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A B S T R A C T   

Though the development of the diverse hypoxia-activated prodrugs (HAPs) has made great progresses in the last 
several decades, current cancer therapy based on HAPs still suffers many obstacles, e.g., poor therapeutic 
outcome owing to hard deep reaching to hypoxic region, and the occurrence of metastasis due to hypoxia. 
Inspired by engineered niches, a novel functional chitosan polymer (CS-FTP) is synthesized for construction of a 
hydrogel-based bio-niche (CS-FTP-gel) in aiming at remodeling tumor hypoxic microenvironment. The CS-FTP 
polymers are crosslinked to form a niche-like hydrogel via enzyme-mediated oxygen-consumable dimerization 
after injected into tumor, in which a HAP (i.e., AQ4N) could be physically encapsulated, resulting in enhanced 
tumor hypoxia to facilitate AQ4N-AQ4 toxic transformation for maximizing efficacy of chemotherapy. 
Furthermore, Pazopanib (PAZ) conjugated onto the CS backbone via ROS-sensitive linker undergoes a stimuli- 
responsive release behavior to promote antiangiogenesis for tumor starvation, eventually contributing to the 
inhibition of lung metastasis and synergistic action with AQ4N-based chemotherapy for an orthotopic 4T1 breast 
tumor model. This study provides a promising strategy for hypoxia-based chemotherapy and demonstrates an 
encouraging clinical potential for multifunctional hydrogel applicable for antitumor treatment.   

1. Introduction 

Tissue hypoxia is a characteristic feature of solid tumors [1,2]. 
Owing to a relative imbalance and unorganized secretion of 
angiogenesis-associated factors in rapidly growing tumors, the conse
quent tumor vasculature is highly abnormal and results in an inadequate 
blood supply, eventually generating distinctive hypoxic regions in tumor 
where oxygen and nutrients are scarce [3,4]. As a hallmark of primary 
malignancies, hypoxia is strongly associated with propagation, 

malignant progression, and resistance to chemo/radio-therapy [5,6]. 
Notably, it is also a negative prognostic and predictive factor for patients 
with poor disease-free survival and local control [7], and it has thus 
become a central role in tumor physiology and cancer treatment. 
However, the very existence of hypoxia also provides a clue for 
tumor-selective diagnosis and therapy [8,9]. Many factors of the 
hypoxia-relevant pathway have been considered as good candidates for 
theranostic targets, such as reductase and hypoxia-inducible transcrip
tion factor 1 (HIF-1) [10,11]. Thus, several theranostic methods are now 
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vigorously being developed, including hypoxia-specific imaging, bio
reductive prodrugs, hypoxia-regulated gene therapy, and HIF-1-targeted 
cancer therapy [12–14]. 

Among all methods, bioreductive prodrugs have been extensively 
explored as one of the most promising hypoxia-responsive anticancer 
therapy, thanks to its tumor-specific toxicity and direct killing effect [15, 
16]. Even in local administration, conventional chemotherapy drugs 
will extravasate out of the tumor tissue through the interstitial fluid and 
enter into systemic circulation, consequently damaging the normal tis
sue. Therefore, bioreductive prodrugs have advantage of selectivity both 
in systemic injection and local administration [17,18]. Thereinto, bio
reductive prodrugs, also known as hypoxia-activated prodrugs (HAPs), 
are non-toxic in normoxic region and can be selectively activated to be 
toxic drugs in a hypoxia-dependent manner. In essence, 
nontoxicity-to-toxicity transition requires reductase-enabled one-elec
tron reduction of a prodrug to a radical, which undergoes further 
reduction to an active drug that mediates cellular toxicity under hypoxia 
[19]. For example, AQ4N, the di-N-oxide of 1,4-bis[{2-(dimethylami
noethyl}-amino]5,8-dihydroxyanthracene-9,10-dione(AQ4), is a pro
drug designed to be excluded from cell nuclei until bioreduced in 
hypoxic cells to AQ4, a DNA intercalator and topoisomerase II poison 
[20]. Thus, AQ4N is a highly selective drug that can be activated and is 
preferentially toxic to hypoxic cells in tumor. Although many clinical 
trials have been performed or are ongoing either as monotherapies or as 
part of combination therapies (e.g., AQ4N in Phase 1 clinical trial and 
TH302 in Phase 3 trial) [21,22], the development of HAPs is experi
encing bottleneck in practice [23]. One major hindrance is the inability 
to reach hypoxic regions that are distant from blood vessel network, 
which results in inadequate exposure to antitumor HAPs and contributes 
to low efficient chemotherapy [24,25]. To overcome this native 
obstacle, strategies aimed at extending hypoxia area/elevating hypoxia 
level have been adopted using photosensitizers, vascular disrupting 
agents, and oxygen-depleting carriers [26–28]. However, aggravated 
hypoxia also can stimulate tumor metabolic reprogramming to promote 
cancer metastasis, which is another hindrance for hypoxia-based cancer 
therapy [29]. Therefore, novel hypoxia-reinforcement approaches, 
simultaneously providing antimetastasis potency are highly needed to 
further optimize HAPs-based therapeutic regimen. However, researches 
on hypoxia-regulatable prodrug delivery system meanwhile, particu
larly those possessing an ability to inhibit metastasis, have rarely been 
reported. 

In the past decade, the nanoengineered immune niches that can 
reprogram the tumor microenvironment (TME) for cancer immuno
therapy have been drawn into the limelight [30]. To some extent, 
nanoengineered immune niches is the nanotechnology-based synthetic 
delivery or depot platforms of immunomodulatory drugs, and is 
designed to change the immunesuppressive TME into 
immune-supportive milieu, leading to remarkably improved immuno
therapeutic efficacy [31–33]. In particular, engineered niches consisting 
of synthetic hydrogels to reconstruct critical aspects of the natural 
extracellular matrix (ECM) have been considered as emerging paradigm 
in the mimicry of three-dimensional (3D) microenvironments and native 
extracellular niche [34,35]. Researchers have endeavored to exploit 
synthetic hydrogels-based niches with variable physico-chemical pa
rameters, including cytokines and mechanical properties, to regulate 
cell behavior [36,37]. Hence, synthetic niches as a highly customizable 
platform might well serve as a 3D hypoxic microenvironment for 
HAPs-based chemotherapy. 

In this work, inspired by engineered niches, a novel functional chi
tosan polymer (CS-FTP) was developed for constructing an injectable 
stimuli-responsive hydrogel-based niche-mimic (CS-FTP-gel). After 
ferulic acid (FA, namely F) and thioketal (TK, namely T) were conju
gated onto chitosan (CS) backbone, we have successfully synthesized a 
new class of oxygen/reactive oxygen species (ROS)-responsive polymer 
(CS-FT) that can further covalently bind with antiangiogenic Pazopanib 
(PAZ, namely P) [38] using TK-containing moiety. The FA molecules 

conjugated onto the obtained CS-FTP can react with oxygen via 
enzyme-mediated chemical reaction [39] and then followed by dimer
ization of FA to achieve oxygen-triggered gelation. When administered 
intratumorally, the mixed solution of CS-FTP and a HAPs, AQ4N [40], 
will be injected together with enzyme (Laccase) to in situ form the 
hydrogel (CS-FTP-gel@AQ4N), enabling physically encapsulation of 
AQ4N and continuously consuming oxygen to induce hypoxia. Due to its 
excellent oxygen-scavenging capability, as illuminated in Fig. 1a, 
CS-FTP-gel @AQ4N could significantly enhance hypoxic microenvi
ronment in tumor and thus result in increased toxic transformation of 
AQ4N to AQ4 for selective chemotherapy. Moreover, the TK bond of 
CS-FTP could be broken when exposed to ROS overexpressed in tumor 
region to execute sustained release of PAZ [41]. Regarding its 
phosphorylation-inhibitory action, PAZ could be acted as an inhibitor of 
the kinases VEGFR-1, -2 and -3, PDGFR-α, and -β, etc. [42] With binding 
to VEGFR/PDGFR family receptors that work in the induction of 
angiogenesis, PAZ can inhibit the tumor angiogenesis and further ach
ieve tumor starvation and antimetastasis. The oxygen-depleting per
formance of the niche-mimic and the therapeutic efficacy of 
hypoxia-base chemotherapy, as well as the effect of CS-FTP-gel on in
hibition of tumor pulmonary metastasis were detailedly evaluated. Such 
a novel platform to optimize HAPs-based chemotherapy through real
izing hypoxia–inducible gelation and simultaneously mitigating tumor 
metastasis provides a new avenue in nanomedicine for precise and 
anti-metastatic tumor therapy, exhibiting promising prospects in clinical 
transformation. 

2. Results and discussion 

2.1. Design of CS-FTP 

The CS-FTP polymers used in this study were synthesized with a 
chemical structure as schematically shown in Fig. 1b and c. According to 
literature report [39], we coupled carboxyl groups of FA to amine 
groups of CS via carbodiimide-mediated reaction. Then we prepared TK 
to serve as a ROS-responsive linker for second functionalization of CS 
and PAZ could further conjugate to carboxyl groups of TK to obtain the 
CS-FTP. 1H nuclear magnetic resonance (NMR) measurement was per
formed to confirm the successful synthesis of TK and the structure of 
CS-FTP (Fig. S1). In details, the peak at ~1.52 ppm is corresponding to 
the –CH3 and peaks around ~2.7 ppm are corresponding to the –CH2 in 
the TK-containing linker. Other peaks are also observed including ~6.4 
ppm, ~6.8 ppm, ~7.1 ppm and ~7.4 ppm corresponding to the –CH in 
FA segment. Moreover, the peaks at ~3.31 ppm, ~3.63 ppm, ~7.6 ppm 
and ~7.8 ppm are assigned to the –CH and –NH in the PAZ segement, 
respectively. The main structure of the chitosan segment can be 
confirmed owing to the presence of the peaks at ~3.4 ppm, ~3.75 ppm 
and ~4.9 ppm. According to the 1H NMR spectra, we determined the 
degrees of substitution of FA and TK (i.e., degree of CS functionality for 
FA and TK) were 19% and 10%, respectively. In addition, since the 
degree of substitution means the number of FA segment grafting onto 
the CS backbone (i.e., degree of substitution), the molar ratio of FA/CS is 
0.19:1. Similarly, the molar ratio of FA/TK is 2:1. The chemical 
composition of CS-FTP was analyzed using Fourier transform infrared 
spectroscopy (FTIR) (Fig. 1d). The bands highlighted in Fig. 1d confirm 
the presence of the FA unit (in berry red shade: at 1520 cm− 1 and 1630 
cm− 1 are ascribed to the amide I and amide II, respectively, in yellow 
green shade: at 3500 cm− 1 is ascribed to the phenolic hydroxyl group 
from FA) and TK linker (in orange shade: at 650 cm− 1 is attributed to the 
vibration of C–S from TK) on the CS backbone (in dark cyan shade: at 
2990 cm− 1 is associated with the C–H stretching from CS). Moreover, 
the increase in intensity of the band at 1250 cm− 1 (in blue shade), is 
associated with S––O stretching characteristic of PAZ, confirming the 
graft of PAZ to the modified CS [43,44]. 
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2.2. Formulation and characterizations of CS-FTP-gel 

The CS-FTP-gel was fabricated by laccase-mediated reaction (Fig. 1e 
and Fig. S2), a reaction that has been widely used in food chemistry and 
biosensors [45]. In a typical preparation process, the CS-FTP undergo 
gelation by crosslinking FA molecules via laccase-mediated dimeriza
tion to form DiFA, which consumes oxygen and yields polymer net
works. As verified by inversion test (Fig. 1f and Fig. S3), the hydrogels 
formed within 120 s after simply mixing laccase with CS15-FTP polymer 
solution (namely CS15-FTP-sol, and CS molecular weight was 150 kDa). 
Furthermore, the degradation of the hydrogels was tested. The formed 
hydrogel was immersed in saline and the dry mass of hydrogel was 
measured at set intervals. Fig. S4 shows the mass change as a function of 
time, which reveals that the hydrogel degraded completely within six 
days. To study whether molecular weight of CS has an effect on hydrogel 
structure and performance, we synthesized CS-FTP polymer with 
various CS molecular weights (i.e., 100 kDa, 150 kDa, and 400 kDa) and 
named them as CS10-FTP, CS15-FTP, and CS40-FTP, respectively. As 
shown in Fig. 2a, the morphology with porous structure of the hydrogel 
network was observed by scanning electron microscopy (SEM). The SEM 
images indicate that CS10-FTP-gel and CS15-FTP-gel have similar 
porosity and pore size, in contrast, the CS40-FTP-gel shows more 
compact with obviously diminished porosity, which is considered to be 
related to the different molecular weights of CS [46]. As molecular 
weight dramatically increases, the hydrophilicity of CS will become poor 
so that the gel formed from CS40 contain less free water, resulting in 
reduced porosity after lyophilization process for SEM imaging. 

Afterwards, the gelation time observed by phase transition and the 
oxygen-consuming ability of CS-FTP polymer during hydrogel formation 
were investigated. In inversion test, we recognized the time point when 
phase transition occurred as gelation time shown in Fig. 2b and c. It is 
found that higher concentrations of laccase or polymer induce faster 
hydrogel formation. To determine oxygen levels within the matrix, we 
monitored dissolved oxygen (DO) levels at the bottom of hydrogels using 
a noninvasive sensor patch [47]. In comparison with solution of laccase 
or CS-FTP, the DO level of mixed solution of laccase and CS-FTP was 
decreased, demonstrating that laccase-mediated gelation could induce 
rapid oxygen consumption and low oxygen levels (Fig. 2d). In brief, a 

novel kind of oxygen-consuming hydrogels with tunable gelation time 
essential for injection window has been successfully constructed. 

To further test the hydrogel formation and viscoelastic modulus, the 
rheological analysis, including dynamic time sweep of hydrogels with 
varying CS molecular weights was conducted (Fig. S5 and Fig. 2e–g). It 
should be noted that the same concentration of FA molecule was used to 
maintain the same FA feed amount in all samples examined. The 
crosslink point (gel points) of elastic (G′) and viscous (G′′) modulus, 
which provides an estimate of the gelation time (arrows in Fig. S5 and 
Fig. 2e), occurs within 0.5–10 min, in agreement with the gelation ki
netics observed by phase transition (3 wt% polymer, 25 U ml− 1 laccase), 
indicating that CS molecular weight affects the network formation ki
netics. According to Fig. 2f, the final elastic moduli of the CS40-FTP-gel 
(800 ± 1.2 Pa) were markedly higher than that of the CS15-FTP-gel 
(62.5 ± 5.9 Pa) and CS10-FTP-gel (80.9 ± 6.8 Pa), suggesting that me
chanical properties are dependent on CS molecular weight. The faster 
gelation and higher elastic modulus of hydrogel with high CS molecular 
weight can be attributed to the physical gelation behavior, in which 
hydrogel of high molecular weight retained more amine and hydroxyl 
groups to facilitate hydrogen bonds-induced physical crosslinking [48]. 
In addition, all the values of tan δ (= G′′/G′), a signature of elastic 
behavior of hydrogel, were less than 1.0 for all three hydrogels, con
firming that aforementioned hydrogels were crosslinked gels (Fig. 2g) 
[49]. By using visual blue dye [50], we further confirmed the gelation 
behavior and distribution of CS-FTP-gel within tumor. Alcian blue were 
loaded into the CS-FTP-gel for visualization and the tumor injected by 
CS-FTP-sol/laccase mixture was dissected to observe the mixture state. 
As shown in Fig. S6, the formation of CS-FTP-gel within tumor could be 
performed and the blue dye spreading to the whole cross section was 
observed, confirming the homogenous distribution of CS-FTP-gel inside 
tumor. In brief, all of three CS-FTP polymers with different CS molecular 
weight (100 kDa, 150 kDa, and 400 kDa) could form the crosslinked gel 
and the molecular weight of CS could cause major mechanical property 
changes. 

The drug release profiles of CS-FTP-gel was then studied. The tumor 
vascular system that enhances the distribution and penetration of drugs 
plays a critical role in the drug delivery to tumor cells [51]. In the 
CS-FTP-gel, AQ4N was encapsulated physically so that they could 

Fig. 1. Design CS-FTP-gel. (a) Schematic of combi
nation antitumor therapy using niche-like CS-FTP-gel. 
(b) Synthesis of CS-FTP polymer. (c) Chemical struc
ture of CS-FTP. Functional moieties conjugated to CS 
backbone are indicated with dotted boxes of different 
colors. (d) FTIR spectra of CS and CS-FA/TK-PAZ (CS- 
FTP). (e) Schematic representation of CS-FTP-gel 
formation. CS-FTP-gel is formed via laccase- 
mediated dimerization of FA molecules with oxygen 
consumption. Laccase catalyzes the four-electron 
reduction of oxygen to water molecules, resulting in 
oxidation of FA to form diferulic acid (DiFA) and 
crosslinking of polymer network. (f) Phase transitions 
of CS solution (CS-sol, 3 wt%) and CS-FTP solution 
(CS-FTP-sol, 3 wt%) with/without addition of laccase 
(25 U ml− 1).   
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release from hydrogel quickly to diffuse into tumor cells through tumor 
vessel. To ensure the mature of tumor vessel for sufficient distribution of 
AQ4N inside tumor, the release profile of antiangiogenic PAZ should be 
much slower. To this end, we designed a ROS-responsive sustaine
d-release pattern to postpone the antiangiogenesis effect, thus contrib
uting to the improvement of intratumor distribution of AQ4N. As shown 
in Fig. 1a, PAZ was conjugated to the CS backbone and the AQ4N was 
physically encapsulated into polymer network during sol-gel transition, 
respectively. Fig. 2h illustrates the correlated mechanism of 
ROS-activation of PAZ. Tumorous redox homeostasis generated over
expressed ROS that efficiently cut the ROS-cleavable linker (i.e., TK) via 
oxidation to induce the release of short thiol ligand caged PAZ. The 
caged PAZ then underwent a well-known self-immolation via intra
molecular nucleophilic acyl substitution on the amido moiety to form 
free PAZ [52]. To verify the ROS-responsive release of PAZ, hydrogel 
samples were immersed in PBS containing 100 μM H2O2 at 37 ◦C. The 
release behaviors of PAZ and AQ4N were quantified using UV spec
troscopy. As expected, PAZ was released from hydrogel in H2O2 solution 
with an increased rate compared to that in PBS only (Fig. 2i). Moreover, 
both of PAZ and AQ4N showed CS molecular weight-dependent release 
profiles, suggesting that compact hydrogel network could restrict 
diffusion behavior of drugs (Fig. 2j and k). 

2.3. In vitro therapeutic effect of hypoxia-inducible CS-FTP-gel 

Inspired by the oxygen-consuming performance and ROS-responsive 

drug release of the hydrogels we further postulated that CS-FTP-gel 
could remodel tumor hypoxic environments and enhance cytotoxicity 
in vitro. Towards this, we first imaged DO levels in culture media of 4T1 
cells using oxygen sensor foils [53]. As depicted in Fig. 3a, the detecting 
camera captures the DO-dependent fluorescence generated from oxygen 
sensor to image and determine DO levels. In a typical protocol, PBS, 
laccase solution, CS-FTP polymer solution or CS-FTP/laccase mixed 
solution were added into the culture after cell seeding. In comparison 
with solutions (PBS, laccase, and three CS-FTP-sols), CS-FTP/laccase 
mixed solution could gelate in the cell culture and consume oxygen 
efficiently (Fig. 3b). More specifically, the DO concentration of 
CS-FTP-gel-treated cell dramatically decreased to less than 1.5 mg L− 1, 
affirming that gelation of CS-FTP polymer could enhance hypoxic 
environment of cell (Fig. 3c). The CS-FTP-gel-mediated cellular oxygen 
scavenging in 4T1 cells was also verified by the fluorescence microplate 
reader using an aromatic compound with nitroreductase-sensitive nitro 
unit as a hypoxia detection. As shown in Fig. 3d and Fig. S7, cells treated 
with CS-FTP polymer solutions display no difference in fluorescent in
tensity as compared with control group (PBS), whereas obviously 
increased fluorescent intensity were detected in cells treated with 
CS-FTP-gels. 

To determine whether molecular weight of CS would affect cell 
viability, we assessed cytotoxicity with 4T1 cells cultured in hydrogel 
extractions. As shown in Fig. S8, 4T1 cells treated with laccase showed 
concentration-dependent declines. 4T1 cells treated with laccase of 25 
U mL− 1 and 50 U mL− 1 showed negligible cytotoxicity, while laccase of 

Fig. 2. Hydrogel formation kinetics and characterizations of CS-FTP-gel. (a) Representative SEM images of hydrogel scaffolds with different CS molecular 
weights (blue: CS10-FTP-gel, red: CS15-FTP-gel, dark yellow: CS40-FTP-gel). Scale bars, 250 μm. Dotted boxes: zoomed-in images of the scaffolds. Scale bars, 50 μm. 
Effect of (b) polymer concentration (laccase concentration of 25 U mL− 1, red dotted circle represents points that fails to gelation) and (c) laccase concentration 
(polymer concentration of 3 wt%) on gelation time. (d) Measured DO levels in solutions of laccase, solutions of CS-FTP polymer, mixed solutions of laccase and CS- 
FTP polymer (3 wt% polymer, 25 U ml− 1 laccase). Statistical analysis of (e) gel points, (f) final storage moduli, and (g) tan δ of the CS10-FTP-gel, CS15-FTP-gel, and 
CS40-FTP-gel. (h) Proposed mechanism for the activation of PAZ. (i) Release profiles of PAZ from CS15-FTP-gel incubated in phosphate-buffered saline (PBS) buffer 
(pH 7.4) with or without 100 μM H2O2. (j) Release profiles of AQ4N from CS10-FTP-gel, CS15-FTP-gel, and CS40-FTP-gel, respectively. (k) Release profiles of PAZ 
from CS10-FTP-gel, CS15-FTP-gel, and CS40-FTP-gel, respectively. n = 3, mean ± s. d. *P < 0.05, **P < 0.01, ***P < 0.001. 
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100 U mL− 1 and 200 U mL− 1 caused significant cell damage. Given that 
too fast gelation kinetics will hamper the expansion of CS-FTP-gel inside 
tumor and cause needle blocking, we chose 25 U mL− 1 (gelation time 
was around 3 min) rather than 50 U mL− 1 (gelation time was less than 1 
min) (Fig. 2c). It is also found that all three hydrogels display increased 
cytotoxicity as polymer concentration for gelation improved (Fig. 3e). 
Thus, we should choose low concentration to prepare polymer solutions. 
However, gelation kinetics decreased dramatically (gelation time was 
more than 5 min) as polymer concentration reduced to 2 wt% or less, 
which might limit the retention of CS-FTP-gel inside tumor (Fig. 2b). All 
things considered, we thus chose polymer concentration of 3 wt% and 
laccase concentration of 25 U mL− 1 for comprehensive comparison. 
Notably, hydrogel consisting of high-molecular-weight chitosan (400 
kDa) exhibited extremely poor cell compatibility with low cell viability 
less than 60% when polymer concentrations exceeded 3 wt%. Chitosan 
with positive charged amino groups could bind to cells with negative 
charge, disrupting the cell membranes through electrostatic interaction 
and thus damaging the cells [54,55]. Therefore, the higher the molec
ular weight of chitosan, the more the positive amino groups, the stronger 
its cytotoxicity. Moreover, CS-FTP-gel loaded with AQ4N showed 
further enhanced cytotoxicity due to the improved hypoxic environment 
of cells caused by CS-FTP-gel, indicating that AQ4N as a HAP could exert 
potent antitumor efficacy under hypoxic condition (Fig. 3f). Besides, 
migration and invasion of endothelial cells are essential in angiogenesis, 
which can be inhibited by blocking the expression of vascular 

endothelial growth factor receptor (VEGFR) family with PAZ. Therefore, 
we further tested antiangiogenic activity of CS-FTP-gel by establishing 
an in vitro wound healing model based on mouse brain endothelial cells 
(bEnd.3) (Fig. 3g). For hydrogels, we still used extractions to treat cells. 
It is found that cells treated with PBS, laccase, CS15-FT-sol, that is, no 
addition of PAZ, show significant recovery of the wounded monolayer, 
while the scratched monolayers treated with CS15-FTP or CS15-FTP-gel 
extractions display sizable wound area. In particular, the addition of 
H2O2 into CS15-FTP-sol group or CS15-FTP-gel group could further 
inhibit the migration of cells, which resulted in obviously decreased 
migration index comparable to that of free PAZ-treated cells, implying 
that ROS-cleavable CS15-FTP polymer could enhance antiangiogenesis 
by releasing PAZ (Fig. 3h). Furthermore, a probe based on anti-flk-1 
primary antibody and Alexafluor 568 goat anti-rabbit IgG secondary 
antibody was employed to observe the changes of cellular VEGFR1/
VEGFR2 levels. In comparison with control group, CS-FTP-gel extrac
tion-treated cells expressed less VEGFR1/VEGFR2, suggesting that 
fractions of hydrogels might degrade into extract media to block the 
receptors. With the addition of H2O2, the hydrogels could release PAZ 
into medium thus further inhibiting the expression of VEGFR1/VEGFR2 
(Fig. 3i and Fig. S9). In addition, the gelation kinetics of CS10-FTP with 
25 U mL− 1 laccase were too slow to form hydrogel inside tumor, limiting 
the retention of CS10-gel in lesion site. By contrast, the gelation kinetics 
of CS15-FTP were much more appropriate for in situ hydrogel formation 
inside tumor. Therefore, CS15-FTP-gel was chosen to conduct in vivo 

Fig. 3. The performances of CS-FTP-gel in cellular level. (a) Schematic presentation for detecting DO in cell culture. (b) DO level imaging in culture plates with 
different addition (first row: from left to right, PBS, laccase solution, CS10-FTP-sol, CS15-FTP-sol, respectively. second row: from left to right, CS40-FTP-sol, CS10- 
FTP-gel, CS15-FTP-gel, CS40-FTP-gel, respectively). (c) DO concentrations determined from (b). n = 3, mean ± s. d. (d) The effect of CS-FTP-gel on hypoxia level in 
4T1 cells. n = 3, mean ± s. d. In vitro cytotoxicity of 4T1 cells with various polymer concentrations (e) and various AQ4N concentrations (f). n = 4, mean ± s. d. (g) 
Inhibitory effect of bEnd.3 cells migration (PAZ: 5 mg mL− 1, laccase: 25 U mL− 1, CS15-FT-sol: 3 wt%, CS15-FTP-sol: 3 wt%, CS15-FTP-sol with green shade: 3 wt% 
with addition of 100 μM H2O2, CS15-FTP-gel: hydrogel formed from mixed solution of 3 wt% CS15-FTP and 25 U mL− 1 laccase was immersed in PBS to generate 
extraction, CS15-FTP-gel with green shade: hydrogel formed from mixed solution of 3 wt% CS15-FTP and 25 U mL− 1 laccase was immersed in PBS with addition of 
100 μM H2O2 to generate extraction). Scale bar, 100 μm. (h) Migration distances and migration index measured from (h). n = 3, mean ± s. d. (i) The effect of CS15- 
FTP-gel on VEGFR1 levels. *P < 0.05, **P < 0.01, ***P < 0.001. NS represented no significance. 
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experiments due to its fast gelation and good cell compatibility. All the 
above results demonstrated that molecular weight of CS could affect the 
hydrogel performances including mechanical properties, drug release, 
and cytotoxicity. 

2.4. In vivo distribution and deoxygenation performance of CS15-FTP-gel 

Motivated by the interesting oxygen depletion results in vitro, we 
further studied the CS15-FTP-gel performance in vivo. To verify the 
retention ability of the hydrogel, 4T1 tumor-bearing mice model was 
established. For whole body fluorescence imaging, the cyanine dye 
Sulfo-Cyanine7 (cy7) was encapsulated into CS15-FT-gel, yielding CS15- 
FT-gel@cy7. Meanwhile, free cy7 and CS15-FT-gel@cy7 were intra
tumorally injected respectively, for comparison. The fluorescence signal 
remained detectable five days after gel injection, while there is nearly no 
signal for the groups of free Cy7, indicating that encapsulation of drug in 
gel can increase its retention in the tumor sites (Fig. 4a). Furthermore, 
the immunofluorescence and PET/CT imaging were used to reveal the 
oxygen depletion of hydrogel in vivo. It is clearly found that compared 
with control (G1 and G4), the immunofluorescence of hypoxia in tumor 
area were intensified when CS15-FTP-gel (G3 and G6) or CS-15-FT-gel 
(G2 and G5) administration were achieved, in which the expression of 
hypoxia inducible factor-1 alpha (HIF-1α) were upregulated (Fig. 4b), 
suggesting that CS15-FT polymer could induce tumor hypoxia during 
gelation even without assistance of antiangiogenic Pazopanib (P). Af
terwards, we assessed the prohypoxia potential of the hydrogels using 
micro-PET imaging measurement. The 18F-fluoromisonidazole 
(18FMISO) was chosen as the probe, since as an oxygen-susceptible 
molecule, 18FMISO could only stably exist under hypoxic condition, 
making it a sensitive label for monitoring hypoxia [57]. Fig. 4c and 
Fig. S10 show the 3D PET/CT images and the strongest signal of 
18FMISO can be observed in the mouse treated with CS15-FT-gel, con
firming the severe hypoxic condition within the tumor after 
oxygen-consuming gelation. It is worth noting that accumulation of 
18FMISO in tumors treated with CS15-FTP-gel is barely noticeable, 
suggesting that 18FMISO probes administrated by intravenously injec
tion are difficult to uptake into tumor tissue due to the PAZ-mediated 
antiangiogenesis, which was also supported by the relative standard
ized uptake values (relative SUVmax) of the regions of interest (Fig. 4d). 
More details, it is found that the situation of hypoxia in mice treated 
with CS15-FT-gel grown to be significantly worse (SUV: 6.5 ± 1.71) 
than that of mice in control, CS15-FT-sol, and laccase group. Consis
tently, the decreased content of standardized uptake was also witnessed 
in mice receiving CS15-FTP-gel (SUV: 1.76 ± 0.23). Thus, we concluded 
that CS15-FTP-gel treatment not only could enhance the tumor hypoxia 

but efficiently inhibit angiogenesis within tumor for starvation therapy 
and antimetastasis. 

2.5. In vivo therapeutic performance of CS15-FTP-gel@AQ4N 

Finally, the 4T1 mouse breast tumor model was established to vali
date whether the proposed combination chemo-starvation therapy 
strategy can promote antitumor effects. Tumor-bearing mice were 
injected intratumorally with PBS (200 μL per mouse), CS15-FT-gel (200 
μL per mouse), CS15-FTP-gel (200 μL per mouse), HA@AQ4N (200 μL 
per mouse), CS15-FT-gel@AQ4N (200 μL per mouse) or CS15-FTp- 
gel@AQ4N (200 μL per mouse). In addition, a reference hyaluronic 
acid hydrogel loaded with AQ4N (i.e., HA@AQ4N, no hypoxia- 
enhanced effect) was prepared to provide chemotherapeutic outcome 
of AQ4N mediated by a non-prohypoxic hydrogel for comparison. These 
mice were administered at the very first day, and then the tumors were 
monitored for 14 days (Fig. 5a). During 14 days, no abnormal behaviors 
or significant weight loss were observed (Fig. 5d). The empty hydrogel 
(CS15-FT-gel) and HA@AQ4N groups showed similar effects and were 
not superior to untreated control, indicating that AQ4N failed to inhibit 
tumor growth without prohypoxia condition. Group of CS15-FTP-gel or 
CS15-FT-gel@AQ4N-treated mice showed a delay of tumor growth, 
suggesting a slight inhibitory of single treatment based on either AQ4N- 
dependent chemotherapy with enhanced tumor hypoxia or PAZ- 
mediated starvation therapy. Particularly, mice receiving CS15-FTP- 
gel@AQ4N showed noticeable tumor inhibitory rates of 63.98%, con
firming the therapeutic efficacy of combination of AQ4N and PAZ to 
elicit chemo-starvation (Fig. 5b, c, 5e and 5f). Survival profiles shown in 
Fig. 5g indicated that mice of 40% survived at least 60 days after 
receiving CS15-FTP-gel@AQ4N, whereas none of the mice survived in 
any of the control groups exceed to 2 months. After the terminal of 
therapeutic experiments, the excised tumors were sliced for histological 
examination. Hematoxylin and eosin (H&E) staining (Fig. 5h) and ter
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining (Fig. S11) showed that CS15-FTP-gel@AQ4N caused the highest 
degree of damage compared to other groups. Furthermore, to optimize 
the administration scheme of the hydrogel, the CS15-FTP-gel@AQ4N 
were injected on day 1 and day 5 to achieve two-stage treatment 
(Fig. 5i). By sharp contrast, persistent regression of tumors was observed 
in such two-stage treatment group (Fig. 5j–l and Fig. S12), indicating 
that the therapeutic effect can be significantly improved by adjusting the 
administration regimen. Additionally, biocompatibility of the CS15- 
FTP-gel was also assessed after the therapeutic experiment. At the end 
of investigation, the major organs of the treated mice were subjected to 
histological examination, which did not signal any overt damage, 

Fig. 4. Characterizations of in vivo retention and 
deoxygenation performance. (a) Whole body fluo
rescence imaging of 4T1 tumor-bearing mice admin
istrated with saline (control), cy7 (1 mg kg− 1) or 
CS15-FT-gel@cy7 (3 wt% CS15-FTP, 25 U mL− 1 lac
case, 1 mg kg− 1 cy7 and injection dose was 200 μL). 
(b) Immunofluorescence images of tumor slices 
stained by HIF-1α (red) after intravenous injection of 
saline (control), CS15-FT-gel, CS15-FTP-gel, 
HA@AQ4N, CS15-FT-gel@ AQ4N, or CS15-FTP-gel@ 
AQ4N. Scale bar, 1000 μm. Dotted boxes: zoomed-in 
images. Scale bar, 100 μm (c) 18FMISO micro-PET/ 
CT images of mice received different treatments (sa
line, CS15-FT-sol: 3 wt%, laccase: 25 U mL− 1, CS15- 
FT-gel: mixed solution of 3 wt% CS15-FT and 25 U 
mL− 1 laccase, CS15-FTP-gel: mixed solution of 3 wt% 
CS15-FTP and 25 U mL− 1 laccase, injection dose of all 
five groups: 200 μL). (d) Relative SUVmax profiles. 
The images were captured at 1 h post i.v. injection of 
18FMISO probe. n = 3, mean ± s. d. *P < 0.05, **P <
0.01, ***P < 0.001.   
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confirming the biosafety of these treatment. (Fig. S13). Together, all the 
in vivo results support that CS15-FTP-gel@AQ4N treatment, especially 
with two-stage administration will trigger a robust chemo-starvation 
therapy against tumor growth. 

Furthermore, vessel density (blood and lymphatic vessel) and VEGFR 
(VEGFR1 and VEGFR3) signaling in the tumor region were examined to 
confirm the antitumor mechanism of combination therapy. Compared 
with the PBS group, the tumors treated with CS15-FT-gel showed an 
obviously higher blood vessel density (visualized by anti-CD31 immu
nohistochemistry) and VEGFR1 expression due to the hypoxia-induced 
angiogenesis [56]. Interestingly, PAZ-containing hydrogel, namely 
CS15-FTP-gel@AQ4N, significantly reduced the vessel density and 
VEGFR levels in tumor tissue (Fig. 6a–e and Figs. S14–S15), indicating 
that PAZ notably neutralized the strong angiogenic tumoral response to 
tumor hypoxia and contributed to the enhancement of above-mentioned 
combinatory cancer therapy. The role of angiogenesis in tumor growth 
has been studied continuously for several decades. It is now appreciated 

that angiogenesis is essential for the dissemination and establishment of 
tumor metastases. In tumor progression, angiogenesis is a necessity for 
the escape of tumor cells into the bloodstream and for the establishment 
of metastatic colonies in secondary sites [58]. In addition, the tumor 
lymphangiogenesis is also important as a means of dissemination of 
lymphatic metastases [59]. Thus, as an antiangiogenic agent, PAZ could 
prevent tumor metastasis via antiangiogenesis pathway and collaborate 
with the hypoxia-inducible hydrogel for optimization of HAP-based 
chemotherapy. Encouraged by the in vivo therapeutic outcome, we 
further evaluated antimetastasis ability of CS15-FTP-gel@AQ4N on an 
orthotopic 4T1 breast tumor model. Orthotopic breast cancer-bearing 
mice in every group were administrated with two-stage procedure 
(Fig. 6f). As shown in Fig. 6g and Figs. S16–S17, without AQ4N and PAZ, 
the tumor of CS15-FT-gel-injected mice grew as fast as those of 
PBS-injected mice, while the growth of tumors for 
CS15-FT-gel@AQ4N-treared mice was partially inhibited owing to the 
chemotoxicity of AQ4N under tumor hypoxia. In sharp contrast, the 

Fig. 5. In vivo evaluations of therapeutic outcome. (a) Schematic of the treatment regimen. (b) Digital images of the 4T1 tumors of the mice treatment with 
different samples at day 14 (G1: PBS, G2: mixed solution of 3 wt% CS15-FT and 25 U mL− 1 laccase, G3: mixed solution of 3 wt% CS15-FTP and 25 U mL− 1 laccase, 
G4: 100 mg mL− 1 HA and 1 mg mL− 1AQ4N, G5: mixed solution of 3 wt% CS15-FT and 25 U mL− 1 laccase, 1 mg mL− 1AQ4N, G6: mixed solution of 3 wt% CS15-FTP 
and 25 U mL− 1 laccase, 1 mg mL− 1AQ4N). (c) Tumor weight within 14 days. (d) Body weight change curves. (e) Tumor growth curves. (f) Tumor growth inhibitory 
rates. (g) Survival curves for the treated and control mice. (h) Histological observation of the tumor tissues. The tumor sections were stained with H&E. Scale bar, 
100 μm. (i) Schematic of the two-stage treatment regimen. (j) Tumor growth curves. (k) Digital images of the 4T1 tumors of the mice treatment with different samples 
at day 14. (l) Tumor growth inhibitory rates. n = 5, mean ± s. d. *P < 0.05, **P < 0.01, ***P < 0.001. 
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CS15-FTP-gel@AQ4N-injected mice showed the smallest tumor volume 
after 14 days with an excellent inhibitory rate as high as 83.88% (Fig. 6h 
and i). Such a greatly enhanced tumor inhibitory effect of 
CS15-FTP-gel@AQ4N should be attributed to the synergistic action of 
AQ4N-based chemotherapy and PAZ-based starvation. It is known that 
tumor blood and lymphatic vessel growth are the key factor for tumor 
hematogenous metastasis [60]. In this study, as we mentioned above, 
PAZ released due to the exposure of hydrogel to the overexpressed ROS 
within tumor to specifically block the expression of VEGFR family that 
are associated with vascular growth would be expected to inhibit the 
blood/lymphatic vascular growth for mitigating tumor hematogenous 
metastasis. Thus, lungs of mice after therapy were extracted for histo
logical analysis and metastatic nodule counting to verify the antimeta
stasis effect of CS15-FTP-gel@AQ4N (Fig. 6j–l). As shown in H&E 
staining images, no tumor metastasis was observed in the lungs of mice 
after CS15-FTP-gel@AQ4N -mediated therapy, while metastatic tumors 
distributed in the lungs of mice after the other treatments. More than 15 
metastatic nodules were observed in each lung of the PBS-injected 
control mice, CS15-FT-gel-injected mice and 
CS15-FT-gel@AQ4N-injected mice, while the average number of pul
monary metastasis nodules in CS15-FTP-gel@AQ4N-treated mice was 

1.0. These results demonstrated that CS15-FTP-gel@AQ4N could effi
ciently inhibit the cancer lung metastasis with the synergy of PAZ. In 
brief, the in situ formation of oxygen/ROS-responsive niche-like hydro
gel CS15-FTP-gel@AQ4N, as well as its mediated cancer therapy in this 
work not only remarkably suppressed tumors, but also inhibited lung 
metastasis. 

3. Conclusions 

In summary, a novel hypoxia-inducible hydrogel CS15-FTP- 
gel@AQ4N was developed, which endows with a ROS-activatable 
pharmacological profile for metastasis-inhibited chemo-starvation 
combination cancer therapy. Impressively, this niche-like hydrogel was 
achieved in situ using mixed solution of CS15-FTP polymer and laccase 
via intratumorally injection, which is aimed at remodeling tumor hyp
oxic microenvironment and developing hypoxia-based chemotherapy. 
More specifically, after injection into tumor region, the mixed solution 
could perform oxygen-consumable dimerization and thus undergo 
gelation within 3 min, leading to an enhanced tumor hypoxia condition 
which favors for activation of AQ4N-to-AQ4 toxicity to maximize 
chemotherapeutic efficacy. Moreover, antiangiogenic PAZ conjugated 

Fig. 6. In vivo evaluations of antimetastasis. (a) Representative tumor sections from different treatment groups with immunostaining for VEGFR1. Scale bar, 100 
μm. (b) Quantitative analysis for positive area of results in (a). (c) Histological analysis showing representative tumor sections from different treatment groups stained 
for CD31. Scale bar, 100 μm. (d) The corresponding quantitative analysis for positive area of results in (c). (e) Samples in different groups (blue: PBS, red: mixed 
solution of 3 wt% CS15-FT and 25 U mL− 1 laccase, dark yellow: mixed solution of 3 wt% CS15-FT and 25 U mL− 1 laccase, 1 mg mL− 1AQ4N, green: mixed solution of 
3 wt% CS15-FTP and 25 U mL− 1 laccase, 1 mg mL− 1AQ4N). (f) Schematic of the treatment regimen for lung metastasis. (g) Normalized tumor growth curves. (h) 
Tumor weight within 14 days. (i) Tumor growth inhibitory rates. n = 5, mean ± s. d. (j) Lung photographs of lung metastasis nodules in different groups. (k) 
Representative H&E-images of lung tissues in different groups. Scale bar, 2000 μm. The inset were the zoomed-in images. Scale bar, 100 μm. (l) Number of lung 
metastasis nodules in different groups. n = 4, mean ± s. d. *P < 0.05, **P < 0.01, ***P < 0.001. NS represented no significance. 
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onto CS backbone of the polymer via ROS-sensitive linker could be 
released by overexpressed ROS in tumor and serve as an efficient agent 
for tumor starvation. More importantly, a significantly inhibition of 
metastasis for 4T1 tumor was observed by the PAZ-mediated anti
antiangiogenesis, providing a positive indicator that hypoxia-induced 
cancer metastasis could be mitigated. Overall, this research offers a 
smart design to compact solutions for multiple obstacles in hypoxia- 
based cancer therapy into a concise formulation, which, as we believe 
this niche-like hydrogel and its combinatory strategy will hold promise 
to further clinical translation and would have major implications for the 
field of antitumor therapy. 

4. Materials and methods 

Cell lines: 4T1 cell line and bEnd.3 cells were maintained at 37 ◦C 
under 5% CO2 in high-glucose DMEM (Auxgene), supplemented with 
10% heat-inactivated fetal bovine serum, streptomycin (100 mg mL− 1) 
and penicillin (100 units mL− 1). All the cell lines were acquired from 
Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy 
of sciences. 

Animal experiment: BALB/c nude mice (6 weeks, female) were 
purchased from Beijing Vital River Laboratory Animal Technology Co. 
All experimental protocols were complied with the policies of the Na
tional Ministry of Health and care regulations approved by the admin
istrative committee of laboratory animals of Fudan University. 

Synthesis of TK: 3-Mercaptopropionic acid (5.2 g) and anhydrous 
acetone (5.8 g) were dissolved in dry hydrogen chloride and stirred at 
room temperature for 6 h. The reaction was further quenched by placing 
the mixture on ice until the crystallization was complete. After filtration, 
the filtrate was washed by hexane and cold water, and the product was 
dried. 1H NMR spectra was recorded on a Bruker Ascend 500 spec
trometer with DMSO‑d6 as the solvent. 1H NMR (DMSO‑d6, 500 MHz, δ 
ppm): 3.45 (dd, 2H), 2.75 (d, 2H), 1.53 (s, 3H). 

Synthesis of CS-FT: CS-FT conjugate was synthesized using EDC and 
NHS as coupling reagents. For the synthesis, a mixture of DMSO and 
buffer solution (acetic acid/sodium acetate) with a 1:1 vol ratio was 
prepared as a solvent. CS (1.0 g) was dissolved in 50 ml of the solvent at 
40 ◦C. FA (0.78 g) and TK (0.48g) was dissolved in 20 ml of the solvent 
and reacted with EDC (0.92 g) and NHS (0.64 g) at room temperature for 
15 min to activate the terminal carboxyl groups. The activated solution 
was then applied to the CS solution, and a conjugative reaction was 
conducted at 40 ◦C for 24 h. After reaction, the solution was dialysed 
against water for 5 days (molecular weight cutoff, 3500Da). After dial
ysis, we obtained CS-FT by freeze-drying and kept the product in a 
refrigerator before use. 

Synthesis of CS-FTP: A mixture of DMSO and buffer solution (acetic 
acid/sodium acetate) with a 1:1 vol ratio was prepared as a solvent. CS- 
FT (0.5 g) was dissolved in 50 ml of the solvent at 40 ◦C and reacted with 
EDC (0.2 g) and NHS (0.1 g) at room temperature for 15 min to activate 
the terminal carboxyl groups. PAZ (0.005 g) was dissolved in 5 ml of the 
solvent at 40 ◦C and was applied to the CS-FT solution, and a conjugative 
reaction was conducted at 40 ◦C for 24 h. After reaction, the solution was 
dialysed against water for 5 days (molecular weight cutoff, 3500Da). 
After dialysis, we obtained CS-FTP by freeze-drying and kept the product 
in a refrigerator before use. 

Preparation of CS-FTP-gel: CS-FTP-gel were prepared by mixing 
aqueous CS-FTP polymer and laccase solution. Hydrogels (100 ml) were 
prepared in 1 ml vials at 37 ◦C. 75 μL of the CS-FTP polymer solution and 
25 ml of laccase solution were simply mixed and gently shaken. 

Measurement of viscoelastic properties: We performed rheological 
analysis of the hydrogels using a rheometric fluid spectrometer with a 
25 mm plate geometry. In the rheological experiments, hydrogel sam
ples were prepared on the plate in the instrument. We performed dy
namic time sweeps on hydrogel samples in various conditions. We 
monitored the elastic modulus (G′) and viscous modulus (G′′) at 10% of 
strain and a frequency of 0.1 Hz at 37 ◦C. 

Measurement of cellular VEGFR1/2 and hypoxia: 4T1 cells were 
seeded in 96-well plates at a density of 1 × 104 well− 1. After incubation 
overnight at 37 ◦C, samples were added to each well and incubated for 1 
h. For hypoxia measurement, the old medium was replaced with serum- 
free DMEM containing 2 μM hypoxia reagent (Image-iT, Thermofisher, 
USA) and incubated for 20 min. For VEGFR1/2 measurement, cells were 
incubated with polyclonal rabbit anti-flk-1 primary antibody (Invi
trogen) for 1 h. Cells were then rinsed and exposed to Alexafluor 568 
goat anti-rabbit IgG secondary antibody (Invitrogen). All of the cells 
were washed, for measurement under a microplate reader (SpectraMax 
M2, Molecular Device). 

DO measurement: For hydrogel, we measured DO levels non- 
invasively throughout hydrogels using commercially available sensor 
patches (Presens, Regensburg, Germany). For cell culture, we measured 
DO levels non-invasively throughout oxygen sensor foil (Presens, 
Regensburg, Germany). To measure oxygen levels around cells, the 
polymer solutions were added on top of the sensors, which were 
immobilized in each well of a 96-well plate, and then mixed with laccase 
solutions. 

Tumor xenograft model: Xenograft tumor model was established by 
the subcutaneous injection of 4T1 cells (1 × 107 cells) into the selected 
positions of the athymic BALB/c nude mice. To determine tumor size, 
the longest length and width of the tumor were measured by a caliper 
every other day, and the tumor volume was calculated as length ×
width2 × 0.5. The experiments were repeated for at least five times. 

Tumor orthotopic models: The 4T1 cells (5 × 106 cells) were 
injected in their right side of mammary fat pad to establish an orthotopic 
breast cancer model. The mice in orthotopic murine model were 
randomly divided into four groups. To determine tumor size, the longest 
length and width of the tumor were measured by a caliper every other 
day, and the tumor volume was calculated as length × width2 × 0.5. The 
experiments were repeated for at least five times. 

Micro-PET/CT imaging: Tumor-bearing mice that received different 
treatments were intravenously injected with 100 μL of a saline con
taining 18FMISO (150 μCi per mouse). After 1 h, PET/CT images were 
captured by an Inveon Animal-PET/CT Scanner (Siemens Preclinical 
Solutions, Knoxville, TN, USA). The data were processed and recon
structed on the workstation. 

Histological analysis: The major organs (heart, liver, spleen, lung, 
and kidney) and the tumor were dissected and sectioned for H&E 
staining. To explore the therapeutic effect of the combination therapy, 
tumors were also stained for VEGFR1, VEGFR3, PDPN, and endothelial 
cell marker CD31. All the histological analysis were carried out by 
Servicebio (Wuhan, China). 

Antimetastasis treatment: At the end of study, mice were sacrificed. 
The lungs were collected and photographed. The metastatic tumor 
modules in the lungs were numerated by using a microscope. 

Statistical Analysis: Data were examined statically using the 
SPSS17.0 statistical analysis software. All the error bars indicated mean 
± s.d. Student t-test or one-way analysis of variance (ANOVA) followed 
by Tukey’s honestly significant difference (HSD) test was applied for 
comparison between two groups or among multiple groups, 
respectively. 
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