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Abstract

Introduction: Pore structure and geometry are crucial in scaffold development for tissue engineering.
From this viewpoint, pore geometry characterization methods will aid in understanding the influence of
pore structure (pore size and diffusivity) on its properties. These properties determine how oxygen and
water enter the scaffold, forming adsorption states. Previous studies showed that the addition of graphene
(G) to polycaprolactone (PCL) increased the pore size, and played a significant role in tissue regeneration.
Therefore, this study aimed to evaluate pore structure, geometry, and viability that are suitable for
osteogenesis. Materials and methods: Morphology, size, and size distribution of PCL and PCL/G scaffolds
were measured at concentrations of 1, 2, and 3 wt% G for the pore structure, while the connectivity of the
scaffold's pore was analyzed using the geodesic tortuosity. This is essential because these factors promote
the viability of osteogenesis-supporting cells. Results and discussion: The results showed that 3 wt% G had
a good water diffusivity rate, larger pores, better connectivity, and viability than other concentrations.
Conclusion: In conclusion, the presence of G in scaffolds affects the pore geometry and structure. This
results in several advantageous effects that support osteogenesis, such as increased water and nutrient
uptake, enhanced waste metabolism transport, and increased viability of the cells.
Keywords: Polycaprolactone, Graphene, Pore structure, Pore geometry, MG-63, Viability cells,

Osteogenesis

Introduction

Polycaprolactone (PCL) is a polymer that is biocompatible and biodegradable, except for its
mechanical properties, resulting in high suitability for various applications in the biomedical field [1]. The
incorporation of graphene (G) into PCL has been shown to enhance the mechanical properties of the
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polymer and improve its osteogenic capability. This signifies the importance of PCL/G in scaffold
fabrication and tissue regeneration [2]. The size and arrangement of pores within the scaffold play a
significant role in determining the transport of nutrients and waste products, as well as its mechanical
properties. By carefully designing these pores, optimal nutrient flow and waste removal can be ensured,
eventually leading to better tissue regeneration outcomes [2,3].

The pore structure has a significant impact on transport properties and functionality. It affects various
processes such as fluid flow, gas diffusion, adsorption, and chemical reactions [4,5]. Pore geometry refers
to the specific shape and arrangement of pores within the material. It is influenced by how the pores are
arranged and interconnected, which affects diffusivity and determines the ease of fluid flow through the
material [6-8].

In various fields, including filtration, catalysis, gas storage, and drug delivery, understanding pore
geometry, such as geodesic tortuosity is essential. Geodesic tortuosity refers to the degree to which a path
deviates from being straight [9,10]. It is commonly used as a visual tool to study the connectivity of pore
networks. In addition, it is a reliable indicator of diffusive behavior, which is crucial for assessing cell
biocompatibility [1,11].

The goal of optimizing the porous structure and geometry in materials is to enhance performance in
various applications. The enhancements comprise designing and controlling factors such as pore size
distribution, interconnectivity, overall structure, and geometry to achieve desired properties. By optimizing
these parameters, the material can support the adhesion, proliferation, and differentiation of cells
(osteoblast-like cells) [12]. It is particularly important in tissue engineering due to the influence of the pore
on cell behavior. Therefore, this study can support cellular processes in applications such as tissue

engineering.

Materials and methods

Material

The PCL/G scaffolds were produced using PCL (Mn: 80,000) from Sigma, USA, chloroform
(Honeywell, USA), and sodium chloride (Sigma-Aldrich, USA), along with deionized water for fabricating
PCL and PCL/G. The biocompatibility assessment was carried out using Dulbecco’s Modified Eagle
Medium (Gibco-Invitrogen, USA), fetal bovine serum (Gibco-Invitrogen, USA, Cat), trypsin EDTA
(Gibco-Invitrogen, USA), penicillin-streptomycin (Gibco-Invitrogen, USA), and L/D cell imaging kit
(Gibco-Invitrogen, USA) [13].

Manufacture of the scaffold

The solvent casting and particle leaching technique was used to manufacture scaffolds composed of
PCL and PCL/G. PCL was dispersed in chloroform for 12 h at ambient temperature and various amounts
of G and NaCl were then mixed with the blend for 2 h. The graphite intercalation compound was then
transferred into a prepared crucible for 60 seconds in a furnace running at 700 °C to produce G.
Ultrasonication was then used to disperse the synthesized G in a solvent, with the product allowed to cure
at ambient temperature overnight. Chloroform also underwent a 24-h evaporation process at 37 °C within
a drying vacuum oven (Deng Yng, Taiwan). Porogen removal from the scaffold was achieved by rinsing it
with deionized (DI) water in a water bath (BH-130D, Taiwan) and replacing the water every 2 h.
Subsequently, the scaffold was dried for 12 h at 50 °C in the oven [1,13].
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Pore structure

Scanning electron microscopy (Hitachi, Japan) with a 15 kV accelerating voltage was used to examine
the scaffold morphology and pore sizes. Image-J software was used to assess the pores in scanning electron
microscopy (SEM) images. To estimate pore sizes, scale bars representing known distances were placed
within the SEM image. Additionally, the contour of a pore was delineated and measured in micrometers

(um), with various cross-sections transported from the scaffolds [14,15].

Geodesic tortuosity
The point-wise geometric tortuosity is defined as the average of the actual flow path length. It was
measured with Eq. (1):

r=L,/L (1)

where Le is the length of the effective routes, while L is the shortest route length of the porous medium in

the direction of macroscopic flow. The data was then analyzed using Matlab software (MATLAB®
R2023a, USA) [16].

Extract scaffold preparation and cell seeding

The surface area of scaffolds used in the experiment was measured with Eq. (2):
Total Surface Area =2nrh x 2 2)

where m is 3.14, r is the radius, and h is the height. A scaffold was placed in a 50 mL sterile conical
polypropylene centrifuge tube (Falcon, USA). DMEM supplemented with 10 % FBS and 1 %
penicillin/streptomycin was then added with the formula Eq. (3):

Total Medium (mL) = (Total Surface Area)/6) 3)

and shaken in a water bath (BH-130D, Taiwan) at 37 °C and 100 rpm for 24 h. The extract of PCL/G
scaffolds was sterilized and filtered with a 0.22 pm Millipore filter unit (Sartorius, France) and a
polyethersulfone (PES) membrane [17].

Osteoblast-like (MG-63) cells (at passage 5) were cultured in 96-well plates with DMEM containing
10 % FBS and 1 % penicillin in an incubator at 37 °C with 5 % CO, for 24 h. Each well was seeded with
100 pL of an extract of a PCL/G scaffold and incubated. After incubation for 24 h, a live-dead assay was
performed following the manufacturer’s instructions (Invitrogen, USA) [18,19].

Live/dead (L/D) assay

The L/D cytotoxicity assay was conducted on scaffolds seeded with cells after 24 h, following the
guidelines provided by the manufacturer. An L/D cell imaging kit containing component A (stains live cells
green) and component B (stains dead cells red), were combined to create a 2x working solution. After
removing DMEM from each well, scaffolds were washed with 1x Phosphate-Buffered Saline (PBS) twice.
Within 2 h, an equal volume (100 pL) of 2% working solution was then added to cells in each 96-well
microplate and incubated for 15 min at 20 - 25 °C. The top surface of a scaffold was observed using a cell

imaging inverted fluorescence microscope (IX73 inverted microscopes, Olympus, Japan) with
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excitation/emission (CoolLED’s pE-300 lite, Olympus, Japan) of 488/515 nm (live green) and 570/602 nm
(dead red). In addition, the standard filter set was FITC or green fluorescent protein (GFP; live green), and
Texas red (red dead). Live and dead cell images were processed and combined using Bio Tek Gen 5.0
software (Agilent, Santa Clara, USA) images taken at random from the 96-microplate culture well, and cell

density was evaluated using FI1JI software [20,21].

Statistical evaluation

The mean and standard error (SE) were used to present the experiment data for each sample group in
this study. To ensure statistical validity, all experiments were conducted with at least 3 scientific replicates
and the data obtained were analyzed using the SAS program. To determine significant differences between
groups, a one-way analysis of variance (ANOVA) was performed on normally distributed. If the data did
not meet the assumptions of normality, the Kruskal-Wallis ANOV A was used.

To evaluate the differences between groups, Tukey’s post hoc test was used for ANOV A-analyzed,
while the Mann-Whitney significant difference post hoc test was used for Kruskal-Wallis-analyzed data. In
addition, the significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.00, and ****p <(0.0001 [7,19].

Results and discussion

The study showed that the incorporation of 3 wt% G in the PCL scaffold resulted in a more favorable
distribution of pore sizes compared to other concentrations and PCL (p < 0.0001). Specifically, the
percentage of pore sizes less than 100 pm showed comparable results to the 1 wt% G concentration, and
PCL exhibited a distribution where the percentage of pore size greater than 501 pum exceeded that of the
pore sizes between 301 - 500 um. This unfavorable distribution hindered the adhesion and proliferation of
MG-63 cells and other cell types such as fibroblasts and endothelial cells shown in Table 1.

Table 1 Pore size distribution of PCL and PCL/G.

Scaffold <)_‘}(iosl;:m p-value 101)—(-2(;‘;:” m p-value 301}_(-:?:08(;3”“1 p-value g §0l)ls;m p-value
PCL 100.2 £ 0.6 59.8+£0.8 18.0£0.4 245+04

1Wi% G 303.0£1.6 s 73.8+0.9 . 18.5+0.8 . 17.3 0.4 0.000

2wt% G 119.8+2.0 [a] 54504 [a] 143+0.6 [a] 53+0.4 [a]

3wt% G 100.7 £ 0.8 743 £0.6 303+£04 82+03

[a] p < 0.0001. Abbreviation: X, mean; SE, standard error.

AR} . = el . 0 ™ =
Figure 1 Pore morphology and distribution of PCL and PCL/Graphene scaffold at 1, 2, and 3 wt% G. It

showed the interconnection pore in the large pore at 2 and 3 wt% G (red arrow).
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The SEM examination in Figure 1 confirmed the interconnection feature of the pores and provided
insights into the pore size distribution. The image showed that the 2 and 3 wt% G concentrations had better
interconnectivity compared to PCL and 1 wt% G (red arrow). This may be due to pore sizes of these
concentrations being larger than < 100 pm. According to a study by Jia et al. [22], it is known to enhance
interconnectivity. In contrast, PCL and 1 wt% G had smaller pore sizes, which resulted in less effective
interconnection.

Various materials are being studied as potential substitutes for lost bone tissue. However, only a
limited number have demonstrated satisfactory outcomes, encouraging the use of synthetic materials as a
feasible alternative. In the field of bone tissue engineering, a combination of inorganic and organic materials
derived from both natural and synthetic polymers is used. Scaffolds are also made up of both natural and
synthetic polymers [23].

The findings from this study indicate that a PCL/G scaffold with 3 wt% G concentration had a
favorable pore size distribution, particularly in the range of 101 - 300 um. This pore size range is known to
promote osteoblast growth, which is crucial for bone tissue formation. It should be emphasized that
osteoblasts are typically 50 um in size, while fibroblasts range from 10 to 15 um. Furthermore, for fibroblast
ingrowth and osteoblast proliferation the scaffold pore size should be smaller than 100 pm and larger than
101 pm, respectively [22,23].

Other studies have shown that microspores of 10 um are essential for enhancing osteoinduction, even
though pore sizes below 100 pm cause the development of non-mineralized osteoid fibrous tissues [1].
These tissues promote cytokine production by fibroblasts, leading to increased osteoclast multiplication,
inhibition of osteoblast functions, and local inflammation. Therefore, achieving the optimal balance of pore
sizes in a scaffold is essential for promoting the desired cell differentiation and tissue formation [8,24].

In this study, the geodesic tortuosity factor remained the same for PCL and PCL/G scaffolds, while
the diffusivity differed among the different G concentrations. The porous scaffold with 3 wt% G exhibited
higher diffusivity compared to the scaffolds with 1 and 2 wt% G. This can be attributed to the presence of
a higher number of pores with sizes greater than 101 pm in the 3 wt% G scaffold, as shown in Figure 2

and Table 2. Larger pore sizes facilitate better fluid flow through the scaffold, leading to higher diffusivity.

Figure 2 Map of Representative Volume Analysis (RVA) from 22 to 100 % (cubic) of PCL and PCL/G
scaffolds. The slices were milled in the z-direction, while y represents the direction of diffusive transport.

The channel pores are shown in white (yellow arrow).
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Table 2 Geodesic tortuosity factor and diffusivity of the PCL and PCL/G scaffolds.

Scaffold Diffusivity (m2s-1) p-value  Geodesic tortuosity factor (r) p-value
PCL 0.439+0.00 1.04
1 wt% G 0.417+0.01 1.04
* [a] ns
2 wt% G 0.437£0.00 1.04
3 wt% G 0.441 £0.00 1.04

[a] p <0.05; ns: non- significant.

Geodesic tortuosity is a crucial parameter used to describe porous materials and their flow
characteristics. Diffusivity is a single parameter that describes the flow paths within a porous medium. It
shows the complexity of the medium and measures the resistance to fluid flow [25]. The complexity of
porous media refers to how convoluted or tortuous the flow paths are within the material. Highly porous
media have intricated, winding paths that impede the movement of fluids, particles, or electrons.
Furthermore, it is a significant factor in determining the resistance of the medium to various types of flow,
such as fluid flow, electrical current, or mass diffusion [8,26].

The architecture of interconnected pores in multiple channels has a significant impact on cell
proliferation, differentiation, and the formation of bone tissue in vivo [27]. These findings suggest that the
improved architecture initiates a bone formation process without requiring additional biological
components such as cells. The channels enable fluid movement and generate consistent fluid shear, which
cells can detect. This, in turn, triggers mechano-transduction signaling pathways associated with cell growth
and tissue development [5,28]. Therefore, pore geometry and pore size of scaffolds have a significant
impact on cell differentiation and tissue formation. The scaffold surface exhibited evenly distributed and
interconnected pores with sizes ranging between 200 and 400 pm. It influenced the flow diffusivity within
the material, which directly affects the cellular response and the formation of bone-like tissue. This study
suggests that controlling and optimizing the pore geometry of the scaffold can influences the quantity and
structure of the engineered tissue, wherever, the fluid flow generated by the scaffold’s pore structure is
essential for promoting cell differentiation and directing the deposition of minerals [26,29].

The results of the live/dead assay in Figure 3(A) shows the osteoblast-like MG-63 cells to be better
proliferated on the 3 wt% concentrations of G than the other concentrations and PCL. This result was
confirmed by taking images of the MG-63 cells and analyzing for cell densities of live and dead cells in the
scaffold after 24 h. On PCL scaffolds, an average of 516 (+ 159) cells/mm? were observed as live cells,
with 754 ( 86) cells/mm? as dead cells. On 1 wt% G scaffolds, live cells were 2110 (& 97) cells/mm? and
358 (£ 106) cells/mm? were dead cells. On 2 wt% G scaffolds, 2386 (£ 135) cells/mm? were live cells and
118 (£ 25) cells/mm? were dead, and on 3 wt% G scaffolds were 2537 (+ 81) cells/mm? as live cells, with
53 (+ 3) cells/mm? as dead cells. The data revealed that PCL/G scaffolds with various G concentrations had
higher viability than PCL scaffolds (p < 0.001) with 3 wt% G scaffolds exhibiting a smaller density of dead
cells than the others (p < 0.05) and up to 5-fold fewer compared to PCL scaffolds (p < 0.001) after 24
h (Figure 3(B)).
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Figure 3 Live/dead cell assay. (A) live (cells illuminated by green light)/dead (cells illuminated by red
light) assay after 24 h; (B) Cell density of PCL and PCL/G scaffolds after 24 h; ****p-value < 0.0001

compared to PCL (live cells); *p < 0.05 compared to PCL (dead cells).

The fluid flow induced by the pore geometry of the scaffold plays a crucial role in stimulating cell
differentiation and guiding the mineral deposition process. These insights emphasize the importance of
tailoring scaffold properties for enhanced tissue engineering outcome. In addition, porous architecture with
increased vascular diffusivity is essential for successful reconstruction [20]. Although pore size and volume
are important factors influencing bone ingrowth and formation, pore geometry, including uniformity,
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orientation, and interconnectivity is also a key design consideration. An interconnected architecture allows
for the penetration of body fluids and cells, facilitating bone ingrowth. Even at the same pore size and
volume, pore geometry can significantly impact osteoconduction. For instance, in this study, it was found
that the incorporation of 3 wt% G in the PCL scaffold resulted in a scaffold with high interconnected pores.
These interconnected pores had a larger pore size with a diameter greater that 101 pm. This is in contrast
to other concentrations and PCL, which had smaller pore s size. The presence of larger pores (> 101um) is
favorable for osteoblast proliferation, promoting bone ingrowth, and rapid bone regeneration, as shown in
Figure 3(A). Therefore, the PCL/G scaffold with a concentration of 3 wt% G shows promise for tissue
engineering applications requiring these specific characteristics [7].

The presence of different pore sizes in a scaffold can lead to variations in the tortuosity of the pore
space. In this study, the tortuosity value remained the same despite the different pore sizes, while the
diffusivity of the scaffold differed. This suggests that the size of the pore became more complex, causing
fluid or cells to take shorter routes or bypass larger pores. As shown in Figure 2, an increase or decrease

in the deviation of pore size can directly impact the average value of tortuosity in the scaffold [9,30].

Conclusions

In conclusion, the scaffold with a concentration of 3 wt% G had larger pores (> 100 um) and better
interconnectivity, which is favorable for osteoblast adhesion, proliferation, and differentiation. In the
tortuosity and diffusivity analysis of the scaffolds, the size of the pores played a role in fluid flow and
diffusivity. The scaffold with 3 wt% G exhibited higher diffusivity compared to the scaffolds with 1 and 2
wt% G. This was probably due to the larger pore sizes in the 3 wt% G scaffold. Overall, the results suggest
that pore size and geometry are essential factors to consider when designing scaffolds for application in

tissue engineering.
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