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Jaw defects, which can result from a multitude of causes, significantly affect the physical well-being and
psychological health of patients. The repair of these infected defects presents a formidable challenge in
the clinical and research fields, owing to their intricate and diverse nature. This study aims to develop
a personalized bone tissue engineering scaffold that synergistically offers antibacterial and osteogenic
properties for treating infected maxillary defects. This study engineered a novel temperature-sensitive,
sustained-release hydrogel by amalgamating B-cyclodextrin (B-CD) with chlorhexidine (CHX) and
a decellularized extracellular matrix (dECM). This hydrogel was further integrated with a polylactic acid
(PLA)-nano hydroxyapatite (nHA) scaffold, fabricated through 3D printing, to form a multifaceted
composite scaffold (nHA/PLA/JECM/B-CD-CHX). Drug release assays revealed that this composite
scaffold ensures prolonged and sustained release. Bacteriological studies confirmed that the B-CD-CHX
loaded scaffold exhibits persistent antibacterial efficacy, thus effectively inhibiting bacterial growth.
Moreover, the scaffold demonstrated robust mechanical strength. Cellular assays validated its superior
biocompatibility, attributed to dECM and nHA components, significantly enhancing the proliferation,
adhesion, and osteogenic differentiation of osteogenic precursor cells (MC3T3-E1). Consequently, the
nHA/PLA/JECM/B-CD-CHX composite scaffold, synthesized via 3D printing technology, shows promise
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DOI: 10.1039/d4ra00261) in inducing bone regeneration, preventing infection, and facilitating the repair of jaw defects, positioning

rsc.li/rsc-advances itself as a potential breakthrough in bone tissue engineering.

and biodegradability, position it as an exceptionally viable
solution for addressing these complex medical challenges.>**

1. Introduction

(cc)

In recent years, jaw defects arising from trauma,' infection,”
tumor,® and congenital malformation* have emerged as signif-
icant concerns impacting people's physical and psychological
health. Addressing large jaw defects remains a formidable
challenge for clinicians.” Presently, common approaches for
rectifying these defects include titanium plate implantation,
autologous bone grafts, and distraction osteogenesis. Yet, these
methods face several limitations, such as mechanical incom-
patibility with bone tissues, extensive surgical trauma, and
heightened infection risks, often leading to suboptimal recon-
structive outcomes.®® As research in bone tissue engineering
continues to advance, an increasing body of evidence suggests
that this field holds significant promise for the repair of jaw
defects. The advantages of bone tissue engineering, notably its
superior biocompatibility, exceptional mechanical properties,

“The Affiliated Hospital of Qingdao University, Qingdao, 266000, China. E-mail:
sunjianqdfy@qdu.edu.cn; yanshan_l@qdu.edu.cn

School of Stomatology, Qingdao University, Qingdao, 266000, China

‘Dental Digital Medicine and 3D Printing Engineering Laboratory of Qingdao,
Qingdao, 266000, China

9848 | RSC Adv, 2024, 14, 9848-9859

Polylactic acid (PLA), known for its commendable biocom-
patibility and biodegradable byproducts of water and carbon
dioxide, has been identified as an effective material for crafting
composite porous scaffolds for bone tissue engineering. This
revelation stands out as a significant advancement.* Nonethe-
less, its hydrophobic nature and associated challenges in cell
adhesion somewhat limit its application in this field. Helal et al.
demonstrated that augmenting PLA scaffolds with nano-
hydroxyapatite (nHA) enhances surface roughness and
increases cell adhesion sites, thereby facilitating osteogenic
differentiation of stem cells for artificial bone tissue genera-
tion.” Furthermore, Wang et al utilized fused deposition
modeling (FDM) technology to fabricate nHA/PLA scaffolds,
confirming their impressive biocompatibility, mechanical
strength, and osteogenic induction capabilities."

Infection during jaw repair poses a significant challenge for
medical professionals. Chlorhexidine (CHX), a broad-spectrum
antibacterial agent widely used in oral surgery, demonstrates
extensive antibacterial activity, low cellular toxicity, and main-
tains its efficacy even in the presence of serum or blood.
Consequently, CHX is regarded as an effective antibacterial
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Fig. 1 Flow chart of nHA/PLA/dECM/B-CD—-CHX preparation.

agent for treating jaw infections. However, issues arise with the
premature release of a drug, which often compromises its
antibacterial effectiveness.**® To ensure a successful treatment
outcome, drug delivery must be designed to provide long-term
and effective antibacterial action at the surgical site, thereby
preventing secondary infections due to premature antibiotic
release. Existing research indicates that forming a f-CD inclu-
sion complex with CHX results in a prolonged, sustained release
without altering the drug's biocompatibility.*”

In our quest for an effective carrier to deliver drugs for sus-
tained antibacterial release at the targeted site, we turned our
attention to the decellularized extracellular matrix (dECM). dECM
hydrogels are derived from animal tissues subjected to decellu-
larization treatments. Their remarkable biocompatibility, low
immunogenicity, temperature-sensitive gelation, and their ability
to promote cell proliferation and angiogenesis, along with
a complexity difficult to replicate with synthetic materials, have
garnered significant interest among clinical and scientific
researchers.”® dECM retains the native cellular structure and
contains highly biologically active, non-antigenic components
such as polysaccharides, collagen, glycoproteins, fibronectin, and
integrins."»* A key attribute of dECM is its preservation of
numerous natural cell-binding sites, which are beneficial for cell
adhesion, proliferation, and differentiation during bone regen-
eration. Decellularized extracellular matrix hydrogel scaffolds are
currently extensively utilized in various fields, including full
organ engineering for organ regeneration, bioprinting, tissue
repair and reconstruction, disease modeling and drug screening,
as well as in cell cultures.* In this study, we have innovatively
incorporated dECM into the composite scaffold considering its
temperature sensitive gel forming characteristics. This not only
enables it to act as an effective drug carrier but also allows for the
formation of a personalized hydrogel in the jaw defect area.

Consequently, this research encapsulated B-CD-CHX within
the dECM and then integrated this dECM/B-CD-CHX complex
onto an nHA/PLA scaffold, thereby fabricating a composite
scaffold through temperature-sensitive gelation. The primary
focus was to assess the osteogenic induction capabilities and
antibacterial properties of this scaffold. To achieve these
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objectives, we conducted thorough examinations of the anti-
bacterial efficiency and osteogenic induction potential of the
nHA/PLA/dECM/B-CD-CHX scaffold, along with an in-depth
analysis of its physical and chemical properties. The over-
arching aim of this study is to develop personalized bone tissue
engineering scaffolds tailored to specific defect areas, thereby
offering innovative solutions for clinical scenarios, particularly
in repairing infected jaw defects (Fig. 1).

2. Experimental section

2.1. Materials

B-CD was acquired from Shanghai Boao Biotechnology Co., Ltd.,
while CHX was sourced from Sigma-Aldrich. We obtained nHA
from Beijing DK Nano Technology Co., Ltd., and PLA was
procured from Guoyao Chemical Reagent Co., Ltd. Additionally,
the SDS solution was purchased from Shanghai Biyun Tian
Biotechnology Co., Ltd., and Triton X-100 was supplied by
Shanghai Aladdin Biochemical Technology Co., Ltd.

2.2. Preparation of B-CD-CHX

B-CD-CHX was prepared using the saturated aqueous solution
method. First, 1.437 g of B-CD was dissolved in 20 ml of double-
distilled water to obtain a saturated aqueous solution at 50 °C.
Then, 0.64 g of CHX was dissolved in 10 ml of ethanol solution,
with a molar ratio of CHX to -CD set at 1: 1. At 50 °C and under
stirring, the CHX solution was introduced dropwise to the satu-
rated aqueous solution of B-CD. After complete addition, stirring
continued for 1 h and then the solution was cooled to 0-4 °C, left
to stand overnight, filtered, washed, and concentrated."”

2.3. Preparation of composite hydrogel

Porcine left ventricular muscle tissue was selected, and the blood
vessels and fat were removed. The tissue was cut into small
pieces and repeatedly frozen and thawed three times at —80 °C.
The decellularization process entailed soaking the muscle tissue
in a 0.1% SDS solution for 24 hours with stirring and then
treating it with a 1% SDS solution for an additional 48 hours,
refreshing the solution at 24 hour intervals. The tissue was then
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treated with 1% Triton X-100 for 1 hour and finally washed with
deionized water. All solutions and instruments were strictly
sterilized. dECM and myocardial tissue were stained with DAPI
fluorescence to compare the cell nuclei removal effect.

The freeze-dried dECM was ground into powder and diges-
ted with pepsin in a pH = 2 solution for 24 hours. The pH was
adjusted to 7.4 using a NaOH solution before mixing with f-CD-
CHX. The mixture was stirred at room temperature for 2 hours
before adding to the nHA/PLA scaffold using a temperature-
sensitive  gelation  method. nHA/PLA/dECM/B-CD-CHX
composite scaffolds were prepared.

2.4. Rheological properties of composite hydrogel

The dECM/B-CD-CHX at 4 °C was placed in a 1 ml volumetric
flask and photographed again after heating to 37 °C.

The rheological properties of the dECM/B-CD-CHX were
assessed using a rheometer (Physica MCR 92, Anton Paar,
Germany). The storage modulus (G') and loss modulus (G”) of
dECM/B-CD-CHX were analyzed as a function of time at 37 °C.

2.5. Preparation of composite scaffold

Computer-aided design (CAD) software was employed to construct
the three-dimensional shape of the scaffold, which included
a 20 mm x 5 mm x 5 mm rectangular body and a cylinder
measuring 10 mm in diameter and 5 mm in height. The internal
pore size was set at 300 pm, with a line width of 30 pm. Polylactic
acid (PLA) and nano-hydroxyapatite (nHA) were mixed in a 4:1
mass ratio and printed using a 3D printer. The printing conditions
were carefully controlled: the temperature was maintained at (105
=+ 5) °C, the printing bed temperature at 25 °C, the nozzle's
movement speed at 6 mm s, and the applied pressure at 350 kPa.
The nHA/PLA scaffold underwent a two-step disinfection
process: initially, it was soaked in 75% ethanol for 1 hour, fol-
lowed by ultraviolet radiation exposure for 2 hours. After being
washed thrice with deionized water, the scaffold was immersed
in the dECM/B-CD-CHX solution. To ensure deeper penetration
of dECM/B-CD-CHX into the scaffold pores, vacuum assistance
was employed. The temperature was gradually increased to 37 °©
C over 5 minutes and then sustained at 37 °C for 30 minutes to
stabilize the composite scaffold. This study utilized these
methodologies to prepare various scaffolds: the PLA scaffold
(S1), nHA/PLA scaffold (S2), nHA/PLA/dECM scaffold (S3), and
nHA/PLA/dECM/B-CD-CHX scaffold (S4).

2.6. Mechanical properties of composite scaffolds

The mechanical properties were tested with a tension-
compression tester (Instron 5567, Instron, USA) at room
temperature of 25 °C and humidity of 70%. Then, a compressive
load was applied to the specimens, a cylindrical sample with
a diameter of 10 mm and a height of 5 mm, at a strain rate of 1
mm min~" until each specimen was compressed to 80% of its
initial height.**

From these analyses, we plotted stress-strain curves. The
compressive strength was determined by the maximum value of
the stress-strain curve, and the change of the composite hydro-
gel after addition to the scaffold was evaluated experimentally.>
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Three measurements were taken for each sample, and we used
the mean to calculate the mean and standard deviation.

2.7. Drug release experiment

The absorption intensity of chlorhexidine (CHX) aqueous
solution at 255 + 2 nm was determined using a UV-visible
spectrophotometer (Shimadzu, Japan) at concentrations of 2,
4,6, 8,10, 12, 16, 20, and 40 nug ml ™. A standard curve for CHX
was constructed using concentration and absorbance as the
coordinates.

Precisely 0.5 g each of B-CD-CHX, composite hydrogel, and
S4 were weighed and placed into dialysis bags. These bags were
then immersed in 50 ml of PBS solution with a pH of 7.2,
maintained at 37 °C, and stirred at a speed of 500 rpm. At
predetermined intervals, 4 ml of the solution released from the
bags was collected. The absorbance values of CHX in B-CD-
CHX, dECM/B-CD-CHX composite hydrogels, and S4 composite
scaffolds were recorded at various time points. The PBS solution
was replenished as necessary. After a period of 5 weeks, the total
drug release rate was quantified. The amount of drug released
was calculated using the standard curve equation.

The drug release rate was determined using the formula:
(drug release quantity/sample drug quantity) x 100%. This
experiment was conducted in triplicate to ensure accuracy, and
the average value and standard deviation were calculated.

2.8. Cell proliferation experiment

The S1 and S2 scaffolds are disinfected by soaking in 75% ethanol
for 1 hour, and then subjected to UV irradiation for 2 hours.
dECM, dECM/B-CD-CHX are combined to construct the S1, S2,
S3, and S4 scaffold groups. The scaffolds are washed three times
with deionized water. Each scaffold group is placed ina 37 °C and
5% CO, cell culture incubator and immersed in Dulbecco's
modified Eagle's medium (DMEM) containing 10% fetal bovine
serum and 1% penicillin/streptomycin (ISO 10993-part 12). After
72 hours, the extracts are collected and stored at 4 °C.
MC3T3-E1 cells (ATCC, CRL-2594) in the logarithmic phase
are obtained and adjusted to a concentration of 5 x 10* ml™".
To a 96-well plate, 100 pl of cell culture fluid is added. The
experiment is organized into a control group and S1, S2, S3, S4
groups. At 1, 3, and 5 day intervals, 10 pul of CCK-8 solution is
added and incubated at 37 °C for 1 hour. The absorption
wavelength at 450 nm is read using an enzyme-linked immu-
nosorbent assay reader. Cell proliferation is assessed through
live/dead cell staining, followed by observation under a fluores-
cence microscope (Olympus IX 51, Japan). This experiment is
conducted in triplicate with independent duplications.

2.9. Cell adhesion experiment

S1, S2, S3, and S4 scaffolds are placed in 24-well plates and
inoculated with MC3T3-E1 cells (5 x 10* cells per well), cultured
for 24 hours for cell adhesion. The scaffolds are then washed
with PBS (pH = 7.4), fixed in glutaraldehyde at 4 °C for 2 hours,
rinsed, and dehydrated with graded alcohols. After critical point
drying and gold spraying, they are analyzed by SEM. This
experiment is conducted thrice with independent duplications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.10. Osteogenic experiment

Each group of scaffolds is soaked in a culture medium con-
taining 10% fetal bovine serum and 1% penicillin-strepto-
mycin. MC3T3-E1 cells are co-cultivated with each group of
medium, inoculated at 2 x 10* cells per well in a 12-well plate.
Once the cells reach 80% confluence, 100 nmol 17! dexa-
methasone, 50 pg ml~" ascorbic acid, and 10 mmol 17" B-
glycerophosphate are added to induce osteogenic differentia-
tion. The osteogenic induction medium is replaced every 2
days. The osteogenic differentiation ability of the S1, S2, S3,

20 m
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and S4 groups is evaluated through ALP staining and alizarin
red staining.

ALP activity and staining were assessed using an alkaline
phosphatase (ALP) assay kit (Nanjing Jiancheng Bioengi-
neering Research Institute Co. LTD) and an ALP staining kit
(Dalian Boglin Biotechnology Co. LTD) on days 7 and 14. On
day 21, cells were fixed with 4% paraformaldehyde for 30
minutes, followed by three washes with PBS. They were then
stained with a 2% alizarin red solution (Dalian Meilun
Biotechnology Institute) for 45 minutes. Calcium nodules were

T T T T T T
0 100 200 R 400 500 600
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Fig. 2 Representative SEM images: B-CD-CHX 2000x (A). dECM 1000x (B). dECM/B-CD-CHX 1000x (C). dECM/B-CD-CHX at 4 °C (D).
dECM/B-CD-CHX at 37 °C (E). Elastic modulus of dECM/B-CD-CHX at 37 °C (F).

200 pm

Fig. 3 Representative SEM images: S1 (A—-C). S2 (D—F). S4 (G-1). (A, D and G) 100x, (B, E and H) 200x, and (C, F and I) 500x.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 9848-9859 | 9851


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00261j

Open Access Article. Published on 25 March 2024. Downloaded on 10/30/2025 10:51:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

] NK 2L77 Ay 0K 4247 39.79
oK 2013 19.35 = = =
4 K 1833 795 4l > otk -
T 555 G ] CaK 8.79 284
18 Jca
37 N 310
Jc Na B [ 7] Ca
2 2]
19 1
] ' | i
oM R e o e ST S| \“‘)‘—.—Jv,-.,, —
2 4 6 8 10 2 4 6 10

E S4 ,
'—’\/—\\/"’_’_‘W

1648

S2

Transmittance(%)

p-CD-CHX

dECM/B-CD-CHX

2960 171

h) ’
2960

1 1 1

1
801 561

L
801 561

T~ 1160
L

4000 3500

3000 2500 2000

1500 1000 500

Wavenumber (cm™)

200 pm

View Article Online

Paper
NK 29.53 27.82
OK 21.54 23.19
CIK 7.23 308
PK 438 213
CaK 349 131
'S
—— — —rr
4 8 10

200 pm

Intensity

Nis CaZp
LY

1200

T
1000

T
800

¢
600

T
400

Binding energy(eV)

T
200

Fig. 4 Scaffold characterization: elemental composition of B-CD-CHX (A). Elemental composition of S2 (B). Element composition of S4 (C).
Elemental distribution of S4 (D). FTIR (E). XPS (F).

observed under a light microscope, and acetylpyridine chlo-
ride was used for the alizarin red qualitative test. These
experiments were performed in triplicate and independently
repeated three times.

9852 | RSC Adv, 2024, 14, 9848-9859

2.11.

Antimicrobial experiment

The experiments were divided into five groups: a control group
and the S1, S2, S3, and S4 scaffold groups. These scaffolds were
incubated in culture medium for 72 hours. Staphylococcus

© 2024 The Author(s). Published by the Royal Society of Chemistry
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aureus (ATCC 6538) and Escherichia coli (ATCC 8739) were mixed
with the extract to create a 0.5 McFarland standard bacterial
suspension. The antibacterial activities of the 3D-printed scaf-
folds against these bacteria were tested using the agar plate
method. First, 20 pl of agar culture medium was poured into
culture dishes to solidify. Next, 100 pl of inoculum was added
and evenly distributed over the agar. The control, S1, S2, S3, and
S4 scaffolds were placed on the agar plates and incubated at 37 ©
C for 24 hours to form inhibition zones. Photographs were
taken to document the results. This procedure was repeated
three times independently.

Additionally, the antibacterial abilities of the scaffolds were
verified by bacterial colony counting. The bacterial solution
was diluted to different concentrations, and OD values were
measured to select the appropriate dilution factor. The co-
culture medium, diluted accordingly, was incubated at 37 °C
for 24 hours, further diluted to 10~° and 20 pl of this solution
was spread onto plates. After another 24 hour incubation at
37 °C, colony counts were calculated, and photographs
recorded the results. This part of the experiment was also
performed in triplicate and independently repeated three
times.

2.12. Data analysis

All data sets were subjected to statistical analysis using Origin
Pro 9.0 software (Origin Lab, Massachusetts, USA). The single
factor analysis of variance was employed for the comparisons.
*P < 0.05 was considered to be statistically significant.

3. Results and discussion

3.1. Preparation and characterization of composite hydrogel

Utilizing scanning electron microscopy (SEM), the study
observed the morphologies and microstructures of B-CD-CHX,
dECM, and dECM/B-CD-CHX composite hydrogels. The
synthesized B-CD-CHX demonstrated a needle-like structure
(Fig. 2A). The dECM, in contrast, presented a porous structure
(Fig. 2B). Notably, the porosity of the dECM hydrogel exceeded
60%, a determination made using Image] software.*® This
porous architecture is instrumental in facilitating nutrient
exchange and enhancing cell adhesion and proliferation.
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B-CD-CHX was successfully bound to dECM, resulting in
a rough surface on the hydrogel without affecting the porous
structure of dECM. Needle-like B-CD-CHX was observed on the
surface of the hydrogel (Fig. 2C).

We subjected the dECM to 4 °C and 37 °C to verify its
temperature-sensitive properties, and the results showed that
the dECM was a liquid at 4 °C and solid at 37 °C (Fig. 2D and E).
The elastic modulus of the dECM hydrogel was measured at 37 ©
C. G’ exceeded G” at about 80 s, indicating the presence of cross-
links in the dECM hydrogel (Fig. 2F), and G'/G” gradually
increased with time, indicating that the hardness and gel
strength of the composite hydrogel increased.”” However, the
G'/G" did not change significantly after 300 s, indicating that the
composite hydrogel reaction was basically completed.

3.2. Preparation and characterization of composite scaffold

SEM showed that the pores of S1, S2, and S4 scaffolds were
uniform, with a diameter of 250 um and a spacing of about 300
um. Fig. 3A shows that the surface of a single S1 is smoother
than that of S2 and S4.

Consistent with prior research,?® the surface of the S2 scaf-
fold acquired a rougher texture upon introducing nano-
hydroxyapatite (nHA) (Fig. 3F). Moreover, the incorporation of
nHA and composite hydrogels resulted in an augmented
surface area of the scaffold while preserving the porous attri-
butes of dECM hydrogels (Fig. 3I). Such a feature offers an
enhanced substrate for cell adhesion. When implanted into the
jaw bone, the composite scaffold not only provides a conducive
environment for osteoblast proliferation but also aids in bone
regeneration.>

Energy-dispersive X-ray spectroscopy (EDS) analysis revealed
the elemental composition of B-CD-CHX (Fig. 4A) as C, N, O, Cl,
and P. The S2 scaffold (Fig. 4B) comprised elements such as C,
O, P, and Ca, while the S4 scaffold (Fig. 4C) contained C, N, O,
Cl, P, and Ca. The presence of these elements affirmed the
successful printing of the S4 scaffold. Mapping analysis
(Fig. 4D) further corroborated the uniform distribution of these
elements within the scaffold.

In FTIR analysis (Fig. 4E), the S2 scaffold demonstrates
distinct spectral characteristics: a peak at 2960 cm™*, which is
associated with C-H bending, and another prominent peak at
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Fig.5 Compressive mechanical properties of scaffolds: stress—strain curve (A). Compressive strength (B) and in vitro release profiles of B-CD—-

CHX, dECM/CHX, dECM/B-CD~-CHX, and S4 (C).
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Fig. 6 Cell compatibility: the CCK-8 method was used to detect the proliferation of MC3T3-E1 cells cultured in control, S1, S2, S3, S4 groups for

1, 3, 5 and 7 days (A). Live and dead cell staining (B).

1713 em™ ' corresponding to the stretching of C=0 groups.
Additionally, a peak at 801 cm ' indicates the stretching
vibration of C-H. The characteristic peak of nHA at 561 cm™?,
associated with the -OH group,*® aligns with previous findings.
The B-CD-CHX spectrum, shown in Fig. 4E, exhibits a charac-
teristic peak at 1160 cm™ ", attributed to C-O stretching vibra-
tions.* In the dECM spectrum (Fig. 4E), a peak at 1648 cm ™
correlates with amide I type vibrations, and another at
1549 cm ' is linked to C=O stretching vibrations and N-H
bending in peptides.*** The presence of these peaks in the

9854 | RSC Adv, 2024, 14, 9848-9859

composite scaffold's spectrum confirms the successful printing
of the multi-porous scaffold.

The XPS analysis reveals that the S4 scaffold primarily
comprises C, N, O, Cl, Ca, and P elements, corroborating the
elemental analysis results (Fig. 4F). Compared to S2, S4 exhibits
distinct peaks at N 1s and Cl 2p in its XPS spectrum. The C/O
ratio of S1 is relatively high at 1.93, but it decreases to 1.19
for S2 and further to 1.04 for S4 following the addition of nHA
and composite hydrogel. This shift suggests that the inclusion
of more oxygen atoms modifies the chemical composition of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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S1 surface,®”* thus affirming the successful printing of the S4
composite porous scaffold. Additionally, the composition and
structure of S2 remain unchanged after the drug's addition,
corroborating the findings from the FTIR analysis.

3.3. Mechanical properties of composite scaffolds

The mechanical analysis of the composite scaffolds in each
group was carried out by compression experiments. Fig. 5A
shows the stress—strain curves of S1, S2, S3, and S4 scaffolds,
through which the compressive strength of each scaffold was
obtained (Fig. 5B). The compressive strengths of S1, S2, S3 and
S4 were (28.14 £+ 0.55 MPa), (22.30 + 0.55) MPa, (22.93 +
0.14) MPa and (22.83 + 0.17) MPa, respectively. The average
compressive strength of S1 was higher than that of S2, S3, and
S4 (p < 0.05), which was related to the weakened mechanical
properties of the scaffold after the addition of nHA. There was
no significant difference between S2, S3 and S4, but the
compressive strength of S3 and S4 was slightly higher than that
of S2, which may be related to the hydrogel filling in the gap of
the scaffold. However, this difference is not clinically significant
and composite scaffolds can fully meet the mechanical prop-
erties of human bone.**

3.4. Drug release experiment

During the first week on the S4 surface, CHX was predominantly
released, resulting in a rapid release rate from the composite
porous scaffold (Fig. 5C). Subsequently, the release rate transi-
tioned to a sustained phase due to the dual lag effect of dECM and
B-CD-CHX. It was observed that the drug release rate of S4
reached 60% in the first month, in contrast to the 87% release
from B-CD-CHX. As CHX was released in large quantities from -
CD-CHX, S4 underwent gradual degradation, leading to

200 pm

200 pm
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a consistent release curve without a sudden or interrupted release.
This pattern indicates an even distribution of B-CD-CHX in S4,
ensuring a sustained release of CHX. After 35 days, 66% drug
release was achieved due to the sustained release properties of the
composite scaffold, and CHX could continue to be released from
S4. The release of dECM/CHX reached 97% on the 7 day, which
may be because the loose and porous hydrogel alone cannot
achieve a better sustained release effect. However, 87% and 71%
of B-CD-CHX and dECM/B-CD-CHX were released after 35 days.
This is critical considering the ongoing risk of jawbone infection
before complete healing. The combined effects of S2, dECM, and
B-CD-CHX facilitate a long-term release of CHX, playing a crucial
anti-infective role in treating jawbone defects, highlighting its
significance as a bone substitute in infectious jaw defect repair.*

3.5. Cell proliferation experiment

The cell proliferation was assessed using the Cell Counting Kit-8
(CCK-8) on days 1, 3, 5 and 7. The results revealed that the cell
counts for the S2, S3, and S4 groups were significantly higher
than those of the S1 and control groups (P < 0.05), indicating
their superior potential for cell proliferation (Fig. 6A). Notably,
the optical density (OD) values between the S2 and S4 groups
showed no significant differences, suggesting that the incor-
poration of dECM and B-CD-CHX did not adversely impact cell
viability. In addition, MC3T3-E1 cells exhibited higher density
on the S2 and S4 scaffolds, aligning with previous studies.*® As
shown in Fig. 6A, S3 demonstrated a more robust proliferation
effect than S2, though the influence of dECM on cell prolifera-
tion was not statistically significant. This might be attributed to
the slightly shorter duration of cell culture. Also, the addition of
dECM and sustained-release drugs did not heighten the cyto-
toxicity of 54.3%%

Fig. 7 SEM images of MC3T3-E1 adhering to S1 (A). S2 (B). S3 (C). S4 (D).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Further analysis with live/dead staining (Fig. 6B), conducted
after 1, 3, 5 and 7 days of cultivation, showed that MC3T3-E1
cells remained healthy, corroborating the suitability of S4 as
a substrate for live cell adhesion. The integration of nHA into
the S1 scaffold enhanced the diffusion and proliferation of
MC3T3-E1 cells.*® Moreover, S4 retained good biocompatibility
even after adding dECM/B-CD-CHX.

These findings collectively indicate that S4 possesses excel-
lent cytocompatibility, making it a promising candidate as
a bone implant material for the repair of jaw defects.

3.6. Cell adhesion experiment

The cell adhesion assay revealed that MC3T3-E1 cells could
firmly adhere to and proliferate around the scaffold after 24

View Article Online
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hours of culture. SEM analysis indicated that cells on S2
(Fig. 7B), S3 (Fig. 7C), and S4 (Fig. 7D) showed more extensive
proliferation and adherence to the scaffold and hydrogel
surface compared to S1 (Fig. 7A). S3 and S4 demonstrated
superior adhesion, with pseudopodia fully extended and fusi-
form in shape, compared to S1 and S2. This enhanced adhesion
is likely due to the composite scaffold's rougher surface and
increased surface area, afforded by the addition of nHA and
dECM, which provide more sites for cells.***?*

3.7. Osteogenesis experiment

ALP staining (Fig. 8A) and quantitative analysis (Fig. 8C) were
conducted on MC3T3-E1 cells from each group on days 7 and
14. Compared to the S1 and control groups, the ALP staining of
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Fig. 8 MC3T3-E1 cell osteogenic assay: ALP qualitative and quantitative experiments at 7 and 14 days. (A and C). Qualitative and quantitative

experiments with alizarin red at 21 days (B and D).
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Fig. 9 Bacterial experiments: photos of CFU experiments (A). CFU quantification experiments (B). Inhibition ring test (C).

the S2, S3, and S4 groups showed a marked increase (Fig. 8A).
The quantitative analysis of ALP activity, as depicted in Fig. 8C,
indicated that the ALP activity in S4 was significantly higher
than that in the S1 and control groups (P < 0.01). Furthermore,
there were no significant differences in ALP activity among the
S2, S3, and S4 groups (P > 0.05). This suggests that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

incorporation of dECM not only increased cell adhesion sites
but also promoted cell proliferation and enhanced bone tissue
regeneration. These results align with the findings of Pati et al.,
who observed that dECM-modified scaffolds facilitated
increased mineralized tissue formation and bone regeneration
at both ectopic and orthotopic sites.*** The addition of dECM
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to S4 enhanced cell proliferation without compromising its
osteogenic performance. After 21 days of cultivation, alizarin
red staining (Fig. 8B) and subsequent quantitative analysis
(Fig. 8D) were performed on the control group, and S1, S2, S3,
and S4 groups. Alizarin red staining (Fig. 8B) revealed that after
21 days of osteogenic induction, mineralized nodules were
present in all groups. The S2, S3, and S4 groups exhibited
a higher quantity of calcium deposits compared to the control
and S1 groups. The quantitative analysis and calcium nodule
staining (Fig. 8D) were consistent, indicating that S4 had
a superior capacity for inducing osteoblast differentiation.
dECM-modified scaffolds have been recognized for their
osteoinductive and osteoconductive properties.”* Additionally,
nHA is known for its osteoinductive characteristics and high
affinity for bone tissue, rendering it an ideal polymer scaffold
for bone regeneration that can mimic natural bone tissue.'” The
efficacy of S4 in inducing osteogenic differentiation was further
validated through osteogenic induction experiments.

3.8. Antimicrobial experiment

After co-culturing with Escherichia coli and Staphylococcus
aureus for 24 h, each group was counted by Colony-Forming
Units (CFU) (Fig. 9A and B). The colony count for the S4
group was notably lower than that of the S1, S2, and S3 groups (P
< 0.001), indicating the significant antibacterial properties of
the sustained-release drug. As shown in Fig. 9C, an inhibitory
zone with a diameter of 1 cm was evident in the S4 region. This
result confirms the effectiveness of integrating CHX into the S4
scaffold against both Staphylococcus aureus and Escherichia coli.
CHX is a well-established antimicrobial agent in hygiene and is
particularly valuable as an antibacterial agent in oral medicine
where mechanical prevention is not feasible.* The addition of
CHX to the scaffold prevents the adherence and proliferation of
Staphylococcus aureus and Escherichia coli, playing a key role in
preventing infections in jawbone defects.*

4. Conclusion

In conclusion, this study successfully synthesized an osteogenic
and antibacterial composite scaffold. The surface morphology
of the scaffold, as analyzed by scanning electron microscopy,
revealed a uniform structure with rough and porous surfaces,
which are conducive to cell adhesion and proliferation. The
characterization studies corroborated that the composite
hydrogel and the sustained-release drug were uniformly
dispersed within the composite scaffold. The drug release
experiments demonstrated that the antibacterial drug could be
released in a stable and continuous manner from the composite
scaffold over an extended period. Furthermore, the composite
scaffold exhibited excellent biocompatibility, enhancing cell
proliferation, inducing osteogenic differentiation in osteo-
blasts, and promoting the formation and regeneration of bone
tissue. The efficacy of the scaffold's antibacterial properties was
confirmed through CFU and antibacterial ring experiments.
Overall, the 3D-printed composite porous scaffold provides
a tailored solution for the clinical repair of large-area infectious
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View Article Online

Paper

jawbone defects, showcasing its potential in regenerative
medicine and implantology.
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