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ABSTRACT

In bone tissue engineering, repairing infected bone defects is an enduring

challenge. The development of bone tissue engineering scaffolds with a local

antimicrobial drug delivery system is a promising method to overcome this

challenge. Thus, in this work, a sodium alginate (SA)/hydroxyapatite

(HAP)/collagen (COL) multimaterial composite scaffold carrying amoxicillin

(AMX) porous hydroxyapatite microspheres (mHAPs) (AMX@mHAPs) was

fabricated utilizing a three-dimensional (3D) printing and freeze-drying com-

posite process for infected bone defects. The morphology of the scaffolds was

evaluated by SEM, which indicated that the prepared scaffold contained

microporous structures and embedded drug-loaded microspheres into hydro-

gels with a diameter of 18.62 ± 2.77 lm. The drug-loaded availability of the

scaffold was investigated via FTIR, which showed that AMX could be loaded

successfully on mHAPs by a stirring process and hydrogen-bonding forces.

Thereafter, evaluation of the physicochemical properties of the fabricated scaf-

fold revealed that the mechanical properties of the scaffold could be enhanced

by the addition of AMX@mHAPs (increased appr. 1.71-fold compared to the

AMX@mHAPs-free scaffold at 15% strain), and the swelling property could also

be altered. Furthermore, in vitro drug release and antibacterial tests suggested
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that the fabricated scaffold had excellent drug release and long-term antibac-

terial properties. Finally, the cytocompatibility of the composite scaffolds was

assessed by seeding rabbit adipose-derived stem cells (rASCs), and the results

proved that cells could attach, proliferate and migrate on the scaffold and

exhibited favorable cytocompatibility. Together, these results demonstrated that

the preparation process of the composite scaffold is feasible and that the fab-

ricated SA/HAP/COL composite scaffold loaded with AMX@mHAPs has great

potential for infected bone defect repair.

Introduction

Bone is the framework of the human body, playing a

supporting and protective role [1]. Factors such as

trauma, infection, osteoporosis, and tumor resection

easily cause large bone defects, which seriously affect

the normal life of patients [2]. It is common knowl-

edge that the human body cannot fully heal large-

scale bone defects, and external surgical intervention

is necessary to repair normal bone defects by graft

implantation [3]. To date, the traditional treatment

methods for bone defect repair include autogenous

bone transplantation, allogeneic bone transplanta-

tion, artificial bone transplantation, and artificial bone

replacement [4, 5]. However, these approaches have

some problems, such as insufficient bone supply,

immune rejection, secondary injury, and poor bio-

compatibility. Especially for the repair of infected

bone defects with higher requirements for trans-

plantation, traditional methods are more difficult to

fulfill [6, 7]. Fortunately, the emergence of tissue

engineering may make up for the deficiency of tra-

ditional methods in repairing bone defects.

Therefore, using a bone tissue engineering

approach that combines engineering and life sciences,

a biocompatible antibiotic-loaded bone tissue engi-

neering scaffold has been prepared and exhibits great

potential in bone defects, especially in infected bone

defects [8, 9]. The traditional preparation methods of

bone tissue engineering scaffolds include chemi-

cal/gas foaming, solvent casting, particle/salt

immersion, etc. [10]. However, traditional approa-

ches have some disadvantages, such as individual

shape-controllable manufacturing, pore diameter,

porosity, and poor pore connectivity [11].

To overcome the above challenges, three-dimen-

sional (3D) printing as an additive manufacturing

(AM) process has become an ideal approach to

prepare bone scaffolds [12]. In particular, extrusion-

based 3D printing is more advantageous due to its

wide range of materials and the characteristics of

carrying cells and drugs, which have been widely

used in bone tissue engineering [13] to fabricate

transplantable bone scaffolds with high porosity and

pore connectivity, controllable shape and size, and

drug loading [14, 15]. Furthermore, this technology

can also achieve personalized bone tissue repair and

regeneration. However, although 3D-printed bone

scaffolds have outstanding development prospects,

some limitations remain; such as suitable biomaterial

ink and delivery of drugs, particularly for infected

bone tissue defects.

Due to the advantages of avoiding stress concen-

tration, degradability, and drug loading, biodegrad-

able drug-loaded scaffolds have been widely

investigated in the field of bone tissue engineering

[16]. As a 3D polymer matrix, hydrogels are similar to

the extracellular matrix of human soft tissues in

physical properties [17], have been widely used to

prepare biodegradable scaffolds due to their high

permeability and porosity, perfect biocompatibility,

and can be used as carriers for cell growth and sus-

tained drug release [18, 19]. Furthermore, the supe-

rior printability also makes hydrogels an ideal

material for biological 3D printing [20].

Various natural biomaterials with excellent bio-

compatibility have been used to manufacture

hydrogel bone scaffolds, such as collagen (COL) [21],

sodium alginate (SA) [22], hydroxyapatite (HAP)

[13], chitosan (CS) [23], and gelatin (GEL) [24–26].

However, due to the limited mechanical properties,

printability, and drug-loaded properties of hydrogels

prepared from a single biomaterial, their further

clinical application is limited [27, 28]. Hence, studies

have shown that the mechanical properties, print-

ability, and biocompatibility of bone scaffolds can be

significantly improved by compounding different
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biomaterials [23, 29], such as the combination of SA

and GEL as a biomaterial ink, which exhibits excel-

lent printability and self-standing properties for the

fabrication of volumetric scaffolds [24]. However,

pure hydrogel materials cannot promote the regen-

eration of bone tissue very well. Thus, the combina-

tion of COL with osteoinductive properties [30] and

hydrogel materials (such as SA) could boost the

growth of bone tissue while ensuring the printability

of scaffolds. In addition, as the main inorganic com-

ponent of human bone tissue, HAP exhibits high

biological activity and osteogenic capacity, as well as

excellent physical and chemical [31, 32]. Meanwhile,

as the main organic protein component of human

bone, COL can also induce mineral deposition and

enhance the mineralization process [30], the combi-

nation of HAP and COL can improve the mechanical

properties of COL and provide favorable bone con-

ductivity [21]. In addition, SA has been widely used

in regenerative medicine and tissue engineering

because of its non-toxicity, biodegradability, and

excellent biocompatibility [22]. Hence, we speculate

that the bone scaffold prepared by compounding SA,

COL, and HAP is more conducive to bone tissue

regeneration and bone defect repair. It is worth

mentioning that the infection of bone tissue can also

be prevented and treated by loading antimicrobial

drugs on composite biomaterial scaffolds [33].

Previous research suggested that for infected bone

defects, local antibiotic treatment has been proven to

promote the bioavailability of drugs and reduce the

adverse effects of frequent use of drugs [34, 35]. In the

current research, the antibiotics commonly used in

infected bone defects are vancomycin [36], doxoru-

bicin [37], nanosilver [38], amoxicillin (AMX) [39],

and so forth. AMX, as a broad-spectrum antibiotic,

can be used to treat a variety of bacterial infections

and can easily spread to body fluids and tissues [40].

It is worth mentioning that after the scaffold is

implanted in the human body, the sustained release

of drugs is very significant for the treatment of

infected bone defects [41]. In recent decades, some

nanoscale drug delivery systems have provided new

ideas for more effective drug delivery (such as drug

sustained release) in the field of tissue engineering

[42]. In bone tissue engineering, porous hydroxyap-

atite microspheres (mHAPs), as drug carriers for

AMX, are widely used due to their perfect drug

adsorption, biocompatibility, bone conductivity, and

favorable drug-loaded and release properties [43–45].

Hence, adding AMX porous mHAPs (AMX@m-

HAPs) as a local drug delivery system to the bone

scaffold may give the scaffold remarkable drug

release and antibacterial capability.

Keeping the above mind, in this work, the author

developed a drug-loaded SA/HAP/COL composite

bone scaffold (AMX@mHAPs-SHC) by combining

freeze-drying and extrusion 3D printing techniques

for infected bone defects. The physicochemical and

biological properties of the fabricated scaffolds were

systematically evaluated; they exhibited favorable

mechanical properties, outstanding drug release

properties, and great potential for infected bone

defect repair.

Materials and methods

Materials

Sodium alginate (SA, 9005-38-3, 20201110), collagen

(COL, from cowhide, 98%, YR765514-500 g), and

amoxicillin (AMX, 26787-78-0, A129660-5 g) were

purchased from Aladdin Reagent Co., Ltd. (Shang-

hai, China). Hydroxyapatite nanoparticles (HAP,

1306-06-5, 40 nm, acicular) were obtained from

Shanghai Hualan Chemical Technology Co., Ltd.

(Shanghai, China). Genipin (GP, 6902-77-8, 98%) was

provided by Linchuan Zhixin Biotechnology Co., Ltd.

(Jiangxi, China). Glucosactone (GDL, 90-80-2, 99%,

D810428-100 g) was acquired from Shanghai Macklin

Biochemical Co., Ltd. (Shanghai, China). Porous

hydroxyapatite microspheres (mHAPs, type I, 20 lm,

yy20a0010-10 g) were purchased from Henan Huier

Nano Technology Co., Ltd. (Henan, China).

Preparation of AMX@mHAPs

To obtain mHAPs loaded with AMX (AMX@m-

HAPs), stirring, centrifugation and freeze-drying

were used in this investigation. Specifically, 0.3 g

mHAPs were dispersed in a certain amount of

deionized water by an ultrasonic instrument (fre-

quency is 40 kHz, dispersion time is 5 min), and 800

r/min was stirred at constant speed at room tem-

perature to obtain the mHAPs pellet. Afterwards,

90 mL of AMX solution with different concentrations

(0.5, 1, and 2 mg/mL) was added into to suspended

pellet within 20 min. After dripping, the suspension

was stirred for 24 h and centrifuged, and the

J Mater Sci (2023) 58:911–926 913



supernatant was discarded and washed three times

using deionized water. Subsequently, the slurry was

frozen at - 80 �C for 6 h. Then, the frozen slurry was

put into a freeze-drying machine (temperature is -

80 �C, vacuum degree is 8 Pa) for 24 h, and

AMX@mHAPs powder was obtained and stored at 4

�C for further use.

Preparation of AMX@mHAPs-SHC

Figure 1 shows schematic diagrams of the prepara-

tion process of the SA/HAP/COL composite drug-

loaded hydrogel bone scaffold containing AMX@m-

HAPs (AMX@mHAPs-SHC). The preparation pro-

cess of the pre-crosslinked hydrogel used to print

AMX@mHAPs-SHC is as follows:

First, 0.6 g of HAP nanoparticles, 0.1 g of GP, and

0.3 g of COL were added to 30 mL of deionized

water and then stirred at 37 �C for 50 min to form a

uniform slurry. Afterwards, 1.2 g SA was put into the

above slurry and stirred for 30 min to obtain the SA/

HAP/COL hydrogel with a COL-GP crosslinked

network. Next, as the previously reported [46], 0.3 g

GDL and 0.3 g AMX@mHAPs were added to the

above hydrogel and stirred for 1 h to acquire the pre-

crosslinked SA/HAP/COL hydrogel with the SA-

Ca2? and COL-GP double-crosslinked network.

Furthermore, AMX@mHAPs-SHC was formed

based on the composite process of freeze-drying and

3D bioprinting. In particular, the pre-crosslinked

hydrogel was printed through the PTC-RD331 triax-

ial dispensing control system (experimental parame-

ters: needle diameter 0.84 mm; extrusion pressure:

1.25 MPa; printing speed: 15 mm/s; extrusion tem-

perature: 26 �C) to obtain the designed composite

drug-loaded scaffold with a size of 20 9 20 9 5 mm3.

Subsequently, the scaffolds were further cross-linked

in 10 wt% CaCl2 solution for 1 h, washed with

deionized water 3 times, and soaked for 12 h. After

that, the scaffolds were placed at - 80 �C for 6 h.

Finally, they were freeze-dried in a vacuum dryer

(temperature: - 80 �C; vacuum: 8.0 Pa) for 8 h and

removed for further use. At this point, the scaffold

was prepared. Figure 2 shows the internal structure

of AMX@mHAPs-SHC. AMX@mHAPs-SHC is

mainly composed of the SA-Ca2? crosslinked net-

work, COL-GP crosslinked network, and

AMX@mHAPs.

Micromorphology characterization
of the scaffold

The freeze-dried scaffolds were sprayed with gold by

sputtering to characterize their microstructures, and

the microstructures of the unloaded AMX@mHAPs

scaffold (SHC) and AMX@mHAPs-SHC were char-

acterized by tungsten filament scanning electron

microscopy (SEM; Hitachi SU-1500, Hitachi, Japan).

The diameter of 60 drug-loaded microspheres in

Figure 1 Schematic diagram of the preparation process of AMX@mHAPs-SHC.
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AMX@mHAPs-SHC SEM images was measured and

analyzed by Nano Measurer 1.2 software.

Fourier transform infrared spectroscopy
analysis

To analyze the chemical composition and functional

group composition of each sample, the chemical

composition and functional groups of AMX, mHAPs,

AMX@mHAPs, SHC, and AMX@mHAPs-SHC were

analyzed by Fourier transform infrared spectrometry

(FTIR; AVATAR370, Nicolet, USA). The FTIR spectra

of 4000 * 400 cm-1 were recorded, and the resolu-

tion was 1 cm-1.

Mechanical properties test

The compression properties of the freeze-dried scaf-

folds were tested by freeze-drying using a WDW-1

materials testing machine (ZW1CK BIAXIAL-10KN,

Germany) according to a previous protocol [23]. The

stress–strain curves of SHC and AMX@mHAPs-SHC

were obtained, and the compression modulus of each

scaffold was calculated from the slope of the stress–

strain curve. The testing scaffold samples were

mounted and compressed in the vertical direction at

a strain rate of 2 mm/min at RT. Six samples in each

group were tested.

Swelling analysis

The swelling characteristics of SHC and AMX@m-

HAPs-SHC were evaluated by mass change over

time. Briefly, the initial dry weight (MS0 g) of differ-

ent scaffolds was measured, and then the scaffolds

were immersed in phosphate buffer solution (PBS,

pH = 7.4) at room temperature for 1, 2, 3, 4, 6, 8, 10,

12, 14, 16, 18, 20, 22, 24, 26, and 28 h. Next, the excess

moisture on the surface of the scaffolds was absorbed

with filter paper, and the wet weight (MS1 g) of the

scaffold was weighed and compared with the MS0 g

of the corresponding scaffold. The swelling rate (S)

was calculated from the following equation:

S ¼ Ms1 �Ms0ð Þ=Ms0½ � � 100%

The SHC was used as the control group. Each

swelling test was carried out on three samples, and

the average value was taken.

In vitro drug release

In this examination, the drug release property of

AMX in vitro was evaluated by PBS immersion and

drug absorbance tests. Primarily, each printed

AMX@mHAPs-SHC of 50 mg was immersed in

50 mL PBS solution in a centrifuge tube, and then the

centrifuge tubes were incubated at 37 �C. The 2 mL

release medium was removed at the designated time

points (4, 8, 12, 24, 36, 48, 60, 72, 96, 120, 144, 192, 240,

Figure 2 Schematic diagram of the internal structure of AMX@mHAPs-SHC.
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and 288 h), and the same volume of fresh PBS solu-

tion was supplemented. The absorbance of AMX in

the medium released at each time interval was

detected by ultraviolet spectrophotometer (UV-1800,

MAPADA, China) at 272 nm, and the drug release

curve of AMX was obtained by comparing the

absorbance-concentration standard curve of AMX

(The corresponding absorbance of amoxicillin was

measured at the concentration of 0, 0.148, 0.222, 0.296,

0.370, 0.444, and 0.519 mg/ml, respectively, and the

absorbance-concentration standard curve was

formed by linear fitting). In this study, the data of

each sample were determined more than three times,

and the average value was acquired. Furthermore,

the AMX@mHAPs used in this experiment were

prepared at different concentrations of AMX (0.5, 1,

and 2 mg/mL; referred as below: 0.5-AMX, 1-AMX,

and 2-AMX, respectively).

Evaluation of antibacterial properties

The antibacterial activity of each scaffold (SHC, 0.5-

AMX, 1-AMX, and 2-AMX) was assessed by observ-

ing the bacteriostatic zone of Escherichia coli, and

SHC was used as the control group. Escherichia coli

(E. coli; GIM1.442, GDMCC, China; the concentration

of bacteria is approximately 108 CFU/mL) sus-

pended in tryptone soybean broth (TSB) was spread

on agar plates. Afterwards, the printed scaffold

samples with a diameter of 6 mm and thickness of

1 mm were placed on agar plates and incubated at 37

�C for 24, 72, and 120 h. Eventually, the growth and

proliferation of bacteria and the diameter of the

bacteriostatic zone were observed.

Cell characterization

Cell adhesion

To sterilize the fabricated scaffolds, SHC (control

group) and AMX@mHAPs-SHC (experimental

group) were immersed in 75% alcohol for 1 h,

washed 3 times with PBS solution, and then soaked

in Petri dishes with fresh culture medium (RPMI1640)

for 4 h. Subsequently, rabbit adipose-derived stem

cells (rASCs; Procell Life Science & Technology Co.,

Ltd. China) were seeded into each scaffold at a den-

sity of 5.0 9 105 cells/mL, and the cell-seeded scaf-

folds were cultured in a CO2 incubator (5%) at 37 �C
for 4 h to allow cells to adhere to the scaffolds. After

that, fresh culture medium was added until the

scaffolds were immersed. After 1, 3, and 5 days of

incubation, the cell-seeded scaffolds were stained for

20 min by a live/dead cell staining kit (Biovision,

Inc., San Francisco, CA). In this research, the staining

solution was prepared by mixing 0.75 lL of Live-Dye

and 1.5 lL of PI in 1 mL of staining buffer. The cells

on the scaffold were observed under an inverted

fluorescence microscope (LH-M100CB-1, Nikon,

Japan).

Cell proliferation

The cell proliferation of fabricated scaffolds was

evaluated by using the indirect CCK-8 method

according to a previous approach [26]. The SHC

(control group) and AMX@mHAPs-SHC (experi-

mental group) were sterilized by immersing in 75%

alcohol for 1 h and rinsed with PBS three times to

remove residual alcohol from the scaffolds. Subse-

quently, the scaffold samples were soaked in 10 mL

of the culture medium for 48 h. Then, rASCs were

seeded into a 96-well plate at a concentration of

5 9 104 cells/well, and 100 lL of soaking extract of

each scaffold sample and culture medium (positive

control group) were added and cultured in a 5% CO2

cell incubator at 37 �C. After the cells were cultured

for 1, 3, and 5 days, 10 lL of Cell Counting Kit-8

reagent (CCK-8; Key-GEN Biotech CO., Ltd., China)

was added to each microwell and incubated with

CCK-8 at 37 �C for 3 h. The absorbance was deter-

mined at a wavelength of 450 nm by using a micro-

plate reader (Infinite 200 Pro, Tecan Group Ltd.,

Switzerland).

Statistical analysis data

All data are presented as the mean ± standard

deviation (SD) and were analyzed using Origin 2021

statistical software. One-way analysis of variance

(one-way ANOVA) was used to analyze the differ-

ence between groups, and P B 0.05 was considered

statistically significant.
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Results

Micromorphology characterization
of the scaffold

Figures 3 and 4 show the SEM images of SHC and

AMX@mHAPs-SHC (the drug-loaded microspheres

are marked with a red arrow in the figure). The

surface SEM characterization results of each sample

are shown in Fig. 3. In contrast to SHC, some drug-

loaded microspheres were also attached to the sur-

face of AMX@mHAPs-SHC, and the existence of

drug-loaded microspheres enhanced the surface

roughness of the composite drug-loaded scaffolds,

which were conducive to cell adhesion and spreading

[47]. As shown in Fig. 4, compared with SHC, there

was a host of drug-loaded microspheres with an

average diameter of 18.62 ± 2.77 lm in AMX@m-

HAPs-SHC, which were attached to the micropore

wall of the scaffold or embedded in the scaffold.

Moreover, the introduction of drug-loaded micro-

spheres made the scaffold have a highly intercon-

nected 3D porous structure of approximately 100 lm
in size, which was favorable for improving the bio-

logical activity and drug release properties of the

scaffolds [48, 49].

Figure 3 SEM images of the fabricated SHC and AMX@mHAPs-SHC: (A1, A2, and A3) SHC; (B1, B2, and B3) AMX@mHAPs-SHC;

(C) Macrograph of the 3D-printed AMX@mHAPs-SHC.

Figure 4 SEM cross-sectional view of SHC and AMX@mHAPs-SHC and particle size analysis diagram of AMX@mHAPs: (A1 and A2)

SHC; (B1 and B2) AMX@mHAPs-SHC; (C) particle size analysis results of AMX@mHAPs in Figure B1.
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Fourier transform infrared spectroscopy
analysis

Figure 5a shows the FTIR spectra of each sample.

PO4
3- characteristic bands of the mHAPs sample

were found in the peaks at 1092, 1045, 603, and

568 cm-1, and the -OH bands at 3444 and 632 cm-1

were characteristic of a typical hydroxyapatite FTIR

spectrum, indicating that the composition of the

mHAPs sample is hydroxyapatite. For the AMX

sample, the typical characteristic bands at 3460 and

1776 were attributed to the O–H and N–H stretching,

and C = O stretching of b-lactamic in the AMX

structure; other peaks at 1687 and 1016 cm-1 were

assigned to C = O stretching of amide and C-O

bending vibration in AMX, respectively [50, 51]. The

above FTIR results revealed that the AMX sample is

amoxicillin. Besides, three characteristic bands were

observed at 1771, 1616, and 1412 cm-1 in the spectra

of the AMX@mHAPs sample, which were attributed

to C = O stretching of the b-lactamic ring, aromatic

C = C bending, and symmetric COO— stretching,

which also proved the physical mixing of AMX and

mHAPs [52]. Furthermore, compared with SHC, the

absorption bands of AMX@mHAPs-SHC at 1770,

1615, and 1418 cm-1 proved that AMX@mHAPs

were successfully combined with the composite

scaffold.

Figure 5 a FTIR spectra of AMX, mHAPs, AMX@mHAPs,

SHC, and AMX@mHAPs-SHC. b Compressive stress–strain

curves of SHC and AMX@mHAPs-SHC. c The compressive

modulus of SHC and AMX@mHAPs-SHC. d Swelling rate

curves of SHC and AMX@mHAPs-SHC after soaking in PBS

solution. The error bars represent the standard deviation (B, C:

n = 6; D: n = 3), and a value of *p B 0.05 was considered

statistically significant.
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Mechanical properties test

To evaluate the influence of loading AMX@mHAPs

on the mechanical properties of the scaffolds, the

compression mechanical performance of SHC and

AMX@mHAPs-SHC was tested to investigate their

compression properties. The stress–strain curves and

compressive modulus experimental results of each

scaffold are presented in Fig. 5b and c. The results

showed that under 15% strain, the average com-

pressive stress of AMX@mHAPs-SHC was

1.62 ± 0.09 MPa, which was 1.71 times that of SHC

(0.95 ± 0.06 MPa), and the average compressive

modulus was 11.28 ± 0.78 MPa, which was 65.9%

higher than that of SHC (6.80 ± 0.38 MPa). Thus, the

compression property of the composite scaffold could

be boosted by adding AMX@mHAPs.

Swelling analysis

The curves of the swelling ratio of SHC and

AMX@mHAPs-SHC over time are shown in Fig. 5d.

Obviously, the swelling ratio of each scaffold chan-

ged rapidly in the first 4 h and approached swelling

equilibrium after 14 h. The swelling ratios of SHC

and AMX@mHAPs-SHC at swelling equilibrium

were 948.50 ± 10.20% and 800.84 ± 4.98%, respec-

tively. The results suggested that the addition of

AMX@mHAPs could appropriately increase the

swelling ratio of composite scaffolds.

In vitro drug release

In this work, the in vitro drug release properties of

AMX from AMX@mHAPs-SHC were investigated by

ultraviolet spectrophotometry. As seen from the drug

release curves of each scaffold (0.5-AMX, 1-AMX,

and 2-AMX) demonstrated in Fig. 6a, in the process

of drug release, all scaffolds demonstrated similar

drug release performance, including early fast release

and subsequent sustained release. Specifically, a

majority of the drugs were released quickly in the

first 96 h and then decreased to the complete release

rate at 288 h, showing a long-term drug release effect.

At 288 h, the corresponding drug release concentra-

tions of 0.5 mL AMX, 1 mL AMX, and 2-AMX

reached 0.1430 ± 0.0081, 0.1998 ± 0.0072, and

0.2592 ± 0.0054 mg/mL, individually.

Moreover, from the release curve of AMX, it was

determined that the release rate and total release

amount of AMX gradually increased with the

increase in AMX concentration. In conclusion, the

scaffold has distinguished drug release properties.

Figure 6 a Drug release curves of AMX@mHAPs-SHC in vitro.

b Antibacterial effect of each scaffold on E. coli after different

culture times. SHC and 2-AMX: (A1) 24 h; (A2) 72 h; (A3) 120 h;

SHC, 0.5-AMX, 1-AMX, and 2-AMX: (B1) 24 h; (B2) 72 h; (B3)

120 h. The error bars represent the standard deviation (n = 3).
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Evaluation of antibacterial properties

The antibacterial properties of each scaffold (SHC,

0.5-AMX, 1-AMX, and 2-AMX) were estimated by the

inhibition zone method. In this study, SHC was used

as the control group. The experimental results are

shown in Fig. 6b. Apparently, no inhibition zone was

found in SHC without AMX@mHAPs loading, sug-

gesting that the scaffold had no antibacterial activity

against E. coli. Nevertheless, AMX@mHAPs-SHC

produced a significant inhibition zone, which indi-

cated that the scaffold could effectively inhibit the

growth of E. coli. Furthermore, by observing the

diameter of the bacteriostatic zone of each scaffold, it

could be noticed that with the increase in AMX

concentration, the diameter of the bacteriostatic zone

of E. coli gradually increased, and the bacteriostatic

effect was better. After 120 h of culture, no significant

reduction in the inhibition zone of AMX@mHAPs-

SHC was observed. The above results indicated that

AMX@mHAPs-SHC had long-term and significant

antibacterial activity against E. coli, and the antibac-

terial properties of AMX@mHAPs could be regulated

by changing the concentration of AMX.

Cell characterization

Cell adhesion

The biocompatibility of scaffolds is one of the

essential factors for further biomedical applications.

To examine the biocompatibility of each scaffold,

ADSCs were inoculated on SHC and AMX@mHAPs-

SHC for 1, 3, and 5 days, and the morphology of

ADSCs on the scaffold was observed by an inverted

fluorescence microscope. Figure 7a displays live/

dead fluorescence images of cells on each group of

scaffolds after 1, 3, and 5 days of culture. After

staining the cells on the scaffolds, the living cells

were green, and the dead cells were red. The image

revealed that the cells were long spindle-shaped in

SHC and AMX@mHAPs-SHC, and dead cells were

rarely found. These results indicate that each scaffold

showed favorable cell adhesion and high cell viabil-

ity. Furthermore, compared with the first day, with

the extension of culture time, the number of cells on

the scaffold extended significantly on the third and

fifth days. Overall, AMX@mHAPs-SHC exhibited

excellent biocompatibility, which was favorable for

cell adhesion, spreading, and proliferation.

Figure 7 a Live/dead cell fluorescence images of ADSCs on SHC

and AMX@mHAPs-SHC after culturing for 1, 3, and 5 days.

b The CCK-8 assay data analysis of ADSCs after culturing for 1,

3, and 5 days. The error bars represent the standard deviation

(n = 3), and a value of *p B 0.05 was considered statistically

significant.
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Cell proliferation

To further research the cell biocompatibility and

proliferation of scaffolds, the effects of soaking

extracts of different scaffolds on the proliferation of

ADSCs were assessed by CCK-8 assay. Figure 7b

displays the CCK-8 test results for the control group

(SHC), the experimental group (AMX@mHAPs-

SHC), and the positive control group (culture med-

ium). After 1, 3, and 5 days of culture, the OD value

of each group increased gradually and maintained

the same trend of cell proliferation. Significant error

analysis suggested that there was no significant dif-

ference between the third day and the fifth day,

except for the significant difference in OD values

among the three groups on the first day. Specifically,

the OD value of the experimental group was slightly

higher than that of the control group from 1 to 5 days.

The OD value of the experimental group was close to

but slightly lower than that of the positive control

group after 1 and 3 days of culture. Nevertheless, the

OD value of the experimental group was higher than

that of the positive control group after culturing for

5 days, probably because the existence of the antibi-

otic AMX promotes cell growth [44]. The above

results illustrated that AMX@mHAPs were nontoxic

to the scaffolds, and the introduction of AMX@m-

HAPs into the scaffolds had no adverse effect on cell

proliferation. In short, AMX@mHAPs-SHC has

favorable cytocompatibility and can make cells grow

and proliferate well.

Discussion

In biomedical engineering, excellent repair of tissue

engineering bone defects demands a three-dimen-

sional biocompatible scaffold, which can ensure cell

attachment and proliferation and provide sufficient

mechanical support for bone tissue healing [53]. In

recent years, although the area of bone tissue engi-

neering has developed rapidly, the repair of infected

bone defects is still a challenging goal [54]. The pur-

pose of this work was to develop an AMX@mHAPs-

SHC with an AMX@mHAPs drug delivery system,

which has favorable bacteriostatic properties, sus-

tained drug release properties, and biocompatibility.

The scaffold can continuously deliver antibiotics to

the bone defect during bone healing and better real-

izes the repair of the infected bone defects.

Natural bone is a composite material composed of

inorganic and organic components [55]. Organic SA

is a natural biocompatible polymer, which is widely

used in various biomedical fields. It has high bio-

compatibility and is easy to gel, and can form

stable gel by adding divalent cations, such as Ca2?,

into SA aqueous solution at room temperature

[14, 56]. HAP is the main inorganic component of

bone, which has many similarities with natural bone

in chemistry and structure, remarkable biocompati-

bility, and bone conductivity, and has been proven to

promote bone tissue regeneration [21, 43]. The com-

bination of HAP and SA can significantly improves

the mechanical properties of scaffolds while simu-

lating the natural bone composition [29]. In this

investigation, the mixing of GDL can reduce the pH

value of the gelation system, allowing Ca2? to be

gradually released from HAP nanoparticles and

cross-linked with SA [57], thus increasing the vis-

cosity of the pre-crosslinked hydrogel and facilitating

printing and forming [58]. Therefore, the introduction

of GDL can indirectly improve the printability of gel

system. Moreover, combined with the further cross-

linking of the pre-crosslinked hydrogel by CaCl2
solution, the SA-Ca2? crosslinked network was

formed to enhance the mechanical properties of the

scaffold. COL has favorable biocompatibility and

osteogenic induction performance, and mixing it with

HAP can improve cell adhesion, proliferation, and

activity [30]. Besides, the surface of COL contains

sites that promote osteoblast adsorption and mineral

deposition, so the addition of COL is beneficial to the

perfect combination of scaffolds with surrounding

bone tissues [59]. However, poor mechanical strength

limits its further application. GP is a natural

crosslinking agent extracted from gardenia fruit that

has low cytotoxicity. Studies have shown that the

lysine, hydroxylysine, and arginine amino acid resi-

dues within COL could react with GP, so that GP can

cross-linked with COL perfectly [60]. Thus, in this

research, GP was used as the crosslinking agent of

COL to form a COL-GP crosslinked network, which

was combined with the SA-Ca2? crosslinked network

to make up the double-crosslinked network (Fig. 2)

[46].

Bone scaffolds with a certain mechanical strength

can provide sufficient mechanical support for the

growth of new bone tissue [61]. Mechanical perfor-

mance tests showed that the average compressive

stress of AMX@mHAPs-SHC (1.62 ± 0.09 MPa) was
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1.71 times of SHC under 15% strain (Fig. 5b), and the

compression modulus of AMX@mHAPs-SHC

(11.28 ± 0.78 MPa) was 1.66 times of SHC (Fig. 5c).

Meanwhile, its compressive stress was within the

normal range of human cancellous bone (0.2–80 MPa)

[62], and compression modulus also meet the

requirements of human natural cancellous bone

(0.01–0.2 GPa) [12]. Thus, after mixing with the drug-

loaded microspheres, the mechanical properties of

the composite scaffolds were greatly promoted. The

main cause is probably that AMX@mHAPs can be

used as the reinforcement phase of the scaffold and

the stress points of its internal structure, thus pro-

moting the transfer of stress from the scaffold matrix

material to AMX@mHAPs [46]. Furthermore, it is

believed that scaffold materials with a certain swel-

ling rate are beneficial to the exchange of cell nutri-

ents and metabolites [63]. The scaffold with

outstanding swelling behaviors maintains a greatly

hydrated state similar to the ECM as well as pro-

motes cell proliferation [64]. In this investigation, the

swelling rate of each scaffold changes rapidly in the

first 4 h, showing strong water absorption. After that,

the swelling rate increased slowly until the swelling

equilibrium was reached after 14 h. The swelling rate

of AMX@mHAPs-SHC (948.50 ± 10.20%) was some-

what improved compared with that of SHC

(800.84 ± 4.98%) (Fig. 5d) when the dissolution

equilibrium was reached. Furthermore, by compar-

ing the volume and size of each scaffold before and

after swelling, it was shown that the swelling of the

scaffold had no significant effect on the characteristic

resolution of the printing scaffold. Hence, AMX@m-

HAPs-SHC have high swelling properties and

hydrophilicity than SHC. The main reason may be

the introduction of AMX@mHAPs, which made the

gelation network have a highly interconnected por-

ous structure inside the composite drug-loading

scaffold (Fig. 3B1), thus improving the water

absorption capacity of the scaffold. Notably,

AMX@mHAPs itself also has a certain water

absorption capacity. In summary, the loading of

AMX@mHAPs improved the physical and chemical

properties of the composite drug-loaded scaffolds to

some extent.

For the prevention and treatment of infected bone

defects, the AMX@mHAPs local antimicrobial drug

delivery system was introduced in this work. As the

drug carrier, mHAPs have massive nano micropores

on their surface, which have a larger specific surface

area and better drug delivery capability than needle-

like HAP [45]. Successful drug loading is crucial to

the drug loading system. The FTIR spectra in Fig. 5a

demonstrated that AMX was more strongly adsorbed

by mHAPs. The combination principle of AMX and

mHAPs is that mHAPs establish a chemical bond

with the polar groups (-NH, -OH) of AMX through

the action of hydrogen bonding [65]. The drug release

test suggested that all scaffolds showed similar drug

release performance, including rapid release in the

early stage and continuous release in the later stage,

and we can adjust the drug release rate and total

drug release of AMX in the scaffold by adjusting the

load concentration of AMX. Specifically, most of the

AMX was released quickly within the first 96 h, and

the release rate decreased to a uniform release in the

following time until 288 h (Fig. 6a), indicating that

the scaffold had a certain drug sustained release

effect. The reason is probably that a mass of AMX

was adsorbed on the internal micropores and surface

of mHAPs. When the AMX on the surface of the

microspheres was released at a rapid rate, there

would be a concentration difference of AMX between

the interior and the surface of the microspheres,

which made the AMX in the drug-loaded micro-

spheres gradually spread to the surface through the

micropore, thus realizing the slow release of the

drug. The antibacterial experiment of E. coli illus-

trated that AMX@mHAPs-SHC had outstanding

long-term antibacterial activity (Fig. 6b). Hence, the

early fast release of antibiotics can make the scaffold

maintain a high concentration of AMX at the initial

stage, thus obtaining rapid anti-infective properties

and providing a sterile environment for early bone

regeneration [31]. In the following period, the drug

was released slowly until it was completely released.

In summary, the existence of AMX@mHAPs

endowed the drug-loaded scaffolds with excellent

drug release performance and long-term antibacterial

properties.

To accomplish the complete repair of the infected

bone tissue, the prepared bone scaffolds should have

both excellent physicochemical properties and bio-

compatibility. The ADSCs culture experiment in vitro

demonstrated that AMX@mHAPs-SHC had distin-

guished biocompatibility, and the addition of

AMX@mHAPs had no adverse effect on cytocom-

patibility. Therefore, we proposed an efficient

method to prepare AMX@mHAPs-SHC, which can

be used for the local sustained release of antibacterial
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drugs and the repair of infected bone defects. In this

study, the physicochemical and biological properties

of composite drug-loaded scaffolds were examined,

and some effective experimental data and results

were obtained. Nevertheless, the deficiency is that the

performance of composite drug-loaded scaffolds

with different AMX@mHAPs contents has not been

deeply investigated. To solve this problem, the

influence of drug-loaded microspheres content on the

performance of bone scaffolds will be further evalu-

ated in the future.

Conclusion

In this work, based on freeze-drying and extrusion

3D printing techniques, a multimaterial composite

drug-laden AMX@mHAPs-SHC bone tissue scaffold

was successfully fabricated for infected bone defects.

To efficiently achieve the loading and release of AMX

antimicrobials, AMX@mHAPs were prepared by

stirring, centrifugation, and freeze-drying, and it was

demonstrated that AMX was successfully adsorbed

by mHAPs. The results of compression performance

indicated that the average compression modulus of

AMX@mHAPs-SHC (11.28 ± 0.78 MPa) is 1.66 times

that of SHC (6.80 ± 0.38 MPa), and its compression

performance was greatly improved. Furthermore, the

swelling property of AMX@mHAPs-SHC could be

adjusted by adding AMX@mHAPs, and the

hydrophilicity of the composite scaffold could be

increased. The fabricated composite scaffold exhib-

ited excellent drug loading efficiency and release

performance and could maintain long-term drug

release and antibacterial activity, which provided a

remarkable aseptic environment for the repair of

bone defects. In addition, rASCs could survive,

attach, and proliferate on the fabricated scaffold,

indicating the nontoxicity and cytocompatibility of

the preparation process and fabricated scaffold.

Together, all the results demonstrated that this com-

posite preparation method and fabricated composite

drug-laden AMX@mHAPs-SHC scaffold have great

potential for the clinical application of infected bone

defect repair.
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