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Novel polydopamine/halloysite nanotubes reinforced brushite
calcium phosphate cement for bone regeneration with synergistic
regulation mechanical/osteogenic capacity

Chenhao Wang,? Tao Guo,*? Yukang Gong,” Xintian Wang,? Puying An,? Jie Zhang,*? Zheng Gao,?
Wenshan Gao, Yuangong Zhang 2 and Feng Liu,*?

Bone regeneration remains a clinical challenge with limited bone substitutes. Brushite calcium phosphates cements (Bru-
CPCs), possessing good bioactivity and biocompatibility, are one of widely studied for bone graft materials. However, their
further application in the long-term remodeling of bone were limited by the low compressive strength. Adding additives
have been promising strategy to solve the above problem. Herein, halloysite nanotubes (HNTs) with its unique rod-like
structure and excellent biocompatibility, were chosen as reinforced materials to fabricate bone repair materials. Inspired by
the adhesive proteins in mussels, we modified HNTs surface with polydopamine (PDA) to improve the inorganic-inorganic
phase interfacial interactions between HNTs and Bru-CPCs. Bru-CPCs, Bru-CPCs/1.5%HNTs and Bru-CPCs/1.5%HNTs@PDA
were fabricated and the mechanical properties and biological activity of bone repair materials were evaluated in detail. All
the results indicated that Bru-CPCs incorporated with 1.5 wt% HNTs@PDA has good compressive strength and osteo-
differentiation properties, which will be a prospective biomaterial for bone-tissue repair.

Introduction

Large bone defects repair has always been a major challenge in the
field of orthopedics'3. Autografts, allografts and xenografts are
unable to meet the increasing demand for current clinical needs.
Biomaterials have been extensive studied as bone graft*’. Calcium
phosphates cements (CPCs), with low-temperature self-setting, high
biocompatibility, and similar constituents to bone, has been
attracted significant interest as implant materials in bone
reconstruction surgery®'2. Brushite cements (Bru-CPCs) possess
superior biodegradability and osteoconductive but inferior
mechanical strengths, rendering them unsuitable for current clinical
applications'316, Hence, it’s important to improve the mechanical
strengths of Bru-CPCs before using as bone repair materials.

To date, an efficiency strategy is adding additives, such as polymers
(chitosan, cellulose ethers, collagen, starch, et. al.), metal ions (Fe3*,
Zn%*, Mg?, Si%*, et al.) and nanoclay (montmorillonite (MMT),
kaolinite (Kaol), laponite (Lap), halloysite nanotubes (HNTSs), et al.),
to CPCs'7-2%, Several studied demonstrated the favorable effects of
nanoclay on mechanical strengths, cellular adhesion and
proliferation. Compared to the other nanoclay, HNTs have been
widely studied as biomaterials for the excellent biocompatible,
unique tubular structure, selectively drug loading, high mechanical

strength and abundant resources?®?°. Research has explored the
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function of HNTs in modulating osteogenesis.30-33 Firstly, silicate ions
released from HNTs stimulate osteogenic differentiation and
increase the expression of ALP and OCN genes.3! Secondly, the
nanotube structure of HNTs contributes to the stabilization of
extracellular proteins, leading to an upregulation of ALP activity.3?
Thirdly, HNTs that accumulate within cells promote osteogenesis by
directly engaging in protein interactions and intracellular signaling
pathways.33 Zhao et al developed a hierarchical composite scaffold
with deferoxamine delivery system, DFO@GMs-PDA/PCL-HNTs
(DGPN)32, They demonstrated that DGPN can promote bone
regeneration and accelerate cranial defect healing. Wu et al.
prepared HNTs-based bone repair materials3C. The incorporation of
HNTs led to an enhanced mechanical performance and upregulated
the expression of osteogenic differentiation-related genes. Ji et al.
developed a porous scaffold for bone regeneration by freeze-drying
a mixture of nano-scale drug-loaded halloysite nanotubes (HNTs)
and gelatin.3* The scaffold shows a porous structure and excellent
biocompatibility. Compared with the gelatin scaffold, HNTs can
significantly increase the mechanical properties of the composite
scaffold by >300% and match natural cancellous bone. Hence, HNTs
may be a promising additive for improving the mechanical properties
of bone repair materials.

However, the above HNTs-based bone repair materials were
composed inorganic HNTs and organic polymers together. Polymer
chains can wrap around HNTs, which benefits the modification of
interfacial interactions between HNTs and the polymer, thereby
improving the mechanical properties of bone repair materials3? 35 36,
When introducing HNTs into Bru-CPCs, the interfacial interactions
problem between inorganic HNTs and inorganic Bru-CPCs may
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hinder the mechanical properties of Bru-CPCs. Polydopamine (PDA)
can be papered via the self-polymerization of dopamine (DA) in
alkaline solution. The strong covalent or noncovalent interactions
(hydrogen bonds or stacking interactions, between catechol moieties
and substrates) endows the extraordinary adhesive property to PDA.
Numerous studies demonstrated that PDA coating in universal to
nearly all substrates, which is like that of mussel adhesive protein,
and it endows substrates biocompatibility, post-functionality and
other useful properties®’. The post-modification of HNTs surface
with PDA may modify the interfacial interactions between inorganic
HNTs and inorganic Bru-CPCs.

Herein, aiming to improve the mechanical properties of bone repair
materials, a novel Bru-CPCs/1.5%HNTs with HNTs was developed.
The mechanical properties and biological activity of Bru-
CPCs/1.5%HNTs scaffold were investigated. Considered of the
interfacial interactions between HNTs and Bru-CPCs and the high
adhesive property of PDA, HNTs surface was then coated by PDA
layer. Bru-CPCs/1.5%HNTs@PDA scaffolds were constructed. The
effect of HNTs@PDA on the mechanical properties and biological
activity of those scaffolds were assessed and discussed in detail. All
the results demonstrated that the adding HNTs@PDA can improve
the compressive strength and bioactivity properties of Bru-
CPCs/1.5%HNTs@PDA scaffolds for effective bone cell adhesion and
growth, which may be widely used as bone repair materials in the
further.

Results and discussion

Characterization of Bru-CPCS@HNTs. Bru-CPCs and modified Bru-
CPCs/HNTs were first prepared, and the effect of HNTs content on
the mechanical properties of Bru-CPCs were investigated, as shown
in Figure 1B and Figure S1. The results revealed that the mechanical
properties increased initially and then decreased with increasing the
content of HNTs. The optimal mechanical performance was achieved
with adding 1.5% HNTSs, reaching 12.16 MPa. These findings indicate
that HNTs can enhance the mechanical properties of the modified
Bru-CPCs/HNTs. But the weak interfacial interaction between HNTs
and Bru-CPCs constrains the potential enhancement of mechanical
properties. Additionally, we tested the setting time, pH, and
degradation performance, as depicted in Figure S2. The initial setting
time for Bru-CPCs was found to be 10 minutes, and the final setting
time was 21 minutes. For Bru-CPCs/1.5%HNTs, the initial setting
time was 9 minutes, and the final setting time was 20 minutes. The
addition of HNTs had a negligible effect on the setting time. After
immersion in SBF solution for 12 hours, the pH of the samples was
approximately 5.9. Since SBF was not a buffered system, the pH did
not increase to 7.4 within 12 hours. The samples were then
incubated for an additional 12 hours, and the pH reached 7.4. The pH
values remained almost unchanged around 7.4 for all samples with
further incubation. Regarding degradation performance, Bru-
CPCs/1.5%HNTs exhibited a slightly slower degradation rate
compared to Bru-CPCs. To further enhance the mechanical
properties of Bru-CPCs and increase the interfacial interaction
between HNTs and Bru-CPCs, we propose to modify HNTs by

2| J. Name., 2012, 00, 1-3

introducing polydopamine to prepare HNTs@PDA. Subseguently,
HNTs@PDA will be incorporated into Bru-CP@s ol fpthervitipratie
their mechanical performance.

Preparation procedures and thermogravimetric analysis and
morphology of HNTs@PDA. The preparation process was shown in
Scheme 1. Briefly, DA and HNTs were stirred in an alkaline
environment and a PDA coating was formed on the surface of HNTs
by self-polymerization of DA to get HNTs@PDA. The morphological
characters of HNTs and HNTs@PDA were revealed by TEM
observations, which were shown in Figure S3. The unmodified HNTs
exhibit a cylindrical morphology with a distinct, empty central lumen.
The HNTs samples display an open-ended, hollow cylindrical
structure with outer diameters ranging from 32-36 nm and inner
diameters spanning 22-25 nm, respectively. The HNTs exhibit
remarkably clear central channels, a testament to their double-
layered nanotube architecture. Upon modification with dopamine,
the HNTs@PDA display an enlarged outer diameter compared to the
unmodified HNTs, indicative of a successful PDA coating on the
exterior wall of the nanotubes3?. The HNTs@PDA exhibit a notable
increase in wall thickness, and their outer surfaces appear roughened
and coated with irregular materials, leading to an increase in the
diameter of HNTs significantly®®. The thickness of HNTs@PDA layer
(13-19 nm) is larger than that of PDA layer (8-10 nm), indicating the
successful coating of PDA modification®C.

The corresponding elemental maps displaced in Figure S4 shows that
distribution of the constituent calcium element. The calcium
mapping of the Ca-HNTs@PDA reveals an even distribution of the
elemental signal along the entire length of the tube, indicating
uniform enrichment of calcium ions. In contrast, the calcium
mapping of the Ca-HNTs exhibits a random distribution pattern. The
surface functionalization achieved through PDA coating enhances
the accumulation of calcium ions within the material3> 4. The strong
affinity between calcium ions and the catechol groups present in PDA
suggests a significant interfacial interaction, which can contribute to
the enhanced interface forces between HNTs@PDA and Bru-CPC*2.

We used thermogravimetric analysis to analyze the grafting rate of
PDA on HNTs (Figure 1A). As shown in Figure 1A, the weight
decreased upon increasing the temperature from ambient
temperature to 800 °C. The weight loss in the temperature range of
room temperature to 405 °C was attributed to the adsorbed water
and the chemically grafted silane existing in HNTs. The weight loss in
the temperature range of 405 °C to 535 °C was attributed to the
dihydroxylation of structural Al-OH groups of HNTs*3 44, The weight
loss of HNTs@PDA increases after coating with PDA. After 800 °C,
the remaining weight was 85.0% and 81.6% for HNTs and
HNTs@PDA, respectively, which indicating that PDA has been
successfully grafted onto HNTs. Moreover, an CCK-8 test was
performed to investigate the cytocompatibility of the HNTs and
HNTs@PDA by co-culturing MC3T3-E1 cells (Figure S5). The result
showed that the number of cells in all groups increased with 24
hours, indicating HNTs and HNTs@PDA had good cell safety. After
PDA functionalization, HNTs and HNTs@PDA were used as solid

This journal is © The Royal Society of Chemistry 20xx
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additive to incorporated into Bru-CPCs to obtain Bru-

CPCs/1.5%HNTs and Bru-CPCs/1.5%HNTs@PDA (Scheme 1).
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Scheme 1. The preparation process of HNTs@PDA and scaffolds

Compressive strength, fracture morphology, porosity, and anti-
washout property.

Compressive strength, fracture morphology, and porosity.The
scaffolds were molded to obtain cylindrical forms (Scheme 1). The
compressive strength and anti-washout ability of CPCs, which were
critical for the actual clinical use, were systematically investigated.
The compressive strength of pure Bru-CPCs, Bru-CPCs/1.5%HNTs
and Bru-CPCs/1.5%HNTs@PDA scaffolds were shown in Figure 1B
and Figure S1. The compressive strength of Bru-CPCs was 8.87 MPa
after 2 days of immersion, which was consistent with the literature®
45, As the content of HNTs increased to 1.5%, the value was increased
to 12.16 MPa. The result showed that the addition of HNTs can
improve the weak compressive strength of bone repair materials. A
similar trend was observed for Bru-CPC/HNTs and Bru-
CPC/HNTs@PDA shown in Figure S1. When adding 1.5 wt%
HNTs@PDA, the compressive strength of Bru-CPCs/1.5%HNTs@PDA
further increased to 18.14 MPa, which was about 2-folder higher
than Bru-CPCs. The improving of compressive strength of bone repair
material may be attributed to the strong affinity between catechol
moieties of PDA and Ca?* in Bru-CPCs. The fracture morphology of
scaffolds was characterized by SEM (Figure 1C). The fracture
morphology of Bru-CPCs was irregular plate-like or flaky brushite
crystals with micron to nanometer sizes. HNTs can be acted as crystal
nuclei. Hence, with adding HNTs, the plate-like crystallization of Bru-
CPCs/1.5%HNTs was more regular. After introducing HNTs@PDA,
the crystals of Bru-CPCs/1.5%HNTs@PDA are more regularly stacked
and the grain size becomes smaller. Somen interfaces become
blurred. These results may be beneficial to improving the mechanical
properties. Figure S6 exhibited the porosity of CPCs. The porosity of
Bru-CPCs was about 42.22+0.75%. The porosities of Bru-
CPCs/1.5%HNTs and Bru-CPCs/1.5%HNTs@PDA were 36.04+0.67%
and 38.31+0.71%, respectively. The decrease in the porosity of CPCs
may lead to an increase in compressive strength.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (A) TGA curves of HNTs and HNTs@PDA. (B) Compressive
strength of CPCs scaffolds (incubated at 37 °C and 100% relative
humidity for 2 days, **P < 0.01, ***P < 0.001). (C) Morphology of
bone repair materials after mineralization. (D) Anti-washout
property of CPCs scaffolds. Optical digital images of CPCs scaffolds
after injected into PBS solution and shaken at a speed of 60 rpm at
60 min.

Anti-washout property. The anti-washout property of the CPCs was
determined by the appearance integrity after CPCs was injected into
the PBS solution as given in Figure 1D and Figure $7. CPCs had good
continuous shapes when injected in PBS solution. After the 60 min of
shaking cycles, Bru-CPCs/1.5%HNTs slightly disintegrated, while Bru-
CPCs/1.5%HNTs@PDA showed more complete appearances. It
might well be contributed by the chemical chelation of hydroxyl
groups with Ca?*.%¢: 47 The post-modification of HNTs surface with
PDA modify the interfacial interactions between inorganic HNTs and
inorganic Bru-CPCs and enhanced the anti-washout property of Bru-
CPCs/1.5%HNTs@PDA.

Adhesive property, CCK-8 analysis, and live/dead staining analysis.

Adhesive property. The adhesion and colonization of seed cell on the
scaffolds are prerequisites for scaffold-dependent tissue engineering
to promote bone regeneration®. SEM images showed that the cells
started to spread on the surface of Bru-CPCs, Bru-CPCs/1.5%HNTs
and Bru-CPCs/1.5%HNTs@PDA. MC3T3-E1 cells on Bru-CPCs, Bru-
CPCs/1.5%HNTs and Bru-CPCs/1.5%HNTs@PDA displayed by SEM
observation exhibited flat with intact, well-defined morphology and
extending filopodia (Figure 2A). This result indicated that all the
scaffolds have good cytocompatibility.

CCK-8 analysis. CCK-8 analysis (Figure 2B) and live/dead staining
(Figure 2C) were used to evaluate the proliferation of MC3T3-E1 cells
on the scaffolds. As shown in Figure 2B, the relative cell proliferation
rates were all higher than 70% (the cell survival rate of the control
group is defined as 100%), indicating that cells proliferated well in
each group. In the first day of cell culture, the relative cell
proliferation rates in Bru-CPCs, Bru-CPCs/1.5%HNTs, and Bru-

J. Name., 2013, 00, 1-3 | 3
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CPCs/1.5%HNTs@PDA scaffolds were difference, about 101%, 108%,
and 112%, respectively. On the 3rd days, the relative cell
proliferation rates in Bru-CPCs, Bru-CPCs/1.5%HNTs, and Bru-
CPCs/1.5%HNTs@PDA scaffolds were 124%, 128%, and 131%,
respectively. The addition of HNTs@PDA
proliferation rate to a certain extent, which could be attributed to

increases the cell

the comprehensive results of improved hydrophilicity, roughness,
chemical composition, and morphology of the HNTs@PDA coating®°.
Live/dead staining analysis. The results of live/dead staining analysis
further verified the results of CCK-8 analysis. As shown in Figure 2C,
the living MC3T3-E1 cells were stained green and displayed a normal
shape. Compared with the control group and the pure Bru-CPCs
scaffold, with the addition of HNTs and HNTs@PDA, the live cells
(green fluorescence) density in the Bru-CPCs/1.5%HNTs scaffold and
the Bru-CPCs/1.5%HNTs@PDA scaffold increased and dew dead
cells (red fluorescence) were observed. All the results demonstrated
that Bru-CPCs/1.5%HNTs@PDA scaffold promoted cell adhesion and
proliferation and exhibited no adverse effects on cell viability and
morphology.

Bru-CPCs/

(A) Bru-CPCs Bru-CPCs/

®_ 300
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Figure 2. (A) SEM images of scaffolds co-cultured with cells for 24 h.
(B) Cell viability of scaffolds, CCK-8 test (¥*P<<0.05, **P<<0.01, ***p
<0.001). (C) Live/dead staining images of bone repair materials after
co-culturing with cells for 24 hours.

ALP staining, ALP activity, and In vitro osteogenesis properties.
ALP staining and ALP activity. Alkaline phosphatase (ALP) was an
early osteogenic marker, which can reflect the differentiation trend
and mineralization ability of osteoblasts®®. The osteogenic induction

4| J. Name., 2012, 00, 1-3

of scaffolds was determined by ALP staining after 7_days of co-
cultivation. The ALP expression of all scaffol@and #9é ¢oHtYolsitatip
were positive (Figure 3A), indicating that all the scaffolds have the
potential to promote the early osteogenic differentiation. To more
intuitively understand the differences in ALP activity of bone repair
materials, ALP activity was detected (Figure 3B). Compared with the
control group, the ALP activities of Bru-CPCs, Bru-CPCs/1.5%HNTs,
and Bru-CPCs/1.5%HNTs@PDA are all significantly increased.

In vitro osteogenesis properties. To elucidate the moderating effect
of HNTs and HNTs@PDA on osteogenic genes in MC3T3-E1 cells, we
performed RT-qPCR for 5 related osteogenesic genes (Col-I, IBSP,
OCN, OPN, and Runx2). Figure 3C shown the expressions of Col-I,
IBSP, OCN, OPN, and Runx2 of MC3T3-E1 after co-culturing with Bru-
CPCs, Bru-CPCs/1.5%HNTs, and Bru-CPCs/1.5%HNTs@PDA. After
culturing for 7 days, the different scaffolds upregulated the
expression of 5 related osteogenesic genes to varying degrees. The
cells in the group treated with Bru-CPCs/1.5%HNTs exhibited a
higher expression of Col-I, IBSP, OCN, OPN and Runx2 than the
control group and Bru-CPCs group in 7 days. While, the expression
levels of Col-I, IBSP, OCN and OPN in the Bru-CPCs/1.5%HNTs@PDA
group had significant difference with the other groups. Based on the
higher expression levels of the four genes, it could be seen that
addition HNTs@PDA into bone repair materials did not impair the
osteoconductive function. Bru-CPCs/1.5%HNTs@PDA is conducive
to the osteogenic differentiation and promote bone repair.

@ « Bru-CPCs

Caontrol Bru-CPCs/1.5%HNTs@PDA
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Figure 3. (A) ALP staining, (B) ALP activity and (C) Osteogenesis-
related gene expression test of scaffolds (*P < 0.05, **P < 0.01, ***P
<0.001).

Conclusions

In this study, HNTs was incorporated into the Bru-CPCs as an additive
to enhance the mechanical properties and osteogenic bioactivity of
CPCs. The result indicated that the addition of HNTs led to an
increase in the compressive strength of the CPCs. Additionally, the
proliferation and in vitro osteogenic differentiation of MC3T3-E1
cells were also improved. The strong affinity between calcium ions
and the catechol groups in PDA suggests significant interfacial
interaction, which may contribute to the enhanced interface forces
between HNTs@PDA and Bru-CPCs. The interfacial interactions
between HNTs and Bru-CPCs are critical in further augmenting the
compressive strength of the CPCs. Subsequently, HNTs surface was
coated by PDA layer and Bru-CPCs/1.5%HNTs@PDA was fabricated.

This journal is © The Royal Society of Chemistry 20xx
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The Bru-CPCs/1.5%HNTs@PDA scaffold exhibited superior
compressive  strength, cell proliferation, and osteogenic
differentiation properties compared to both the Bru-CPCs and the
Bru-CPCs/1.5%HNTs scaffolds. Based on these results, the newly
designed Bru-CPCs/1.5%HNTs@PDA emerges as promising
candidate for bone-tissue repair applications. This work provides an
efficient and universal strategy to design and construction of high-
performance personalized materials for bone-tissue regeneration.
Further research will be focus on in vivo studies and clinical
evaluations, which are essential to ascertain the stability and
regenerative potential of the fabricated scaffolds in the context of
bone-tissue regeneration.
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