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ABSTRACT

The insufficient of H2O2 restricts the efficacy of chemodynamic therapy in tumor

microenvironment. Calcium peroxide (CaO2) is expected to solve this problem

due to its H2O2-evolving ability. However, it prematurely decomposes in the

moist air or water before reaching tumor site. In this study, zeolitic imidazolate

framework-67 (ZIF-67) was in-situ grown on the surface of CaO2 to construct a

pH-responsive CaO2@ZIF-67 system and then incorporated into poly-L-lactic

acid (PLLA) to prepare PLLA/CaO2@ZIF-67 scaffold by selective laser sintering

technology. On the one hand, ZIF-67 is used as a chemodynamic therapy agent

due to the release of cobalt ions after degradation. On the other hand, ZIF-67 can

serve as protective layers to prevent premature decomposition of CaO2 due to

its hydrophobic properties, and then CaO2 is exposed and reacts with water to

form H2O2 after the pH-responsive degradation of ZIF-67 under tumor acidic

microenvironment. Results showed that the PLLA/CaO2@ZIF-67 scaffold could

sustainedly produce H2O2 under acidic pH and achieve 84.64% antitumor ratio

against MG-63 cells. In addition, the scaffold also promoted proliferation and

osteogenic differentiation of mouse bone marrow mesenchymal stem cells due

to the release of calcium ions. The prepared PLLA/CaO2@ZIF-67 scaffold with

chemodynamic antitumor and osteogenic effects has great potential to treat

tumorous bone defect.
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Introduction

Chemodynamic therapy (CDT) based on Fenton/

Fenton-like reactions, as a prospective alternative to

traditional tumor therapies (e.g., surgery, radiother-

apy, and chemotherapy), attracted great attention in

recent years on account of the high selectivity and

minimal side effects [1, 2]. Generally, CDT catalyzes

hydrogen peroxide (H2O2) within tumor microenvi-

ronment through transition metal ions (e.g., Fe, Co,

Ni, Cu, and Mn) to produce reactive oxygen species

(ROS). ROS can destroy proteins, lipids and nucleic

acids in tumor cells via oxidative stress, thus induc-

ing tumor cell death [3–8]. However, the limited

concentration of H2O2 in tumor microenvironment

(50 9 1026 to 100 9 1026 M) limits the treatment

efficacy of CDT [9–12]. Hence, it is of profound sig-

nificance to explore ways to break the limit of H2O2 to

enhance the efficacy of CDT.

The delivery of metal peroxide, such as calcium

peroxide (CaO2) [13], manganese peroxide (MnO2)

[14], copper peroxide (CuO2) [15], etc., into tumors is

an effective strategy to elevate the production of H2O2

[16]. Metal peroxide enables to release H2O2 under

tumor acidic microenvironment based on the equa-

tion: MO2 ? 2H? ? H2O2 ? M2? [17]. Among vari-

ous metal peroxides, CaO2, as H2O2-generating

materials, has been widely reported because of its

efficient H2O2-evolving ability and good biocompati-

bility [18]. He et al. [19] synthesized a solid lipid

monostearin coated CaO2 nanocarrier for the co-de-

livery of doxorubicin (DOX) and iron-oleate complex;

the results showed that the nanocarrier could increase

H2O2 levels and achieve highly efficient CDT. Liu et al.

[20] reported a H2O2/O2 self-supplying nanoagent

with manganese silicate-supported CaO2 and indo-

cyanine green and found that CaO2 within nanoagent

reactswithwater to produceO2 andH2O2 for elevating

ROS production. However, CaO2 can decompose in

the moist air or water, which compromises H2O2-

generating effect before reaching the tumor site.

Based on the acidic tumor microenvironment

[21–23], constructing a pH-responsive protective

layer by in-situ growth is a prospect method to pre-

vent the premature decomposition of CaO2. Zeolitic

imidazolate framework-67 (ZIF-67) is a typical metal–

organic frameworks (MOFs) materials with periodic

network structure formed by the self-assembly of

2-methylimidazole and cobalt (Co) ions, which

recently attracts extensive attention of researchers as

protective layer because of their hydrophobic prop-

erties and large surface area [24–26]. Moreover, ZIF-

67 also possesses pH responsiveness due to the

deprotonation of methylimidazole under acidic pH

condition [27, 28]. More importantly, ZIF-67 is widely

used as a CDT agent due to the release of Co ions

after degradation, and Co ions can catalyze H2O2 to

generate �OH, thus achieving chemodynamic antitu-

mor therapy [29]. In addition, ZIF-67 can in-situ grow

on the surface of CaO2 by ectopic nucleation and

growth manner [15, 30].

In this study, ZIF-67 was in-situ grown on the

surface of CaO2 via solvothermal reaction to con-

struct CaO2@ZIF-67 system and then introduced into

poly-L-lactic acid (PLLA) to prepare PLLA/CaO2@-

ZIF-67 scaffold by selective laser sintering technology

[31–37]. Under acidic tumor microenvironment, ZIF-

67 can decompose rapidly to release Co ions. And

H2O2 is produced by the reaction between water and

the exposed CaO2, and then cobalt ions catalyze H2O2

to generate vast ROS, finally boosting H2O2-guided

chemodynamic antitumor effect (Scheme 1). The

morphology and microstructure of CaO2@ZIF-67

were observed using transmission electron micro-

scope (TEM). The pH-responsive release of Co ion

and H2O2, reactive oxygen species (ROS) production,

in vitro antitumor effect, and osteogenesis were

researched systematically.

Materials and methods

Materials

Anhydrous calcium chloride (CaCl2, AR), ammonia

solution (NH3�H2O, 25–28%), hydrogen peroxide

aqueous solution (H2O2, 30%), polyethylene glycol

(PEG 200), sodium hydroxide (NaOH, AR), methanol

(AR), 2-methylimidazole (C4H6N2, 98%), and cobalt

nitrate hexahydrate (Co(NO3)2�6H2O, AR) were pur-

chased from Shanghai Aladdin Biochemical Tech-

nology Co. Ltd. Titanic sulfate (Ti(SO4)2, C 96%) was

bought from Macklin Co. Ltd. Fetal bovine serum

(FBS) was purchased from Cyagen Biosciences Inc.,

Dulbecco’s modified of eagle’s medium (DMEM) was

bought from Beijing Solarbio Science & Technology

Co., Ltd. The human osteosarcoma cell line MG-63

and mouse bone marrow mesenchymal stem cell line

were purchased from ATCC (Manassas, VA, USA).
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Preparation of CaO2 powders

3 g CaCl2 was dissolved into 30 ml deionized water

under constant agitation, then 15 ml (1 M) of

ammonia water and 120 ml of PEG 200 were added

into the above solution under stirred condition.

Afterward, 15 ml of 30% H2O2 was added into the

mixed solution at a rate of 3 drops per minute. The

entire process was carried out at room temperature

with continuous stirring and constant stirring veloc-

ity. After continuous stirring for 2 h, a faint yellow

CaO2 solution was obtained. Then NaOH solution

(pH 13) was added into the CaO2 solution until the

pH of mixture came up to 11.5. The original mixture

turned into white suspension after the addition of

NaOH solution. Whereafter the mixture was cen-

trifugated and collected the white precipitate and

then washed with NaOH solution three times.

Finally, distilled water was used to wash the pre-

cipitate until the final pH value was 8.4. The precip-

itate was collected and dried in a vacuum oven at 80

�C for 2 h so as to acquire CaO2 powders.

Synthesis of ZIF-67 powders

ZIF-67 was synthesized by solvothermal reaction

with Co2? as the metal center and 2-methylimidazole

as the organic ligand in methanol solution at room

temperature. Specifically, 291 mg of Co(NO3)2�6H2O

and 660 mg of 2-methylimidazole were dissolved in

15 ml of methanol solution, respectively and then

mixed the two solutions above and stirred for 15 min.

The color of the mixture immediately turned purple,

and then the mixture was left undisturbed for 6 h at

room temperature. After centrifugation at 10,000 rpm

for 5 min, the purple precipitate was collected, and

then methanol was used to wash for three times and

dried overnight at 80 �C in a vacuum drying oven to

obtain ZIF-67 powders.

Construction of CaO2@ZIF-67 powders

41 mg of CaO2 was dispersed into 20 ml of methanol

by ultrasonic treatment, and then 12 mg of

Co(NO3)2�6H2O was dissolved into the above solu-

tion, denoted as mixture A. 13 mg of 2-methylimi-

dazole was dissolved in 20 ml of methanol, and

clarified solution was obtained by ultrasonic treat-

ment and denoted as mixture B. Afterward, mixture

B was slowly added into mixture A and stirred for

2 h. The yellow-green precipitate was obtained by

centrifugation and washed three times with metha-

nol, and then CaO2@ZIF-67 powders were obtained

after vacuum drying at 50 �C for 4 h.

Preparation of scaffolds

Scaffolds were prepared by selective laser sintering

(SLS) technology. Since the proportion of CaO2 and

ZIF-67 in the synthesized CaO2@ZIF-67 was 80 wt%

and 20 wt%, respectively, the specific composition of

the powder of the four groups of scaffolds prepared

was as follows: the four groups of powders were

composed of 100 wt% PLLA, 96.8 wt% PLLA ? 3.2

wt% CaO2, 99.2 wt% PLLA ? 0.8 wt% ZIF-67, and 96

wt% PLLA ? 4 wt% CaO2@ZIF-67. Firstly, the pow-

ders were mixed evenly by grinding. Secondly, SLS

equipment was used to print the scaffold; specifically,

the powders were evenly laid on the working plat-

form and then selected a suitable porous scaffold

model with three-dimensional interconnected pores

and high porosity (60%). The porous structure of the

scaffolds was conducive to the penetration of water

into their inner part and transport of nutrients and

the expulsion of metabolites; therefore, it was con-

ducive to the adhesion and growth of cells. After-

ward, SLS system was used to sinter the layer of

powders, subsequently sintered layer by layer.

Scheme 1. Schematic diagram of synthesis and antitumor

mechanism of CaO2@ZIF-67.
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Finally, four different scaffolds were obtained

successively.

Physicochemical characterization

Surface morphology of the powders was observed

using scanning electron microscopy (SEM, EVO18,

ZEISS, Germany). Transmission electron microscopy

(TEM, FEI Talos F200S, USA) was used to observe the

microstructure of the powders. X-ray diffraction

(XRD, D8 Advance, Bruker Co., Germany) was used

to analyze the phase of the samples. Fourier Trans-

form Infrared Spectrometer (FTIR Spectrometer,

FTIR-8050, Tian Jin Gang Dong Sci.&Tech, China)

was applied to detect the functional groups of the

prepared powders. X-ray photoelectron spectroscopy

(XPS, Thermo Scientific K-Alpha, USA) was used to

analyze the elemental composition and valence. Sig-

nal intensity of hydroxyl radical produced by the

samples was verified by electron spin resonance

(ESR, Bruker EMXnano, Bruker Co., Germany).

Optical contact angle measuring instrument (DSA-

Alpha, Betop Scientific, China) was utilized to mea-

sure the hydrophilicity of the scaffolds. The com-

pression performances of the scaffolds were

measured by a mechanical tester (CMTS5205, MTS,

USA).

Ions release behavior

0.24 g of PLLA/CaO2@ZIF-67 scaffolds was added

into a 15 ml centrifuge tube, and then 8 ml of HCl-tris

buffer was added. To evaluate the effect of different

pH value on ion release, the 50 mM HCl-tris buffers

with pH value of 5.0 and 6.5 were chosen. The

soaking time was set as 0.5, 1, 3, 5, 7, and 14 days. The

soaking liquid was collected and stored in a 4 �C
refrigerator at predetermined time points, and then

the fresh buffer was added into the tube and continue

to the next soaking time point. Finally, inductively

coupled plasma-optical emission spectroscopy (ICP-

OES, Spectro Blue Sop, Germany) was applied to

evaluate the calcium and cobalt ionic concentrations

in the collected soaking liquids.

Hydrogen peroxide (H2O2) release

The production of H2O2 was measured using tita-

nium sulfate microplate method. Titanium sulfate

can react with H2O2 and generate yellow titanium

peroxide complex (TiO2
2?). The yellow depth of

TiO2
2? is linearly related to the concentration of

hydrogen peroxide within limits, and the absorbance

at 412 nm was measured by microplate reader (Var-

ioskan LUX, Thermo Scientific, USA).

Cell behaviors

Cell culture

Human osteosarcoma MG-63 cells were selected as

the typical in vitro model for bone tumor cell exper-

iments. Mouse bone marrow mesenchymal stem cells

(mBMSCs) were selected for osteogenesis experi-

ment. The cells were cultured in High-Dulbecco’s

modified Eagle medium (H-DMEM) containing 10%

fetal bovine serum at 37 �C in a cell incubator con-

taining 5% carbon dioxide.

Antitumor experiments

Cell cytotoxicity and adhesion experiments. MG-63

cells were seeded in 48-well plates at a density of

10,000 cells per well. After one day of culture, four

groups of scaffolds were added and cultured for

one day. Then the toxicity of scaffolds to cells was

determined. Cell counting kit (CCK-8) was used to

detect cell activity, and the absorbance at 450 nm was

measured by microplate reader. Cell status was

observed by fluorescence microscope after live/dead

cells staining; specifically, Calcein-AM and PI were

used to confirm the visualized viability of cells. Then

the fluorescence images were obtained by Olympus

optical system (BX53F2, OLYMPUS, Japan).

Intracellular ROS production assay. MG-63 cells

were seeded on 48-well plates at a density of 40,000

cells per well. After one day of culture, four group of

scaffolds were added and then co-cultured for

another day. 200 ll of the mixture of serum-free

DMEM and DCFH-DA was added to each well

(working concentration of DCFH-DA: 10 lmol/l) and

then incubated for another 30 min, after which the

intracellular ROS level was assessed by fluorescence

microscopy (BX53F2, OLYMPUS, Japan).

Osteogenic experiments

Cell cytotoxicity and adhesion experiments. Firstly,

the extracts were prepared as follows: 320 mg scaf-

folds of each group were soaked in 40 ml High-
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Dulbecco’s modified eagle medium (H-DMEM) con-

taining 10% fetal bovine serum at 37 �C for one day,

and then the extracts were collected and stored in a

refrigerator at 4 �C for subsequent use. Secondly,

mBMSCs were seeded in 96-well plates at a density of

3000 cells per well and cultured for 1 day. Then the

medium was aspirated, and the extracts made of

complete medium soaked by four groups of scaffolds

were added and incubated for another one day and

four days, respectively. After that, the effects of

extracts on the cells were evaluated. CCK-8 assay was

adopted to quantitatively analyze cell proliferation

after treatment with the extracts, and the absorbance

was measured by a microplate reader at 450 nm.

Afterward, live/dead cell staining agent was used to

stain the cells in a dark environment, and then mor-

phology and number of cells were observed by a

fluorescence microscope (BX53F2, OLYMPUS, Japan).

ALP staining test. Alkaline phosphatase (ALP) is

an exoenzyme of osteoblasts, and its expression

activity is an obvious feature of osteoblast differen-

tiation. For purpose of verifying the effect of the

extracts on the osteogenic differentiation of cells,

alkaline phosphatase staining was performed. Firstly,

mBMSCs were seeded on a 48-well plate at a density

of 10,000 cells per well. The culture medium in the

well plate was incubated with cells for one day and

aspirated the medium in the well plate, then added

the extracts prepared from the 4 sets of scaffolds in

advance, and then incubated for an additional

seven days. PBS was used to wash cells and then

fixed with 4% paraformaldehyde for 30 min, subse-

quently removed the paraformaldehyde. After that,

alkaline phosphatase was stained for 12 h in a 4 �C
environment, and the staining results were observed

with a microscope (BX53F2, OLYMPUS, Japan).

Alizarin Red S staining. In order to further inves-

tigate the effect of scaffolds on osteogenic differenti-

ation of stem cells, Alizarin Red S staining was used

to characterize the mineralization of osteogenic dif-

ferentiation of stem cells. mBMSCs were firstly

planted in 24-well plate at a density of 20,000 per well

and then co-cultured with complete medium for

one day. The complete medium was then aspirated

and the extracts prepared from four different sets of

scaffolds were added and cultured for another

14 days, during which fresh extracts needed to be

replaced to ensure cells survival. After that, the

extract was sucked out, the cells were washed with

PBS twice and fixed with 4% paraformaldehyde for

30 min, then removed the paraformaldehyde and

stained with Alizarin Red S dye for 30 min, washed

gently with PBS three times, and finally, the staining

results were observed with a microscope (BX53F2,

OLYMPUS, Japan).

Statistic analysis

All data are expressed as means ± SD. At least three

parallel samples were repeated for the quantitative

experiments. The difference between two groups was

analyzed by using Student’s t-test. The results of

*P\ 0.05 were considered to be statistically

significant.

Results and discussion

Synthesis and characterization of powders

Calcium peroxide (CaO2) was synthesized by

hydrolyzation-precipitation method [38]. As shown

in Fig. 1a, the synthesized CaO2 particles displayed

spherical morphology, and the average diameter of

the particles was calculated as 2.5 lm. The trans-

mission electron microscope (TEM) and correspond-

ing selected area electron diffraction (SAED) images

of the CaO2 particles were exhibited in Figs. 1b, c. It

could be seen that the surface of calcium peroxide

particles was relatively rough, and the synthesized

calcium peroxide was polycrystalline. After the in-

situ growth of ZIF-67 on the surface of CaO2, the size

of CaO2@ZIF-67 was larger than that of the CaO2, and

the average diameter of CaO2@ZIF-67 particles was

calculated as 3 lm (Fig. 1d). Moreover, a layer of

substances with thickness of 250 nm was observed on

the surface of CaO2 (Fig. 1e). As can be seen from

Fig. 1f, the synthesized CaO2@ZIF-67 was also poly-

crystalline. In addition, the element mapping pat-

terns further confirmed the existence of Ca, Co, C, N,

and O elements and uniform dispersion on the sur-

face of CaO2 (Fig. 1g), demonstrating ZIF-67 was in-

situ grown on the surface of CaO2 successfully.

X-ray diffraction (XRD) was used to characterize

the phase of the synthesized powders. The synthe-

sized CaO2 powder had characteristic peaks at 2h
value of 30�, 35�, 47�, 52�, and 60�, corresponding to

(002), (110), (112), (103), and (202) crystal planes

respectively, which were consistent with the standard

structure of CaO2 (JCPDS card No. 03–0865) (Fig. 2a).
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The synthesized ZIF-67 had highly crystalline struc-

ture, and its diffraction peaks were corresponding

well with XRD pattern of the standard simulation

ZIF-67 (Fig. 2a). However, the characteristic peaks of

the CaO2@ZIF-67 powder were not obvious in the

XRD pattern, which was due to that the ZIF-67 in-situ

grown on the CaO2 was the low crystallinity (Fig. 2a).

In addition, the peaks of CaO2 in the CaO2@ZIF-67

XRD pattern were not visibly observed because of

ZIF-67 grown on its surface.

Functional groups of the synthesized powders

were analyzed by the Fourier transform infrared

spectroscopy (FTIR) spectrum. As for FTIR spectrum

of CaO2, the peaks at 1420 and 875 cm21 were con-

sistent with the stretching vibration of O-Ca-O and

O–O in CaO2 [39, 40], respectively (Fig. 2b). In addi-

tion, the stretching vibration peak of C = N in

2-methylimidazole at 1385 cm21 was observed in the

FTIR spectrum of ZIF-67 [41] (Fig. 2b). By contrast,

the stretching vibration peaks of O-Ca-O, O–O and

C = N all appeared in the FTIR spectrum of CaO2@-

ZIF-67, showing ZIF-67 was in-situ grown on the

surface of CaO2 successfully (Fig. 2b).

X-ray photoelectron spectroscopy (XPS) analysis

was carried out to further characterize the composi-

tion and valence state of the powders. The XPS

spectrum showed that CaO2@ZIF-67 contained C, Ca,

N, O, Co elements (Fig. 2c). In Fig. 2d, there are two

characteristic peaks at 345.68 eV (Ca 2p3/2) and

349.28 eV (Ca 2p1/2) in the high-resolution spec-

trum, indicating that this is Ca2? [42]. The binding

energy located at 532.28 eV was attributed to O2
22

[43] (Fig. 2e). Two main photoelectron peaks at

779.78 eV and 795.28 eV in Fig. 2f were

attributable to Co 2p3/2 and Co 2p1/2, respectively.

Co (II) is the main form existing in CaO2@ZIF-67 on

account of the occurrence of the satellite peak (sat. 1,

784.98 eV) [44]. All the above analysis indicated that

the CaO2@ZIF-67 particles were synthesized

successfully.

Performances of PLLA/CaO2@ZIF-67
scaffolds

The PLLA/CaO2@ZIF-67 scaffold was prepared

using selective laser sintering (SLS) technology; then

Figure 1 Characterization of CaO2 and CaO2@ZIF-67. a SEM,

b TEM and corresponding c selected area electron diffraction

images of CaO2. d SEM, e TEM and corresponding f selected area

electron diffraction images of CaO2@ZIF-67. g Elemental

mappings of CaO2@ZIF-67.
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ionic release, H2O2 and �OH productions of the

scaffold after immersion in buffers were evaluated.

Considering acidic tumor microenvironment and

pH-responsive effect of ZIF-67, the buffers with dif-

ferent pH value (5.0 and 6.5) were chosen as the

immersion solution. The release of Co2? and Ca2?

from CaO2@ZIF-67 after immersion in the buffers

with different pH value was measured using induc-

tively coupled plasma-optical emission spectroscopy

(ICP-OES). As shown in Fig. 3a, b, the release profiles

of Co2? and Ca2? mainly divided into two phases,

including rapid and slow-release phases. A rapid

release metal ions during the first 0 to 3 days

appeared, and then the release rate gradually slowed

down after immersion for three days. The release rate

of Co2? and Ca2? at pH 5.0 was significantly faster

than that at pH 6.5, and the release amount at pH 5.0

was also higher than that at pH 6.5. When the

immersion time was 14 days at pH 5.0, the concen-

tration of Co2? and Ca2? released from PLLA/

CaO2@ZIF-67 was 33.7 lg/ml and 342.4 lg/ml,

respectively. By contrast, after immersion in the

buffer at pH 6.5 for 14 days, the concentration of

Co2? and Ca2? released from PLLA/CaO2@ZIF-67

was 21.76 lg/ml and 92.5 lg/ml, respectively. These

results suggested that ion release was related to pH

value because of the pH responsiveness of ZIF-67. It

is well known that ZIF-67 is stable under neutral

condition, while it can decompose rapidly and

release Co2? under acidic condition due to the

deprotonation of 2-methylimidazole under acid con-

dition [27, 28]. Therefore, ZIF-67 can serve as pro-

tective layer to prevent premature breakdown of

CaO2 before the implantation of PLLA/CaO2@ZIF-67

scaffold.

The fast decomposition of ZIF-67 under acidic

tumor microenvironment generates Co2?, which can

then catalyze H2O2 and produce �OH via a Fenton-

like reaction, thus realizing chemodynamic antitu-

mor. However, the insufficient H2O2 concentration in

tumor cells (50 9 1026—100 9 1026 M) declines the

efficiency of chemodynamic antitumor. Therefore,

CaO2, acted as a H2O2 generator, was incorporated

into bone scaffold. The main mechanism of produc-

ing H2O2 from CaO2 is that CaO2 can dissolve into

water to form H2O2 under an acidic tumor environ-

ment based on the equation: CaO2 ? 2H2O ? H2-

O2 ? Ca(OH)2. CaO2@ZIF-67 was designed through

in-situ grown ZIF-67 on CaO2 and can synergistically

boost chemodynamic antitumor effect. On the one

hand, CaO2 enables to provide H2O2 for chemody-

namic therapy. On the other hand, ZIF-67 can serve

as protective layer to prevent premature decompo-

sition of CaO2. Subsequently, the ability to produce

H2O2 of the PLLA/CaO2@ZIF-67 scaffold in different

pH solutions was evaluated. The amount of H2O2

Figure 2 Characterization of CaO2 and CaO2@ZIF-67. a XRD spectra of CaO2, ZIF-67 and CaO2@ZIF-67. b FTIR spectra of CaO2,

ZIF-67 and CaO2@ZIF-67. c XPS spectrum of CaO2@ZIF-67. d XPS high-resolution spectrum of Ca 2p; e O 1 s; f Co 2p.
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was detected using titanium sulfate microplate

method. Because titanic sulfate can react with H2O2‘

to form yellow titanium peroxide complex (TiO2
2?).

The color depth of TiO2
2? solution is linearly related

with its optical density value at 412 nm, thus

enabling to calculate the concentration of H2O2

(Fig. 3c). As shown in Fig. 3d, e, H2O2 amount in the

buffers first increased rapidly during the immersion

period of 0–10 min and then increased slowly and

finally tended to be stable. At any times of immersion

except for 10 min, the H2O2 yield at pH 5.0 was

higher than that at pH 6.5. However, when the

immersion was 10 min, the H2O2 amount at pH 6.5

was higher than that at pH 5.0. The probable reason

was that when the PLLA/CaO2@ZIF-67 scaffold was

immersed in the buffer at pH 5.0, most ZIF-67 grown

on the CaO2 was degraded in the early stage and then

exposed CaO2 quickly reacted with water to generate

vast H2O2. By contrast, when the pH value of the

buffer was 6.5, a relatively small amount of ZIF-67

was degraded after immersion for 5 min. And most

CaO2 was still protected by ZIF-67; thus, the yield of

H2O2 was lower than that at pH 5.0. However, with

the prolongation of immersion time, ZIF-67 grown on

CaO2 gradually degraded, and more remaining CaO2

at pH 6.5 was exposed than that at pH 5.0, thus

generating more H2O2 at the immersion time of

10 min. It was worth noting that the cumulative

release amount of H2O2 for the pH 5.0 buffer was

greater than that for the pH 6.5 buffer at any

immersion time.

The critical weapon of killing tumor is reactive

oxygen species (ROS); therefore, the �OH generated

by a Fenton-like reaction of Co2? and H2O2 was

Figure 3 Performances of PLLA/CaO2@ZIF-67 scaffolds.

a Co2? and b Ca2? concentrations released from the PLLA/

CaO2@ZIF-67 scaffolds after immersion in buffers with different

pH values for different time. c Absorbance spectrum of the

titanium peroxide complex in the presence of PLLA/CaO2@ZIF-

67 scaffolds. d Stepwise and e cumulative release amount of H2O2

by PLLA/CaO2@ZIF-67 scaffolds in buffers with different pH

values. f ESR spectra of �OH induced by PLLA/CaO2@ZIF-67 in

buffers with different pH values. g Water contact angels of

scaffolds. h Compressive stress–strain curves and i compressive

strengths and compressive moduli of four group of scaffolds.

p values were calculated by Student’s t-test (*p\ 0.05;

**p\ 0.01; ***p\ 0.001).
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detected using electron spin resonance (ESR) spec-

troscopy. Meanwhile, 5,5-dimethyl-1-pyrroline

N-oxide (DMPO) was selected as a �OH free radical

trapping agent. As shown in Fig. 3f, the stronger

intensity of 1:2:2:1 four-line characteristic signals for

the buffer at pH 5.0 was detected compared with that

at pH 6.5, suggesting generating more �OH.

Next, the hydrophilic properties of the scaffolds

were investigated. As shown in Fig. 3g, the

hydrophobicity of the PLLA/ZIF-67 group was the

highest, followed by the PLLA group, and the PLLA/

CaO2 group owned the best hydrophilicity with a

water contact angle of about 70�. The water contact

angle of the PLLA/CaO2@ZIF-67 scaffold was 82.46�,
which decreased compared to PLLA scaffold, indi-

cating the addition of CaO2@ZIF-67 improved the

hydrophilicity of PLLA scaffold. By contrast, the

hydrophilicity of the PLLA/CaO2@ZIF-67 scaffold

decreased compared to the PLLA/CaO2 scaffold,

which was due to the growth of hydrophobic ZIF-67

on the surface of the hydrophilic CaO2, and ZIF-67

played a role in preventing the premature decom-

position of CaO2. The increased hydrophilicity also

facilitated the full reaction of CaO2 with water to

produce hydrogen peroxide to improve the antitu-

mor efficacy of chemodynamic therapy, meanwhile

the hydrophilic scaffold surface facilitated the adhe-

sion and proliferation of cells [45].

Finally, we also studied the mechanical properties

of the scaffolds. Adequate mechanical properties are

essential for bone repair. Scaffolds need sufficient

mechanical strength to support the body, and

appropriate porosity is conducive to cell adhesion

and proliferation, new bone growth, and the forma-

tion of blood vessels [46]. The stress–strain curves of

the scaffolds are displayed in Fig. 3h. The compres-

sive stress of all scaffolds increased rapidly with

increasing of compressive strain in the initial stage

and then decreased slowly after reaching the yield

strength. The compressive strength and compression

modulus of scaffolds are shown in Fig. 3i. It can be

seen that the pure PLLA scaffold possessed the

highest compressive strength and modulus, while the

PLLA/CaO2 scaffold had the lowest compressive

strength and modulus. The compressive strength and

modulus of the PLLA/ZIF-67 scaffold were higher

than that of the PLLA/CaO2 scaffold. The mechanical

properties of PLLA/CaO2@ZIF-67 were better than

that of the PLLA/CaO2 and PLLA/ZIF-67 scaffolds,

which were probably attributed to that CaO2 tended

to aggregate and disperse unevenly in the PLLA

matrix. ZIF-67 has many organic ligands, which

possesses good compatible with PLLA matrix.

Meanwhile, the amino group of ZIF-67 could form a

strong hydrogen bond with carboxyl group of PLLA

[8, 47]. Therefore, the good interfacial bonding

between CaO2@ZIF-67 and PLLA matrix could be

formed when the growth of ZIF-67 on the surface of

CaO2, which was attributed to improve the mechan-

ical properties of the composite scaffold through a

dispersion strengthening manner.

In vitro antitumor experiments

On account of effective hydroxyl radical generation,

the in vitro antitumor effect was evaluated. Live/

dead fluorescence staining images of MG-63 cells co-

cultured with different scaffolds for one day are

shown in Fig. 4a. Lots of green fluorescent dots were

observed for the PLLA and PLLA/CaO2 scaffolds,

indicating that there were almost no apoptotic cells

grown on these scaffolds. By contrast, in the case of

PLLA/ZIF-67 and PLLA/CaO2@ZIF-67 scaffolds,

there were many red fluorescent dots, showing that

most cells grown on these scaffolds were dead.

Moreover, the number of dead cells grown on the

PLLA/CaO2@ZIF-67 scaffold was most.

In addition, the tumor cell killing rate of the scaf-

folds was calculated. First, the cytotoxicity of MG-63

cells co-cultured with four scaffolds for one day was

evaluated by Cell Counting Kit-8 (CCK-8) assay, and

the absorbance values were obtained. The lower the

absorbance value, the higher the amount of apopto-

sis. The relative cell killing rate was then calculated

using the following formula: relative cell killing

rate = ( (CCK8PLLA-CCK8Blank)—(CCK8experimental-

CCK8Blank)) / (CCK8PLLA-CCK8Blank) 9 100%, where

CCK8PLLA, CCK8Blank, and CCK8experimental refer to

the absorbance of PLLA scaffold co-cultured with

MG-63 cells, blank group with complete medium and

different scaffolds co-cultured with MG-63 cells,

respectively.

The results are shown in Fig. 4b. Compared with

PLLA group, the antitumor effect of PLLA/CaO2

group was not obvious, while PLLA/ZIF-67 group

had a relative tumor killing rate of 38.76% and thus

owned a relatively obvious antitumor effect, whereas

the PLLA/CaO2@ZIF-67 group possessed the best

antitumor effect with relative tumor killing rate of

84.64%. This is owing to the degradation of
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CaO2@ZIF-67 in the composite scaffold could pro-

duce cobalt ions and H2O2, and then cobalt ions

converted H2O2 to �OH through Fenton-like reaction,

thus killing tumor cells.

Flow cytometry was used to detect cell apoptotic

cycle. Annexin V and propidium iodide (PI) staining

assay was used to identify the apoptosis of MG-63

cells grown on the scaffolds. As shown in Fig. 4c,

many cells for the PLLA/ZIF-67 and PLLA/CaO2@-

ZIF-67 scaffolds displayed apoptotic state on day 1,

while almost no apoptotic cells were visible for the

PLLA and PLLA/CaO2 scaffolds. The PLLA/

CaO2@ZIF-67 scaffold had the highest percentage of

apoptotic cells. And the apoptotic cell percentage for

the PLLA, PLLA/CaO2, PLLA/ZIF-67, and PLLA/

CaO2@ZIF-67 groups was 0.12, 0.047, 56.9, and 79.5%,

respectively.

The intracellular production of hydroxyl radi-

cals(�OH) was verified by utilize ROS fluorescent

probe 20,70-Dichlorofluorescin diacetate (DCFH-DA).

DCFH-DA cross the cell membrane freely and is

hydrolyzed by esterase in the cell to form DCFH,

which cannot penetrate the cell membrane and thus

remains in cells. Although DCFH-DA itself does not

have fluorescence, non-fluoresce DCFH can be oxi-

dized by intracellular ROS to produce DCF, which is

fluorescent. Therefore, detecting the fluorescence of

DCF, we can estimate the level of intracellular ROS.

As shown in Fig. 5a, the PLLA group had weak flu-

orescence, while the PLLA/CaO2 and PLLA/ZIF-67

groups possessed relatively strong green fluores-

cence. By contrast, the strongest fluorescent signal

was detected for the PLLA/CaO2@ZIF-67 group

(Fig. 5b). CaO2 can produce H2O2 under tumor acidic

microenvironment, and H2O2 itself also gradually

converts to �OH in some degree. Therefore, some

green fluorescent dots were visible for the PLLA/

CaO2 group. The generation of �OH for the PLLA/

ZIF-67 group was attributed to Fenton-like reaction

between cobalt ions and endogenous H2O2 within

cells. However, the amount of endogenous H2O2 was

limited; thereby, the yield of �OH was not enough to

kill tumor cells effectively. By contrast, the PLLA/

CaO2@ZIF-67 group itself could produce cobalt ions

Figure 4 Antitumor properties of scaffolds. a Live/dead

fluorescence staining images of MG-63 cells co-cultured with

different scaffolds for 1 day. Scale bars are 100 lm. b Relative

cell killing rates of MG-63 cells co-cultured with different

scaffolds for 1 day. c Flow cytometry results of MG-63 cells

cultured with different scaffolds for 1 day. p values were

calculated by Student’s t-test (*p\ 0.05; **p\ 0.01;

***p\ 0.001).
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and H2O2, which were needed for the chemodynamic

reaction. Therefore, the strongest green fluorescence

was measured for the PLLA/CaO2@ZIF-67 group.

Considering the inhibitory effect of cobalt ion [48]

and �OH on tumor cells, the antitumor effect of

PLLA/ZIF-67 group is slightly stronger than PLLA/

CaO2 group in spite of its relatively strong fluores-

cent intensity (Fig. 5b).

Osteogenic experiments

Mouse bone marrow mesenchymal stem cells

(mBMSCs) are selected to evaluate the cytocompati-

bility and osteogenic effects of the scaffolds [49]. The

living/dead fluorescent staining images of mBMSCs

cultured with different scaffolds for four days are

shown in Fig. 6a. Most green and little red fluores-

cent dots were observed for all groups, indicating

that all scaffolds had no cytotoxicity and possessed

good biological safety. To quantitatively measure the

proliferative capacity of the cells grown on the scaf-

folds, a CCK-8 assay was performed. As shown in

Fig. 6b, the values of CCK-8 assay of four groups

after one day of incubation were relatively close and

low, and the values in PLLA/CaO2 and PLLA/

CaO2@ZIF-67 groups were slightly higher than those

in the other two groups. On the four days of co-cul-

tivation, the cell number for all groups increased

evidently, demonstrating that all scaffolds had good

cytocompatibility. And the cell number for the

PLLA/CaO2 and PLLA/CaO2@ZIF-67 group was

more numerous than that for the other two groups. In

addition, the PLLA/CaO2 group had the best pro-

moting cell proliferation effect, which was due to the

promoting effect of the released calcium ions on cell

proliferation.

One of the prominent markers of early osteogenic

differentiation is the expression of alkaline phos-

phatase (ALP) [50]. The expression of ALP reflects the

differentiation level of osteoblasts. Hence, ALP

staining experiment was carried out for purpose of

studying the effect of scaffolds on osteogenic differ-

entiation. As shown in Fig. 6c, PLLA/CaO2 group

displayed the most purple areas, representing the

highest expression of ALP, followed by PLLA/

CaO2@ZIF-67 group. The probable reason was the

ability of calcium ions released from these scaffolds

to regulate cell proliferation and osteogenic differ-

entiation [51, 52]. Figure 6d exhibits the statistical

analysis of ALP expression of mBMSCs cultured with

different scaffolds, which was consistent with the

ALP staining results.

Calcium deposition is also one of the prominent

marker events of osteogenic differentiation of stem

cells [53]. Stem cells can differentiate into osteoblasts

and form calcium nodules. Since Alizarin Red S dye

chelates with calcium to form red complex, Alizarin

Red S staining is often applied to indirectly reflecting

the level of cell differentiation. As can be seen from

Fig. 6e, PLLA/CaO2 group owned the largest area of

red region, followed by PLLA/CaO2@ZIF-67 group,

and the area of red region in PLLA/ZIF-67 group was

less than that in PLLA group. This is owning to cal-

cium ions released from scaffolds significantly

Figure 5 Antitumor mechanisms of �OH production. a ROS

fluorescence of MG-63 cells cultured with the PLLA, PLLA/CaO2,

PLLA/ZIF-67 and PLLA/CaO2@ZIF-67 scaffolds, scale bars are

100 lm. b Statistical results of the fluorescence intensity of MG-

63 cells cultured with different scaffolds treated with different

scaffolds using Image J software. p values were calculated by

Student’s t-test (*p\ 0.05; **p\ 0.01; ***p\ 0.001).
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promoted the osteogenic differentiation of stem cells,

while cobalt ions inhibited cell proliferation and dif-

ferentiation [47, 49]. Figure 6f shows the corre-

sponding semi-quantitative analysis, which is

consistent with the previous analysis.

Conclusions

In conclusion, the pH-responsive CaO2@ZIF-67 core–

shell particles were successfully synthesized by an in-

situ growth method, and the PLLA/CaO2@ZIF-67

scaffolds were subsequently prepared by selective

laser sintering technology. In the weakly acidic

microenvironment of the tumor, CaO2@ZIF-67 parti-

cles are decomposed rapidly, and releasing cobalt

ions and generating hydrogen peroxide, thus signif-

icantly improves the efficacy of chemodynamic anti-

tumor effect on account of Fenton-like reaction to

produce a large number of hydroxyl radicals, and its

killing ratio of MG-63 cells reached to 84.64%.

Meanwhile, the PLLA/CaO2@ZIF-67 scaffolds also

promote the proliferation and osteogenic differenti-

ation of mBMSCs. Therefore, the prepared scaffolds

with excellent antitumor effect and osteogenic ability

have great potential in the treatment of bone tumors.
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