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ABSTRACT

To develop a biological bone tissue scaffold with uniform pore size and good cell adhesion was both
challenging and imperative. We prepared modified cellulose nanocrystals (CNCs) dispersants (K-PCNCs) by
ultrasound- assisted alkylation modification. Subsequently, nano-hydroxyapatite (HC-K) was synthesized
using K-PCNCs as a dispersant and composited with polyvinyl alcohol (PVA) to prepare the scaffold using the
ice template method. The results showed that the water contact angle and degree of substitution (135°, 1.53)
of the K-PCNCs were highest when the ultrasound power was 450 W and the time was 2 h. The dispersion of K-
PCNCs prepared under this condition was optimal. SEM showed that the pore distribution of the composite
scaffolds was more homogeneous than the PVA scaffold. The porosity, equilibrium swelling rate, and
mechanical properties of the composite scaffolds increased and then decreased with the increase of HC-K
content, and reached the maximum values (56.1 %, 807.7 %, and 0.085 + 0.004 MPa) at 9 % (w/w) of HC-K
content. Cell experiments confirmed scaffold has good cytocompatibility and mineralization capacity. The
ALP activity reached 1.71 + 0.25 (ALP activity/mg protein). In conclusion, the scaffolds we developed have
good biocompatibility and mechanical properties and have great potential in promoting bone defect repair.
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Introduction

Although the bones in the human body can heal themselves, large bone defects need bone transplantation,
which leads to an elevated risk of immune rejection [1]. Bone tissue engineering scaffolds have been proven
to achieve the purpose of bone defect repair with minimal risk (low infectivity and low carcinogenicity,
reduced immune rejection). Porous bone scaffolds based on biopolymers (such as polyvinyl alcohol, PVA) and
bioceramics (such as hydroxyapatite, HA) have been proven to promote the growth of bone cells and the
formation of new bone tissues [2,3]. PVA composite material is easy to change its shape has high flexibility and
can adjust the surface and internal factors of the scaffold, so it can be used as a new scaffold material to
promote tissue development and regeneration [4]. PVA also can produce high-density porous structures and
provide scaffolds for the growth and differentiation of osteoblasts [5,6]. The main challenge in designing PVA-
based scaffolds is to maintain good mechanical properties, high porosity, and anti-infection ability [7]. Poor
mechanical performance and infection at the site of scaffold implantation are issues that lead to scaffold
failure.

Natural (organic or inorganic) structures such as polysaccharides and HA offer superiority in the targeted
design of prepared scaffold structures. Moreover, osteoblasts can recognize and interact with specific
biomaterials (such as HA), because the amino acids and mono- saccharides in these materials have the same
binding regions as the receptors on the surface of osteoblasts [8]. HA is a vital component of natural bone,
accounting for up to 50 %. Consequently, owing to its capacity to enhance the proliferation and
differentiation of osteoblastic cells, HA has emerged as a significant biomaterial for the fabrication of bone
scaffolds [9]. Based on this, some studies have combined PVA with HA to prepare composite scaffolds. Ashraf
et al. (2019) found that HA nanoparticles as an adjuvant can enhance the bioactivity of PVA scaffolds [10]. Due
to its biocompatibility and bone conductivity, HA can accelerate the reconstruction of damaged hard tissue
[11,12]. Methods for uniform distribution of HA in polymer matrices include in situ mineralization techniques,
wet chemical precipitation, or pyrolysis.
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[13-16] However, these methods produced HA with poor crystallinity or in aggregated and agglomerated
forms, affecting the dispersibility and mechanical properties of the scaffold materials [17-19]. To address
these constraints, dispersants were employed to enhance the colloidal stability and crystallinity of HA[14].

Cellulose, an organic biomass material, is abundant in nature and serves as the most prevalent renewable
polymer and polysaccharide [20,21]. Cellulose nanocrystals (CNCs) are nanoscale biomaterials derived from
cellulose [11,16]. It possesses characteristics such as high crystallinity, thermal stability, and biodegradability,
alongside significant physicochemical properties attributed to the nanometer scale. It has been documented
that the dispersibility and colloidal stability of HA particles were significantly enhanced through the utilization
of CNCs as an environmentally friendly dispersant. [22]. In addition to providing mechanical properties, the
wide colloidal distribution of CNCs in the PVA matrix has been fully proven to have biocompatibility, high
mechanical resistance, and crystallization rate [23]. At the same time, the application of HA/CNCs in
transparent coating materials was studied, and it was found that the distribution and crystallinity of HA were
further improved [24]. Niamsap et al. (2019) synthesized bacterial nanocellulose/HA/CNCs composites in situ
using CNCs, which showed dispersion of HA on CNCs particles with a Ca/P ratio of 1.66 and improved
distribution and crystallinity of HA [25]. Therefore, CNCs can be utilized as a bio-dispersant for HA synthesis,
facilitating bone defect repair. However, CNCs pose a challenge in dispersing into hydrophobic matrices due
to its hydrophilicity and polyhydroxy functional groups, limiting its application as a dispersant.

Surface functionalization has been proven to be an economical way to improve the performance and function
of CNCs. Hydroxyl groups provide a good platform for surface functionalization [26]. Chemical modifications
such as grafting, acetylation, esterification, etherification, or alkylation are used to tailor the surface
chemistry of CNCs to enhance interfacial compatibility with polymer matrices and at the same time improve
the stability of the composites [27]. The alkylation modification technology contains active primary amine
groups and hydrophobic alkane long chains, which can catalyze the mutual reaction between amine groups
and hydroxyl groups, effectively improving the hydrophobicity of CNCs suspensions [28]. Simple and
convenient engineering techniques are more conducive to applying alkylation modification technology in
large-scale industries [29]. Esmizadeh et al. (2024) showed that by modifying CNCs with dodecyl succinic
anhydride, the modified CNCs also exhibited excellent dispersion in hydrophobic

polymers, such as polyurethane and ethylene propylene diene rubber [30]. Similarly, Wu et al. (2020) prepared
cellulose Il nanocrystals using 3-aminopropyltriethoxysilane (KH-550) as an alkylated substrate, with further
improvement in dispersion and reduction in crystallinity [31]. Therefore, it is important to use alkylation-
modified CNCs to improve the dispersibility of CNCs. However, chemical modification methods designed to
functionalize CNCs in hydrophobic environments have so far been insufficient and unsatisfactory, as most of
them result in the lowest degree of substitution (DS) [32]. The range of DS values reported in the literature is
0.1-1[33,34]. DS is critical to the degree of chemical reaction.

Ultrasonic waves serve as an efficient and rapid physicochemical method involving cavitation reactions and
chemical actions, which can break down the connection network of macromolecules into smaller molecules
[20]. The ultrasonic waves processing uses frequencies between 20 and 100kHz, with powers ranging from 240



to 1200W in the liquid phase, where microbubbles form and subsequently collapse caused by the high level of
turbulence and shear stress, thereby promoting depolymerization of polymers [35]. It has been shown that
depolymerization of cellulose occurs due to the process of cavitation and collapse of bubbles. When
ultrasonic waves energy was applied to carbohydrates, the straight or branched chains of the compounds
would undergo pressure changes and shear, breaking the polymer chains into monomeric units [36]. The free
radicals generated during ultrasonic treatment result in the breaking of glycosidic bonds present in cellulose,
and this provides a relevant site for the reactive binding of alkylating groups to the hydroxyl groups of CNCs
[37].

To the best of our knowledge, previous studies have focused on the modification of CNCs using only physical
(e.g., mechanical grinding, ultrasonic treatment, etc) or chemical methods (e.g., alkylation, etherification,
etc.), with low DS obtained from this modification methods, and the use of a combination of ultrasound-
enhanced alkylation to change DS has not been reported. In addition, the modified CNC prepared by
ultrasound-enhanced modified composite method was used to synthesize HA, and the composite of HA and
biopolymers was used to prepare bone tissue engineering scaffolds, whose cytocompatibility and mineralized
osteogenic ability and their wide application in the field of bone defect repair have not been fully explored.

In this study, the effects of ultrasonic treatment time and power on the water contact angle (WCA) and DS of
ultrasonic-assisted alkylation- modified CNCs were investigated, and the physicochemical properties and
multiscale structure of the alkylation-modified CNCs were

evaluated, based on which the effects of the HA concentration synthesized from the alkylated CNCs on the
mechanical properties, crystalline, biocompatibility and mineralization ability of the PVA/HA scaffolds were
investigated. The purpose of this study was to determine whether PVA/HA bilayer scaffolds could be used as
potential scaffolds for the in vitro treatment of osteogenesis imperfecta. The findings provide a theoretical
basis for ultrasound-assisted chemical modification of CNCs and a scientific basis for the application of bio-
based bone tissue engineering scaffolds in bone defect repair.

Materials and methods

MATERIALS AND REAGENTS

Phosphoric acid (purity: =85 wt%), calcium hydroxide (purity: =295 %), polyvinyl alcohol (PVA, purity: 99 %),
commercial HA (purity: 99 %), and 3-aminopropyltriethoxysilane (silane coupling agent-KH-550, purity: 98 %)
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Cell reagents were purchased from Thermo
Fisher Scientific, Inc. (Beijing, China). Commercial CNCs (purity: 99 %, CCNCs) were purchased from Science K
Company (Hu'zhou, Zhejiang, China). Other chemicals were of analytical grade. Deionized water was used in
these experiments.

PCNCS PREPARATION

CNCs were prepared according to previous laboratory methods: maleic acid hydrolysis of purple sweet potato
peel residue cellulose was carried out in a 75 % (w/w) concentration maleic acid solution. The mass ratio of
maleic acid to purple potato peel residue cellulose was 10: 1 (w/w), and continuous ultrasonic treatment (KQ-
500DE Ultrasonic Cleaner, Kunshan Ultrasonic Instrument Co., Ltd.) for 1 h (at an ultrasonic treatment power
of 475 W, 50 Hz). Then, the acid hydrolysis process was continued at 110 °C for 2 h, then freeze-dried to
obtained (denoted by PCNCs) [38].



ALKYLATED PCNCS PREPARATION

The alkylated PCNCs (K-PCNCs) were prepared following the methodology described by Wu et al. (2020) with
slight modifications [31]. PCNCs (0.4 g) were ultrasonically dispersed in 50.0 mL of ethanol solution. Then, a 10
% (w/w) silane coupling agent-KH-550 working solution was prepared. Glacial acetic acid was used to adjust
the pH (4-5), and an ultrasonic-assisted reaction was carried out at room temperature. Then, absolute ethanol
(20 mL) was added to terminate the reaction, and the product was dialyzed in a dialysis bag (MW: 7000-14,000
Da) and deionized water for one week until the pH value was stable and reached 7. Finally, the dialyzed
suspension was lyophilized and alkylated to modify CNCs.

NANOCOMPOSITE PREPARATION

The nanocomposites were prepared following the methodology described by Lam et al. (2022) [39] with some
modifications. A 0.3 % suspension of CNCs (CCNCs, PCNCs, and K-PCNCs) was poured into 1 M calcium
hydroxide (100 mL, pH 10) and stirred evenly for 1 h at 60 “C. Then, 0.6 M phosphoric acid was added dropwise
in uniform dispersion for 5 h. After the addition of phosphoric acid, the reaction was continued for 24 h (27 °C),
then washed with distilled water until the pH reached 7.

SCAFFOLD PREPARATION

The scaffolds were prepared following the methodology described by Lam et al. [39] with slight modifications.
3,6,9,and 12 % (w/v, 50 mL) of the HA were mixed with 5 % (w/v, 50 mL) PVA for 3 h, after which the reaction
was stirred. Subsequently, the bubbles in the mixed solution

were removed by ultrasonic treatment for 20 min, and the suspension was poured onto a 6-well plate and
freeze-dried at -60 “C.

DISPERSIBILITY ANALYSIS

Freeze-dried PCNCs and K-PCNCs were redispersed in distilled water, absolute ethanol, and toluene at a
concentration of 0.2 % (w/w) by ultrasonic treatment for 1 h [31]. Sonication was carried out at 5 % amplitude.
Before observation, the samples stood for 2 weeks.

POROSITY AND EQUILIBRIUM SWELLING RATE ANALYSIS

The porosity of the scaffolds was estimated with ethanol as the solvent following the method of Lan et al. [40]
with slight modifications. The samples were immersed for 72 h.

Porosily (%) — :;‘ :;3 % 100 (1)
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where V; is the volume of ethanol, V; is the volume of ethanol and sample, and V3 is the volume of ethanol
remaining after removing the sample.

The equilibrium swelling rate of the scaffolds was estimated for 24 h, and the difference between the constant
weight (Wdry) and the dissolved weight in phosphate buffer solution (PBS, 0.01 M) was divided by the
constant weight (Wdry) of the scaffold.

Equilibrium swelling rate (%) = Worstin = Way 1 ()
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CHARACTERIZATION

The substitution degree was determined by a solid-state *C nuclear magnetic resonance analysis (NMR)
spectrometry probe (Bruker Advance Il HD 400 MHz spectrometer, Germany). The spectrometer has channels
of 3C at 100.5 and 400 MHz. We calculated DS from the NMR spectra using the method described by Wu et al.
[41] with slight modifications.

Contact angle analyzers (Bruker Alicona OCA200, Sweden) were used to analyze the WCA of the samples. The
sample solution was coated on the surface of the silicon wafer by the impregnation method. The test water
volume was 1 pL.

The hydrocolloidal stability of the samples was determined by a Malvin nanoparticle size analyzer (Malvin
Mastersizer 2000, England). Briefly, the samples were diluted to 2 mg/mL and dispersed in deionized water (25
°C) and scattering angle of 173°.

The morphology of the scaffolds was examined by scanning electron microscopy (SEM) (Hitachi Regulus 8100,
Japan). The scaffolds were adhered to a conductive carbon tape and a sputter coater was used to deposit
gold particles on the surface of the scaffolds under vacuum. EDS combined with SEM to determine the
sample's elemental composition. The pore size of the scaffolds was calculated using Image J software (Java
1.8.0_172, USA). The modified CNCs and HA suspension were imaged by transmission electron microscopy
(TEM) (HITACHI H-7650, Japan). A drop of the sample suspension was cast on a copper grid with carbon
coating, washed with a few drops of Milli-Q water, dried at room temperature and imaged by TEM.

Atomic force microscopy (AFM) observation (Multimode 8, Bruker Company, Germany) of the samples was
prepared by placing a few drops of CNCs with 0.005 % (w/w) solution onto a square of freshly cleaved mica
and then air-dried overnight.

Differential scanning calorimetry analysis (DSC) analysis of the samples was carried out on a calorimeter (DSC
Q100, TA Instruments, New Castle, DE, USA) over 25 to 250 °C at a heating rate of 5 °C per minute.

The thermal stability of the samples was tested by thermogravimetric (TG) analysis (Discovery TGA550 USA).
10 mg samples were weighed

into the TG analyzer at room temperature. The measurement conditions were 40 mL/min, with a temperature
increase rate of 10 K/min.

X-ray photoelectron spectroscopy (XPS) analysis (AXIS SUPRA+ AXIS NOVA AMICUS, Japan) was performed
using the AXIS Supra system. The system used a 500 mm Roland Circle monochromatic Al K-a (1486.6 eV)
source and a combined hemispherical and spherical mirror analyzer (HSA/SMA). High-resolution scans were
collected in steps of 0.1 eV.

Fourier transform infrared spectroscopy (FTIR) analysis was 1 g sample mixed with 50-60 mg of potassium
bromide powder in an agate mortar. The spectra were recorded on an FTIR-650 (Tianjin Guangdong Science
and Technology Development Co. Ltd.).

X-ray diffractometer (XRD) (Bruker Corp., Billerica, MA, USA) was used to scan the sample with Cu-Ka radiation
(X=10.15418 nm). 20 mg of each sample was scanned at 29 = 3-50° (scanning speed: 2°/min; voltage: 40 kV; the
current: 40 mA).

The mechanical properties of the samples were tested by a universal testing machine (Shimadzu model
AGS5kN, Japan) and the samples were prepared using the method described by Lan et al. [41] with slight
modifications. Briefly, a load cell of 1 kN was applied on a cylindrically shaped (10 x 10 mm) of the scaffolds.



CELL CYTOTOXICITY AND CELL VIABILITY ANALYSIS

The scaffolds were sterilized by UV light and immersed in MC3T3- Elosteoblast a-minimum essential medium
supplemented with 1 % primocin [39]. The cytotoxicity of bone tissue engineering scaffolds was evaluated.
MC3T3-E1 osteoblasts were seeded on a 96 well-plate at a density of 30,000 cells/cm? and placed in a 37 °C/5
% CO2 incubator for 24 h. Added appropriately sized scaffolds to the culture medium and incubate the cells
for 24 h. Cells without scaffolds were used as negative controls. In all experiments, MTS reagent (100 mL) was
added at a ratio of 10:1 and cultured at 37 °C/5 % CO, for 2 h. The optical density value was measured on a
microplate using an absorbance of 490 nm. The medium without cell inoculation was used as a blank control.
After 1, 4,7, and 10 d, MTS was used to evaluate the cell proliferation on the scaffold. MC3T3-E1 osteoblasts
were seeded on the scaffolds. The seeding density was 30,000 cells/cm® The culture medium without
inoculated cells was a blank control. The corrected absorbance was obtained by subtracting the absorbance
value at 490 nm from the respective blank readings. The cell viability on the scaffolds was compared with the
data recorded on PVA.

MC3T3-E1 osteoblasts were seeded on the scaffolds at 30,000 cells/ cm? and cultured in an osteogenic
medium containing p-glycerophosphate (10 mM) and L-ascorbic acid (50 mg/mL) for 14 d. The alkaline
phosphatase (ALP) activity was determined by a colorimetric analysis kit (ab83369, Abcam). Briefly, cell
culture media were collected after 4, 7, 10, and 14 d. The samples were incubated with p-nitrophenyl
phosphate for 60 min (25 °C). After the addition of the solution was stopped, the absorbance was measured at
405 nm using a microplate reader to determine the total protein content of the cells and the ALP activity of the
scaffolds.

IN VITRO DEGRADATION

The in vitro degradation experiments were carried out according to ISO 10993-13:2010 [42]. The scaffolds (10 x
10 x 0.5 mm?) were incubated (1 g/30 mL) at 37 °C in an oxidizing environment, with an aqueous solution of
hydrogen peroxide (10 %) and 1.31 mM of calcium chloride. Before and after the degradation test, the
specimens were dried to a constant weight to determine weight loss, expressed as

p=¥ "o 100 (3}

Degradation rate{%
W

where W, represents the sample weight after an immersion time t and W,
is the initial weight of the dry sample before immersion.

To further determine the degradation rate of the scaffold in a simulated in vivo environment, the degradation
rate of the scaffolds was determined in phosphate buffer solution (PBS) at pH 7.4 at room temperature [43].
The scaffolds were weighed and placed in PBS, then periodically removed from the solution and weighed, and
the scaffolds were dried at 37 °C for 24 h. The PBS solution was changed daily. The calculation formula
remained as Eq. (3).

STATISTICAL ANALYSIS

Data were presented as the means + standard deviations from at least three independent samples. All the
results were analyzed using SPSS 26.0 software (IBM, Armonk, NY, USA) and GraphPad Prism 9 software
(Dotmatics, USA) for one-way ANOVA. In all cases, the criterion for statistical significance was p <0.05.



Results and discussion

EFFECT OF DIFFERENT ULTRASONIC TREATMENT TIMES AND POWER ON WCA AND DS OF K-
PCNCS

Fig. 1a showed the modification of PCNCs (R refers to the grafted groups or H according to the DS). As shown
in Fig. 1b and c, ultrasonic treatment time significantly affected the WCA and the DS of K-PCNCs. With
increased ultrasonic time treatment (<2 h), the WCA and DS of K- PCNCs gradually increased. When the
ultrasonic time was 1.5 h, the WCA reached a maximum of 134.05°. When the ultrasonic time was 2 h, the DS
reached a maximum of 1.49, and the WCA of K-PCNC increased by 61° and the DS by about 0.3 compared to
modified PCNC which ultrasound was not added. When the ultrasonic treatment time was >1.5 h, the WCA
decreased, and there was no significant difference between the 1.5 h ultrasonic treatment group and the 2 h
ultrasonic group. Compared with the WCA of K-PCNCs without ultrasonic treatment, the WCA and the DS of K-
PCNCs with ultrasonic treatment were significantly improved, indicating that ultrasonic waves were an
effective way to catalyze the modification process and enhanced the reaction degree of hydroxylation
between alkylation reagent and PCNCs. Compared with alkylated chitosan (92.53°) [44], the WCA of
ultrasound-assisted K- PCNCs was increased by 18.37°. Aureliano et al. showed a decrease in the
polydispersity of cellulose crystals after sonication, indicating a more homogeneous size of the cellulose
crystals, as the medium to high- intensity ultrasound power applied in a brief period helped to break down
the cellulose structure [45]. The ultrasound treatment process promoted hydrodynamic shear and greater
chaotic contact between cellulose particles and oxygen, which facilitated the generation of more negative
charges on the surface of cellulose crystals due to the partial rupture of the particles [46].

In Fig. 1d, the chemical shifts of the C atoms were C1 (102 ppm), C4 (87.1 ppm), C4 (84.3 ppm), C2/C3/C5
(74.3/73.6/71.9 ppm), C61 (64.5 ppm) and C62 (60.7 ppm) [47]. These results showed that the type | structure
of cellulose still existed after alkylation modification. Compared with PCNCs, KH-550 with alkylation
modification increased the intensity of the signal peak of -CH,-NH, on KH-550 at 41.2 ppm. The peak at C235
for the sample with a sonication time of 3 h in Fig. 1d was the same as that of the PCNC without sonication
modification, which may be due to the fact that the high sonication energy over a long period destroyed the
structure of the CNCs and affects the DS. According to the DS and WCA, the ultrasonic treatment time was 2 h
for the next ultrasonic treatment power analysis.

As shown in Fig. le, with the increase of ultrasonic treatment power, the WCA and DS of K-PCNCs first
increased and then decreased. When the ultrasonic treatment power was 450 W, the WCA and DS reached the
highest values of 135° and 1.53°, respectively.
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Fig. 1. Effect of different ultrasonic treatment times and power on WCA and DS of K-PCNCs. The modification routes of PCNCs (R refers to the
grafted groups or H according to the degree of substitution) (a), water contact angle analysis (b), degree of substitution (c), and NMR (d)
analysis of K-PCNCs prepared at different ultrasonic treatment times (power: 450 W), water contact angle analysis (e), degree of substitution
(f) and NMR (g) analysis of K-PCNCs prepared at different ultrasonic treatment power (time: 2 h). Abbreviations in the figure are as follows:
PCNCs (purple sweet potato peel residue CNCs), K-PCNCs (alkylated purple sweet potato peel residue CNCs). Different letters (a-f) indicate
significant differences between values (p <0.05).

When the ultrasonic treatment power was >450 W, the WCA and DS decreased. Like different ultrasonic
treatment time-assisted alkylation modifications, K-PCNCs still retained the cellulose type | structure in the
process of different ultrasonic power-assisted alkylation modifications, that is, different ultrasonic treatment
power did not change the chemical structure of PCNCs. Fig. 1g showed that the intensity of the cellulose
characteristic peaks in the *C NMR spectrum, especially the condensation peaks belonging to C2, 3, 5, and C6,
decreased at the same time, showed that sialylation occurs not only on the expected hydroxyl groups of C6
but also on the hydroxyl groups of C2 and C3 [48]. The results showed that the ultrasonic treatment time of 2 h
and ultrasonic treatment power of 450 W were the best ultrasonic treatment conditions for ultrasonic-
assisted alkylation modification. The optimum DS and WCA of K- PCNCs were 1.53 and 135°, respectively.
Proper ultrasonic-assisted alkylation hydrolysis has significantly improved the hydrophobicity of K-PCNCs.



PHYSIOCHEMICAL, STRUCTURAL PROPERTIES, AND THERMAL PERFORMANCE ANALYSIS OF
K-PCNCS

As shown in Fig. 2a, compared with PCNCs (-45.8 + 0.2 mV), the value of zeta potential of K-PCNCs (-42.6 + 0.9
mV) and K-PCNCs (U) (-40.8 + 0.6 mV) decreased after alkylation modification. Compared with K-PCNCs
modified by ultrasound, the absolute value of zeta potential without ultrasound was significantly lower,
indicating that ultrasound-assisted modification can significantly improve colloidal stability [49]. K-PCNCs
were freeze-dried and redispersed in different solvents, such as water, ethanol, and toluene (0.2 %).
Photographs of these suspensions were shown in Fig. 2b. Compared with K-PCNCs (U), K-PCNCs prepared
under the best ultrasonic treatment conditions have a good affinity for ethanol (3) and can form a stable
suspension. K-PCNCs showed greater dispersion in absolute ethanol and higher particle stability and were
well dispersed in toluene and the formation of some flocs at the bottom, indicating that ultrasound can
improve the stability of the suspension. Alkylation of PCNCs significantly improved the colloidal dispersibility
in different solvents and improved the application value.
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Fig. 1. (continued).

Fig. 2c showed the AFM diagram of K-PCNCs. The diameter range of K-PCNCs was 27-35 nm and the length
range was 100-260 nm (Fig. 2f and h). The diameter range of PCNCs was 10-30 nm, and the length range was
60-220 nm. K-PCNCs typically exhibited rod-like structures, like the PCNCs. In TEM analyses (Fig. 2d), the K-



PCNCs appeared relatively uniform structures. The highly modified CNCs crystals played a major role in the
application potential of this nanomaterial. Moreover, because of the erosion and swelling effect, the blurry
outline of K-PCNCs led to a larger diameter [50]. In general, after chemical modification, CNCs maintained the
original rod shape.

Fig. 3a showed that there was an absorption peak at 3350 cm™, which was the stretching vibration of the OH
group in cellulose molecule, 1620 cm™ represented the bending vibration of O-H, and 1065 cm™ represented
the stretching vibration of C-O. The absorption peaks at 2900 cm™ and 896 cm™ were due to the C-H group and
the p-glycosidic bond, respectively [51]. These peaks became broader and more complex as the siloxane
chains became more branched. Compared with PCNCs, the characteristic peak of amino groups (-H2N) in K-
PCNCs appeared at 1600 cm™, which was related to strong hydrogen bonding to the hydroxyl groups with
both silanol and cellulose [52]. In addition, there were also some slight shifts in the peaks at 1164 and 1030
cm™ for PCNCs to 1157 and 1023 cm™ in K-PCNCs, respectively. The analysis of FTIR data showed that 1745 cm-
! represents the C=0 stretching vibration of hemicellulose, and 1506 cm™ represents the C=0 telescoping
vibration of lignin and the benzene ring backbone vibration [53]. The absence of such characteristic peaks in
the PCNCs and K- PCNCs spectra indicated that the lignin and hemicellulose were both removed, which can
be further used as biomaterials. The reaction on the surface of ultrasound-assisted alkylated CNCs produced
alkylsubstituted CNCs.
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Fig. 2. Dispersibility, morphological properties, and dimensional characterization of K-PCNCs and PCNCs. Zeta potential of K-PCNCs
and K-PCNCs (U) (a), dispersion of K-PCNCs (b), AFM analysis (c) of K-PCNCs, TEM analysis of K-PCNCs (d) and PCNCs (e), length (f, h)
and diameter (g, i) distributions of PCNCs and K-PCNCs. Abbreviations in the figure are as follows: PCNCs (purple sweet potato peel
residue CNCs), K-PCNCs (alkylated purple sweet potato peel residue CNCs), K-PCNCs (U) (alkylated purple sweet potato peel residue
CNCs prepared without ultrasonic condition). 1, 2, 3, and 4 represent the dispersibility of K-PCNCs in the control group without
ultrasonic conditions, aqueous solution, absolute ethanol, and toluene dispersant. Different letters (a-c) indicate significant
differences between values (p < 0.05).

During the highly modified alkylation process, the cellulose | structure of CNCs was retained, as evidenced by
XRD analysis of K-PCNCs (Fig. 3b). The XRD indicated that the substitution of alkyl groups preserves the core
crystalline structure of cellulose. The intensities of diffraction peak in 26 = 15.4° and 22.7° corresponded to the
CNCs crystal surfaces at (110) and (200) were significantly enhanced, and the crystallinity of K-PCNCs (65.4 +
4.2°) significantly increased after modification. Compared with previous studies, the crystallinity of K- PCNCs
was higher than that of salinization-modified CNCs (43.8 + 0.9 %) [31], showing its potential as a reinforcing
component for composites. This indicated that the crystal shape and main crystal structure did not change
during the modification process, and the crystallinity was enhanced. Fig. 3c showed that the chemical bond
types of the macromolecules on the surface of K-PCNCs existed, all of which are C1 (C-C/C- H), C2 (C-OH), and
C3 (C=0). The C—C content of K-PCNCs gradually increased, while the C=OH content gradually decreased.
After modification, fewer hydroxyl groups were exposed on the surface of K-PCNCs. The XPS spectrum of Ols
indicates (Fig. 3e) that oxygen and carbon atoms were mainly connected through C—0O bonds. The peaks in
the O1s spectrum of XPS were fitted into two peaks, O1sl (C-OH...0) and 01s2 (C-OH) [54]. The proportion of
01s2 in K-PCNCs gradually decreased, indicating a decrease in the proportion of free hydroxyl groups without
hydrogen bonds and a decrease in surface hydroxyl content. This showed that a chemical reaction has
occurred between the alkyl group and the hydroxyl groups on the surface of CNCs, completed the alkylation
modification and further aligned with the NMR results.

Fig. 3g showed the DSC patterns of PCNCs and K-PCNCs. The DSC baseline responded to the change in the
heat capacity of the substance, and the change in the baseline was caused by the change in the molecular
structure of the sample and the structure of the aggregation state. The heat absorption degradation
temperature of PCNCs was decreased compared with K-PCNCs, because of the decreased in polymerization,
decreased particle size, so the terminal carbon and exposed reactive groups on the surface were significantly
increased and the thermal stability was increased [55]. In contrast, there was no difference in the absorption
decomposition temperature of the DSC secondary heating curves of K-PCNCs, which have good thermal
properties. Thermal analyses of PCNCs and K-PCNCs revealed different degradation profiles (Fig. 3h). The
initially small weight loss of K-PCNCs of 100—150 °C can be attributed to the evaporation of physically bound
moisture [56]. The main peaks corresponding to the thermal degradation of K-PCNCs were observed between
240 and 280 °C, and a small wide dip (310 and 450 °C). K-PCNCs lost nearly 30 % of the mass in the 250 °C
range, followed by another 45 % mass loss at temperatures (300—500 °C), lead a significantly high (nearly 20
%) residue at 500 °C. The decomposition temperature range of PCNCs was 210—395 °C, and the weight loss
was 86 %. The onset degradation temperatures (Tonset) Of K-PCNCs were 340.81 °C. The maximum degradation
temperature (Tmax) Was 424.57 °C (Fig. 3j). The weight loss of K-PCNCs was 79 %. The crystalline zone that was
difficult to be intruded will at the same time lead to an increase in thermal stability, a result that was
consistent with previous XRD studies. Similar results also appeared in the study of Wang et al. (2024) [57] that
the maximum DTG peak of the prepared tea- derived CNCs was 273 °C. A shoulder peak at 229 °C preceded the
central decomposition peak of the tea-derived CNCs. This stage of degradation is consistent with that
reported by Roman et al. (2004) [58]. The multiple thermal degradation peaks in the curve of K-PCNCs
because, during the process of thermal degradation, the surface-grafted long-chain polymers preferentially
degraded to produce thermal crossproducts [59]. The thermal stability of K-PCNCs was significantly improved
compared to PCNCs. K-PCNCs have a major thermal degradation temperature above 200 °C and can be used
as reinforcing materials in green bio composites.



PREPARATION AND CHARACTERIZATION OF HA SYNTHESIZED WITH K-PCNCS AS A
DISPERSANT

The mechanism of forming a three-dimensional porous scaffold for bone defect repair was shown in Fig. 4.
Firstly, CNCs were prepared from purple sweet potato peel residues and modified by alkylation-assisted
ultrasonication modification. Then, modified CNCs were used as dispersants for HA prepared by chemical
synthesis to improve the agglomeration of HA. The prepared HA has a nanostructure. It was compounded
with PVA, frozen in liquid, and transferred to a vacuum freeze-drying device. During the vacuum freeze-drying
process, as the solvent evaporated, the volume of water decreased, and pores uniformly appeared in the
scaffold. Finally, the porous structures were interconnected and formed through holes. During the solvent
evaporation process, the hydrogen bonding forced and the bonding between HA tightly adhered to the
porous scaffold, thereby forming a uniform through-hole structure during the water drying process. The
porous scaffold bound and adsorbed osteoblasts on the pore site, allowed the cell to proliferate, differentiate,
and repair bone defects during the mineralization process of osteoblasts.

Interactions between HA and K-PCNCs were observed by TEM (Fig. 5). HC-K particles with a length of 200 nm
and a width of 40—50 nm were observed in the TEM image. In the presence of calcium hydroxide and
phosphoric acid, HA formed spherical particles modified in the rodlike structure of K-PCNCs [39]. This result
was like the size of HAP observed in the study of Shuai et al. (2022), the HAP powders were needle-like with a
length of about 150 nm and a width of about 20 nm, suggesting that the synthesis of HA particles in modified
CNCs did not alter the morphological size of HA [60]. This interaction was also attributed to the formation of
hydrogen bonds between the OH group of nano dispersants and the Ca* of HA [61]. The synthesis of HC-K in
the suspension of K-PCNCs demonstrated the modification of HA along the rod-like structure of CNCs.

CA/P RATIO ANALYSIS OF HA

To determine the Ca/P ratio of HA, the EDS spectra of the HA particles were shown in Table 1. The HA
synthesized with K-PCNCs, PCNCs, and CCNCs as dispersants has the same elemental composition consisting
of four elements, from calcium carbonate and phosphorus, which was the same as that of HA particles (Fig. 6).
HC-K with a Ca/P ratio of 1.60, that was in the range of biological apatite from 1.50 to 1.85. The Ca/P ratio of
natural HA was 1.67, while sono chemical-prepared HA/ cellulose composites ranged from 1.78 to 1.90 and
1.40—1.60 prepared by simulated body fluids [62—65], which indicated that the HA synthesized with K-PCNCs
as a dispersant was closer to the standard stoichiometric ratio than that of the other methods, suggested that
ultrasound-assisted  modification has a significant influence on the CNCs dispersants.
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Fig. 3. Structural properties and thermal characterization of K-PCNCs and PCNCs. FTIR (a), DSC (b), TGA (c), and DTG (d) analysis of
PCNCs and K-PCNCs, the onset degradation temperature-Tonset, the maximum degradation temperature-Tmax, and the end
degradation temperature-Tendset of K-PCNCs and PCNCs (e), XRD (f), and XPS elemental carbon (g, i) and oxygen (h, j) analysis of
PCNCs and K-PCNCs. Abbreviations in the figure are as follows: PCNCs (purple sweet potato peel residue CNCs), and K-PCNCs
(alkylated purple sweet potato peel residue CNCs).
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Fig. 4. Diagram of the mechanism underlying the formation of the bone tissue engineering scaffold.

MORPHOLOGICAL STUDY, POROSITY, AND SWELLING BEHAVIOR OF HA BONE TISSUE
ENGINEERING SCAFFOLDS

The effect of change in the HA addition on the morphology of the bone tissue engineering scaffold can be
seen through the microstructure changes by SEM (Fig. 7). The structure of bone tissue engineering scaffolds
promoted cell biological reactions and microenvironment, thus promoting cell proliferation. The ice template
method was used to synthesize the scaffolds. The microporous structure of the scaffold was preserved by
freeze-dried ice sublimation. Fig. 7 showed that all the bone tissue engineering scaffolds successfully
prepared by ice template technology had a highly interconnected 3D structure of pore channels and pore
matrix. SEM showed that the porosity and homogeneity of the PHC-HA scaffolds prepared with HA
synthesized without CNCs as a dispersant were significantly lower than those of the scaffolds prepared with
HA synthesized with modified CNCs as a dispersant. Among the bone tissue engineering scaffolds prepared
with HA synthesized with K- PCNCs, PCNCs, and CCNCs as dispersants, the scaffolds prepared with HA
synthesized with K-PCNCs as dispersants had relatively high porosity and equilibrium swelling rate, and
relatively uniform porosity. Table 2 showed that the bone tissue engineering scaffolds prepared with 3, 6, 9,
and 12 % HA addition had the highest porosity and equilibrium swelling rate when 9 % HA was added (56.1 %
and 807.7 %, respectively). There was good uniformity between PVA and HA particles, and there was no free
HA aggregation in the internal porous structure of the scaffold. For the combination of PVA and different
amounts of HA, the internal space of the bone tissue engineering scaffold had different degrees of influence,
showing different porous structures. This proved that HA synthesized by different dispersants directly
affected the internal structure of the scaffold as the skeleton part of the bone scaffold [40].



FTIR, XRD, MECHANICAL PROPERTIES, AND WCA ANALYSIS OF BONE TISSUE ENGINEERING
SCAFFOLDS

Fig. 8(a, b, ¢, d) showed that the changes in functional groups during the synthesis of the scaffolds were
characterized by infrared spectroscopy. The combination of HA and PVA resulted in hydrogen interactions;
thus, the amount of chemical functional groups grafted on the scaffold changes, which further changes the
peak strength of the different scaffolds in the FTIR spectrum. The FTIR spectra of the PVA and scaffolds (3, 6, 9,
12 %) showed characteristic peaks at 3430 cm™ (-OH), 2900 cm™ (CH,), 1430 cm™ (CH), 918 cm™ (C—0) and 845
cm (C—C), indicated the existence of cellulose and PVA. The characteristic peaks at 1035, 682, 601, and 536
cm™ represented the different vibration modes of phosphate groups (PO%) in HA. Specifically, 1035 cm™ was
attributed to the asymmetric tensile mode of phosphate, while the O-P-O mode corresponded to the peaks at
682, 601, and 536 cm™ [66]. The appearance of these characteristic peaks represented HA confirmed the
existence of HA in bone tissue engineering scaffolds. When the amount of HA increased, the intensity of the
phosphate (PO%) peak increased. The interaction of the -OH group in HA and Ca?* in the PVA scaffold reduced
the unbound -OH group in the bone tissue engineering scaffold, resulted in a decrease in the band strength at
3430 cm™. The HO- group to Ca®* hydrogen bond connected in bone tissue engineering scaffold affects other
physical properties of the scaffold.

The crystallization behavior of the bone tissue engineering scaffold was characterized by XRD. The hydrogen
interaction between HA and PVA destroyed the crystallinity of the scaffolds. Fig. 8(e, f, g, h) showed that the
peaks at 20 = 19.4° and 40.1° represented the crystallization region of PVA. 20 = 22.5° (200), 25.7° (002), 31.6°
(210), 32.6° (211), 34.0°, and 40.1° (310), and 46.5° (222) corresponded to CNCs and HA. The peak distribution
agreed with the study of Shuai et al. (2022) [67]. Also, the diffraction peak results indicated that the obtained
HA particles were nano-microcrystalline and were considered to have excellent osseointegration properties
[68]. At 20 = 19.4° for PVA, as the amount of HA increased, the strength of the main peak gradually decreased,
resulting in a decrease in crystallinity, indicating that the connection between the HO group and Ca*
hydrogen bonds through the interaction of -OH groups destroyed the natural crystallization

region of PVA [9]. The HA graft changed the number and order of the hydroxyl functional groups in the
different CNCs dispersants, resulting in the customized synthesis of the internal porous structure of the pre-
pared scaffolds. The amount of HA was related to the decrease in crystallinity in scaffolds. The
physicochemical performance and internal structure of HA and PVA increased the compressive modulus of
interconnected bone tissue scaffolds under pressure, further enhancing mechanical performance. The WCAs
of the PVA, PHC-K9, and PHC-P9 scaffolds were 53 + 5° 113 + 4°, and 50 + 4°, respectively, indicated that the
scaffolds had good hydrophobicity (Fig. 8i). The physiochemical properties and morphological analysis
showed that the PHC-K9 bone tissue engineering scaffold has good biocompatibility.

A compression experiment was used to show the trend of changes in the mechanical properties of the bone
tissue engineering scaffold. The relationship between the type and amount of HA and the compression
modulus was shown in Fig. 8j. Although HA reduced the crystallinity of PVA and destroyed its original crystal
structure, as the amount of HA added increased, the compression modulus gradually increased, indicated
that HA also helps to improve the mechanical resistance of bone scaffolds. When the content of HA was 9 %,
the mechanical properties of the scaffold prepared with K-PCNCs as dispersant reached the maximum value
(0.085 + 0.004 MPa). The compression modulus of PHC-K9 was approximately 286.4 % higher than that of PVA.
The increase in the load of K-PCNCs and HA particles in the scaffold strengthened the interior of the porous
structure and improved the mechanical strength of the whole scaffold, which confirmed the enhanced
mechanical properties due to the increase in the solid content [69].
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Fig. 5. Diagram of the formation mechanism of the hydroxyapatite (a), TEM analysis of HC-K (b), HC-C (c), HC-P (d), HA (e), and flow
chart of hydroxyapatite preparation (f). Abbreviations in the figure are as follows: HA (commercial hydroxyapatite), HC-C
(hydroxyapatite synthesized with CCNCs as a dispersant); HC-K (hydroxyapatite synthesized with K-PCNCs as a dispersant), HC-P
(hydroxyapatite synthesized with PCNCs as a dispersant).



Table 1. Ca/P ratio of the hydroxyapatite.

Samples Atomic percentage of elements (%) Ca/P

C 0 Ca P
HA 51.98 +0.30°¢ 40.73 £0.20° 4.67+0.02° 2.33+£0.01° 2.00+0.00
HC-C 53.17£0.15° 39.15+0.10°¢ 5.29+0.01° 2.39+0.03° 2.21+£0.02
HC-P 54.52 £0.22° 40.50 £0.19° 3.68 +0.00¢ 1.30 +0.02¢ 2.83+£0.04
HC-K 48.26 +0.25¢ 44.27 +£0.10° 4.60 £ 0.00c 2.87+0.01° 1.60 £ 0.00

Abbreviations in the table are as follows: HA (commercial hydroxyapatite), HC-C (hydroxyapatite synthesized with CCNCs as a
dispersant), HC-K (hydroxyapatite synthesized with K-PCNCs as a dispersant), HC-P (hydroxyapatite synthesized with PCNCs as a
dispersant). Different letters (a-d) indicate significant differences between values (p < 0.05).
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Fig. 6. EDS analysis of hydroxyapatite particles. (a) HC-K, (b) HC-C, (c) HC-P, (d) HA. Abbreviations in the figure are as follows: HA
(commercial hydroxyapatite), HC-C (hydroxyapatite synthesized with CCNCs as a dispersant), HC-K (hydroxyapatite synthesized with
K-PCNCs as a dispersant), HC-P (hydroxyapatite synthesized with PCNCs as a dispersant.



(b)

(caption on next page)



Fig. 7. SEM of PHC-K composite scaffolds (a) (A and a: PVA, B and b: PHC-K3, € and c¢: PHC-K6, D and d: PHC-K9, E and e: PHC-K12,
A/B/C/D/E: 1200x, scalebar: 100 um, a/b/c/d/e: 400x, scalebar: 40 um), PHC-C composite scaffolds (b) (A and a: PHC-C3, B and b: PHC-
C6, € and c: PHC-C9, D and d: PHC-C12, A/B/C/D: 1200x, scalebar: 100 um, a/b/c/d: 400x, scalebar: 40 um), PHC-P composite scaffolds
(c) (A and a: PHC-P3, B and b: PHC-P6, C and c: PHC-P9, D and d: PHC-P12, A/B/C/D: 1200x, scalebar: 100 um, a/b/c/d: 400x, scalebar:
40 um), and PHC-HA composite scaffolds (A and a: PHC-HA3, B and b: PHC-HAG6, C and c: PHC-HA9, D and d: PHC-HA12, A/B/C/D: 1200x,
scalebar: 100 um, a/b/c/d: 400x, scalebar: 40 um). Abbreviations in the figure are as follows: PVA (polyvinyl alcohol scaffold), PHC-K
(hydroxyapatite synthesized with K-PCNCs as a dispersant/polyvinyl alcohol composite scaffolds), PHC-C (hydroxyapatite synthesized
with CCNCs as a dispersant/polyvinyl alcohol composite scaffolds), PHC-P (hydroxyapatite synthesized with PCNCs as a
dispersant/polyvinyl alcohol composite scaffolds), PHC- HA (commercial hydroxyapatite/polyvinyl alcohol composite scaffolds). 3, 6,

9, and 12 % were the addition amounts of the hydroxyapatite in the composite scaffolds.



Table 2

Samples Pore size (um) Porosity (%) Equilibrium swelling rate (%)
PVA 43.7+6.4f 50.9+1.2" 612.7£13.6°
PHC-K3 71.9 + 7.8Pcdef 53.1 + 0,13bcdefeh 730.1 + 11,3%cce
PHC-K6 92.7 + 6.43bcde 55.2 + 0.4bcde 785.6 + 76.87><
PHC-K9 102.9+6.7%° 56.1+3.1%° 807.7 + 89.8%¢
PHC-K12 108.2+11.9° 58.9+0.2° 822.8 +15.3°
PHC-C3 69.0 + 8.58" 51.0+1.48" 664.1 +50.79
PHC-C6 85.5 + 12,03 53.6 + 0,2Pcdefen 706.0 + 56.43bcde
PHC-C9 97.5 + 10.6ab% 54.7 + 3,3bcdef 737.7 + 18.2a
PHC-C12 96 + 8,50cde 55.8 + (.43 750.3 + 39,430
PHC-P3 66.5+9.2%f 51.9 + 0.4¢f" 662.9 + 78.1d®
PHC-P6 82.5 + 7, 73bcde 53.8 + ], 7Pcdefeh 713.7 + 61.43bcce
PHC-P9 93.0 & 7,]bcdefeh 54.3 + ], 7bcdefeh 750.5 + 45.0ab"
PHC-P12 101.0 +5.6° 55.0 + 1,7P«de 762.8 + 44,17
PHC-HA3 65.0 + 7.1¢ 51.3+ 1.8 695.9 + 52,8
PHC-HA6 71.0 + 4,20 52.2 +1.09%fen 755.1 + 28,12
PHC-HA9 79.5+9.13b¢ 52.5 + 0,2cdefen 710.9 + 56.5%cde
PHC- 84.0 + 8,53bcde 53.1 4 (,3bcdefeh 743.0 + 18.43
HA12

Abbreviations in the table are as follows: PVA (polyvinyl alcohol scaffold), PHC- K (hydroxyapatite synthesized with
K-PCNCs as a dispersant/polyvinyl alcohol composite scaffolds), PHC-C (hydroxyapatite synthesized with CCNCs as
a dispersant/polyvinyl alcohol composite scaffolds), PHC-P (hydroxyapatite synthesized with PCNCs as a
dispersant/polyvinyl alcohol composite scaffolds), PHC-HA (commercial hydroxyapatite/polyvinyl alcohol
composite scaffolds). 3, 6,9, and 12 % were the addition amounts of the hydroxyapatite in the composite scaffolds.

Different letters (a-h) indicate significant differences between values (p < 0.05).

The mechanical strength of the bone tissue engineering scaffold prepared with modified CNCs
as a dispersant was significantly greater than that of the prepared with unmodified CNCs as a
dispersant, which proved the importance of modified CNCs as the biological dispersant for
bone scaffolds.

CYTOTOXICITY, CELL VIABILITY, AND IN VITRO DEGRADATION OF BONE TISSUE
ENGINEERING SCAFFOLDS

According to the results of equilibrium swelling rate, porosity, and pore size in Table 2 and the
mechanical properties in Fig. 8j, PHC-K9 scaffolds have good properties, so the scaffold for the
biocompatibility study while PVA and PHC-P9 were used as a control for comparative analysis.
PHC-K9 was selected for cell studies while PVA and PHC-P9 were used as controls. In vitro
degradation tests were to evaluate the effect of the degradation rate of the scaffolds (Fig. 9a
and b). The weight loss for PVA scaffolds was 2.34 % (w/w), almost doubled for PHC-P9 (2.90



%, w/w) and tripled for PHC-K9 (4.07 % w/w) after a 1-month degradation in 10 % H202. After
30 days of incubation in PBS (Fig. 9b), the degradation loss of the PVA scaffolds was 20 %-22 %,
that of the PHC-P9 scaffolds was around 23-24 %, and that of the PHC-K9 scaffolds was around
25 %, a result like the degradation rate of the HA-composite gelatin scaffolds prepared by
Morsy et al. 2024 (after 35 days of incubation in PBS of 20-25 %) [43]. Therefore, CNCs
enhanced the diffusivity of the water molecules in the biocomposite matrix. The degradation
curves of the scaffolds could confirm the cross-linking efficiency as well as the suitability to
meet bone tissue engineering conditions. In bone tissues, the rapid degradation of a scaffold
may lead to poor mechanical strength and low stiffness and thus can negatively influence
bone regeneration [70].

The cytotoxicity of the PVA, PHC-K9, and PHC-P9 scaffolds was evaluated by measuring the cell
viability of the MC3T3-E1 osteoblasts cell cultured for 24 h. Fig. 9a showed that the scaffold has
no toxic effect on osteoblasts. The cell viability was approximately 90 % greater in the three
scaffold groups. A cell viability value above 80 % indicated no cell cytotoxicity [71]. Fig. 9¢
showed that PHC-K9 (98.02 + 0.84 %) and PHC-P9 (93.02 + 6.47 %) had similar cell survival
rates. The PVA led to a slightly lower percentage of viable cells (0.25 + 2.62 %). This was
adequate for demonstrating the safe use of the scaffolds on cells. The bone tissue engineering
scaffolds were prepared from PVA, and HC without cytotoxicity; at the same time,
interconnected pore structures can promote cell extension, thereby promoting proliferation
and differentiation.

To quantitatively test the biocompatibility of the scaffolds, the viability of MC3T3-Elcells
cultured on the PHC-K9, PHC-P9, and PVA scaffolds was evaluated by MTS colorimetry and AM
(@ nonfluorescent cell permeability compound) fluorescence method (Fig. 9d). The MTS
detection results showed that MC3T3-E1 metabolizes MTS into brown methylamine products
in PHC-K9 and that the metabolic value changes with time. The proliferation ability of
osteoblasts cultured with PHC-K9 was greater than that of the osteoblasts cultured with PVA
after 4 and 7 d, with the greatest increase of 282.19 + 10.63 % at 10 days. The proliferation
ability of the osteoblasts cultured with PHC-P9 exhibited the same trend, with the greatest
increase of 229.15 + 15.14 % at 10 days while that of the osteoblasts cultured with PVA reached
the greatest increase of 163.62 + 10.86 % at 10 days. The proliferation ability of the bone tissue
engineering scaffolds prepared with modified nano dispersants was greater than that of the
bone tissue engineering scaffolds with unmodified dispersants.

This experiment was through the hydrolysis of calcein AM by an intracellular esterase, to
generate strongly green, fluorescent calcein. During the 10-day culture process, MC3T3-E1
osteoblasts grown on PHC-K9 and PHC-P9 had a high survival rate and active cell growth (Fig.
9e). With the increase of culture time, the cells exhibited colony growth morphology and were
distributed evenly. In contrast, the cells on the surface of PVA exhibited obvious phenotypes.
The cytoplasm of the cells was green spots, round, and less elongated. In terms of cell
structure, MC3T3-E1 cells spread on the PHC-K9 scaffold on the 7th and 10th days, and the
cells fully grew and proliferated. The cells are long and extend to adjacent areas. The
proliferation morphology of MC3T3- E1 cells grown on PHC-K9 and PHC-P9 scaffolds for 4, 7,
and 10 d showed that the cells grew in good condition. The fluorescence pattern of MC3T3-E1
cells was consistent with that of proliferating cells, indicating that the PHC-K9 scaffold
promoted the growth of osteoblasts during the extended incubation period. In the study of
cell viability, compared with the PVA scaffold, HA in the form of modified biological
dispersant/HA in the bone tissue engineering scaffold significantly improved the growth,
proliferation, and differentiation of osteoblasts, which was consistent with the previously
reported scaffold effect of HA on the proliferation of scaffold cells [72,73].
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In some studies, HA has been used in polylactic acid [74], CNCs, and PVA. The proportion of
cells surviving on PHC-K9 and PHC-P9 was 2 times higher than that on PVA. Bio dispersants
can change the complex porous structure of a scaffold and increase osteoblast attachment
and proliferation. The membrane permeability and nanostructure also affected osteoblast
survival on the scaffold.

The nanoscale HA has the nanostructure composition of the CNCs, and the combination of
these water-dispersible material scaffolds, which was helpful for the growth of bone tissue
matrix through ionic forces and hydrogen bonds. Molecules containing calcium and
phosphorus promoted the adsorption of various proteins [75]. PVA has strong hydrophilicity.
Hydrophilicity is an important impact indicator of the ability of nutrients to adhere to cells,
and PVA is localized in protein absorption, which promotes the formation of bone tissue
matrix [74]. The results for osteoblasts cultured on PHC-K9 and PVA scaffolds showed that the
biocompatibility of CNCs and nano HA synthetic scaffolds was improved compared with the
PVA scaffold. The scaffold has a complex porous structure, which was conducive to the deep
growth of osteoblasts in the porous and has the potential for biological application as a bone
tissue engineering material.



ALP ANALYSIS OF BONE TISSUE ENGINEERING SCAFFOLDS

Mineralization of the cells on the three scaffolds was detected on the 4 to 14 d of culture in
differentiation medium (Fig. 9f). The activity of ALP released by osteoblasts grown on each
scaffold material is different, and the proliferation and differentiation ability of osteoblasts in
the PHC-K9 scaffold was stronger. Compared with PHC-K9, the mineralization degree of PVA
scaffold material was lower within 14 d of culture, while the ALP activity of PHC-K9 was 0.59 +
0.09 (ALP activity/mg protein) at the 4th day, reached a peak of 1.71 + 0.25 (ALP activity/mg
protein) at the 14th day; the ALP activity of PHC-P9 was 0.44 + 0.18 (ALP activity/mg protein) at
the 4th day, reached a peak of 1.36 £ 0.17 (ALP activity/mg protein) at the 14th day, while the
ALP activity of PVA was 0.22 + 0.08 (ALP activity/mg protein) at the 4th day, reached a small
peak of 0.33 + 0.07 (ALP activity/mg protein). ALP activity in PHC-K9 gradually increased at the
initial stage of culture and increased after 4 days of culture. The existence of ALP activity in
osteoblasts enhanced the osteogenic potential of these scaffolds. ALP was very important for
the formation of bone tissue matrix in the process of bone repair. It can hydrolyze coll
phosphate and provide inorganic phosphorus [76]. It was necessary to synthesize HA, a bone
mineralizing substance and was the main regulator of bone tissue mineralization. A small
amount of bone ALP will be released into the blood. Bone ALP has high specificity in reflecting
osteoblast activity and bone formation, and its role was better than osteocalcin. Therefore,
ALP was a differentiation marker that promotes osteogenic differentiation and mineralization
expressed by osteoblasts. The proliferation and flattened differentiation of osteoblasts
observed on PHC-K9 were due to the characteristic bone tissue components in the scaffold
inducing increased cell activity. Many studies have shown that HA can manufacture bone
tissue engineering scaffolds [77,78]. By preparing HA on dispersant to simulate bone mineral
matrix, CNCs promoted mineralization and formation of new bone. Compared with PVA, the
results of cell mineralization observed on the PHC-K9 scaffold were significantly higher.
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Fig. 9. Characterization of in vitro degradability, biocompatibility, and mineralization properties of screened
optimal scaffolds (PVA, PHC-P9, PHC-K9). In vitro degradability of PVA, PHC-P9, PHC-K9 scaffolds in 10 wt% of H202
(a) and PBS buffer (b), cytotoxicity on the PVA, PHC-P9, PHC-K9 scaffold proliferation of osteoblast MC3T3-E1 (c),
cell proliferation of osteoblast MC3T3-E1 on PVA, PHC-P9, PHC-K9 scaffold for 10 days cultivation (d), live/dead cell
of osteoblast MC3T3- E1 on PVA, PHC-P9, and PHC-K9 scaffold by fluorescence figure at 4, 7, 10, and 14 days of
incubation (e) (scale bar: 50 um), and ALP activity (nmol/min/mg protein) of osteoblast cells MC3T3-E1 on PVA,
PHC-P9, and PHC-K9 scaffold for 14 days cultivation (f). Abbreviations in the figure are as follows: PVA, (polyvinyl
alcohol scaffold), PHC-K9 (9% addition amounts of hydroxyapatite The use of 9 % HC-K synthesized with K-PCNCs
as a dispersant/polyvinyl alcohol composite scaffolds), PHC-P9 (9% addition amounts of hydroxyapatite
synthesized with PCNCs as a dispersant/polyvinyl alcohol composite scaffolds). Results were analyzed between
groups (*p <0.05, **p <0.01; ***p <0.001, ****p <0.0001) using one-way ANOVA followed by post-hoc Tukey's test in
GraphPad Prism 9.

The use of 9% HC-K increased the biological hardness and provided biomechanical insight into
cell attachment because cells prefer to differentiate and proliferate on harder materials.

Conclusions

This study optimized the preparation of alkylation-modified CNCs (K-PCNCs) by analyzing the
effect of single factors: ultrasonic treatment time (0-3 h) and ultrasonic treatment power (400-
500 W) on the water contact angles (WCA) and the degree of substitution (DS). With ultrasonic
treatment of 450 W and 2 h, the WCA and DS of K-PCNCs reached the maximum values (135°
and 1.53). In addition, the K-PCNCs had a rod-like structure with a diameter of 28-35 nm and a
length of 100-250 nm and had the highest absolute zeta potential (-42.6 £ 0.9 mV), thermal
properties (424.57 °C), crystallinity (65.4 £ 4.2°), and dispersing properties, could be used as a
dispersant for nanohydroxyapatite (HC-K). Meanwhile, the maximum values of porosity,
equilibrium swelling, and mechanical strength (56.1 %, 807.7 %, and 0.085 + 0.004 MPa,
respectively) of the PVA/HA scaffold were obtained at 9 % (w/w) of HC-K addition content. The
scaffold promoted osteoblast proliferation and adhesion within 10 d and had a high alkaline
phosphatase level (1.71 + 0.25 ALP activity/mg protein) within 14 days that promoted
osteoblast mineralization. The alkylation-modified CNCs significantly improved the dispersion
and crystallization properties of the HC-K, as well as the mechanical properties and bone-
enhancing ability of the scaffold. These results will help to carry out research on the
application of CNCs in the field of bone defect repair and promote innovative applications of
different bone tissue engineering scaffolds while emphasizing the importance of balancing
physical and biological factors for successful bone formation. In this work, we concluded that
the prepared scaffold can be used as a high-potential biomedical scaffold for hard tissue
regeneration. However, the mechanical strength and infection resistance of the composite
scaffolds as well as the achievement of large-scale commercial applications remain a
challenge, and the personalization of large-segment bone defect repairs using bio scaffolds
remains a focus of future research.
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