FBS (without nanogel and DOX) were used as
controls. The cells were incubated for another 48 h, then the
medium was replaced by 90 mL of fresh medium, mixed with
10 mL of PrestoBlue, according to the manufacturer’s instructions.
The cells were incubated at 37 1C for 30 min, and fluorescence
signals were measured on a VICTORt X3 multilabel plate reader
(Perkin Elmer). The cell viability was expressed as a percentage
relative to the control cells.

2.8 Dynamic light scattering (DLS) study

DLS measurements were performed on an ALV setup consisting
of a multiple digital real-time ALV-7004 correlator, an ALV-SP8
goniometer, an ALV-SIPC photomultiplier, and a solid state laser
(Koheras) at a wavelength of 473 nm at 20 1C. The hydrodynamic
radius and the polydispersity index (PDI) were obtained using
ALV-Correlator software V3.0.

2.9 Field emission scanning electron microscopy (FESEM)
study

The scanning electron microscopy images were acquired with
a HITACHI S-4800 instrument. The nanogel solutions were
dropped on the shining side of clean silica wafers and dried
at room temperature before measurement.

2.10 Transmission electron microscopy (TEM) study

TEM was measured on a Zeiss LibraTM 120 (Carl Zeiss,
Oberkochen, Germany). The electron beam accelerating voltage
was set to 120 kV. A drop of the sample was trickled on a piece
of Formvar carbon-coated copper grid. Before being placed into
the TEM specimen holder, the copper grid was air dried under
ambient conditions.

2.11 Electrophoretic mobility study

Electrophoretic mobility measurements were performed on a
Malvern Zetasizer Nano ZS with disposable polystyrene cuvettes
at 20 1C as a function of pH. Each sample was measured for
100 scans. The electrophoretic mobility was analyzed using Herry’s
equation using ‘‘Expert System’’ software.

2.12 Confocal microscopy study

The fluorescence images were recorded on a Leica SP8 confocal
microscope (Leica, Germany).

2.13 UV-Visible spectroscopy (UV-Vis) study

UV-Vis spectra were recorded on a CARY 100 Bio UV-Visible
spectrophotometer (Agilent, USA). UV quartz cuvettes with 10 mm
across were used for measurements.

3. Results and discussion
3.1 Synthesis of poly(VCL-co-Suma) nanogels

The synthesis of poly(VCL-co-Suma) nanogels was carried out in
the solvent mixture of water and acetonitrile. The presence of
acetonitrile increases the solubility of Suma and ensures a
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homogeneous distribution of the cleavable crosslinker and all
other reaction partners at the beginning of the polymerization.
At the same time the presence of acetonitrile does not inhibit
the precipitation of growing polymer chains and supports fast
nucleation process and efficient formation of nanogels.
Poly(vinylpyrrolidone) (PVP) was used as a stabilizer to avoid
aggregation of nuclei at the beginning of the polymerization
process and ensure high colloidal stability of the dispersion.
Under such polymerization conditions the nanogel dimensions
could be easily adjusted to desired values. Diallyl disulfide was
used as a crosslinker to form a reduction degradable polymeric
nanogel network. FESEM images in Fig. 1 show the morphology
of the nanogels prepared with different molar percents of PVP
compared with monomers in H2O/MeCN (2/1, v/v) solution.
It can be observed that the diameters of the particles could
be controlled in the range from around 200 nm to 1.1 mm,
in accordance with the DLS results in Fig. 1H and I.

In the precipitation polymerization method the growing
oligomers reach a critical molecular weight and precipitate
when the lower critical solution temperature (LCST) is lower
than the reaction temperature. This leads to the formation of

particle nuclei, which grow into nanogel colloids by continuous
diffusion of the monomer and polymerization. As expected, the
increase of the stabilizer (PVP) concentration in the reaction
mixture led to the decrease of the nanogel size. This trend is
observed until the PVP concentration is 0.17 mol%. At higher
stabilizer concentrations the nanogel size remains constant
suggesting the presence of excess of non-adsorbed PVP chains
in the aqueous phase. Those PVP chains do not adsorb onto the
nanogel nuclei surface and therefore do not contribute actively
to the regulation of the nanogel size. Notably, large micro-size
gels could be obtained even without a stabilizer (Fig. 1A). This
could be explained by the similar structures of PVP and poly-
(N-vinylcaprolactam) (PVCL), which could probably act as a
stabilizer instead. However, the morphology of the obtained
colloids was not well defined, as observed by the rough and
ruptured surface, indicating the low stabilization effect of
PVCL. Additionally, the nanogel size could also be controlled
by solvent composition. As displayed in Fig. S1 and S2 (ESI†),
their diameter in the dry state and the hydrodynamic radius in
aqueous solution of the colloids decreased with increasing
content of water until the H2O/MeCN ratio of 2 : 1. It has been

Fig. 1 FESEM images of nanogels prepared with different molar percents of PVP compared with the monomer amount: (A) no PVP, (B) 0.042%, (C)
0.083%, (D) 0.13%, (E) 0.17%, (F) 0.21%, and (G) 0.25%. The hydrodynamic radius and particle size distribution of the corresponding nanogels measured by
DLS are shown in (H) and (I) respectively. The H2O/MeCN ratio is 2/1 (v/v, 150 mL in total).
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reported that the statistical copolymer poly(VCL-co-Suma) lost
water solubility when the Suma content is larger than 4.4% at
a molecular weight of 5179 Da.41 However, the solubility of
the copolymer in acetonitrile is better. It could be estimated
that the increased content of water makes the solubility of
the oligomers in the blend solvent lower, leading to a smaller
particle nucleus. Interestingly, when the water ratio was
increased further, the nanogels became even larger. This could
be attributed to that the high water content may lead to
increased swelling and a softer nucleus, resulting in even more
loose and larger colloids. The softness of nanogels can be
observed from the deformability of dry colloids in FESEM images
presented in Fig. S1D (ESI†). It is reported in the literature that
the characteristic pore size of the vasculature in tumors grown
subcutaneously is in the range of 200 nm to 1.2 mm.42

Therefore, the particle sizes of synthesized nanogels are in
the suitable size range to take advantage of the enhanced
permeation and retention effects in tumor tissues.

The content of reactive groups in the nanogels was studied
by 1H NMR analysis. As demonstrated in Fig. S4 (ESI†), the
molar ratio of reactive sites is around 8.9% by comparing the
integration areas between the protons from the succinimide
group (2.80 ppm) and those from the N-vinylcaprolactam
component (4.30 ppm). The content of the reactive groups is
relatively higher than the initial feeding molar ratio due to
the much higher reactivity ratios of Suma than those of VCL.
It was reported that the reactivity ratio of N-vinylpyrrolidone
and methyl methacrylate for bulk polymerization at 50 1C are
0.005 and 4.7, respectively.43 Considering the similar struc-
tures, it is reasonable to estimate that Suma is more reactive
than VCL, leading to higher content in the obtained nanogels.

To determine the distributions of the reactive sites in the
nanogels, super-resolution microscopy was employed. Fig. 2B
indicates the 3D radial density profile for the distribution of the
dye molecules inside the nanogels, which was calculated from

the super-resolved image (Fig. 2A). It reflects the distribution of
succinimidyl groups on the nanogels, which are mainly located
in the shell of the nanogels. It suggests that the reactive sites
can be easily accessible for drug molecules to obtain prodrug
nanogels.

3.2 Preparation of prodrug nanogels (DOX-NG)

Given the facile reaction between the succinimidyl and the
amine group, the chemical binding of DOX to the nanogel
could be quite efficient. It should be further noted that a certain
fraction of succinimide groups could hydrolyze to carboxylic
acid groups during the prodrug nanogel synthesis, which could
capture more free DOX molecules via electrostatic adsorption.
The presence of carboxylic groups could enhance the DOX
loading efficiency due to electrostatic interactions with the free
DOX molecules. Accordingly, DOX was loaded into the nanogels
with a satisfied loading content of 17.5% and a loading
efficiency of 87.4% calculated from eqn (1) and (2). The ratio
of the loaded DOX via chemical conjugation and electrostatic
adsorption was calculated as 91.3% and 8.7% from eqn (3) and
(4) respectively. It indicates that most of the DOX molecules
were loaded via stable chemical conjugation reactions. As
calculated from the 1H NMR spectrum of the prodrug nanogel
in Fig. S5 (ESI†), the molar ratio between DOX and VCL is
around 8.8%, which is quite close to that between Suma and
VCL in the nanogel. It suggests that the reactive succinimide
ester groups almost reacted and hydrolyzed during the conjuga-
tion reaction. Notably, a weak signal at 14 ppm was observed,
which could be assigned to the proton from the hydrolyzed
carboxyl group. Its molar ratio was around 4% via comparing the
integration area with that of the proton from VCL. It supports
the above results that most of the DOX molecules were loaded
via chemical conjugation. The morphology of DOX-NG was
studied by confocal microscopy and FESEM as displayed in

Fig. 2 (A) Super-resolved image of Alexa 647 labelled nanogels by super-resolution microscopy. The scale bar is 1 mm. (B) Distribution profile of dye
molecules inside the nanogels, calculated from (A). Rf is the distance from the core to fluorophores; Rn is the radius of nanogels.
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Fig. 3 and Fig. S3 (ESI†) respectively. The colloids were fluorescent
due to the successful loading of DOX.

The FTIR spectra in Fig. 4 further confirmed the successful
chemical conjugation of DOX to nanogels. The signals at
1807 and 1779 cm�1 assigned to the –CQO from the succinimide
group disappeared after the conjugation reaction, indicating the
complete reaction of the active ester. The peak at 1540 cm�1

could be assigned to the newly formed amide group from the
reaction between the nanogels and DOX. Furthermore, the
characteristic peak at 809 cm�1 of the DOX-NG may be assigned
to the out-of-plane bending of the aromatic ring from the

quinol group of DOX. This further confirmed the successful
loading of DOX into the nanogels.

Electrophoretic mobility measurements were employed to
have a better understanding of the surface properties of the
nanogels. As shown in Fig. 5, the synthesized nanogels exhibit a
weak negative surface charge probably due to the presence of
carboxylic groups from the partial hydrolysis of ester groups of
Suma. However, the surface charge of nanogels was strongly
increased after DOX loading. The reason for this could be the
increased amount of carboxylic groups from further hydrolysis
of Suma in the aqueous solution, which contributes to a fully

Fig. 3 Confocal microscopy images of DOX-NG: (A) bright field, (B) fluorescence field, and (C) overlay of A and B.

Fig. 4 (A) Fourier transform infrared (FTIR) spectra of NG, DOX-NG and pure DOX; (B) and (C) are magnified regions for selected spectral areas, the red
arrow points to the newly formed peak of –NH–, the black arrow points to the disappeared peak from the N-succinimide group and the blue arrow
points to the new signal from the aromatic ring of the quinol group from DOX, the inset chemical structure indicates the chemical binding of DOX.
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negatively charged nanogel surface in a broad pH range.
The presence of the negative charge in nanogels has two
advantages. Firstly, negative charges could help capture the
free DOX molecules via electrostatic interactions. Secondly,
the negatively charged surface can prevent the adsorption of
nanogels on the highly negatively charged luminal surface of
the blood vessels, potentially increasing the circulation half-life
time. It is worth mentioning that the surface charge of nanogels
decreased to around�1.4 mm cm V�1 s�1 and�0.4 mm cm V�1 s�1

at pH 5 and pH 4, respectively, suggesting that the electrostatic
interaction between DOX and the nanogel will be weakened under
acidic conditions.

3.3 Thermo-responsive behavior and degradation of DOX-NG

The temperature responsive behaviors of nanogels in aqueous
solution before and after loading DOX were studied by dynamic
light scattering (DLS). As observed in Fig. 6A, the hydrodynamic
radius of nanogels increased for around 20 nm after loading of
DOX, indicating that the drug was mainly loaded in the corona.

This is in good accordance with the super-resolution micro-
scopy results that confirms the localization of reactive sites of
the nanogels in the shell. However, as discussed above, the
average diameter of DOX-NG is around 12 nm larger than that
of the nanogel in FESEM images. The difference is mainly due
to the shrinkage of the colloids in the dry state. The nanogels
collapsed when the temperature increased due to the thermo-
responsiveness of the poly(N-vinylcaprolactam) chains exhibit-
ing a LCST around 32 1C in aqueous solution.44 The volume
phase transition temperatures (VPTTs) of the parent nanogels
(NG) and DOX-NG are 35.3 1C and 36 1C, respectively, which are
actually quite close. This further supports the statement that
the DOX molecules are mainly located in the shell of the
nanogels. It is worth mentioning that the VPTT of DOX-NG is
slightly lower than the physiological temperature (37 1C), which
indicates that the drug carrier may already shrink in the blood
circulation. Thus it will help stably lock the drug molecules
until the crosslinking network degrades under intracellular con-
ditions. As mentioned earlier, the negatively charged carboxylic
groups in nanogels may sequester free DOX due to electrostatic
interaction. The intracellular increasing acidic conditions in the
endosome/lysosome pathway could act as a driving force for the
release of the physically loaded DOX.

The degradability of the DOX-NG in the presence of 10 mM
GSH at 37 1C was studied by DLS and TEM. Size distribution
curves obtained from DLS measurements shown in Fig. 6B
indicate that the nanogel size increased at first and a peak at
around 1 mm was observed after 30 min due to swelling caused
by the crosslinking network dissociation. A similar phenomenon
of nanogels containing amphiphilic components was reported
by Li et al.,45 although in some literature the size of hydrophilic
nanogels decreased sharply in the degradation process.28 After-
wards the particle size further decreased evidently in the
presence of GSH and eventually decomposed into oligomer
agglomerates after 24 h. The degradation process visualized by
the TEM image in Fig. 7 is in good accordance with the DLS
results. Nanogels displayed well-defined spherical morphology
before incubation in GSH solution. However, 30 min later the

Fig. 5 Electrophoretic mobility as a function of pH for parent nanogels
(NG) and DOX-NG.

Fig. 6 (A) Hydrodynamic radius of NG and DOX-NG at different temperatures measured by DLS; (B) size distribution spectra of DOX-NG over time
measured by DLS reflecting the degradation process. The inset image represents the hydrodynamic radius of DOX-NG over time.
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particles were deformed and swollen due to the de-crosslinking
process. Following 1 h GSH treatment, the nanogel degraded
gradually and eventually broke down into precursor aggregates
within 24 h. Presumably the degraded precursors are small
enough to be excreted from the body by kidney clearance.

3.4 In vitro release of DOX from DOX-NG

The controlled release of DOX from the nanogels was investi-
gated at pH 5.4 or 7.4 in the presence or absence of GSH.
As revealed from the release profiles in Fig. 8, at pH 7.4 without
GSH, only around 4.3% of DOX was released after 48 h,
indicating the high stability and eventually the low systemic

toxicity of DOX-NG under physiological conditions in the
blood circulation. We assume that under these conditions the
released drugs were free DOX molecules which were initially
physically captured by the –COOH groups from the nanogels
via electrostatic interactions. The DOX-NG system largely
overcomes the obstacle of unspecific release compared with
micelles, liposomes and non-reactive nanogel encapsulation
platforms. The released amount of DOX at pH 5.4 without GSH
was increased to around 9% after 48 h. This could be attributed
to the weaker electrostatic interaction between the colloids and
free DOX at a lower pH, which was supported by the above
electrophoretic mobility results. As observed from the figure,
the release profiles already reached equilibrium after 35 hours.
Considering that the ratio of DOX loaded via electrostatic adsorp-
tion was around 8.7%, which was quite close to the release
amount at pH 5.4 while much higher than that at pH 7.4, it is
estimated that the physically loaded drug can be rapidly released
under intracellular acidic conditions and stably locked under
physiological conditions in the blood circulation.

However, in the presence of 10 mM GSH, the release was
quite fast in both medium of pH 5.4 and 7.4, which is mainly
due to the dissociation of the disulfide crosslinking network,
providing around 60% payload release after 48 h. Notably, in
this case DOX was mainly released in the form of a prodrug
polymer since the covalent conjugations between DOX and the
nanogels were not cleavable in the present situation. From the
1H NMR spectrum of the degradation products in Fig. S6 (ESI†),
the signals did not change much compared with those of

Fig. 7 Degradation of DOX-NG over time measured by TEM: (A) 0 h, (B)
0.5 h, (C) 1 h, and (D) 24 h.

Fig. 8 DOX release profiles of DOX-NG at pH 7.4 without GSH (black
squares), at pH 5.4 without GSH (red circles), at pH 7.4 with 10 mM GSH
(blue triangles), and at pH 5.4 with 10 mM GSH (cyan inverted triangles).
The results are average values of experiments performed in triplicate.

Fig. 9 Intracellular distribution of DOX in HeLa cells treated with DOX-NG
and free DOX for 2 h, 10 h and 24 h. (A) DOX-NG, 2 h, (B) DOX-NG, 10 h, (C)
DOX-NG, 24 h, (D) free DOX, 2 h. For each panel, the images from left to
right show cell nuclei stained by DAPI (blue), DOX fluorescence in cells (red)
and overlays of both images. The scale bars correspond to 100 mm in all the
images.
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DOX-NG, indicating that the conjugation was quite stable
under intracellular-mimicking conditions. It has several advant-
ages of prodrug polymer over free DOX molecules in the aspect
of enhanced bioavailability, reduction in antigenic activity
and preservation of drug activity in intracellular trafficking.38

It is reported that the intracellular GSH concentration is much
higher than that in the blood stream and even higher in the
tumor cytosol than that in normal cells.46 The disulfide cross-
linked DOX-NG are highly sensitive to the reduction micro-
environment. The intracellular reduction conditions could
de-crosslink the nanogels efficiently and accelerate the drug
release process significantly. The pH gradient in the tumor
surroundings and inside the tumor cells as well as the high
GSH concentration in tumor cells could be beneficial for the
targeted therapeutics.

3.5 Intracellular drug release and antitumor activity of DOX-NG

The cellular uptake and intracellular drug release behavior of
DOX-loaded nanogels were investigated in HeLa cells using BD
pathway 435 confocal microscopy. The cell nuclei were stained
with DAPI (blue). As demonstrated in Fig. 9, DOX fluorescence
was clearly observed in HeLa cells, mainly surrounding the cell
nuclei after 2 h of incubation with DOX-NG. This indicates
that in this stage the DOX/DOX-compound has already been
released inside cells but still not yet completely entered the cell
nuclei. After a prolonged incubation of 10 h, the DOX/DOX-
compound was mostly released into the cell nuclei, while a
small amount of drug was observed in the perinuclear region.
After 24 h of incubation, the DOX/DOX-compound was com-
pletely delivered into the cell nuclei, indicated by the integrated
fluorescence from DAPI and DOX in the nuclear region. In
comparison, the free DOX molecules were released into the cell
nuclei after 2 h of incubation (Fig. 9D). Therefore, the drug
release in the nanogel carrier was in a programmed and
sustainable way due to gradual dissociation of the crosslinking
network under intracellular reduction conditions.

The cytotoxicity of the poly(VCL-co-Suma) nanogel was studied
in HeLa cells by Presto Blue cell viability assays. The results in

Fig. 10A indicate that the nanogels are nontoxic to HeLa cells
with cell viabilities more than 95% at wide concentrations from
0.025 mg mL�1 to 1 mg mL�1, confirming excellent biocompat-
ibility of the nanogels. However, DOX-NG showed a pronounced
antitumor effect toward HeLa cells after 48 h of incubation. The
IC50 (inhibitory concentration that produces 50% cell death) of
the DOX-NG was determined as 1.40 mg mL�1 for HeLa cells,
which is much higher than that of free DOX (0.60 mg mL�1). This
result is in good accordance with the intracellular drug release
observation. It is noteworthy that the antitumor activity of the
prodrug nanogels could be enhanced by introducing aptamer or
peptide ligands which facilitate special tumor targeting, taking
advantage of the reactive ester. These biodegradable redox-
sensitive prodrug nanogels with VPTT near human physiological
temperature and excellent antitumor activity demonstrate highly
promising application in cancer chemotherapy diagnosis.

4. Conclusions

In summary, a facile precipitation polymerization approach
was developed to prepare a thermo- and redox dual-sensitive
biodegradable reactive nanogels with adjustable size as a drug
delivery system. The nanogel size could be simply controlled in
the range from 200 nm to 1.1 mm by varying the amount of the
stabilizer and solvent composition, with reactive sites located
around the shell of the particles. The nanogels have suitable
dimensions to take advantage of the enhanced permeation and
retention effects in tumor tissues. DOX was loaded into the
nanogels in two possible routes. Around 91.3% of DOX mole-
cules were covalently bound to the nanogels through coupling
with succinimide groups under mild conditions to obtain
prodrug nanogels, and a small amount of DOX was captured
into the nanogels via electrostatic interactions with the –COOH
group from the hydrolyzed ester groups of the nanogels. The
physically loaded DOX (due to the electrostatic interactions)
could be partially released as free DOX molecules due to the
increasing acidic conditions in the endosome/lysosome pathway.

Fig. 10 (A) Cytotoxicity of poly(VCL-co-Suma) nanogels to HeLa cells following 48 h of incubation. (B) Viabilities of HeLa cells following 48 h of
incubation with DOX-NG and free DOX as a function of DOX dosages. All the data presented are average values of experiments in triplicate.
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The release of chemically loaded DOX in the form of a prodrug
polymer (DOX-compound) could be further triggered by the
high concentration of glutathione in the cytosol. The prodrug
nanogels demonstrated a volume phase transition temperature
(VPTT) slightly lower than the human physiological temperature
and could shrink in the blood circulation to firmly lock the drug
molecules until the crosslinking network degraded under intra-
cellular conditions. The covalent conjugation of DOX molecules
can help avoid unspecific premature drug release under physio-
logical conditions, i.e. in the blood stream. The large molecular
weight and the negative charge of the nanogel might help
prolong the blood circulation period and improve the accumula-
tion in tumor tissues. While free DOX entered the HeLa cell
nucleus rapidly, the DOX-NG demonstrated a programmed and
sustainable delivery profile in the intracellular release study.
The parent nanogel displayed excellent biocompatibility while
DOX-NG demonstrated high antitumor activity. These tempera-
ture and redox-sensitive prodrug nanogels are highly promising
for targeted cancer therapy applications.
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