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A B S T R A C T

Background: Polycaprolactone (PCL) is widely used in scaffold fabrication due to its biocompatibility and me
chanical properties, yet its limited osteoinductive capability hinders effective bone regeneration. To address this, 
graphene (G) has been incorporated into PCL scaffolds to enhance bioactivity, mechanical strength, and osteo
genic potential.
Objective: This study evaluates the osteogenic efficacy of PCL/G composite scaffolds by analyzing osteocalcin 
(OCN) and osteopontin (OPN) expression and mineralization using Alizarin Red staining.
Methods: Thirty-six adult male rabbits were randomized to four groups and evaluated on day 7, 14 and 21. The 
PCL/G scaffolds were fabricated using the solvent casting and particle leaching method. A left tibial incision was 
made and exposing the site for osteotomy. Scaffolds were implanted, and wounds closed. Expression of OCN and 
OPN were evaluated by immunochemistry and mineralization was evaluated by Alizarin Red staining.
Results: The results indicate that increasing graphene concentration significantly enhances osteogenic activity, 
with 2.5 wt% graphene demonstrating the highest OCN and OPN expression, as well as superior calcium 
deposition.
Conclusions: These findings highlight the potential of graphene-based scaffolds in promoting bone regeneration 
and accelerating clinical translation. Future research should focus on long-term in vivo studies and scaffold 
degradation kinetics to validate their effectiveness in maxillofacial bone defects due to oral cancer surgery.

1. Introduction

Bone tissue engineering (BTE) offers a transformative alternative to 
tradtional bone grafting, which is often limited by donor site morbidity, 
immune rejection, and restricted graft availability.1 Among the bio
materials used for scaffold fabrication, polycaprolactone (PCL) has 
gained significant attention due to its biocompatibility, mechanical 
stability, and ease of processing.2,3 However, its limited osteoconductive 
and osteoinductive properties continue to restrict its effectiveness in 
promoting complete bone regeneration. To overcome these limitation, 
composite scaffolds incorporating graphene (G) have emerged as a 
promising strategy. Graphene's exceptional mechanical strength, high 

surface area, electrical conductivity, and bioactivity enable enhanced 
osteoblast adhesion, matrix mineralization, and accelerated bone 
formation.4

Despite these advantages, there remains a critical gap in under
standing the optimal graphene concentration that maximizes both me
chanical reinforcement and osteogenic potential when incorporated into 
PCL scaffolds.5 This knowledge is especially important given the 
increasing prevalence of musculoskeletal disorders and the growing 
demand for bioengineered bone substitutes in clinical practice. Opti
mizing PCL/G composite scaffolds could expedite the development of 
next-generation biomaterials suitable for orthopedic and reconstructive 
applications.6
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To address this gap, the present study systematically evaluates the 
osteogenic performance of PCL/G scaffolds by measuring key bone 
formation markers-osteocalcin (OCN) and osteopontin (OPN)- and 
quantifying mineralization through Alizarin Red staining.6 OCN is a 
late-stage marker associated with matrix maturation, whereas OPN re
flects of three graphene concentration (0.5 wt%, 1.5 wt%, and 2.5 wt%) 
across multiple time points (day 7, day 14, and day 21), this research 
aims to identify the graphene content that provides the most favorable 
osteogenic response.

The objective of this study is to determine the optimal graphene 
concentration that enhances osteogenic differentiation and mineraliza
tion in PCL-based scaffolds, thereby improving their potential for bone 
defect repair. By elucidating how graphene modulates bone-related 
marker expression over time, this work advances the development of 
improved scaffolds with strong translational potential for skeletal tissue 
engineering.7

2. Materials and methods

2.1. Fabrication of PCL/G scaffolds

PCL and PCL/G scaffolds were fabricated using the solvent casting 
and particle leaching method. PCL (Sigma-Aldrich, Darmstadt, Ger
many) was dissolved in chloroform (Honeywell, Charlotte, USA) at room 
temperature for 12 h. The solution was then mixed with varying con
centration of graphene and sodium chloride (NaCl; Sigma-Aldrich, 
Darmstadt, Germany) for 2 h. The graphene was previously prepared 
by placing a graphite intercalation compound into a preheated crucible 
at 700oC for 60 s in a standard furnace, located in front of a fume hood to 
avoid nanoparticle inhalation. Ultrasonication was then used to expand 
the layers and disperse the graphene in the solvent.

The resulting mixture was poured into a mold and allowed to cure 
overnight at room temperature. Chloroform was evaporated by placing 
the cast in vacuum drying oven (Deng Yng, Taipei, Taiwan) at 37 ◦C for 
24 h. To remove the porogen, the scaffolds were washed with deionized 
(DI) water in a water bath (BH-130D, Taipei, Taiwan), with the water 
being replaced every 2 h. Finally, the scaffolds were dried in a oven at 
50 ◦C for 12 h.8,9

2.2. Preparation of bone defect animal model

2.3. Rabbits were used as animal models due to their suitability for 
the creation of large bone defects. Animals were kept individually under 
standard laboratory conditions (25 ± 10 ◦C; 55 ± 7% humidity) with ad 
libitum access to food and water. Scaffolds (4x4x4 mm3) with various 
graphene ratios were sterilized in 95% ethanol for 24 h, rinsed with 1x 
PBS, and UV-sterilized for 60 min. Under general anesthesia using 0.35 
mL/kg ketamine hydrochloride (Bimeda, Dublin, Ireland), a left tibial 
incision was made, exposing the site for osteotomy (5x5x1.5 mm) using 
a surgical burr (Hogy, Jakarta, Indonesia). Scaffolds were implanted, 
and wounds closed with Vicryl 6-0 sutures (Ethicon, CA, USA). Post
operative monitoring continued under consistent conditions. Euthanasia 
was performed following imaging on days 7,14, and 2. Tibial sections (5 
μm) were analyzed using Immunohistochemistry for OCN and OPN, 
Alizarin Red S staining, and quantification of OCN and OPN protein 
expression area, as well as Alizarin Red S staining area.7

2.3. Immunohistochemistry of OCN and OPN

Paraffin-embedded tissue sections were cut at 5 μm thickness, 
deparaffinized in xylene, and rehydrated through graded ethanol 
(100%, 95%, 70%). Slides were rinsed with distilled water, followed by 
antigen retrieval in 10 mM citrate buffer (pH 6.0) by heating in a water 
bath at 95 ◦C for 15–20 min. After cooling to room temperature, slides 
were rinsed with PBS. Endogenous peroxidase activity was blocked 
using 3% hydrogen peroxide for 10 min, followed by PBS washing. Non- 

specific binding was blocked with 5% BSA for 30 min. Slides were 
incubated overnight at 4 ◦C with a primary antibody against OCN or 
OPN (1:100–1:500 dilution). The next day, slides were washed with PBS, 
and HRP-conjugated secondary antibody was applied for 30–60 min. 
DAB substrate was used for visualization, producing a brown color 
indicating positive expression. Slides were rinsed, counterstained with 
hematoxylin, dehydrated in ethanol, cleared with xylene, mounted, and 
observed under a light microscope to assess OCN or OPN expression.6,10

2.4. Alizarin red S staining

Tissues were washed twice with phosphate-buffered saline (PBS) and 
fixed in 10% formalin for 15–20 min at room temperature. After rinsing 
with distilled water, a 1% Alizarin Red S solution (pH 4.1–4.3) was 
applied for 20–30 min to stain calcium deposits. Excess dye was 
removed, and tissues were washed thoroughly until background staining 
was minimal. Samples were observed under a light microscope, where 
calcium deposits appeared as orange to red areas, indicating positive 
mineralization and osteogenic activity in the cultured tissues.8

2.5. Quantification of OCN and OPN protein expression area

In FIJI software (NIH, USA), images were converted to 8-bit gray
scale for analysis. The color deconvolution plugin with the built-in “H 
DAB” vector was used to separate hematoxylin and DAB channels, with 
the DAB channel selected for analysis. A threshold was applied to 
identify positively stained areas, using consistent settings across all 
images to reduce bias. FIJI then calculated the area fraction (%) of 
positive staining and the mean gray value (intensity) within the defined 
region of interest (ROI).9,11

2.6. Quantification of alizarin red S staining area

Using FIJI software (NIH, USA), images were converted to 8-bit 
grayscale and thresholded to select Alizarin Red-stained regions. The 
"analyze particles" function measured total positive staining area and 
integrated density. Threshold values and measurement settings were 
kept consistent across all samples to ensure reliable quantification.9,12

2.7. Statistical analysis

All experimental conditions were performed in triplicate (n = 3), and 
the results are presented as mean ± standard error (SE). Statistical an
alyses were conducted using OriginPro 2025 software. One-way analysis 
of variance (ANOVA) was used to compare differences. Prior to per
forming ANOVA, the data were evaluated for normality and homoge
neity of variance to ensure that the assumptions of the test were met. A 
p-value <0.05 was considered statistically significant.1

3. Results

3.1. Osteocalcin (OCN)

At day 7, osteocalcin (OCN) levels are typically lower as osteogenesis 
is still in its initial phase. The scaffold containing 2.5 wt% G may show 
slightly higher OCN levels compared to other groups, likely due to 
improved bioactivity and mechanical reinforcement provided by the 
graphene content.13,14 By day 14, osteogenesis progresses, and OCN 
levels increase. The 2.5 wt% G group is expected to exhibit significantly 
higher OCN expression, reflecting enhanced osteoblast differentiation 
and bone matrix deposition. The 1.5 wt% G group may also show a 
moderate increase in OCN compared to the PCL and 0.5 wt% G.15

However by day 21, the formation process reaches more mature 
stages. The 2.5 wt% G group is anticipated to demonstrate the highest 
OCN levels, indicating superior bone - regeneration capacity. This result 
is likely due to better interaction between the graphene and cells, 
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leading to improved biological compatibility, as shown in Fig. 1A16

The quantification of OCN protein expression revealed distinct 
osteogenic responses across different scaffold groups, including PCL 
scaffolds and PCL composites incorporated with 0.5 wt%, 1.5 wt%, and 
2.5 wt% graphene. OCN is a late stage marker of bone formation, and its 
increased expression reflects greater maturation of the bone matrix.17

In the PCL scaffold group, OCN expression gradually increased from 
52.01% on day 7 to 62.83% on day 21. However, this change was not 
statistically significant (p = 0.784), indicating that unmodified PCL 
scaffolds have limited capacity to stimulate osteoblast differentiation 
and bone tissue formation.18

In contrast, the 0.5 wt% graphene group demonstrated a statisti
cally significant increase in OCN expression, from 57.54% on day 7 to 
96.40% on day 21 (p = 0.004). This result indicates that this concen
tration of graphene effectively enhances osteoblastic activity and pro
motes osteogenesis.

The 1.5 wt% graphene group also showed a marked increase in 
OCN expression, reaching 97.95% by day 21. Although the values were 
higher than those in the 0.5 wt% group, the changes were not statisti
cally significant (p = 0.572), likely due to high variability in the data, as 
reflected by the large standard error as shown in Fig. 1B.

Similarly, the 2.5 wt% graphene group exhibited the highest OCN 
expression, with 120.32% on day 21. However, because the values on 
day 7 and day 14 were already elevated (92.26% and 92.04%, respec
tively), the overall increase over time was not statistically significant (p 
= 0.256). This suggests that higher graphene concentrations may 
elevate OCN expression but could lead to a plateau in biological 
response, as shown in Table 1.

3.2. Osteopontin (OPN)

The evaluation of osteopontin (OPN) expression in rabbit legs 
implanted with PCL/G scaffolds demonstrated a clear correlation be
tween graphene demonstrated a clear correlation between graphene 
concentration and osteogenic activity over time. At day 7, correspond
ing to the early phase of bone healing, OPN expression was minimal in 
PCL scaffolds due to their limited bioactivity. In contrast, scaffolds 
containing graphene exhibited enhanced osteogenesis, with 0.5 wt% G 
showing moderate OPN expression and 1.5 wt% G and 2.5 wt% G 
demonstrating significantly higher levels, the latter achieving the 

strongest response. By day 14, during the mid-stage of bone repair, all 
graphene-loaded scaffolds displayed substantial improvements in OPN 
expression compared to PCL, with 1.5 wt% and 2.5 wt% G achieving 
near-maximal levels. At day 21, representing the late stage of healing, 
the 2.5 wt% G group maintained the highest and most sustained OPN 
expression, surpassing all other groups. This consistent trend highlights 
the superior ability of 2.5 wt% G to stimulate osteogenic activity and 
promote effective bone regeneration, likely due toits enhanced me
chanical properties, surface roughness, and bioactivity,1,19 which 
collectively support osteoblast attachment, proliferation, and differen
tiation. These findings underscore the potential of 2.5 wt% G as the 
optimal concentration in PCL-based scaffolds for application in bone 
tissue engineering, as shown in Fig. 2A.

The quantification of osteopontin (OPN) protein expression 
revealed different temporal expression patterns among the scaffold 
groups, including pure PCL scaffolds and PCL composites containing 0.5 
wt%, 1.5 wt%, and 2.5 wt% graphene. OPN is an early-to-mid-stage 
marker of osteogenesis, playing a crucial role in initial mineral deposi
tion and cell adhesion during bone formation, as shown in Table 3.

Table 2, the PCL group, OPN expression was highest at day 7 
(62.16%) but decreased sharply over time, reaching 38.17% on day 14 
and 34.95% on day 21. Although this trend suggests an early osteogenic 
response, the decline over time indicates limited sustained activity. The 
change was not statistically significant (p = 0.164). In the 0.5 wt% 
graphene group, a similar declining trend was observed, with expres
sion decreasing from 71.41% at day 7 to 51.76% at day 21. While this 
group maintained relatively higher OPN levels compared to pure PCL at 
all time points, the overall changes were not statistically significant (p =

Fig. 1. Immunohistochemical image of OCN staining at day 7, 14, and 21 after implantation.

Table 1 
Quantification of OCN protein expression area (%) in PCL and PCL/G scaffold.

Scaffold Quantification of OCN Protein Expression Area (%) p-value

Day 7 Day 14 Day 21

PCL 52.01 ± 16.58 55.22 ± 12.42 62.83 ± 9.65 0.784
0.5 wt% G 57.54 ± 5.84 69.97 ± 3.75 96.40 ± 1.85 0.004a

1.5 wt% G 77 ± 13.20 88.24 ± 13.95 97.95 ± 12.90 0.572
2.5 wt% G 92.26 ± 2.50 92.04 ± 2.65 120.32 ± 21.16 0.256

a Statistically significant differences were revealed in the 0.5 wt% G on days 
7,14, and 21 after implantation.
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0.288), possibly due to data variability, particularly on day 14. The 1.5 

wt% graphene group exhibited stronger and more consistent OPN 
expression, starting at 93.85% on day 7 and gradually declining to 
78.64% by day 21. Although the standard deviations were relatively 
large, this group showed sustained osteogenic signaling. However, the 
changes over time were also not statistically significant (p = 0.727). The 
2.5 wt% graphene group showed the highest expression values, 
peaking at 102.25% on day 7 and slightly declining to 94.66% by day 
21. Despite this high expression, the large standard deviation on day 7 
(±58.23) contributed to the lack of statistical significance (p = 0.988), 
indicating considerable variability among samples as shown in Fig. 2B.

3.3. Alizarin red staining

On Day 7, for PCL, Alizarin Red staining showed minimal calcium 

Fig. 2. Immunohistochemical image of OPN staining at day 7, 14, and 21 after implantation.

Table 2 
Quantification on OPN protein expression area (%) in PCL and PCL/G scaffold.

Scaffold Quantification of OPN Protein Expression Area (%) p-value

Day 7a Day 14 Day 21

PCL 62.16 ± 12.82 38.17 ± 7.52 34.95 ± 6.79 0.164
0.5 wt% G 71.41 ± 2.01 58.62 ± 11.49 51.76 ± 7.59 0.288
1.5 wt% G 93.85 ± 12.53 82.17 ± 19.09 78.64 ± 6.55 0.727
2.5 wt% G 102.25 ±

58.23
98.02 ± 14.94 94.66 ± 12.69 0.988

a Statistical analysis revealed significant differences between PCL and PCL/G 
scaffolds with various graphene concentrations.

Fig. 3. Alizarin Red Staining at day 7, 14, and 21 after implantation. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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deposition due to limited osteoconductivity and slower bone regenera
tion. For 0.5 wt% G, the staining was slightly enhanced compared to the 
PCL, suggesting early stages of mineralization supported by graphene's 
ability to promote cell adhesion and differentiation. The 1.5 wt% G 
showed noticeably stronger staining, indicating a significant improve
ment in calcium deposition due to balanced graphene content enhancing 
bioactivity. However, the strongest staining was observed with the 2.5 
wt% G, which exhibited rapid mineralization and calcium deposition 
due to higher graphene concentration, as shown in Fig. 3A.20

On Day 14, calcium deposition increased for all scaffolds. The PCL 
showed moderate staining, though it remained weaker than the 
graphene-containing scaffolds. For 0.5 wt% G, staining was significantly 
stronger, indicating continued mineralization. The 1.5 wt% G scaffold 
displayed intense staining, suggesting high calcium deposition and 
effective osteogenesis due to its balanced bioactivity. The 2.5 wt% G 
scaffold again showed the best staining, indicating superior calcium 
deposition and accelerated mineralization at this time point, as shown in 
Fig. 3A.21,22

Table 3 showed the results revealed a progressive increase in the 
percentage of calcified area over time for all scaffold groups, with a clear 
enhancement observed as the concentration of graphene increases. The 
PCL scaffold showed steady mineralization, starting at 61.41% on day 7 
and reaching 93.73% by day 21. When 0.5 wt% of graphene was added, 
calcification improved modestly, with values rising to 95.71% at day 21, 
indicating a statistically significant increase (p = 0.036) compared to the 
control. A more substantial effect was observed in the 1.5 wt% graphene 
group, which exhibited enhanced calcification at all time points, 
culminating in 112.09% by day 21. This suggests that a mid-range 
graphene concentration may provide optimal conditions for osteogenic 
activity, with strong statistical significance (p = 0.004). The highest 
concentration tested, 2.5 wt% graphene, resulted in the most rapid and 
extensive calcification, starting at 83.15% on day 7 and reaching 120% 
by day 21, again with a statistically significant difference (p = 0.034) as 
shown in Fig. 3B.

4. Discussion

Osteocalcin (OCN) is a late-stage marker of osteoblast differentiation 
and bone formation. It plays a critical in regulating hydroxyapatite 
deposition in the bone matrix and contributes to the maturation of 
minerals. Elevated levels of OCN indicate active bone matrix formation 
and maturation, which correspond to increased mineral deposition 
detectable through by Alizarin Red Staining. OCN works in conjunction 
with osteopontin (OPN) during bone formation; however, its expression 
typically peaks later than OPN as mineralization progresses.6,10

Osteopontin (OPN) is an early-to mid-stage marker of osteogenesis, 
involved in cell adhesion, signaling, and the initial stages of mineral 
deposition. It binds to hydroxyapatite and acts as a mediator for mineral- 
organic interactions in the bone matrix.23 Elevated OPN expression 
signifies the onset of mineralization, which can later be visualized using 
alizarin red staining. While OPN levels may not directly correlate with 
the extent of mature mineralization, their presence indicates active bone 

remodeling processes. In the time of osteogenesis, OPN expression pre
cedes OCN. OPN prepares the scaffold for mineral deposition, whereas 
OCN contributes to the maturation of the mineral matrix.6,24

PCL lacks bioactivity to stimulate significant osteogenic differentia
tion, resulting in low OCN and OPN expression. PCL exhibited weak 
Alizarin Red Staining due to limited mineralization and poor biological 
interaction and osteoinduction. Adding 0.5 wt% G slightly improve the 
slightly improves the scaffold's properties, enhancing osteoblast activ
ity.25 However, alizarin red staining, initial mineralization occurs but 
the effects is not optimal due to insufficient graphene content. 1.5 wt% G 
showed increased OCN and OPN expression, attributed to the synergistic 
effects of graphene, including enhanced mechanical and electrical 
properties. This group showed stronger Alizarin resd staining, reflecting 
more robust mineralization and calcium deposition.26,27

The 2.5 wt% G showed the highest OCN and OPN expression, as the 
optimal graphene content supported both early and late stages of 
osteogenesis. This group exhibited intense Alizarin Red staining, indi
cating high calcium deposition and substantial mineralized matrix for
mation, which reflected superior bone regeneration. The enhanced 
biological properties of 2.5 wt% G improved the scaffold's ability to 
mimic the native bone environment, promoting cell adhesion, prolifer
ation, and differentiation. It when enhanced graphene content improves 
the scaffold's ability to mimic the native bone environment, promoting 
cell adhesion, proliferation, and differentiation.28,29 The high graphene 
concentration ensured structural stability, supporting osteogenesis 
under physiological conditions. Furthermore, graphene facilitated 
bioelectrical signaling, a critical factor for osteoblast differentiation, 
contributing to the scaffold's superior performance in promoting bone 
regeneration.2,30

Despite the promising findings, several limitation should be 
acknowledged. (1) This study evaluated osteogenic markers (OPN and 
OCN) at selected time points only, which may not fully capture the 
dynamic progression of osteogenesis across earlier or later stages. (2). 
This study did not evaluate long-term degradation behavior of the PCL/ 
G scaffold, which is essential for understanding scaffold-tissue in
teractions in vivo. (3) The use of the tibial bone defect model, while 
providing accessibility and adequate size for scaffold evaluation, may 
not fully replicate the anatomical and functional characteristics of jaw 
(maxillofacial) bone, and this should be considered a limitation when 
extrapolating results to clinical applications. (4) Finally, the findings are 
based on in vitro analysis only, and the osteogenic response in vivo may 
vary due to the complexity of biological environments, mechanical 
loading, and immune interactions.

5. Conclusion

This study demonstrates the potential of graphene-enhanced PCL 
scaffolds for bone tissue engineering. Increasing graphene concentration 
improved osteogenic activity, with 2.5 wt% graphene showing the 
highest bioactivity and mineralization. These findings suggest that 
optimizing graphene content can enhance scaffold performance for bone 
regeneration. Nevertheless, future studies are required to evaluate long- 
term in vivo effects, particularly regarding biodegradation and bone 
remodeling balance, as well as to explore clinical translation to establish 
graphene-based scaffolds as a viable approach for bone defect repair.
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informed consent were not required.

Ethical clearance

This study received ethical approval from the Faculty of Medicine, 
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followed institutional guidelines for the care and use of laboratory 

Table 3 
Calcified Area (%) in PCL and PCL/G scaffold.

Scaffold Calcified Area (%) p-value

Day 7 Day 14 Day 21a

PCL 61.41 ± 2.38 82.95 ± 3.49 93.73 ± 3.52 0.001b

0.5 wt% G 62.53 ± 2.78 91.93 ± 4.01 95.71 ± 11.75 0.036b

1.5 wt% G 66.05 ± 4.75 95.22 ± 2.66 112.09 ± 8.70 0.004b

2.5 wt% G 83.15 ± 1.45 95.83 ± 5.31 120 ± 11.64 0.034b

a Significant differences between PCL and various concentration of PCL/G 
scaffolds on day 21.

b Significant differences between PCL and various concentration of PCL/G on 
days 7, 14, and 21.
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