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Antimicrobial peptides (AMPs) have great potential for clinical treatment of bacterial
infection due to the broad-spectrum and highly effective antibacterial activity. However,
the easy degradation and inactivation in vivo has been amajor obstacle for their application
and an effective delivery system is demanding. The surface physicochemical properties of
the carrier, including surface potential, surface polarity, pore structure and morphology,
have exerted great effects on the adsorption and release behavior of AMPs. This study
investigated the influence of micro/nano carriers with different hierarchical structures on the
loading, release and biological behavior of AMPs. Three types of AMPs-loaded
hydroxyapatite microspheres (HA/AMPs MSs) with different hierarchical structures
(needle-like, rod-like, and flake-like) were developed, which was investigated by the
surface morphology, chemical composition and surface potential in detail. The different
hierarchical structures of hydroxyapatite microspheres (HAMSs) had noticeable impact on
the loading and release behavior of AMPs, and the flake-like HA MSs with hierarchical
structure showed the highest loading efficiency and long-lasting release over 9 days.
Meanwhile, the stability of AMPs released from HA MSs was effectively maintained.
Moreover, the antibacterial test indicated that the flake-like HA/AMPs MSs showed
more sustained antibacterial properties among three composites. In view of the
excellent biocompatibility and osteogenic property, high loading efficiency and the
long-term release properties of HA MSs with hierarchical structure, the HA/AMPs MSs
have a great potential in bone tissue engineering.
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INTRODUCTION

Biomaterial associated infection (BAI) remains an admittedly
global problem, especially in orthopaedic surgery (Wang et al.,
2020). This infection may usually occur in the initial stage after
surgery. It has severely affected the optimal function of dental
repairs, bone cements and medical device (Jiao et al., 2017). With
the rise of bacterial adaptability, the effectiveness of traditional
antibiotics is increasingly threatened (Salas-Ambrosio et al.,
2021). One preferred solution for infection prevention is in
virtue of the non-traditional antibacterial agents, such as
cationic antimicrobial peptides (AMPs). AMPs widely exist in
living organisms and they are the important part of immune
system. Moreover, AMPs have low toxicity and immunogenicity,
little probability of developing resistance and rapid bactericidal
activity against a wide range of bacteria (Andersson et al., 2016).
However, AMPs is easily degraded and inactivated in human
body fluids due to the proteolysis of enzymes or high ionic
strength, which lead to its limited application in vivo
(Mourtada et al., 2019). For orthopedic surgery, the local
delivery of AMPs is an ideal solution for the peri-implant
infection treatment with reference to a higher antimicrobial
efficiency, a lower probability for bacterial resistance, and a
better control of antimicrobial distribution to avoid systemic
toxicity (Nordstrom and Malmsten, 2017). An important
challenge in this strategy was to develop a desired AMPs
delivery system that could be efficiently integrated with drugs
through physical or chemical means to ensure the bioactivity and
achieve controlled release of cargoes (Borro and Malmsten, 2019;
Yang et al., 2019; Song et al., 2021).

The covalent modification of AMPs on substrate materials is a
common strategy for local delivery (Boden et al., 2018; Chouirfa
et al., 2019; Acosta et al., 2020). This method requires relatively
complicated processing steps, which may bring about changes in
the primary and/or secondary structure of AMPs (Chen et al.,
2021). Moreover, the covalently immobilized AMPs have poor
stability to enzymes and low activity against the inaccessible
bacteria in surrounding tissues (Aveyard et al., 2017; De Zoysa
and Sarojini, 2017). On the contrary, the local delivery of AMPs
via physical effect with the substrate has the features of a simple
process, no structural design, better protection of the AMPs from
degradation peptides, adjustable release kinetics and easy access
to bacteria around the tissues (Kazemzadeh-Narbat et al., 2013;
Yu et al., 2020). Studies have shown that the surface potential,
specific surface area, pore structure and surface polarity of
substrate had noticeable impact on the adsorption and release
behavior of cargoes (Braun et al., 2016; Ye et al., 2020; Zou et al.,
2021). For instance, the surface polarity of self-assembled
monolayers on substrates has recently been shown to be the
dominant factor in mediating the interactions of substrate with
GL13K supramolecular amphiphiles (Ye et al., 2020). Moreover,
the surface morphology of substrate could regulate the osteogenic
differentiation of stem cells, which has also exhibited remarkable
influence on the adsorption and release behavior of drug
molecule (Huang et al., 2018; Jiang et al., 2018). For instance,
the particles with hierarchical or hollow structure could
significantly increase drug loading compared with solid HA

particles (Li J. et al., 2016; Deloney et al., 2020). Li et al. has
shown that the hybrid hierarchical CaCO3/rGO microspheres
presented better doxorubicin loading capacity and sustained
release property of the drugs compared with that of CaCO3/
rGO cube bulks and CaCO3/rGO solid spheres (Li J. et al., 2016).
Nevertheless, the effects of different hierarchical structures of
carriers on the adsorption and release of AMPs have been rarely
reported so far.

Hydroxyapatite has shown great promise as drug delivery
systems for bone-related diseases in view of its good
biocompatibility, low immunogenicity, pH-dependent
degradation and excellent osteogenic activity (Li D. et al.,
2016; Jin et al., 2019; Li et al., 2020). By means of chemical
deposition, emulsion, template or hydrothermal methods,
hydroxyapatite with a controllable morphology, pore structure
and high specific surface area can be obtained. In our previous
work, we synthesized a series of biomimetic hydroxyapatite
micro/nano particles with tailorable hierarchical structures
through a hydrothermal process and suggested that the flake-
like hierarchical structure of HA MSs could more significantly
promote osteogenic differentiation of stem cells (Xu et al., 2020).
Herein, HHC36 (KRWWKWWRR), one of the most potent
broad-spectrum AMPs (Kazemzadeh-Narbat et al., 2013), was
selected to evaluate the loading and release behavior of different
HA MSs with hierarchical structure and the long-term
antibacterial properties of HA/AMPs MSs. The
physicochemical features of HA/AMPs MSs were investigated
in detail to confirm the efficient integration of AMPs on different
HA MSs. The circular dichroism and mass spectrometry were
utilized to reveal the stability of the AMPs released fromHAMSs.
Moreover, the adsorption and release behavior of AMPs on
different HA MSs with hierarchical structure, and the long-
term antibacterial activity of HA/AMPsMSs were further studied.

MATERIALS AND METHODS

Materials
Antimicrobial peptide HHC36 (KRWWKWWRR) was obtained
from Qiangyao Biotechnology Co., Ltd. (purity: 99%, Shanghai,
China). (NH4)2HPO4 and Ca(NO3)2·4H2O were purchased from
Guangzhou Chemical Reagent Factory (China). DMEMmedium,
Fetal Bovine Serum (FBS) were purchased from Gibco BRL
(Gaithersburg, MD, United States). Escherichia coli (E. coli,
ATCC 8739) and Staphylococcus aureus (S. aureus, ATCC
6538) were provided by Guangdong Culture Collection Center
(China). Nutrient broth and LB agar were purchased from
Huankai Microbial Sci. and Tech. Co., Ltd. (Guangdong, China).

Preparation of HA MSs With Different
Hierarchical Structures
The different HAMSs were prepared by a hydrothermal process
according to our previous work (Xu et al., 2020). The aqueous
solution of (NH4)2HPO4 (2 mM) was prepared and the pH was
adjusted to 6.0. Ca (NO3)2·4H2O (3.3 mM) was added to the
solution, and the pH was further adjusted to 5.0. Then sodium
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citrate (0.5 mmol) was added to the above solution under
vigorously stirring. And the prepared solution was
transferred to a Teflon-lined autoclave to react for 3 h at
180°C. Then the obtained precipitates were centrifuged and
freeze-dried, and the sample was named A1 microspheres
(A1 MSs). After increasing the concentration of the mixed
solution to 3 times, the obtained sample by the same method
was named A2 microspheres (A2 MSs). Similarly, when
increasing the concentration to 12 times, sample A3
microspheres (A3 MSs) was obtained.

The Adsorption Behavior of AMPs Onto the
HA MSs
The HA MSs at 1 mg/ml were immersed in 1 mM of AMPs
solutions, and then incubated on a shaker at 37°C for 2 h. Then
the samples were centrifuged and freeze-dried. The obtained
samples were named A1/AMPs MSs, A2/AMPs MSs and A3/
AMPs MSs, respectively. The amount of peptides in supernatant
were analyzed by Thermo Scientific Microplate Reader
(Varioskan Flash3001, United States) with a standard curve of
AMPs (λex � 280 nm). The AMPs loading capacity of HA MSs
was evaluated by drug loading rate (DLR) as the following
equations.

Surface Morphology of HA MSs and HA/
AMPs MSs
The surface morphology of the HA MSs and HA/AMPs MSs was
characterized by a field-emission scanning electron microscope
(FE-SEM, Nova Nano SEM 430). The samples were sputter-
coated with platinum for 60 s and observed at an accelerating
voltage of 5 kV.

The Physicochemical Properties of HA/
AMPs MSs
The distribution of AMPs on HA MSs was visualized by a Laser
Scanning Confocal Microscope (LSCM, Leica TCS SP8). The
AMPs modified with FITC molecules (FITC-AMPs) were laden
on the representative HA MSs. The chemical bond structures of
sample were analyzed by Fourier transform infrared spectroscopy
(FTIR, Bruker Vector 33 FTIR spectrometer) on KBr pellets in the
range of 4,000–400 cm−1. The zeta potential of sample was
measured by the Zetasizer Nano ZS (Malvern Instruments,
United Kingdom). The sample solution with good
dispersibility was obtained by ultrasound for 5 min. The
chemical composition of sample was detected by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific,
ESCALAB Xi+) using a monochromatic Al Kα radiation with
a power of 150W and a 650 µm beam spot.

Drug Release of AMPs From the HA MSs
The release behavior of AMPs from different HA MSs was
investigated in detail. 1 mg samples were immersed in 1 ml
PBS at 37°C, then 0.25 ml release medium was withdrawn at
different time point and replaced with 0.25 ml fresh PBS. The

collected medium was detected for AMPs contents, and each test
was performed in triplicate.

The Stability Assessment of Released AMPs
The structural stability of released AMPs was assessed by the
secondary structure and molecular weight. The secondary
structure of AMPs released from HA MSs at 1, 4 and 7 days
was studied by circular dichroism (CD, Chirascan Spectrometer,
CS30320, United Kingdom). The spectra were recorded in the
range of 190–260 nm with a step size of 1.0 nm and a bandwidth
of 1.0 nm. The molecular weight of released AMPs was tested by a
liquid chromatography - mass spectrometry (LC-MS, Waters ZQ
2000) in electrospray mode.

The Biocompatibility of HA/AMPs MSs
The biocompatibility of different HA/AMPs MSs was evaluated
by MTT assay. The mBMSCs were cultured with DMEM
containing 10% FBS in an incubator at 37°C under a 5% CO2

atmosphere. Cells were seeded into a 96-well plate at a density of
3,000 per well. After cell adherence for 24 h, the culture medium
was updated with the extracts of HA/AMPs MSs every 2 days.
The control group was cultured with DMEM containing 10% FBS
at the same conditions. After culture for 24 and 72 h respectively,
the mBMSCs viability was tested by MTT assay kit.

Antibacterial Properties of HA/AMPs MSs
E. coli and S. aureus were chosen to evaluate the antibacterial
properties of HA/AMPsMSs with different hierarchical structure.
The samples was mixed with bacterial solution at a final
concentration of 105 CFU/ml. The mixed solution was
incubated in a shaker at 37°C for 2 h. Then the above solution
was diluted with PBS for the assessment of the bacterial viability
on agar plates. Moreover, the morphology of bacteria treated with
samples for 2 h was observed by SEM. The bacteria solution was
fixed with paraformaldehyde and then dehydrated with ethanol
solution. 50 µL of the dehydrated bacterial sample was dropped
on the silicon wafer, air-dried naturally and sputter-coated with
platinum for 60 s. Furthermore, the extracts of different
composite microspheres were used to evaluate their
continuous antibacterial activity. At each time point, half of
the sample extract was taken for antibacterial activity detection
and supplemented with the equal PBS.

Statistical Analysis
The data were presented as mean ± standard deviation. Statistical
analysis was performed using the one-way Analysis of Variance
(ANOVA).

RESULTS AND DISCUSSION

Morphology and Structure of HA MSs and
HA/AMPs MSs
The success of bone defect repair depends not only on the
effective osseointegration of substitute with bone tissue, but
also on the presence of a sterile environment around the
substitute (Karadjian et al., 2019; Jacobs et al., 2020). Many
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studies have shown that the micro/nano morphology of substrate
could prominently promote cell adhesion, cell proliferation,
immune response and osteogenic differentiation (Jiang et al.,
2018; Zhao et al., 2018). Particularly, the micro/nano structure
and high specific surface of micro/nano materials seasonably
contribute to the integration of antibacterial agent for preventing
bacterial infections during orthopedic surgery. However, the
absorption and release behavior of AMPs on the different
micro/nano hierarchical structures of substitute was still
undiscovered. To study the influence of HA microspheres with
different hierarchical structures on the adsorption and release
behavior of AMPs, three types of HA MSs (needle-like, rod-like,
and flake-like) were prepared by a hydrothermal process
mediated by citrate. When the concentration of reaction
system increased from 3 times to 12 times, the morphology of
HA particles developed from microflowers to microspheres
(Figure 1A). The different particles presented hierarchical
micro/nano-scale surface textures evolving from a needle-like
to a rod-like, until a flake-like. Apparently, when AMPs was
absorbed onto the particles, the morphology of the different HA
MSs had no distinct change (Figure 1B). It was confirmed from a
more microscopic structure in Figure 1C.

The Physicochemical Properties of HA MSs
and HA/AMPs MSs
In order to affirm that AMPs were loaded on HA MSs, the visual
distribution of FITC-AMPs on the microspheres was observed by
LSCM (Figure 2A). The HA MSs presented positive fluorescence
emission, which more intuitively illustrated the successful
encapsulation of AMPs on the HA MSs. And the other two
HA/AMPs MSs also presented obvious fluorescence
phenomenon. The characteristic spectral bands of AMPs

around 1,664 cm−1 and 1,193 cm−1 in the FTIR pattern were
assigned to vibration of -C�O and -C-N (Figure 2B). The
characteristic spectral band around 3,351 cm−1 was ascribed to
the vibration of OH−, and 1,028 cm−1 was described to PO4

3-.
These characteristic spectral bands also occurred in HA/AMPs
MSs, which indicated the effective integration of HA MSs
and AMPs.

Moreover, the surface potential of different samples was
evaluated (Figure 3C). The zeta potential of three different
HA MSs was similar and that of AMPs was 24.8 ± 2.29 mV.
While the potential of different composite microspheres were
-0.21 ± 0.09, 2.96 ± 0.15, and 5.22 ± 0.19 mV respectively, which
could be attribute to high loading capacity of AMPs on different
HA MSs. The chemical composition of HA/AMPs MSs was
further investigated in detail (Figures 2D,E). The N-C�O
peaks of HA/AMPs MSs at 400 eV appeared and became the
major component of the high-resolution N1s spectra (Figure 2E).
While no evident N1s peak occurred in HA MSs. These results
further confirmed the combination of HA MSs with AMPs.

AMPs Loading Capacity and Release
Kinetics
The diverse crystallite texture andmesoporosity of HAMSs could
dramatically influence the specific surface area and then their
drug loading capacity. HHC36 was selected as the model
molecule for the AMPs loading study due to its broad-
spectrum and highly effective antimicrobial activity
(Kazemzadeh-Narbat et al., 2013; Andersson et al., 2016). The
drug loading rate of A3 MSs for AMPs was 42.93 ± 3.11%, which
was significantly higher than that of other two microspheres
(Figure 3A). The increased trend in the AMPs loading capacity of
three different HAMPs with hierarchical structure was consistent

FIGURE 1 | The morphology of HA MSs and HA/AMPs MSs. (A)Morphology of diverse HA MSs, bar � 0.5 µm. (B)Morphology of different HA/AMPs MSs, bar �
0.5 µm. (C) Magnified images of the surface topography of HA/AMPs MSs, bar � 0.2 µm.
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with that of their specific surface area (Xu et al., 2020). It
suggested that the increased specific surface area of HA MSs
had significant effect on the loading capacity of AMPs. These
analyses indicated that the electrostatic binding facilitated the
adsorption of cationic antimicrobial peptide, which associated
with the unique hierarchical structure of micro/nano flake-like
HA MSs remarkably promoted the adsorption of AMPs.

Moreover, the releasing of AMPs from different HA MSs with
hierarchical structure was investigated in PBS at 37°C, as
presented in Figure 3B. There was an initial burst release for
three diverse HAMSs in the first 12 h, which might be ascribed to
the loose binding of the about 17.45% AMPs molecules to HA
MSs. More than 80% of the loaded AMPs could be tightly bound

to the surface and hollow structure of HA MPs through the
plentiful mesoporous structure and strong electrostatic
interactions. The sudden release of AMPs from A1 MSs was
most obvious, which might be attributed to the larger
mesoporous in A1 MSs (Xu et al., 2020). It was worth noting
that the cumulative release amount of AMPs from A2 MSs was
more than that from A1 MSs at 24 h. However, the cumulative
amount of released AMPs from A3 MSs had exceeded that from
A1 MSs and A2 MSs around 48 h. And a highly sustained release
was observed up to 9 days. At this stage, the release profile of
AMPs from the HA MPs could be construed as a zero-order
release kinetics, which was regarded as the vital merit of delivery
systems. The therapeutic molecules could provide a relatively

FIGURE 2 | The physicochemical properties of compositemicrospheres. (A) Visualized distribution of FITC-AMPs on representative HAMSs by LSCM, bar � 2 µm.
(B) FTIR spectra of representative HA MSs and HA/AMPs MSs. (C) Analysis of zeta potential. (D,E) N1s spectra of HA MSs and HA/AMPs MSs by XPS.
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constant dose for several weeks, what was quite essential during
the regeneration of bone tissue disease (El-Fiqi et al., 2015).

The Stability Assessment of the Released
AMPs
To attest the structural stability of the AMPs released from the
HA MSs, the secondary structure and molecular weight of the
released AMPs were detected by circular dichroism and mass
spectrometry. The Far-UV CD spectra of AMPs released from the
representative microspheres (A3 MSs) was recorded (Figure 4A).
The CD spectrums of released AMPs at different time point were
similar with that of original AMPs. Particularly, a strong negative
band at 201 nm and a relatively weak negative band at 223 nm
occurred in these CD spectrums. These results revealed a
relatively stable secondary structure of the released AMPs,
which indicated that the mesoporous structure could protect
AMPs from chemical and enzymatic degradation and prevent
conformational changes and/or peptide aggregation (Nordstrom
and Malmsten, 2017). Moreover, the mass spectrometry showed
that the molecular weight of released AMPs at 1, 4 and 7 days was
1,488 (Figure 4B), which kept in consistence with that of the
original AMPs molecule. The consistency between the secondary
structure andmolecular weights indicated that the released AMPs
maintained a high stability.

The Biocompatibility of HA/AMPs MSs
The good biocompatibility is one of the indispensable properties
for a drug carrier. It has been shown that three different HA MSs

FIGURE 3 | The loading and release property of AMPs from HA MSs. (A) Drug loading property of different HA MSs for AMPs. (B) release profile of AMPs from
different HA MSs.

FIGURE 4 | The stability assessment of AMPs released from the representative HA MSs. (A) Far-UV CD spectra. (B) Mass spectrometry spectra.

FIGURE 5 | The biocompatibility of the extracts from different HA/AMPs
MSs when cultured with mBMSCs, n � 5.
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with hierarchical structure had a good biocompatibility within a
certain concentration range in our previous work (Xu et al.,
2020). In order to evaluate the potential cytotoxicity of HHC36
released from the HA MSs to host tissue cells, the viability of
mBMSCs after culture with the extracts of three HA/AMPs MSs
at different times was detected by the MTT assay (Figure 5).

There was no significant difference (p > 0.05) in cell proliferation
activity between the composite group and the control group in
different time points. However, many studies have shown the
potential cytotoxicity of the HHC36 at high concentration on
stem cells (Chen et al., 2020; Chen et al., 2021). It indicated that
the sustained release effect of HAMSs with hierarchical structure

FIGURE 6 | The evaluation of the continuous antibacterial property of different HA/AMPs MSs. (A) Bacterial colonies formation after culture with HA/AMPsMSs for
2 h. (B) Antibacterial activity of the HA/AMPs MSs at 2 h. (C) SEM images showed the changes of bacterial membrane after culture with A3/AMPs MSs for 2h, bar �
0.5 µm. (D,E) Antibacterial activity of three HA/AMPsMSs at different time points of 0.5, 1, 2, and 3 days. The control group was cultured with HAMSs extract. (F,G) The
long-term antibacterial performance of A3/AMPs MSs from 0.5 to 7 days.
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on HHC36 effectively decreased the cytotoxicity to stem cells,
which further illustrated the potential applications of composite
microspheres in bone tissue engineering.

Antibacterial Assay
The antibacterial property of the HA/AMPs MSs was evaluated
by the plate-counting method. Almost no bacteria were
observed on the plates in the three HA/AMPs MSs groups
after co-culture with S. aureus and E. coli for 2 h
(Figure 6A). The quantitative analysis also confirmed that
three HA/AMPs MSs showed nearly 100% bactericidal
activity against both negative and positive bacteria within 2 h
(Figure 6B). Moreover, the pore formation and membrane
rupture were observed on the surface of both bacteria
(Figure 6C). The electrostatic interaction of AMPs with the
bacterial membrane and the further insertion of its hydrophobic
components into the bacterial membrane was generally
considered to generate the pore formation and bacterial
death (Lee et al., 2016; Li et al., 2021).

To investigate the sustained antibacterial activity of different
HA/AMPs MSs mediated by hierarchical structure, S. aureus and
E. coli were co-cultured with their extracts at different time points
(Figures 6D,E). The extracts of different composites exhibited
about 100% antibacterial activity within 12 h. Furthermore, the
antibacterial activity of A3/AMPs MSs extract was 89.76 and
94.69% for S. aureus and E. coli respectively on the second day
instead of the significantly weakened one of the extracts from A1/
AMPs MSs and A2/AMPs MSs. However, the extracts from A3/
AMPs MSs on the third day still had an obvious inhibitory
activity on both bacteria. Although the release behavior of
AMPs from A3 MSs showed slight difference with that from
A1 MSs and A2 MSs, the drug loading rate of A3 MSs was
significantly higher than that of A1 MSs and A2 MSs. These
resulted in the more obvious and sustained antibacterial effects of
A3/AMPs MSs compared with other composites. To further
evaluate the long-term antibacterial property of A3/AMPs
MSs, the antibacterial activity of its extracts in the first 7 days
was evaluated for both bacteria in detail (Figures 6F,G). The
antibacterial activity was about 60% for both bacteria on the
fourth day, which indicated that A3/AMPs MSs could show an
excellent effect in the early stage of implantation. And the
antibacterial activity for S. aureus and E. coli at the
concentration of 105 CFU/ml were still 30 and 22%
respectively on the seventh day, which implied a continuous
antibacterial effect of A3/AMPs MSs. These results revealed that
A3/AMPs MSs exhibited high-efficiency and long-term
antibacterial effects, indicating a potential applications in the
bone tissue engineering.

CONCLUSION

The present study has shown that the adsorption and release of
AMPs was strongly influenced by the different hierarchical
structures, and the flake-like HA MSs with hierarchical
structure showed the highest loading efficiency and long-
lasting AMPs release among the three HA MSs. The circular
dichroism and mass spectrometry revealed that the AMPs
released from HA MSs retained a high stability. On account of
the slow release of AMPs from the mesoporous HAMSs, the HA/
AMPs MSs exhibited good biocompatibility on stem cells. The
plate-counting method and SEM indicated that three types of
HA/AMPs MSs showed highly effective antibacterial activity in
the early stage. The further analysis revealed that the flake-like
HA/AMPs MSs showed more sustained antibacterial effects
compared with the other composite microspheres against S.
aureus and E. coli. Our research shed light on the high
loading efficiency and the long-term release properties of HA
MSs with hierarchical structure, and the great potential of HA/
AMPs MSs in the complex treatment conditions of bone tissue
diseases.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

DH carried out the experiments. JW and XX helped perform the
experiments and analyze the data. DX and DH wrote the
manuscript. CD and XL revised the manuscript. CD and DX
conceived and designed the study. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by National Key R and D Program of
China (2017YFC1105000), National Natural Science Foundation
of China (51572087), Outstanding Scholar Program of
Guangzhou Regenerative Medicine and Health Guangdong
Laboratory (2018GZR110102001), GDST-NWO science
industry cooperation programme Chemistry
(2018A050501006) and the 111 Project (B13039).

REFERENCES

Acosta, S., Ibañez-Fonseca, A., Aparicio, C., and Rodríguez-Cabello, J. C. (2020).
Antibiofilm Coatings Based on Protein-Engineered Polymers and
Antimicrobial Peptides for Preventing Implant-Associated Infections.
Biomater. Sci. 8 (10), 2866–2877. doi:10.1039/d0bm00155d

Andersson, D. I., Hughes, D., and Kubicek-Sutherland, J. Z. (2016). Mechanisms
and Consequences of Bacterial Resistance to Antimicrobial Peptides. Drug
Resist. Updates 26, 43–57. doi:10.1016/j.drup.2016.04.002

Aveyard, J., Bradley, J. W., McKay, K., McBride, F., Donaghy, D., Raval, R., et al.
(2017). Linker-free Covalent Immobilization of Nisin Using Atmospheric
Pressure Plasma Induced Grafting. J. Mater. Chem. B 5 (13), 2500–2510.
doi:10.1039/c7tb00113d

Frontiers in Chemistry | www.frontiersin.org October 2021 | Volume 9 | Article 7476658

Hong et al. AMP-Loaded Hierarchical Hydroxyapatite Microsphere

https://doi.org/10.1039/d0bm00155d
https://doi.org/10.1016/j.drup.2016.04.002
https://doi.org/10.1039/c7tb00113d
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Boden, A., Bhave, M., Wang, P.-Y., Jadhav, S., and Kingshott, P. (2018). Binary
Colloidal Crystal Layers as Platforms for Surface Patterning of Puroindoline-
Based Antimicrobial Peptides. ACS Appl. Mater. Inter. 10 (3), 2264–2274.
doi:10.1021/acsami.7b10392

Borro, B. C., and Malmsten, M. (2019). Complexation between Antimicrobial
Peptides and Polyelectrolytes. Adv. Colloid Interf. Sci. 270, 251–260.
doi:10.1016/j.cis.2019.07.001

Braun, K., Pochert, A., Lindén, M., Davoudi, M., Schmidtchen, A., Nordström, R.,
et al. (2016). Membrane Interactions of Mesoporous Silica Nanoparticles as
Carriers of Antimicrobial Peptides. J. Colloid Interf. Sci. 475, 161–170.
doi:10.1016/j.jcis.2016.05.002

Chen, J., Hu, G., Li, T., Chen, Y., Gao, M., Li, Q., et al. (2021). Fusion Peptide
Engineered "Statically-Versatile" Titanium Implant Simultaneously Enhancing
Anti-infection, Vascularization and Osseointegration. Biomaterials 264,
120446. doi:10.1016/j.biomaterials.2020.120446

Chen, J., Shi, X., Zhu, Y., Chen, Y., Gao, M., Gao, H., et al. (2020). On-demand
Storage and Release of Antimicrobial Peptides Using Pandora’s Box-like
Nanotubes Gated with a Bacterial Infection-Responsive Polymer.
Theranostics 10 (1), 109–122. doi:10.7150/thno.38388

Chouirfa, H., Bouloussa, H., Migonney, V., and Falentin-Daudré, C. (2019). Review
of Titanium Surface Modification Techniques and Coatings for Antibacterial
Applications. Acta Biomater. 83, 37–54. doi:10.1016/j.actbio.2018.10.036

De Zoysa, G. H., and Sarojini, V. (2017). Feasibility Study Exploring the Potential
of Novel Battacin Lipopeptides as Antimicrobial Coatings. ACS Appl. Mater.
Inter. 9 (2), 1373–1383. doi:10.1021/acsami.6b15859

Deloney, M., Smart, K., Christiansen, B. A., and Panitch, A. (2020).
Thermoresponsive, Hollow, Degradable Core-Shell Nanoparticles for Intra-
articular Delivery of Anti-inflammatory Peptide. J. Controlled Release 323,
47–58. doi:10.1016/j.jconrel.2020.04.007

El-Fiqi, A., Kim, J.-H., and Kim, H.-W. (2015). Osteoinductive Fibrous Scaffolds of
Biopolymer/Mesoporous Bioactive Glass Nanocarriers with Excellent
Bioactivity and Long-Term Delivery of Osteogenic Drug. ACS Appl. Mater.
Inter. 7 (2), 1140–1152. doi:10.1021/am5077759

Huang, B., Lou, Y., Li, T., Lin, Z., Sun, S., Yuan, Y., et al. (2018). Molecular
Dynamics Simulations of Adsorption and Desorption of Bone Morphogenetic
Protein-2 on Textured Hydroxyapatite Surfaces. Acta Biomater. 80, 121–130.
doi:10.1016/j.actbio.2018.09.019

Jacobs, A., Renaudin, G., Forestier, C., Nedelec, J.-M., and Descamps, S. (2020).
Biological Properties of Copper-Doped Biomaterials for Orthopedic
Applications: A Review of Antibacterial, Angiogenic and Osteogenic
Aspects. Acta Biomater. 117, 21–39. doi:10.1016/j.actbio.2020.09.044

Jiang, N., Guo, Z., Sun, D., Li, Y., Yang, Y., Chen, C., et al. (2018). Promoting
Osseointegration of Ti Implants through Micro/Nanoscaled Hierarchical Ti
Phosphate/Ti Oxide Hybrid Coating. Acs Nano 12 (8), 7883–7891. doi:10.1021/
acsnano.8b02227

Jiao, Y., Niu, L.-n., Ma, S., Li, J., Tay, F. R., and Chen, J.-h. (2017). Quaternary
Ammonium-Based Biomedical Materials: State-Of-The-Art, Toxicological
Aspects and Antimicrobial Resistance. Prog. Polym. Sci. 71, 53–90.
doi:10.1016/j.progpolymsci.2017.03.001

Jin, X., Xiong, Y. H., Zhang, X. Y., Wang, R., Xing, Y., Duan, S., et al. (2019). Self-
Adaptive Antibacterial Porous Implants with Sustainable Responses for
Infected Bone Defect Therapy. Adv. Funct. Mater. 29 (17), 1807915.
doi:10.1002/adfm.201807915

Karadjian, M., Essers, C., Tsitlakidis, S., Reible, B., Moghaddam, A., Boccaccini, A.,
et al. (2019). Biological Properties of Calcium Phosphate Bioactive Glass
Composite Bone Substitutes: Current Experimental Evidence. Int. J. Mol.
Sci. 20 (2), 305. doi:10.3390/ijms20020305

Kazemzadeh-Narbat, M., Lai, B. F. L., Ding, C., Kizhakkedathu, J. N., Hancock, R. E. W.,
and Wang, R. (2013). Multilayered Coating on Titanium for Controlled Release of
Antimicrobial Peptides for the Prevention of Implant-Associated Infections.
Biomaterials 34 (24), 5969–5977. doi:10.1016/j.biomaterials.2013.04.036

Lee, T.-H., N. Hall, K., and Aguilar, M.-I. (2015). Antimicrobial Peptide Structure
and Mechanism of Action: A Focus on the Role of Membrane Structure. Ctmc
16 (1), 25–39. doi:10.2174/1568026615666150703121700

Li, D., Huang, X., Wu, Y., Li, J., Cheng, W., He, J., et al. (2016a). Preparation of pH-
Responsive Mesoporous Hydroxyapatite Nanoparticles for Intracellular
Controlled Release of an Anticancer Drug. Biomater. Sci. 4 (2), 272–280.
doi:10.1039/c5bm00228a

Li, J., Jiang, H., Ouyang, X., Han, S., Wang, J., Xie, R., et al. (2016b). CaCO3/
Tetraethylenepentamine-Graphene Hollow Microspheres as Biocompatible
Bone Drug Carriers for Controlled Release. ACS Appl. Mater. Inter. 8 (44),
30027–30036. doi:10.1021/acsami.6b10697

Li, S., Wang, Y., Xue, Z., Jia, Y., Li, R., He, C., et al. (2021). The Structure-Mechanism
Relationship andMode of Actions of Antimicrobial Peptides: A Review. Trends Food
Sci. Technology 109, 103–115. doi:10.1016/j.tifs.2021.01.005

Li, X., Wang, Y., Chen, Y., Zhou, P., Wei, K., Wang, H., et al. (2020). Hierarchically
Constructed Selenium-Doped Bone-Mimetic Nanoparticles Promote ROS-
Mediated Autophagy and Apoptosis for Bone Tumor Inhibition,
Biomaterials, 257, 120253. doi:10.1016/j.biomaterials.2020.120253

Mourtada, R., Herce, H. D., Yin, D. J., Moroco, J. A., Wales, T. E., Engen, J. R., et al.
(2019). Design of Stapled Antimicrobial Peptides that Are Stable, Nontoxic and
Kill Antibiotic-Resistant Bacteria in Mice. Nat. Biotechnol. 37 (10), 1186–1197.
doi:10.1038/s41587-019-0222-z

Nordström, R., and Malmsten, M. (2017). Delivery Systems for Antimicrobial
Peptides. Adv. Colloid Interf. Sci. 242, 17–34. doi:10.1016/j.cis.2017.01.005

Salas-Ambrosio, P., Tronnet, A., Verhaeghe, P., and Bonduelle, C. (2021). Synthetic
Polypeptide Polymers as Simplified Analogues of Antimicrobial Peptides.
Biomacromolecules 22 (1), 57–75. doi:10.1021/acs.biomac.0c00797

Song, H. Q., Fan, Y., Hu, Y., Cheng, G., and Xu, F. J. (2021). Polysaccharide-Peptide
Conjugates: A Versatile Material Platform for Biomedical Applications. Adv.
Funct. Mater. 31 (6), 2005978. doi:10.1002/adfm.202005978

Wang, Y., Yang, Y., Shi, Y., Song, H., and Yu, C. (2020). Antibiotic-Free
Antibacterial Strategies Enabled by Nanomaterials: Progress and
Perspectives. Adv. Mater. 32 (18), 1904106. doi:10.1002/adma.201904106

Xu, D., Wan, Y., Li, Z., Wang, C., Zou, Q., Du, C., et al. (2020). Tailorable
Hierarchical Structures of Biomimetic Hydroxyapatite Micro/nano Particles
Promoting Endocytosis and Osteogenic Differentiation of StemCells. Biomater.
Sci. 8 (12), 3286–3300. doi:10.1039/d0bm00443j

Yang, Z., Zheng, J., Chan, C.-F., Wong, I. L. K., Heater, B. S., Chow, L. M. C., et al.
(2019). Targeted Delivery of Antimicrobial Peptide by Cry Protein crystal to
Treat Intramacrophage Infection. Biomaterials 217, 119286. doi:10.1016/
j.biomaterials.2019.119286

Ye, Z., Kobe, A. C., Sang, T., and Aparicio, C. (2020). Unraveling Dominant Surface
Physicochemistry to Build Antimicrobial Peptide Coatings with
Supramolecular Amphiphiles. Nanoscale 12 (40), 20767–20775. doi:10.1039/
d0nr04526h

Yu, Q., Deng, T., Lin, F.-C., Zhang, B., and Zink, J. I. (2020). Supramolecular
Assemblies of Heterogeneous Mesoporous Silica Nanoparticles to Co-deliver
Antimicrobial Peptides and Antibiotics for Synergistic Eradication of
Pathogenic Biofilms. Acs Nano 14 (5), 5926–5937. doi:10.1021/
acsnano.0c01336

Zhao, C., Wang, X., Gao, L., Jing, L., Zhou, Q., and Chang, J. (2018). The Role of the
Micro-pattern and Nano-Topography of Hydroxyapatite Bioceramics on
Stimulating Osteogenic Differentiation of Mesenchymal Stem Cells. Acta
Biomater. 73, 509–521. doi:10.1016/j.actbio.2018.04.030

Zou, Y., Huang, B., Cao, L., Deng, Y., and Su, J. (2021). Tailored Mesoporous
Inorganic Biomaterials: Assembly, Functionalization, and Drug Delivery
Engineering. Adv. Mater. 33 (2), 2005215. doi:10.1002/adma.202005215

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hong, Wu, Xiao, Li, Xu and Du. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org October 2021 | Volume 9 | Article 7476659

Hong et al. AMP-Loaded Hierarchical Hydroxyapatite Microsphere

https://doi.org/10.1021/acsami.7b10392
https://doi.org/10.1016/j.cis.2019.07.001
https://doi.org/10.1016/j.jcis.2016.05.002
https://doi.org/10.1016/j.biomaterials.2020.120446
https://doi.org/10.7150/thno.38388
https://doi.org/10.1016/j.actbio.2018.10.036
https://doi.org/10.1021/acsami.6b15859
https://doi.org/10.1016/j.jconrel.2020.04.007
https://doi.org/10.1021/am5077759
https://doi.org/10.1016/j.actbio.2018.09.019
https://doi.org/10.1016/j.actbio.2020.09.044
https://doi.org/10.1021/acsnano.8b02227
https://doi.org/10.1021/acsnano.8b02227
https://doi.org/10.1016/j.progpolymsci.2017.03.001
https://doi.org/10.1002/adfm.201807915
https://doi.org/10.3390/ijms20020305
https://doi.org/10.1016/j.biomaterials.2013.04.036
https://doi.org/10.2174/1568026615666150703121700
https://doi.org/10.1039/c5bm00228a
https://doi.org/10.1021/acsami.6b10697
https://doi.org/10.1016/j.tifs.2021.01.005
https://doi.org/10.1016/j.biomaterials.2020.120253
https://doi.org/10.1038/s41587-019-0222-z
https://doi.org/10.1016/j.cis.2017.01.005
https://doi.org/10.1021/acs.biomac.0c00797
https://doi.org/10.1002/adfm.202005978
https://doi.org/10.1002/adma.201904106
https://doi.org/10.1039/d0bm00443j
https://doi.org/10.1016/j.biomaterials.2019.119286
https://doi.org/10.1016/j.biomaterials.2019.119286
https://doi.org/10.1039/d0nr04526h
https://doi.org/10.1039/d0nr04526h
https://doi.org/10.1021/acsnano.0c01336
https://doi.org/10.1021/acsnano.0c01336
https://doi.org/10.1016/j.actbio.2018.04.030
https://doi.org/10.1002/adma.202005215
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Antimicrobial Peptides-Loaded Hydroxyapatite Microsphere With Different Hierarchical Structures for Enhanced Drug Loading,  ...
	Introduction
	Materials and Methods
	Materials
	Preparation of HA MSs With Different Hierarchical Structures
	The Adsorption Behavior of AMPs Onto the HA MSs
	Surface Morphology of HA MSs and HA/AMPs MSs
	The Physicochemical Properties of HA/AMPs MSs
	Drug Release of AMPs From the HA MSs
	The Stability Assessment of Released AMPs
	The Biocompatibility of HA/AMPs MSs
	Antibacterial Properties of HA/AMPs MSs
	Statistical Analysis

	Results and Discussion
	Morphology and Structure of HA MSs and HA/AMPs MSs
	The Physicochemical Properties of HA MSs and HA/AMPs MSs
	AMPs Loading Capacity and Release Kinetics
	The Stability Assessment of the Released AMPs
	The Biocompatibility of HA/AMPs MSs
	Antibacterial Assay

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


