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Facile approach to prepare pH and redox-responsive
nanogels via Diels-Alder click reaction
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Abstract. A novel pH and redox responsive system of sub-100 nm nanogels was prepared by arm-first approach via DielsAlder click reaction. First, well-defined poly(ethylene glycol)-block-poly(styrene-alt-maleic anhydride) (PEG-b-PSM) was
synthesized and subsequently functionalized with furfuryl amine, leading to the formation of the dual-functional block
copolymer of PEG-b-PSMf. The furfuryl groups in the PSMf block were employed to incorporate a redox-responsive linkage
and the carboxylic acid moieties generated through functionalization acted as a pH-responsive part. The Diels-Alder click
reaction between a bismaleimide crosslinker and PEG-b-PSMf was conducted at 60 °C, affording star-like nanogel structures.
Doxorubicin, a model anticancer drug, was loaded into to the core of the nanogels primarily by the ionic interaction with
carboxylates of core blocks and a highest drug loading capacity of 38.1% was obtained. Furthermore, the in vitro profile
showed a low release percentage (11.2%) of DOX at PBS pH 7.4, whereas a burst release (62%) at pH 5.0 in the presence
of 10 mM glutathione, indicating the effective pH and redox responsive characteristic of the PEG-b-PSMf nanogels.
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1. Introduction

in aqueous media by covalent bonds [12]. Drug molecules can be efficiently loaded in nanogels before
or after crosslinking process [13–15]. Cleavable crosslinks (e.g., ester, acetal, ketal, disulfide, hydrazine,
amide, and anhydride bonds) are inserted either in
cross-linkers or polymeric chains for allowing degradation of the nanogels network [16–18]. Recently, the
Diels-Alder (DA) click reaction between maleimide
and furan has attracted much attention for the design
of crosslinked nanogels, since they can be efficiently
carried out in water at low temperature without any
catalyst and side-products [19–22]. On the other hand,
the enhanced targeting of tumors by nanomedicines
considerably depends on their size. The nanogels designed for anticancer drug delivery require a strict
control of nanogel size in the range 10–200 nm to
avoid fast excretion through kidney and target tumor

Recently, polymeric nanogels have emerged as an
interesting candidate in many areas of research, especially in material science and pharmacy, due to
their diverse and suitable drug carrier properties [1–
6]. Their outstanding properties include a high drug
loading capacity, prolonged circulation period in the
blood stream, and enhanced permeability, allowing
efficient delivery of drug molecules to tumor site [7,
8]. Two approaches are commonly used for preparation of polymeric nanogels including physical and
chemical crosslinking of preformed polymers [9–
11]. Physical self-assembly in nanogel formation occurs via non-covalent attractive forces such as hydrophilic-hydrophilic, hydrophobic-hydrophobic, and
ionic interactions, whereas chemical crosslinking can
prevent dissolution of the hydrophilic polymer chains
*
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pH environment of cancer cells, which improves drug
release efficiency. In this regard, doxorubicin (DOX)
as a model drug was loaded into nanogels and in vitro
drug release profile was investigated.

cells by ‘enhanced permeability and retention’ effect
[23–27]. Therefore, it is desirable that polymeric
nanogels are prepared using DA click chemistry together with degradable linkers, high drug loading,
and favorable pharmacokinetics.
In this work, a novel pH and redox responsive drug
release system of nanogels based on PEG-b-PSM
was proposed by using DA click reaction (Figure 1).
The block copolymers of PEG-b-PSM were synthesized by the reversible addition-fragmentation chain
transfer (RAFT) polymerization. The high reactive
maleic anhydride rings in PSM block was subsequently opened with furfuryl amine as a DA reactive
group to form functional block copolymers (PEG-bPSMf). On the other hand, the carboxylic acid groups
generated in the PSMf block acted as pH-responsive
moieties which enhanced the drug loading capacity
via ionic interaction with a drug. The DA was allowed to occur between the PEG-b-PSMf and disulfide-based bismaleimide crosslinkers to form degradable nanogels. The formation of nanogels and its
degradation was monitored by means of gel permeation chromatography (GPC). It is hypothesized that
the nanogels would degrade in the high concentration
of glutathione (GSH) and simultaneously squeeze out
its cargo by protonation of carboxylic groups at low

2. Experimental details
2.1. Materials
The PEG-RAFT macro-initiator was synthesized
through the esterification reaction of poly(ethylene
oxide) methyl ether and S-dodecyl-S′-(α,α′-dimethylα″-acetic acid) trithiocarbonate [28]. Maleic anhydride (≥99%), acetic anhydride (≥99%), triethylamine (99%), 1,4-dithiothreitol (DTT, 97%), and
glutathione (97%) were purchased from SigmaAldrich (Korea). Doxorubicin hydrochloride
(DOX.HCl) was kindly provided from Boryung
Pharm. Co. (Korea). Styrene (99%, Alfa, Korea) was
passed through a neutral alumina column and 2,2′azobis(isobutyronitrile) (AIBN) (98%, Sigma-Aldrich,
Korea) was recrystallized in methanol prior to use.
Other solvents and chemicals of analytical grade
were used as received. Dithiobismaleimidoethane
(DTME) was synthesized as described in the previous work [29]. The crude compound was purified via
column chromatography (ethyl acetate: hexane = 1:1).
1
H NMR (400 MHz, CDCl3, δ ppm): 6.70 (m, 4H,

Figure 1. Synthesis of block copolymers of PEG-b-PSMf and the formation of nanogels followed by drug release in the
presence of GSH 10 mM at pH 5.0.
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2.4. In vitro drug release
3 mL of DOX loaded nanogels (1 mg/mL) was transferred in a dialysis bag (Mw cutoff, 13 kDa) and dialyzed against 20 mL of either PBS (0.01 M, pH 7.4)
or acetate buffer solution (0.01 M, pH 5.0) with or
without GSH at 37 °C. At selected time intervals,
3 mL of release media was taken out and the fresh one
was then complemented. The amount of DOX release was measured using UV/visible spectroscopy
at 485 nm. The experiments were carried out in triplicate and average values were taken.

–CH=CH–), 3.84 (t, J = 6.7 Hz, 4H, N–CH2–CH2),
2.92 (t, J = 6.7 Hz, 4H, –CH2–CH2–S).

2.2. Synthesis of block copolymers
PEG-b-PSM block copolymers were prepared by the
RAFT method using the PEG-macro RAFT agent.
In a typical procedure, PEG-macro RAFT (2.14 g,
0.4 mmol), maleic anhydride (1.96 g, 20 mmol),
styrene (2.10 g, 20 mmol), AIBN (0.032 g, 0.2 mmol),
and 1,4-dioxane (20 mL) were added into a round
bottom ﬂask, and purged with nitrogen for 1 h. The
flask was placed in an oil bath under stirring at 60 °C
for 16 h. The product was purified by precipitating the
THF solution into excess hexane. The polymer was
dried in a vacuum oven at 40 °C overnight (5.75 g,
yield 92.7%).
In the next step, furfuryl amine (0.31 g, 3.1 mmol)
was dissolved in DMF (6 mL) in a 20 mL round-bottom flask equipped with a Teflon-coated magnetic
stirring bar. Then, PEG-b-PSM (1.0 g, 3.1 mmol
maleic anhydride moieties) was added to the solution
and the reaction mixture was placed in a preheated
water bath of 50 °C. After stirring for 20 h, the mixture
was cooled down to room temperature. The furfuryl
functionalized block copolymer (PEG-b-PSMf) was
purified by precipitation into diethyl ether. The final
product was dried under vacuum at 40 °C for 24 h.

2.5. Characterization
1
H NMR spectra were recorded on a JNM-ECP 400
(JEOL, Japan) instrument. GPC was performed
using an HP 1100 (USA) apparatus equipped with
three columns set PL gel 5 µm 104–103–102 Å. GPC
was calibrated using polystyrene standards and N,N′dimethylacetamide (DMAc) with 50 mM LiCl at
50 °C and flow rate of 1 mL/min. Fourier transform
infrared (FTIR) spectra were measured on Cary640
(Agilent, USA) spectrometer in the 4000–500 cm–1
spectral region. For transmission electron microscopy (TEM; JEOL JEM-2010, Japan), the samples
were coated on copper grids without staining. Dynamic laser light scattering (DLS) measurements were
performed using ELS-8000 (Otsuka-Japan) with a
He-Ne laser at a wavelength of 632.8 nm. The intensity of scattered light was detected at 90° to an incident beam. The elemental composition was performed
on a vario Macro CHNS Element Analyzer (Germany)
using sulfanilamide as a standard.

2.3. Nanogels formation and drug loading
A mixture of PEG-b-PSMf (60 mg, 0.14 mmol furfuryl moieties), DTME (22 mg, 0.07 mmol), and
DMF (0.5 mL) was added into a 5 mL vial and the
vial was placed in an oil bath at 60 °C. After 1.5 h of
stirring the nanogels were cooled to room temperature and mixed with 9 mL of DOX.HCl solution
(1.5 mg/mL in DMF). After 24 h of stirring in the
dark, phosphate buffer saline (PBS) (pH 7.4, 10 mL,
10 mM) was added dropwise to the solution under
vigorous stirring for 1 h. The mixture solution was
transferred to the dialysis tubing and followed by
dialysis against PBS (pH 7.4) to remove DMF and unloaded drugs. The amount of unloaded DOX in dialysis media was determined by UV-Visible spectroscopy at 485 nm. Drug loading capacity (DLC) and
drug loading efficiency (DLE) were calculated by
using Equations (1) and (2), respectively [30]:

3. Results and discussion
3.1. Synthesis and characterization of block
copolymers
To avoid a fast recognition by the immune system
and prolong the blood circulation time of drug delivery system in vivo, PEG was used to construct
block copolymers for nanogel preparation. In addition, styrene-alt-maleic anhydride copolymer (PSM)
which has been proven to be biologically safe and
favored for medical and pharmaceutical applications
was designed as another part of the block copolymer.
The selection of maleic copolymers as a functional
block copolymer offers some advantages such as a

QThe mass of DOX fedV - QThe mass of unloaded DOXV
$ 100
QThe mass nanogelsV
QThe mass of DOX fedV - QThe mass of unloaded DOXV
DLE !%$ =
$ 100
QThe mass of DOX fedV

DLC !%$ =
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well-defined structure, the possibility to react with
other chemical reagents under mild condition, and
generation of carboxylic groups after being functionalized, which can form ionic bonding with cationic
drugs [31–35]. Hence, the combination of PEG and
PSM would be an optimal design for drug delivery
system. In this study, poly(ethylene glycol)-blockpoly(styrene-alt-maleic anhydride) (PEG-b-PSM)
copolymers with different molecular weights were
prepared by RAFT polymerization using PEG5000
as a macro-initiator. As summarized in Table 1, high
conversions (>90%), well-defined molecular weights,
and no residue of PEG macro-initiators in the product (Figure 2) indicated the controlled manner of the
radical polymerization. The block copolymers were
then functionalized with furfuryl amine through the
ring opening reaction of maleic anhydride moieties.
The successful functionalization reactions were examined by using GPC (Figure 2). The GPC graphs of
PEG-b-PSMf showed a clear shift toward high molecular weight compared with its corresponding
PEG-b-PSM.
The structure of amphiphilic block copolymers was
confirmed by 1H NMR spectroscopy as shown in Figure 3. In Figure 3 curve a, the main peaks of the dodecyl and methylene proton of the PEG-RAFT
macro-initiator appeared at 1.22 and 3.6 ppm, respectively. The 1H NMR spectrum of PEG-b-PSM
showed the characteristic proton of phenyl rings at
6.5–7.6 ppm (Figure 3 curve b). The degree of polymerization was calculated by comparing the integration of phenyl groups and dodecyl groups. After modification of furfuryl amine, the spectrum of PEG-bPSMf presented new characteristic peaks of furfuryl
rings at 4.1, 6.2, 6.36 and 7.54 ppm (Figure 3 curve c).
Furthermore, the synthesized block copolymers were
characterized by FTIR spectroscopy as shown in
Figure 4. In the spectrum of the PEG-RAFT macro
initiator (Figure 4 curve a), a weak absorption band
at 1734 cm–1 was attributed to the vibration of the

Figure 2. GPC chromatograms of block copolymers.

carbonyl group of the RAFT agent moiety. The spectrum of PEG-b-PSM presented the characteristic
peaks of anhydride groups at 1853 and 1780 cm–1,
and phenyl rings at 703 cm–1 verifying the existence
of styrene and maleic anhydride in the block copolymer (Figure 4 curve b). After functionalization reaction, the spectrum of PEG-b-PSMf demonstrated the
quantitative conversion of maleic anhydride groups
by the complete disappearance of the peaks of anhydride groups at 1853 and 1780 cm–1 together with
the presence of new peaks of amide groups at 1568,
1652 cm–1, carboxylic groups at 1706 cm–1, and furfuryl groups at 600 and 750 cm–1 (Figure 4 curve c).

3.2. Nanogel formation by Diels-Alder
reaction in non-selective solvent
To obtain nanogels with suitable size for drug delivery, we systematically investigated the effect of the
molecular weight and concentration of the polymer
and crosslinker on the nanogel formation by the mean
of GPC, as shown in Figure 5 [36]. The GPC analysis
of nanogels from copolymers with different molecular weights of PEG-b-PSM1f, PEG-b-PSM2f, and
PEG-b-PSM3f (Table 1) showed a new peak at the
lower retention time, indicating the formation of crosslinked nanogels (Figure 5a). Moreover, the gelation

Table 1. Characteristics of the PEG-b-PSM block copolymers prepared by RAFT polymerization.
Entry

Polymer

Feeding ratioa
[S]/[MA]/[RAFT]

Conversionb
[%]

Mn, Theo
[g·mol–1]

Mn, NMR
[g·mol–1]

PDI
[GPC]

–

–

5 350

–

1.06

1

PEG-RAFT

2

PEG-b-PSM1

50:50:1

92.7

14 600

14 200

1.21

3

PEG-b-PSM2

100:100:1

95.7

24 700

24 500

1.29

4

PEG-b-PSM3

150:150:1

98.0

35 000

34 800

1.39

a

Polymerization was carried out at 60 °C for 16 h. Molar ratio [PEG-RAFT]: [AIBN] = 2:1.
Conversion was determined gravimetrically.

b
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Figure 3. 1H NMR spectra of (a) PEG-RAFT macro-initiator, (b) PEG-b-PSM, and (c) PEG-b-PSMf.

polymer concentrations of 120, 30, and 60 mg/mL,
as shown in Figure 5b, 5c, and 5e, respectively. As
seen in GPC traces, higher concentrations resulted
in faster rates of gelation. However, the star-star coupling reaction of nanogels at high concentration
(120 mg/mL) led to the formation of macrogels which
are undesirable (Figure 5b). On the other hand, the
GPC graphs of nanogels at 30 and 60 mg/mL (Figure 5c and 5e) were relatively narrow but the gelation rate was slow. The rate of nanogel formation was
also examined at three different amounts of the bismaleimide crosslinker. Similarly, the gelation rate
became faster as the crosslinker concentration increased (Figure 5d, 5e, and 5f). It can be considered
that the number of residual arms and star-star coupling could be significantly reduced at the molar
ratio of 1:1 of furan/maleimide compared to that of
1:0.5 and 1:2. Therefore, the nanogel samples prepared from the molar ratio of 1:1 were used to analyze the size distribution and morphology by TEM
and DLS. The average size of crosslinked nanogels
was smaller than 100 nm in drying regime (Figure 6a) and around 100 nm in swelling state (Figure 6b), which could be suitable for anticancer drug
delivery [37, 38].

Figure 4. FT-IR spectra of (a) PEG-RAFT macro initiator,
(b) PEG-b-PSM, and (c) PEG-b-PSMf.

time became shorter as the molecular weight of PEGb-PSMf decreased. The formation of gels was observed by the crosslinking reaction of PEG-b-PSM1f
after only 2 h and it turned into solid state after
30 min more. In contrast to PEG-b-PSM1f, the
cross-linking reaction of PEG-b-PSM2f and PEG-bPSM3f remained viscous liquid after 24 h. Therefore, PEG-b-PSM1f block was chosen for further investigation.
At the molar ratio of 1:1 of furan/maleimide, the
cross-linking reaction was performed at three different
692
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Figure 5. GPC traces of the nanogel formation in DMF at different molecular weights and concentrations of block copolymers, and molar ratios of furan groups to maleimide groups (Furan:maleimide). The progress of nanogel formation
at a) different molecular weight, [polymer] = 120 mg/mL, molar ratio of furan:maleimide = 1:1; b) [PEG-bPSM1f] = 120 mg/mL, molar ratio of furan:maleimide = 1:1; c) [PEG-b-PSM1f] = 30 mg/mL, molar ratio of
furan:maleimide = 1:1; d) [PEG-b-PSM1f] = 60 mg/mL, molar ratio of furan:maleimide = 1:0.5; e) [PEG-bPSM1f] = 60 mg/mL, molar ratio of furan:maleimide = 1:1; f) [PEG-b-PSM1f] = 60 mg/mL, molar ratio of
furan:maleimide = 1:2.

Figure 6. The TEM image and DLS result of cross-linked nanogels: a) TEM image and their size distribution (inset), b) size
distribution measured by DLS .

The selected nanogels formed at the condition of
120 mg/mL, furan:maleimide molar ratio = 1:1 and
1.5 h was isolated by dilution with THF and precipitated in diethyl ether. After drying at 40°C under vacuum, the degree of crosslinking was determined by
using elemental analysis to observe the sulfur content
originated from the crosslinker [14]. The result is
summarized in Table 2. Assuming that 100% of

Table 2. Elemental composition of nanogels.
N
[%]

C
[%]

H
[%]

S
[%]

Theoretical calculation

4.83

59.20

6.23

5.90

Measurement

5.14

58.76

5.94

5.49

crosslinker is incorporated in the nanogels, the degree of crosslinking was evaluated to be 93% by
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comparing the sulfur content from theoretical calculation and experimental measurement. The result
demonstrates the high efficiency of DA reaction in
forming crosslinked nanogels.
Nanogel degradation
Nanogels (5.0 mg) were dispersed in PBS buffer
(10 mL, pH 7.4) in the presence of 10 mM DTT or
GSH as a reducing agent in order to investigate whether
nanogels degrade under the reducing condition. The
mixture was incubated at 37 °C for 24 h. The solvent
was exchanged to DMAc, filtered through 0.45 µm
and analyzed by GPC system [39]. In Figure 7, GPC
traces show a clear shift to higher retention times of
nanogels after incubation. This is attributed to the
cleavage of disulfide-based crosslinking in nanogels
under reducing circumstance, which led to the degradation of the nanogel network into lower molecular
weight polymer chains. This result indicates that the
disulfide linkage in nanogels could be effectively
cleaved in the presence of a reducing agent.
In order to investigate the pH and redox-responsive
ability, the particle size change of nanogels at different pH values and in the presence of glutathione
were studied. As shown in Figure 8, the average size
of nanogels in distilled water is 105 nm. The nanogels
underwent slightly swelling to 108 nm when the pH
was adjusted to pH 7.4. In contrast, the nanogel size
decreases slightly to 100 nm when the pH was brought
down to pH 5.0. This phenomenon could be attributed
to the pH sensitivity of the nanogels, which is mainly
related to the protonation and deprotonation of carboxylic groups in the nanogels. Following the addition of GSH 10 mM at pH 5, the diameter of nanogels
expanded to 215 nm due to the cleavage of disulfide
crosslinking bonds. These results coincide with the

Figure 8. pH and GSH-induced size change of nanogels.

stability of nanogels from GPC results, demonstrating the successful fabrication of pH and redox responsive nanogels [40]
Drug loading and in vitro drug release
In this study, drug loading was examined at various
drug feeding ratios. As shown in Table 3, the nanogels
displayed a high drug loading capacity and achieved
38.1% level of DLC. The high loading of DOX into
nanogels can be largely attributed to two factors: the
ionic interaction between carboxylate groups in the
polymer and amine groups in DOX [41, 42]; the hydrophobic interaction between phenyl rings in both
polymer and DOX [43]. The cooperativity of the
ionic and hydrophobic interactions could significantly enhance the drug loading capacity. In comparison
with core crosslinked micelles without carboxylic
and phenyl groups from previous report [28], the
DLC was considerably enhanced. However, DLE was
Table 3. DLC and DLE at different drug feed ratios.

Figure 7. GPC traces showing nanogels degradation.
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DOX-nanogel

Drug feeding
[wt%]

DLC
[wt%]

DLE
[wt%]

1

18.2

14.5

76.3

2

25.0

19.7

73.7

3

40.0

31.2

67.9

4

50.0

38.1

61.7
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addition of 10 mM GSH in both pH 5.0 and pH 7.4
greatly enhanced the rate of DOX release (Figure 9
curve c and d), demonstrating that the nanogels exhibited the redox-responsive characteristic. Interestingly, the response of nanogels to GSH was more significant than acidic pH. This phenomenon may be
explained by the fact that GSH is not only act as a
reducing agent but also play a role in displacing the
ionic bond between carboxylate groups of the nanogels and the amino groups of DOX, thus enhancing
the rate of DOX release [46]. Accordingly, the highest drug release of 62% at 72 h was obtained when
the dual stimuli pH-redox responsive condition was
applied (Figure 9 curve d).

decreased when drug feeding ratios were increased.
By evaluating the balance between DLE and DLC,
the nanogels with 18.2% of drug feeding were used
for testing the in vitro drug release.
The pH and redox responsive behaviors of nanogels
were studied by the in vitro drug release with pH 5.0
of acetate buffer (representing the intracellular pH
of cancer cells) and pH 7.4 of PBS solution (representing the pH of physiological environment) in the
presence or absence of a reducing agent. The drug
release profile was studied using a dialysis method
and shown in Figure 8. In the absence of GSH, DOX
cumulative release from nanogels was about 11.2%
at pH 7.4 after 72 h (Figure 9 curve a). The nanogels
present a low premature drug release at physiological pH condition due to the stability of the crosslinked structure. As compared to pH 7.4, DOX was
released at a higher rate at pH 5.0 (Figure 9 curve b).
This observation could be explained from the fact
that the increase in solubility of DOX at low pH results in the faster diffusion of DOX and the protonation of the carboxylate groups at low pH increases
hydrophobic effects [44, 45]. Consequently, DOX released from nanogels at pH 5.0 was about 24.4%
after 72 h, which was more than double the DOX release at pH 7.4. These results demonstrated pH-sensitive drug release of the nanogels.
Moreover, DOX release was found to be significantly enhanced in the presence of the reducing agent,
GSH. In this experiment, GSH was used as a reducing
agent because it is spontaneously produced at high
concentration in cancer cells. Hence, the use of GSH
could reflect more accurate drug release profile as
compare with DTT [46, 47]. A concentration of
10 mM GSH was chosen to simulate the cytoplasmic
concentration of GSH in cancer cells [48, 49]. The

4. Conclusions
In summary, novel pH and redox-responsive nanogels based on the block copolymer of PEG-b-PSMf
were prepared via RAFT polymerization and DA click
reaction. Block copolymers and the formation of
nanogels were characterized by 1H NMR, FT-IR, and
GPC analysis. The nanogels were finely tuned to obtain a suitable size (~100 nm) which could have potential application in drug delivery system. The obtained nanogels showed high drug loading with
14.5% of DLC and 76.3% of DLE possibly thanks
to the interaction between DOX and PSMf cores of
the nanogels. Moreover, the DOX loaded nanogels
possessed dual pH-redox triggered behavior with
high drug release rate (62%) at tumor intracellular
environment (pH 5.0 and 10 mM GSH) whereas they
maintained low release rate (11.2%) at physiological
condition after 72 h.
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