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Designing stimuli responsive, controllable and biocompatible multifunctional
nanoparticles is an important progress in the current quest for drug delivery systems.
Herein, we devoted to developing a β-cyclodextrin (β-CD) based drug delivery
nanoparticles (NPs) that release Bovine serum albumin (BSA) via glucose-responsive
gate. The design involves synthesis of sodium alginate with β-CD modified (Alg-β-CD)
and methoxypolyethylene glycol (mPEG-Fc) containing ferrocene (Fc) uncharged
end-capping. When α-cyclodextrin (α-CD) was added with these two segments, the
stable non-covalent supramolecular structure of Alg-β-CD/mPEG-Fc/α-CD can be self-
assembled into NPs in aqueous solution. BSA loaded Alg-β-CD/mPEG-Fc/α-CD also
has been prepared. Interestingly, these supramolecular Alg-β-CD/mPEG-Fc/α-CD/BSA
NPs showed uniform sphere structure and constant BSA loading content. Also,
this new kind of NPs can disassemble in the present of hydrogen peroxide (H2O2).
Since glucose oxidase (GOD) can oxidize glucose and produce H2O2, so this kind
of polymeric NPs can also have glucose responsive behavior in the GOD containing
environment. Developed functional Alg-β-CD/mPEG-Fc/α-CD might be a promising
drug delivery strategy for diabetes or immunotherapy with more efficiency.

Keywords: responsive, cyclodextrin, self-assemble, nanoparticle, BSA

INTRODUCTION

For the past decades, stimuli responsive nanoparticles (NPs) based delivery technique have
emerged as a promising strategy for controllable drug delivery, especially for protein delivery due
to ingenious design (Tao et al., 2013; Wu et al., 2014; Kuang et al., 2016; Ding et al., 2017; Kang
et al., 2017b). As smart vehicles, these ideal NPs can undergo reversible physical or chemical
changes to control drug release in response to external stimuli such as pH, light, temperature,
redox and molecules (Kang et al., 2015; Tao et al., 2016, 2017a,b; Rosenblum et al., 2018; Zhu
et al., 2018). For cancer therapy, diverse intracellular and extracellular endogenous stimuli within
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FIGURE 1 | Schematic illustration of the formation of Alg-β-CD/mPEG-Fc/α-CD nanoparticles and their enzyme encapsulation and controlled release behavior.

FIGURE 2 | 1HNMR spectrum of sodium alginate with β-CD (Alg-β-CD) in D2O. a–f mean the different H of the molecule structure.

tumor microenvironment, such as low pH value, hypoxia,
enzymes and reactive oxygen species (ROS) have been widely
investigated in stimuli responsive NPs and explored as the

stimuli to selectively trigger drug control release or transfer
prodrug systems into active form (Chen et al., 2015; Ruan
et al., 2015, 2016; Liao et al., 2016; Wang et al., 2017b).
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FIGURE 3 | 1H NMR spectrum of mPEG-Fc in CDCl3. a-f mean the different H of the molecule structure.

As an important hallmark, it should be noticed that various
studies have demonstrated that hydrogen peroxide (H2O2)
could be used as a second messenger in intracellular signaling
cascades and would be generated in multiple skin lesions,
initiating aging cells and the tumoral tissue (Miao et al.,
2015). In this regard, H2O2-responsive NPs would be a
promising therapeutic strategy for the treatment of specific
disease.

At present, block copolymer approaches for H2O2-responsive
NPs has been widely used and rapidly developed. For instance,
a tyrosol incorporated copolyoxalate (TPOX) NPs have been
developed by Kim et al. (2017), which demonstrated that TPOX
NPs released entrapped nile red through the degradation under
H2O2 stimulation and could be used as H2O2-responsive
therapeutic NPs for the treatment and inflammatory. Recently,
Gu group have designed a glucose-responsive mechanism directly
utilizing H2O2-sensitive polymeric vesicles by using polyethylene
glycol (PEG) and phenylboronic ester (PBE)-conjugated
polyserine for smart insulin delivery (Hu et al., 2017). Apart
from stimuli-responsive polymeric NPs via cleavable covalent
bonds to control their properties, supramolecular based NPs via
non-covalent bonds have also been widely studied due to that

functional ligands and environmental responsive bonds can be
conveniently incorporated through host-guest interaction, π–π

interaction, hydrogen bonding interaction and so on (Wang
et al., 2015, 2017a). Cyclodextrin (CD), as a most common
case of supermolecules, which has been demonstrated that
can bind some specific hydrophobic guest molecules into its
cavities to construct stable host-guest complex (Yuan et al.,
2013). CDs are also considered as a good choice for drug
delivery strategy due to their adjustable water solubility,
good biocompatibility, and non-toxicity toward biological
systems (Kang et al., 2014). In the previous studies, various
stimuli-responsive CDs NPs based on host-guest interactions
between CDs and different guest molecules [such as azobenzene,
ferrocene (Fc), and adamantine] have been widely developed.
For instance, Guo and Lei (2015) have developed a kind of
redox-responsive cationic supramolecular polymers based
on the host-guest interaction between β-CD and Fc, which
indicated the potential application for gene nanocarrier. To
conduct the redox-stimuli in an effect way, Kang et al. (2017a)
have designed a kind of dual redox-responsive micelles which
fabricated by methoxypolyethylene glycol conjugated β-CD
(mPEG-β-CD) and Fc conjugated camptothecin (Fc-SS-CPT)
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FIGURE 4 | 2D-NOESY-NMR spectrum of mixture of Alg-β-CD and PEG-Fc inclusion complex in D2O. a-f mean the different H of the molecule structure.

segments for achieving dual ROS and glutathione responsive. It
is reasonable to design H2O2-sensitive NPs based on CD, which
can load and controllable releasing drugs for treatment of specific
disease.

In this paper, a novel oxidation responsive rod-coil polymeric
NPs have been prepared using water as the self-assemble solvent
(Figure 1) Firstly, sodium alginate with β-CD end-decoration
(Alg-β-CD) and mPEG conjugated with Fc (mPEG-Fc) were
designed and synthesized, and then the self-assembly behavior
of them in water was studied in detail. This supramolecular
copolymer grows up to form comb shaped polymer in aqueous
solution by the terminal host-guest inclusion. When adding
certain amount of α-CD to this solution, the PEG will form
inclusion complex with α-CD to form the rod section while
sodium alginate form the coil section. This kind of structure
will self-assemble into rod-coil NPs in water and load Bovine
serum albumin (BSA). This new kind of NPs can disassemble
in the present of H2O2. Since glucose oxidase (GOD) can
oxidize glucose and produce H2O2, so this kind of polymeric
nanosphere can also have glucose responsive behavior in
the GOD containing environment. This will make it very
promising to use in biomedical application field in body
environment.

MATERIALS AND METHODS

Materials and Reagents
β-cyclodextrin (β-CD), α-Cyclodextrin (α-CD) was purchased
from Sigma and dried in a vacuum before use. Sodium
alginate (Alg) was purchased from Tianjin Yuanhang
Chemicals Co., Ltd., China. Methoxypolyethylene glycol
(mPEG, Mw = 2000) was purchased from Shanghai
Jingchunshiye Co., Ltd., China. Glucose oxidase was
purchased from Aspergillus Niger (GOD, lyophilized
powder protein, Mw = 186 000, catalase <4%). BSA
was purchased from Aoke Biological Co., Ltd., China.
Carboxyferrocene (Fc-COOH), morpholinoethanesulfonic acid
(MES), dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)
pyridine (DMAP), N-hydroxysuccinimide (NHS), 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDCI),
and other reagents were purchased from Chengdu Kelong Co.,
Ltd., China.

Synthesis of Alg-β-CD and mPEG-Fc
Sodium alginate with β-CD was synthesized in two
steps with slight modification. Firstly, the mono-
6-(p-tolylsulfonyl)-β-cyclodextrin (6-β-CD-OTs) and
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FIGURE 5 | (a) Transmission electron microscopy (TEM) micrograph of Alg-β-CD/PEG-Fc/α-CD NPs; (b) Atomic force microscopy (AFM) macrograph of
Alg-β-CD/PEG-Fc/α-CD NPs; (c) TEM micrograph of Alg-β-CD/PEG-Fc/α-CD NPs entrapped Bovine serum albumin (BSA); (d) AFM macrograph of
Alg-β-CD/PEG-Fc/α-CD NPs entrapped BSA.

mono-6-deoxy-6-hexamethylenediamine-β-CD (6-β-CD-
HDA) were synthesized according to the method reported in
the previous study (Quan et al., 2010). Briefly, β-CD was grafted
onto the sodium alginate backbone via amido link condensation
reaction. 1% sodium alginate solution (w/v) was prepared in
MES buffer solution (0.1 M) and NaCl (0.5 M), and the pH
was adjusted to 6.0. After 29 mg NHS and 95 mg EDC (molar
ration of EDC: NHS: COO- = 1: 0.5: 1) were added to 40 mL
above alginate solution, the solution was then agitated for 30 min
to obtain a homogeneous solution followed by the addition of
10 mL 3.08 % 6-β-CD-HDA MES solution (w/v). The reaction
was then continuing at 4◦C for 24 h. Alg-β-CD was obtained
after the resulting mixture dialyzed against pure water and then
freeze dried. The degree of β-CD substitution (DS) to alginate
was calculated according to the followed equation:

I1
I2 − 6I1 − 2

7 I2
=

7
4

DS

where I1 is the digital integration of anomeric protons of β-CD,
I2 is the total digital integration of 3.4–4.2 ppm. The final degree
of substitution (DS) of Alg-β-CD was 25.6 % by this calculated
method. 1HNMR (400 MHz, D2O) were shown in Figure 2.

mPEG-Fc was synthesized with one pot method. DMAP
(0.183 g) and DCC (1.12 g) were added successively to a
solution of mPEG (3.0 g) and carboxyferrocene (0.69 g) in dry
chloroform (CHCl3, 100 mL) for 24 h at room temperature.
After removing dicyclohexylurea (DCU) by filtration, the filtrate

was concentrated in a vaccum and purified by dissolving in
deionized water and extracting with diethyl ether four times.
Subsequently, the product was further purified by using gel
column with methanol and water as the solvent to remove the
unreacted carboxyferrocene and catalyst residue. Finally, the dark
red product was concentrated in a vaccum and dried in the
vacuum oven for 2 days. The final DS of PEG-Fc used was 95.4%
which was calculated though the integral ratio between Hd and
Hf. 1HNMR (400 MHz, CDCl3) were shown in Figure 3.

Preparation of Alg-β-CD/mPEG-Fc/α-CD
and Alg-β-CD/PEG-Fc/α-CD/BSA NPs
PEG-Fc (6.6 mg) and Alg-β-CD (8.4 mg) were added to 3 mL
deionized water and kept stirring for 5 h to get a transparent
solution. Then α-CD (0.2 g) was added to the above solution
and continued to stir over night. For BSA loading, 1.5 mg
BSA was added with stirring for 10 min before the addition of
α-CD. The solution changes from transparent to turbid gradually
indicating the formation of the Alg-β-CD/PEG-Fc/α-CD and
Alg-β-CD/PEG-Fc/α-CD/BSA NPs.

Characterization of the
Alg-β-CD/mPEG-Fc/α-CD and
Alg-β-CD/mPEG-Fc/α-CD/BSA NPs
The product was characterized by 1H–1H (2D) NOESY NMR
spectroscopy which recorded on an Advance Bruker 600 NMR
spectrometer. The transmission electron microscopy (TEM)
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images were taken by using a JEOL JEM-100CX instrument
operating at an accelerating voltage of 80 kV. Each sample were
prepared and imaged by Atomic force microscopy (AFM) in
tapping mode with a Nanoscope IIIa Digital Instrument. X-ray
powder diffraction (XRD) patterns of the samples were recorded
by using Cu-Kα irradiation source with X’ Pert MPD (20 kV;
35 mA; 2◦theta/min) to determine the crystalline structures.

Self-Assembly NPs Encapsulation and
Leakage of BSA
Self-assembly NPs encapsulated BSA were prepared and then
their encapsulation efficiency was determined as follows. The
BSA loaded NPs (0.5 mg BSA, 0.5%) was centrifuged for 20 min
at 12,000 rpm to completely separate the free and encapsulated
BSA and the supernatant was analyzed by determined by
UV spectrophotometry. The BSA encapsulation efficiency was

FIGURE 6 | X-ray diffraction patterns of (a) α-CD, (b) PEG/α-CD inclusion
complex, (c) Alg-β-CD/PEG-Fc/α-CD particles, (d) Alg-β-CD/PEG-Fc.

FIGURE 7 | UV-vis spectra of the PEG-Fc in 12 mL 0.1 M glucose before and
after 10 mg glucose oxidase (GOD) was added after 12 h.

FIGURE 8 | Bovine serum albumin release from Alg-β-CD/PEG-Fc/α-CD/BSA
and Alg-PEG/α-CD/BSA nanoparticles at 37◦C in 12 mL 0.1 M glucose and
10 mg GOD containing solution.

calculated as follows (1):

Bovine serum albumin encapsulation efficiency (%) =

mass of BSA used in formulation − mass of free BSA
mass of BSA used in formulation

× 100

Then the NPs were continuing stored in aqueous solution
for 48 h to evaluate leakage of BSA. The mixture was
again separated by centrifugation and the supernatant was
analyzed for determination of BSA leakage efficiency as above
method (2):

Bovine serum albumin leakage efficiency (%) =

mass of BSA in the supernatant
mass of BSA encapsulated

× 100

In Vitro Release Studies
The Alg-β-CD/PEG-Fc/α-CD self-assembly NPs encapsulated
BSA was prepared and centrifuged for in vitro BSA release
study (12,000 rpm, 20 min). The lower sediment was added
12 mL 0.1 M glucose solution and 10 mg GOD and kept
stirring for 10 min. The solution was placed in a constant
temperature incubator and kept the temperature at 37◦C during
the whole release process. 2 mL solution had been taken out and
centrifugation at 12,000 rpm for 20 min every 6 h. The amount
of BSA released in the supernate was collected and determined
by UV spectrometry at specified time. The BSA release was
quantified when the standard curve was plotted using a standard
BSA solution.

In Vitro Cell Studies
Methyl tetrazolium (MTT) assay was carried out on murine
colon carcinoma cells (CT26) as the cell line for biocompatibility
evaluation of the self-assembly NPs. 5× 103 cells were culture for
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24 h to attach in 96-well plates. Then the cells were treated with
fresh medium containing 1 mg/mL Alg-β-CD/mPEG-Fc/α-CD
NPs and Alg-β-CD/mPEG-Fc/α-CD/BSA NPs. The cell viability
was measured after incubation for desired time duration (48 h).
The cells without treatment were used as the control. Each group
was repeated in triplicate.

Further, confocal laser scanning microscopy (CLSM) was
used for monitoring the in vitro endocytosis. Briefly, self-
assembly NPs encapsulated Dil were prepared and incubated with
CT26 cells at 37◦C for 4 h. After incubation, all samples were
stained with LysoTracker Green (Life Technologies, Carlsbad,
CA, United States) and 10 µg/mL of Hoechst 33342 (Life
Technologies, Carlsbad, CA, United States).

Statistical Analysis
All the results obtained in this study were expressed as
mean± standard deviation unless otherwise noted. Comparisons
between two groups were made using two-tailed student’s t-test
and between multiple groups were made using one-way analysis
of variance (ANOVA). Statistical analyses were performed
using SPSS 21.0 and considered statistically significance when
∗p < 0.05.

RESULTS AND DISCUSSION

According to the previous, it has demonstrated that inclusion
complexes would form when β-CD interact with Fc group
(Tomatsu et al., 2010). Further, the formation of complexation
between the Fc groups on mPEG-Fc and β-CD groups on Alg-
β-CD could be observed by using 2D NMR NOESY spectra. As
shown in Figure 4, the peaks of β-CD group were in accordance
with the resonance of the Fc groups could be found in the 2D
NOESY spectrum of Alg-β-CD/PEG-Fc, which indicating that

the Fc groups threaded through the cavity of β-CD to form an
inclusion complex.

The resulting Alg-β-CD/PEG-Fc was hydrophilic copolymers,
which could form transparency solution in water. By adding
α-CD to the aqueous solution of Alg-β-CD/PEG-Fc at room
temperature, the solution gradually became turbid gradually
when the aggregates were formed. The morphology of these
aggregates has been observed by TEM and atomic force
microscope (AFM). TEM micrographs of Figure 5a revealed
that the Alg-β-CD/PEG-Fc/α-CD aggregates appeared round
line shapes and their diameters were about 100 nm. In the
AFM micrographs of Figure 5c, Alg-β-CD/PEG-Fc/α-CD self-
assembly NPs also showed rounded line shapes with a horizontal
length about 100 nm. Particularly, it is noted that most height
of the aggregates (<5 nm) was about 20 times smaller than
horizontal length. The main reason for such size differences
between horizontal and vertical direction might be the collapsing
of this NPs. Further, the height of NPs increased about threefold
when BSA was encapsulated, which demonstrated that the BSA
has been successfully encapsulated into the Alg-β-CD/PEG-
Fc/α-CD NPs (Figures 5b,d).

The XRD patterns of the α-CD (Figure 6a), PEG/α-CD
inclusion complex (Figure 6b), Alg-β-CD/PEG-Fc/α-CD
(Figure 6c), and Alg-β-CD/PEG-Fc (Figure 6d) has been shown
in Figure 6. As an important index to evaluate the inclusion
structures formation of CD based complex. The pattern of
Alg-β-CD/PEG-Fc/α-CD showed in the figure was differs from
that of free Alg-β-CD/PEG-Fc or α-CD. It was also found that
the homo-PEG crystalline peaks (2 theta = 19.2◦ and 23.3◦) and
α-CD crystalline peak (2 theta = 21.5◦) were absent. According
to the previous study, the peak at 2 theta = 19.9◦ is a typical
peak of PEG-α-CD channel-type crystallites that demonstrated
the inclusion structures of Alg-β-CD/PEG-Fc/α-CD contained
PEG-α-CD (Lautens et al., 1990). Meanwhile, the NPs would

FIGURE 9 | (A) The in vitro cytotoxicity of Alg-β-CD/PEG-Fc/α-CD NPs with and without BSA; (B) The cellular uptake of Alg-β-CD/PEG-Fc/α-CD NPs.
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form an inner rod-like PEG-α-CD inclusion block surrounded
by a protonated coil-like Alg shell when insoluble PEG-α-CD
inclusion blocks formed and water became a selective solvent
for the Alg-β-CD/PEG-Fc/α-CD. This rod-like block in rod-
coil system preferred parallel packing which may result in the
formation of hollow NPs promoted by efficient space-filling has
been investigated (Jenekhe and Chen, 1999).

As mentioned in the literature and our previous study, the
Alg-β-CD/PEG-Fc/α-CD self-assemble NPs were connected by
the Fc-β-CD inclusions. These NPs could release BSA through
their collapse after the dissociation of Fc-β-CD. To achieve this
goal, the oxidization Fc to Fc+ is an efficacy way while β-CD
could not form complex with Fc derivatives in their oxidized
state (Matsue et al., 1985). To get a clear vision, hydrogen
peroxide (H2O2) was chosen as the oxidant in this study. After the
addition of H2O2 (1 mL, 30%, H2O2 solution) to Alg-β-CD/PEG-
Fc/α-CD hollow NPs (10 mL, 1%), the system became unstable
and produced polyrotaxane precipitate in 5 min. The possible
mechanism of this phenomenon can be seen in Figure 7. The
addition of H2O2 dissociated Fc-β-CD inclusion complex and
leaving the rod-like hydrophobic PEG-Fc/α-CD part precipitated
out of water.

Nowadays, one of the most widely used applications of the
stimuli-responsive NPs is in the on demand drug-release field
(Tao et al., 2015). It requires the micelle system release the
aim drugs gradually to achieve the long-term drug action. Since
H2O2 could be produce in a rather sustained way through
oxidization of glucose by glucose oxidase (GOD) so that can
oxidize Fc to its oxidation state gradually. Figure 7 shows the
UV-vis spectra of the PEG-Fc in 0.1 M glucose before and
after 10 mg GOD was added. After adding GOD for 12 h, the
absorption peak around 450 nm due to Fc groups d–d transition
peak (in reduced form) almost disappeared indicating that the
Fc groups in the PEG-Fc could be oxidized to ferrocenium as
anticipated (Yamamoto et al., 2000). Tan et al. (2012) have been
developed the glucose sensitive hydrogel using the GOD and
glucose interaction to produce hydrogen peroxide to disintegrate
the ICs of Fc and β-CD. Therefore, it is possible to get glucose
sensitive Alg-β-CD/PEG-Fc/α-CD micelles by adding GOD to
the Alg-β-CD/PEG-Fc/α-CD system.

Otherwise, serum albumins, as a major soluble protein,
have got much attention and been widely used due to their
physiological functions. It has been applied in the nanomedicine
field because of they serve as a depot protein and as a transport
protein for a variety of compounds. BSA has been one of
the most extensively member used as a protein drug model,
particularly because of its structural homology with human
serum albumin (Papadopoulou et al., 2005). The incorporation
of BSA into Alg-β-CD/PEG-Fc/α-CD particles had been studied.
The encapsulation efficiency and leakage efficiency was 71.4 and
6.6%, respectively. The in vitro release profile of BSA from Alg-
β-CD/PEG-Fc/α-CD/BSA and Alg-PEG/α-CD/BSA particles was
presented in Figure 8. In Alg-β-CD/PEG-Fc/α-CD/BSA particles
group, the BSA appeared to be released in a continuous way.
After 48 h, about 80% of BSA had been released. While as a
counterpart, the Alg-PEG/α-CD/BSA group (BSA encapsulation
efficiency was 66.7%), under the same condition, there was

less than 20% of BSA had been released which is much less
than the Alg-β-CD/PEG-Fc/α-CD/BSA group. This result further
confirmed that in glucose and GOD containing environment
the Alg-β-CD/PEG-Fc/α-CD/BSA particle achieved BSA delayed
release behavior through the β-CD-Fc inclusion complex as redox
trigger.

The biocompatibility of NPs is of critical importance to their
eventual success (Tao et al., 2014). As shown in Figure 9A, the
results demonstrate the non-toxic of Alg-β-CD/PEG-Fc/α-CD
and Alg-β-CD/PEG-Fc/α-CD/BSA NPs, which could be used
as the biocompatible drug delivery system. The performance
of NPs cellular internalization through the observation of NPs
encapsulated Dil interaction with labeling CT26 cells (Figure 9B).
The results indicated that large numbers of Alg-β-CD/PEG-
Fc/α-CD NPs entered the cells after 4 h and some of them began
to enter into cell nucleus.

CONCLUSION

In summary, Alg-β-CD/PEG-Fc/α-CD rod-coil hollow NPs have
been prepared through the supramolecular self-assemble. The
rod-part PEG-α-CD and the coil-part Alg were connected
through β-CD-Fc inclusion complex. The BSA enzyme was
successfully encapsulated in Alg-β-CD/PEG-Fc/α-CD hollow
sphere in aqueous solution. These Alg-β-CD/PEG-Fc/α-CD
hollow NPs showed good H2O2 sensitivity. Further study showed
that this nanoparticle encapsuled BSA can achieve BSA delayed
drug-release behavior in the glucose containing environment
at the existence of GOD. Therefore, this study exhibits that
using the host-guest interactions would be a general, useful and
effective way for fabricating stimuli-responsive drug delivery
NPs. Furthermore, the glucose mediated H2O2 sensitive behavior
of the Alg-β-CD/PEG-Fc/α-CD NPs may benefit its application
in more and more fields such as enzyme immobilization, drug
delivery and micro-reactors.

AUTHOR CONTRIBUTIONS

ZG designed experiments, supervised the experiments, and
revised and finalized the manuscript. ZD and YK performed the
experiments, analyzed the data, and prepared the figures and the
manuscript. QY performed the cell culture. ML contributed to
the results discussion and paper writing. All authors reviewed and
approved the final paper.

FUNDING

This study was supported by the funding and generous
support of the National Natural Science Foundation of China
(21704104), West Light Foundation of the Chinese Academy
of Sciences (2016XBZG_XBQNXZ_B_003). Meanwhile, we also
want to sincerely acknowledge the funding from the Guangdong
Province Key Laboratory of Malignant Tumor Epigenetics and
Gene Regulation (2017B030314026).

Frontiers in Pharmacology | www.frontiersin.org 8 May 2018 | Volume 9 | Article 552

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00552 May 24, 2018 Time: 15:49 # 9

Dong et al. Cyclodextrin-Based H2O2-Responsive Nanoparticles

REFERENCES
Chen, J., Cun, X., Ruan, S., Wang, Y., Zhang, Y., He, Q., et al. (2015). Glioma cell-

targeting doxorubicin delivery and redox-responsive release using angiopep-2
decorated carbonaceous nanodots. RSC Adv. 5, 57045–57049. doi: 10.1039/
C5RA08245E

Ding, L., Zhu, X., Wang, Y., Shi, B., Ling, X., Chen, H., et al. (2017).
Intracellular fate of nanoparticles with polydopamine surface engineering
and a novel strategy for exocytosis-inhibiting, lysosome impairment-based
cancer therapy. Nano Lett. 17, 6790–6801. doi: 10.1021/acs.nanolett.7b0
3021

Guo, W., and Lei, Z. (2015). Redox-responsive supramolecular
polymer based on β-cyclodextrin and ferrocene-decorated main
chain of PAA. J. Mater. Res. 30, 3201–3210. doi: 10.1557/jmr.20
15.284

Hu, X., Yu, J., Qian, C., Lu, Y., Kahkoska, A. R., Xie, Z., et al. (2017).
H2O2-responsive vesicles integrated with transcutaneous patches for glucose-
mediated insulin delivery. ACS Nano 11, 613–620. doi: 10.1021/acsnano.
6b06892

Jenekhe, S. A., and Chen, X. L. (1999). Self-assembly of ordered microporous
materials from rod-coil block copolymers. Science 283, 372–375. doi: 10.1126/
science.283.5400.372

Kang, Y., Guo, K., Li, B. J., and Zhang, S. (2014). Nanoassemblies driven by
cyclodextrin-based inclusion complexation. Chem. Commun. 50, 11083–11092.
doi: 10.1039/c4cc03131h

Kang, Y., Ju, X., Ding, L. S., Zhang, S., and Li, B. J. (2017a). Reactive oxygen
species and glutathione dual redox-responsive supramolecular assemblies with
controllable release capability. ACS Appl. Mater. Interfaces 9, 4475–4484.
doi: 10.1021/acsami.6b14640

Kang, Y., Ju, X., Wang, L., Ding, L. S., Liu, G. T., Zhang, S., et al. (2017b). pH
and glutathione dual-triggered supramolecular assemblies as synergistic and
controlled drug release carriers. Polym. Chem. 8, 7260–7270. doi: 10.1039/
C7PY01644A

Kang, Y., Ma, Y., Zhang, S., Ding, L. S., and Li, B. J. (2015). Dual-stimuli-responsive
nanoassemblies as tunable releasing carriers. ACS Macro Lett. 4, 543–547.
doi: 10.1021/acsmacrolett.5b00171

Kim, A., Ha, J. H., and Park, S. N. (2017). Selective release system
for antioxidative and anti-inflammatory activities using H2O2-responsive
therapeutic nanoparticles. Biomacromolecules 18, 3197–3206. doi: 10.1021/acs.
biomac.7b00844

Kuang, T. R., Liu, Y. R., Gong, T. T., Peng, X. F., Hu, X. L., and
Yu, Z. Q. (2016). Enzyme-responsive nanoparticles for anticancer drug
delivery. Curr. Nanosci. 12, 38–46. doi: 10.2174/157341371166615062417
0518

Lautens, M., Abdelaziz, A. S., and Schmidt, G. (1990). Synthesis and epoxidation
of cis-enriched polydeltacyclene. Macromolecules 23, 89–132. doi: 10.1021/
ma00212a038

Liao, W., Lai, T., Chen, L., Fu, J., Sreenivasan, S. T., Yu, Z., et al. (2016).
Synthesis and characterization of a walnut peptides–zinc complex and its
antiproliferative activity against human breast carcinoma cells through the
induction of apoptosis. J. Agric. Food Chem. 104, 849–859. doi: 10.1021/acs.jafc.
5b04924

Matsue, T., Evans, D. H., Osa, T., and Kobayashi, N. (1985). Cheminform
abstract: electron-transfer reactions associated with host-guest complexation.
Oxidation of ferrocenecarboxylic acid in the presence of β-cyclodextrin. Chem.
Inform. 16.

Miao, P., Wang, B. D., Yin, J., Chen, X. F., and Tang, Y. G. (2015). Electrochemical
tracking hydrogen peroxide secretion in live cells based on autocatalytic
oxidation reaction of silver nanoparticles. Electrochem. Commun. 53, 37–40.
doi: 10.1016/j.elecom.2015.02.007

Papadopoulou, A., Green, R. J., and Frazier, R. A. (2005). Interaction
of flavonoids with bovine serum albumin: a fluorescence quenching
study. J. Agric. Food Chem. 53, 158–163. doi: 10.1021/jf048
693g

Quan, C. Y., Chen, J. X., Wang, H. Y., Li, C., Chang, C., Zhang, X. Z., et al. (2010).
Core-shell nanosized assemblies mediated by the alpha-beta cyclodextrin
dimer with a tumor-triggered targeting property. ACS Nano 4, 4211–4219.
doi: 10.1021/nn100534q

Rosenblum, D., Joshi, N., Tao, W., Karp, J. M., and Peer, D. (2018).
Progress and challenges towards targeted delivery of cancer
therapeutics. Nat. Commun. 9:1410. doi: 10.1038/s41467-018-
03705-y

Ruan, S., Hu, C., Xian, T., Cun, X., Wei, X., Shi, K., et al. (2016).
Increased gold nanoparticle retention in brain tumors by in situ enzyme-
induced aggregation. ACS Nano 10, 10086–10098. doi: 10.1021/acsnano.
6b05070

Ruan, S., Yuan, M., Zhang, L., Hu, G., Chen, J., Cun, X., et al. (2015).
Tumor microenvironment sensitive doxorubicin delivery and release to glioma
using angiopep-2 decorated gold nanoparticles. Biomaterials 37, 425–435.
doi: 10.1016/j.biomaterials.2014.10.007

Tan, L., Liu, Y., Ha, W., Ding, L. S., Peng, S. L., Zhang, S., et al. (2012). Stimuli-
induced gel-sol transition of multi-sensitive supramolecular β-cyclodextrin
grafted alginate/ferrocene modified pluronic hydrogel. Soft Matter 8,
5746–5749. doi: 10.1039/c2sm25084e

Tao, W., Ji, X., Xu, X., Ariful Islam, M., Li, Z., Chen, S., et al. (2017a). Antimonene
quantum dots: synthesis and application as near-infrared photothermal
agents for effective cancer therapy. Angew. Chem. Int. Ed. 56, 11896–11900.
doi: 10.1002/anie.201703657

Tao, W., Zhu, X., Yu, X., Zeng, X., Xiao, Q., Zhang, X., et al. (2017b).
Black phosphorus nanosheets as a robust delivery platform for
cancer theranostics. Adv. Mater. 29:1603276. doi: 10.1002/adma.20160
3276

Tao, W., Zeng, X., Liu, T., Wang, Z., Xiong, Q., Ouyang, C., et al.
(2013). Docetaxel-loaded nanoparticles based on star-shaped
mannitol-core PLGA-TPGS diblock copolymer for breast cancer
therapy. Acta Biomater. 9, 8910–8920. doi: 10.1016/j.actbio.2013.
06.034

Tao, W., Zeng, X., Wu, J., Zhu, X., Yu, X., Zhang, X., et al. (2016).
Polydopamine-based surface modification of novel nanoparticle-
aptamer bioconjugates for in vivo breast cancer targeting and
enhanced therapeutic effects. Theranostics 6, 470–484. doi: 10.7150/thno.
14184

Tao, W., Zeng, X., Zhang, J., Zhu, H., Chang, D., Zhang, X., et al. (2014).
Synthesis of cholic acid-core poly (ε-caprolactone-ran-lactide)-b-poly (ethylene
glycol) 1000 random copolymer as a chemotherapeutic nanocarrier for
liver cancer treatment. Biomater. Sci. 2, 1262–1274. doi: 10.1039/C4BM0
0134F

Tao, W., Zhang, J., Zeng, X., Liu, D., Liu, G., Zhu, X., et al. (2015). Blended
nanoparticle system based on miscible structurally similar polymers: a
safe, simple, targeted, and surprisingly high efficiency vehicle for cancer
therapy. Adv. Healthc. Mater. 4, 1203–1214. doi: 10.1002/adhm.20140
0751

Tomatsu, I., Hashidzume, A., and Harada, A. (2010). Redox-responsive
hydrogel system using the molecular recognition of < I > -cyclodextrin.
Macromol. Rapid Commun. 27, 238–241. doi: 10.1002/marc.20050
0793

Wang, H., Chen, J., Xu, C., Shi, L., Tayier, M., Zhou, J., et al. (2017a).
Cancer nanomedicines stabilized by π-π stacking between heterodimeric
prodrugs enable exceptionally high drug loading capacity and safer delivery
of drug combinations. Theranostics 7, 3638–3652. doi: 10.7150/thno.
20028

Wang, H., Lu, Z., Wang, L., Guo, T., Wu, J., Wan, J., et al. (2017b). New
generation nanomedicines constructed from self-assembling small molecule
prodrugs alleviate cancer drug toxicity.Cancer Res. 77, 6963–6974. doi: 10.1158/
0008-5472.CAN-17-0984

Wang, H., Xie, H., Wang, J., Wu, J., Ma, X., Li, L., et al. (2015). Self-
assembling prodrugs by precise programming of molecular structures
that contribute distinct stability, pharmacokinetics, and antitumor
efficacy. Adv. Funct. Mater. 25, 4956–4965. doi: 10.1002/adfm.20150
1953

Wu, J., Kamaly, N., Shi, J., Zhao, L., Xiao, Z., Hollett, G., et al. (2014).
Development of multinuclear polymeric nanoparticles as robust protein
nanocarriers. Angew. Chem. 53, 8975–8979. doi: 10.1002/anie.20140
4766

Yamamoto, T., Takashi Morikita, A., Maruyama, T., Kubota, K., and Katada, M.
(2000). Poly(aryleneethynylene) type polymers containing a ferrocene unit in

Frontiers in Pharmacology | www.frontiersin.org 9 May 2018 | Volume 9 | Article 552

https://doi.org/10.1039/C5RA08245E
https://doi.org/10.1039/C5RA08245E
https://doi.org/10.1021/acs.nanolett.7b03021
https://doi.org/10.1021/acs.nanolett.7b03021
https://doi.org/10.1557/jmr.2015.284
https://doi.org/10.1557/jmr.2015.284
https://doi.org/10.1021/acsnano.6b06892
https://doi.org/10.1021/acsnano.6b06892
https://doi.org/10.1126/science.283.5400.372
https://doi.org/10.1126/science.283.5400.372
https://doi.org/10.1039/c4cc03131h
https://doi.org/10.1021/acsami.6b14640
https://doi.org/10.1039/C7PY01644A
https://doi.org/10.1039/C7PY01644A
https://doi.org/10.1021/acsmacrolett.5b00171
https://doi.org/10.1021/acs.biomac.7b00844
https://doi.org/10.1021/acs.biomac.7b00844
https://doi.org/10.2174/1573413711666150624170518
https://doi.org/10.2174/1573413711666150624170518
https://doi.org/10.1021/ma00212a038
https://doi.org/10.1021/ma00212a038
https://doi.org/10.1021/acs.jafc.5b04924
https://doi.org/10.1021/acs.jafc.5b04924
https://doi.org/10.1016/j.elecom.2015.02.007
https://doi.org/10.1021/jf048693g
https://doi.org/10.1021/jf048693g
https://doi.org/10.1021/nn100534q
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1021/acsnano.6b05070
https://doi.org/10.1021/acsnano.6b05070
https://doi.org/10.1016/j.biomaterials.2014.10.007
https://doi.org/10.1039/c2sm25084e
https://doi.org/10.1002/anie.201703657
https://doi.org/10.1002/adma.201603276
https://doi.org/10.1002/adma.201603276
https://doi.org/10.1016/j.actbio.2013.06.034
https://doi.org/10.1016/j.actbio.2013.06.034
https://doi.org/10.7150/thno.14184
https://doi.org/10.7150/thno.14184
https://doi.org/10.1039/C4BM00134F
https://doi.org/10.1039/C4BM00134F
https://doi.org/10.1002/adhm.201400751
https://doi.org/10.1002/adhm.201400751
https://doi.org/10.1002/marc.200500793
https://doi.org/10.1002/marc.200500793
https://doi.org/10.7150/thno.20028
https://doi.org/10.7150/thno.20028
https://doi.org/10.1158/0008-5472.CAN-17-0984
https://doi.org/10.1158/0008-5472.CAN-17-0984
https://doi.org/10.1002/adfm.201501953
https://doi.org/10.1002/adfm.201501953
https://doi.org/10.1002/anie.201404766
https://doi.org/10.1002/anie.201404766
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00552 May 24, 2018 Time: 15:49 # 10

Dong et al. Cyclodextrin-Based H2O2-Responsive Nanoparticles

the π-conjugated main chain. preparation, optical properties, redox behavior,
and mössbauer spectroscopic analysis. Macromolecules 30, 5390–5396.
doi: 10.1021/ma9704368

Yuan, Q. J., Wang, Y. F., Li, J. H., Li, B. J., and Zhang, S. (2013).
pH-Switchable macroscopic assembly through host-guest inclusion.
Macromol. Rapid Commun. 34, 1174–1180. doi: 10.1002/marc.20130
0289

Zhu, X., Ji, X., Kong, N., Chen, Y., Mahmoudi, M., Xu, X., et al. (2018).
Intracellular mechanistic understanding of 2D MoS2 nanosheets for anti-
exocytosis-enhanced synergistic cancer therapy. ACS Nano 12, 2922–2938.
doi: 10.1021/acsnano.8b00516

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Dong, Kang, Yuan, Luo and Gu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org 10 May 2018 | Volume 9 | Article 552

https://doi.org/10.1021/ma9704368
https://doi.org/10.1002/marc.201300289
https://doi.org/10.1002/marc.201300289
https://doi.org/10.1021/acsnano.8b00516
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	H2O2-Responsive Nanoparticle Based on the Supramolecular Self-Assemble of Cyclodextrin
	Introduction
	Materials and Methods
	Materials and Reagents
	Synthesis of Alg-β-CD and mPEG-Fc
	Preparation of Alg-β-CD/mPEG-Fc/α-CD and Alg-β-CD/PEG-Fc/α-CD/BSA NPs
	Characterization of the Alg-β-CD/mPEG-Fc/α-CD and Alg-β-CD/mPEG-Fc/α-CD/BSA NPs
	Self-Assembly NPs Encapsulation and Leakage of BSA
	In Vitro Release Studies
	In Vitro Cell Studies
	Statistical Analysis

	Results and Discussion
	Conclusion
	Author Contributions
	Funding
	References


