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Abstract: Three-dimensional porous scaffold materials have been increasingly applied in the field of bone tissue engineering
to provide a suitable microenvironment for the propagation of cells. Poly-(L-lysine-co-L-lactide-co-g-caprolactone)/poly-L-
lactic acid (PLL-b-PLA-b-PCL/PLA) porous scaffolds were prepared by using a thermally induced phase separation (TIPS)
method. The influences of fabrication parameters, including mass ratio, polymer concentration and freezing temperature, on
the morphology, porosity and compressive strength were studied. The optimum conditions for fabrication of the PLL-b-PLA-
b-PCL/PLA porous scaffolds were determined as -30 °C, PLL-b-PLA-b-PCL/PLA concentration of 16.0 wt%, and a mass ratio
of 1:5 (PLL-b-PLA-b-PCL to PLA) for cell growth and proliferation. The PLL-b-PLA-b-PCL/PLA showed an interconnected
porous structure and the pore size was about 30-70 um. Such PLL-b-PLA-b-PCL/PLA porous scaffolds may be considered as a
promising candidate for tissue engineering scaffolds supporting attachment and proliferation of cells.
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1. Introduction

Bone tissue engineering is an advanced approach to developing functional scaffold materials for repairing and
regenerating fractured bone. These functional scaffold materials should be biodegradable and biocompatible, encouraging
cell adherence, proliferation and migration to develop new tissue by providing mechanical support and a temporary

extracellular matrix ',
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The use of polymeric materials as scaffolds in tissue regeneration is well known. The polymeric scaffold plays a key
role in the process of bone repair and is usually made of degradable materials that can gradually degrade with the passing
of time . For polymeric scaffolds, natural-based (e.g., chitosan, gelatin, alginate) © " and synthetic-based polymers
(e.g., polylactide (PLA), polycaprolactone (PCL), and polyglycolic acid (PGA)) "> are the current dominant classes
of materials for scaffolds in tissue engineering due to their processability, biocompatibility, possible biodegradability
and similar mechanical properties to most natural tissues. Biocompatible and biodegradable natural polymers have low
mechanical strength and thermal stability ", Synthetic polymers, on the other hand, have good mechanical properties, but
their hydrophobic surfaces make fusing with the bone implant challenging "7

PLA can be considered one of the most interesting synthetic biopolymers for tissue regeneration due to its interesting
mechanical properties and good processability "**". However, like other synthetic polymers, PLA is hydrophobic, thus
leading to poor cell affinity by hindering cell adhesion *". To overcome these limits, PLA may be copolymerized or
coupled with other synthetic or natural polymers I,

Polycaprolactone (PCL) is a Food and Drug Administration (FDA) approved synthetic polyester that is widely used
for the fabrication of tissue-engineered scaffolds ***°!. Its advantages include a relatively slow degradation rate and lower
acidic by-products compared to other polyesters.

In order to overcome the disadvantages of these biodegradable polymers, various methods, including chemical

721 and physical blend ¥, have been designed for various biomedical applications. Chemical

modification
modifications are employed to produce new approaches for introducing various kinds of functional groups in PLA, PGA,
PCL and their copolymers. For example, a novel maleated poly(lactic-co-glycolic acid) (MPLGA) material was modified
by introducing reactive groups of ethanediamine or 1,4-butanediamine through direct melt ring-opening polymerization

B+ copolymerization of a-hydroxy

to improve its hydrophilicity and reduce the acidity in hydrolysis. In addition
acid monomers with lysine, as an alkaline amino acid, can also be employed to introduce the alkaline functional group,
amino, into the polymer side chains "**”. On the other hand, polymer blending is an attractive method for preparing new
biomedical polymer materials because they can exhibit improvements in properties required in the biomedical field;
moreover, the properties of polymer blends can be controlled by adjusting their composition ratios and blend parameters
[38,39]

In the research reported here, we prepared PLL-b-PLA-b-PCL via copolymerization from morpholine-2,5-
dione monomer and e-caprolactone monomers in order to introduce alkaline amino acid, then blended PLL-b-PLA-b-
PCL with PLA and prepared the porous scaffolds by using the TIPS method in order to improve the controllability of
the morphologies and mechanical properties. The influences of preparation parameters, such as mass ratio, polymer

concentration and freezing temperature, on the morphology, porosity and compressive strength were investigated.

2. Materials and methods

2.1. Materials

L-lysine monohydrochloride, benzyl chloroformate, N, N-dimethylformamide (DMF), 2-bromopropionyl bromide,
1,4-dioxane, L-lactide, e-caprolactone, stannous octanoate, anhydrous ethanol and ethyl acetate were supplied by Aladdin
Reagent Co., Ltd. (P. R. China). Copper sulfate, chloroform, NaHCO;,, Na,S-9H,0, NaOH, and HCI were provided by
China National Pharmaceutical Group Chemical Reagent Co., Ltd. (P. R. China).

2.2. Preparation of PLL-b-PLA-b-PCL and PLA

(3S,6S)-6-methyl-3-[4-(benzoxycarbonylamino)butyl]-morpholine-2,5-dione monomer was prepared from L-lysine
hydrochloride, benzyl chloroformate and 2-bromoacetyl bromide using copper sulfate as a protectant according to previous
reports “**). Predetermined amounts of (3S, 6S)-6-methyl-3-[4-(benzyloxycarbonylamino)butyl]-morpholine-2,5-dione
and e-caprolactone with a mass ratio of 1:19 were added to an ampoule. 100 pL of 0.05 mol/L stannous isooctanoate/
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chloroform solution was added and polymerized at 140 °C with a vacuum degree of 0.1 Pa for 24 hours. Finally, the
obtained polymer (PLL-b-PLA-b-PCL), with a weight average molecular mass of 12.3 kDa, was purified by using
chloroform and methanol for further use. PLA, with a weight-average molecular mass of 80 kDa, was prepared using ring-

opening polymerization from L-lactide according to our previous literature “*.

2.3. Preparation of PLL-b-PLA-b-PCL/PLA porous scaffolds

Predetermined amounts of the PLL-b-PLA-b-PCL and PLA, with various mass ratios (1:3, 1:4, 1:5, 1:6, 1:7 and 1:8), were
dissolved in 1,4-dioxane in various concentrations (14.0 wt%, 15.0 wt%, 16.0 wt%, 17.0 wt%, 18.0 wt% and 19.0 wt%).
After being completely dissolved, the solutions were poured into polystyrene Petri dishes and aged in air for 6 h. The Petri
dish was then placed in a refrigerator to freeze for 2 h at a predetermined temperature (-10 °C, -20 °C, -30 °C and -40 °C),
then immediately placed in a freeze dryer to remove the solvent, and the PLL-b-PLA-b-PCL/PLA scaffolds were obtained.

2.4. FTIR characterization

FTIR spectra of (3S,6S)-6-methyl-3-[4-(benzyloxycarbonylamino)butyl]-morpholine-2,5-dione and PLL-b-PLA-b-PCL
were characterized with an FTIR spectrometer (Spectrum GX, Perkin Elmer Co., Ltd., USA). For the IR analysis, 1 mg
of a sample was carefully mixed with 300mg of KBr and pelletized under vacuum. Then the pellets were analyzed in
transmission in the range of 500-4000 cm™.

2.5 SEM measurements

The morphology and microstructure of the PLL-b-PLA-b-PCL/PLA scaffolds were characterized using scanning electron
microscopy (SEM, JSM-6380LV, JEOL Co., Japan). The cross-section surfaces of the freeze-dried composite samples
were cut into small pieces at -20 °C and coated with a thin layer of gold, and then the morphology was observed in the
SEM operated at a voltage of 15 kV.

2.6. Compressive strength test
The compressive strengths (S,) of the PLL-b-PLA-b-PCL/PLA scaffolds were tested by a universal material testing
machine (Instron 1121, Instron Ltd., UK) with a 50N load cell at a constant compressive rate of 1.0 mm/min at a
temperature of 25 °C. The compressive strength of the scaffold was calculated from the following Eq. (1):

S, =Fo/A @)
is the maximum force (N) when the scaffolds collapse, and A is the compressed cross-section area (mm2)

max’

where F

max

of the freeze-dried samples.

2.7. Porosity test
The porosity (P) test was performed in distilled water at 37 °C. The PLL-b-PLA-b-PCL/PLA composite scaffolds were
immersed for 24 h until they were fully saturated and then the porosity of the original samples was determined from the
following Eq. (2).
P=(W,-W))/pV, x 100% 2)
where W, and W, represent the weight of the scaffolds before and after immersing in the distilled water, V, is the
volume of the scaffold before immersing, and p is the density of water at 37 °C.

3. Results and discussion

3.1. FTIR analysis of PLL-b-PLA-b-PCL

The infrared spectra of (3S,6S)-6-methyl-3-[4-(benzyloxycarbonylamino)butyl]- morpholine-2,5-dione and PLL-b-PLA-
b-PCL are shown in Figure 1. In the morpholine-2,5-dione spectrum, the stretching vibration peaks of ester carbonyl and
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amide carbonyl were observed at 1763.13 cm™ and 1691.77 cm”, respectively. The N-H stretching vibrations of amide
groups were detected at 3338.71 cm™ and 3199.54 cm™. For the PLL-b-PLA-b-PCL, the ester carbonyl and amide carbonyl
stretching vibrations were identified at 1727.45 cm™ and 1629.58 cm, respectively, while a broad N-H stretching vibration
peak was exhibited at 3417.78 cm™. The stretching vibration peaks of methyl and methylene groups in the range of 2800—
3000 cm™ were shared by both spectra, which collectively indicated the existence of morpholine-2,5-dione structural units
in the polymer. Additionally, the methylene out-of-plane bending vibration peak at 733.31 cm™ was specifically attributed
to the g-caprolactone structural units in the polymer. Therefore, the results showed that the PLL-b-PLA-b-PCL was
successfully prepared.
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Figure 1. FTIR spectra of (3S,6S)-6-methyl-3-[4-(benzyloxycarbonylamino)butyl]- morpholine-2,5-dione and PLL-b-PLA-b-PCL.

3.2. Effect of mass ratio on the morphology of the PLL-b-PLA-b-PCL/PLA scaffolds

The effects of the mass ratio of PLL-b-PLA-b-PCL to PLA on the morphologies are shown in Figure 2. As the content of
PLA increased, the scaffold became dense and the pore size decreased. When the mass ratio of PLL-b-PLA-b-PCL to PLA
was 1:3, the scaffolds showed an irregular pore structure and the pore size was between 50 and 150 um (Figure 2a). As
the mass ratio of PLL-b-PLA-b-PCL to PLA was up to 1:5, the scaffolds showed a regular pore structure, and the pore size
was about 30—70 pum (Figure 2c¢); this is favorable for cell growth and nutrient transportation. While the mass ratio of PLL-
b-PLA-b-PCL to PLA was 1:8, the number of pores decreased, and the pore size was between 5 and 50 um (Figure 2f).
In these experiments, the weight average molecular mass of the PLL-b-PLA-b-PCL and PLA were 12.3 kDa and 80 kDa,
respectively. When the mass ratio of PLA decreased, it meant that there were more PLL-b-PLA-b-PCL molecules with
short chains in the scaffolds. The short molecule chains had higher degrees of freedom and faster movement speed than the
long PLA molecule chains. In the process of TIPS for preparing the scaffolds, the fast movement of these molecular chains
(PLL-b-PLA-b-PCL) could accelerate the separation of the polymer into polymer-rich phases and solvent-rich phases.
During the sublimation process, the polymer-rich phase solidified and removed the solvent, forming a porous structure.
The polymer scaffolds formed a relatively loose network structure, resulting in a large pore size. The cells were cultured on
the surface of the scaffolds without entering into the pores when the pore size was below 20 um; while a size above 30 um
makes it possible for the cells to penetrate into the pores !'". Therefore, the PLL-b-PLA-b-PCL/PLA scaffolds with a ratio
of 1:5 had a suitable pore size (30—70 um) for cells to grow into them.
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Figure 2. SEM morphology of scaffolds with mass ratios of PLL-b-PLA-b-PCL to PLA: (a) 1:3;(b) 1:4;(c) 1:5;(d) 1:6;(e) 1:7;(f)1:8, scale bars
are 100 um.

3.3. Effect of mass ratio on the porosity and compressive strength of the PLL-b-PLA-b-PCL/PLA
scaffolds

The influences of mass ratio on the porosity and compressive strength are shown in Figure 3. As the mass ratio of pure
PLA increased in the scaffold, the porosity of the scaffold also decreased, and the compressive strength increased, which
was consistent with the morphologies of the scaffold displayed by SEM. As the proportion of pure PLA increased, the PLA
polymer chains became long and numerous, resulting in increasing intermolecular forces of PLA. The internal skeleton
structure of the scaffold became tight, leading to a decrease in pore size and porosity, and an increase in compressive
strength.
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Figure 3. Effects of mass ratio on the porosity and compressive strength of the scaffolds.

3.4. Effect of PLL-b-PLA-b-PCL/PLA concentration on the morphology of the scaffolds

The morphologies of the PLL-b-PLA-b-PCL/PLA scaffolds as a function of PLL-b-PLA-b-PCL/PLA concentration are
shown in Figure 4. When the polymer concentration was 14.0 wt% (Figure 4a), the pore distribution in the scaffold was
uneven and irregular. When the polymer concentration reached 16.0 wt% (Figure 4c¢), the scaffold had a three-dimensional
porous structure with an even pore distribution and a pore size of approximately 30—70 um, which was helpful for nutrient
transport and cell growth. As the polymer concentration exceeded 16.0 wt%, the structure became dense and the number
of pores in the scaffold decreased. Therefore, the morphology and the pore size of the scaffolds could be controlled by
adjusting the PLL-b-PLA-b-PCL/PLA concentration and the suitable polymer concentration was around 16.0 wt%.

-35-



2026 Volume 7, Issue 2

Figure 4. SEM morphology of the PLL-b-PLA-b-PCL/PLA scatfolds with various polymer concentrations: (a) 14.0 wt%; (b) 15.0 wt%; (c)
16.0 wt%; (d) 17.0 wt%; (e) 18.0 wt%; (f) 19.0 wt%, scale bars are 100 pm.

3.5. Effect of PLL-b-PLA-b-PCL/PLA concentration on the porosity and compressive strength of the
scaffolds

The influences of the PLL-b-PLA-b-PCL/PLA concentration on the porosity and compressive strength of the scaffolds
are shown in Figure 5. As the concentration of polymer increased, the porosity decreased and the compressive strength
of the scaffold increased. This may be due to the fact that as the concentration of polymer increased, the free energy of
the polymer solution system increased, and the interaction activity between the polymer chains in the scaffold increased.

This caused the polymer chains to tend to aggregate together, resulting in a decrease in the porosity and an increase in the
compressive strength of the scaffolds.
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Figure 5. Effect of PLL-b-PLA-b-PCL/PLA concentration on the porosity and compressive strength of the scaffolds.

3.6. Effect of freezing temperature on the morphology of the PLL-b-PLA-b-PCL/PLA scaffolds

The morphologies of the scaffolds as a function of the freezing temperature are shown in Figure 6. At high freezing
temperatures (-10 °C), the scaffolds showed an irregular porous structure and an uneven pore distribution. This could be
explained by the fact that the thermal motion of molecules was relatively fast, and the polymer could quickly reach the
separation of rich and poor phases during the process of TIPS for preparing the scaffolds, which led to an irregular pore
structure. When the temperature was dropped to -30 °C, the pores became regular and the pore size was between 30 and
70 pm. This was due to the fact that the decrease in temperature slowed down the transition rate between rich and poor
phases, and made the pores of the scaffold regular and evenly distributed. When the temperature was dropped to -40 °C,
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the scaffolds became dense and the pore size decreased. This could be explained by the fact that the crystallization rate of
1,4-dioxane ice crystals accelerated, and the size of the formed solvent ice crystals decreased, thus the ice crystals sublimed
during freeze-drying to form small pores. Therefore, it seems that -30 °C is acceptable for the freeze drying process and the
obtained scaffolds showed a pore size of 30-70 um.

Figure 6. SEM morphology of the PLL-b-PLA-b-PCL/PLA scaffolds at various freezing temperatures: (a) -10 °C; (b) -20 °C; (c) -30 °C; (d)
-40 °C, scale bars are 100 pm.

3.7. Effect of freezing temperature on the porosity and compressive strength of the PLL-b-PLA-b-
PCL/PLA scaffolds

The scaffolds were prepared under controlled conditions of PLL-b-PLA-b-PCL/PLA concentration of 16.0 wt% and
mass ratio of 1:5 (PLL-b-PLA-b-PCL to PLA) by varying the freezing temperatures (-10 °C, -20 °C, -30 °C and -40 °C)
and the influences of the freezing temperature on the porosity of the scaffolds are shown in Figure 7. As the freezing
temperature decreased, the porosity of the scaffolds also decreased, while the compressive strength of the porous scaffold
material increased. The effect of freezing temperature on the porosity and compressive strength of scaffolds was achieved
by affecting the speed of the formation of 1,4-dioxane ice crystals. At low freezing temperatures, the crystallization rate
of 1,4-dioxane ice crystals accelerated, resulting in small ice crystal sizes and an increase in the number of ice crystals.
During the freeze-drying process, the ice crystals sublimed and formed small pores, leading to a decrease in the porosity
and an increase in the compressive strength of the scaffold.
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Figure 7. Effect of freezing temperature on the porosity and compressive strength of the scaffolds.

4. Conclusions

The PLL-b-PLA-b-PCL/PLA scaffolds were prepared by using the TIPS method, and the influences of the mass ratio,
polymer concentration, and freezing temperature played important roles in the morphology, porosity, and compressive
strength. Therefore, the structure and physical properties of the PLL-b-PLA-b-PCL/PLA scaffolds could be adjusted by

changing the mass ratio, polymer concentration and freezing temperature, thus meeting the requirements of tissue and bone
scaffolds.
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