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Abstract

Electrospun polycaprolactone (PCL) nanofibers are widely studied for biomedical applications due to their biodegradability 
and processability, but their limited mechanical strength and bioactivity restrict advanced use. This study addresses these 
challenges by incorporating four types of functionalized graphene—carboxyl (CFG), hydroxyl (HFG), amine (AFG), and 
sulfonic (SFG)—into PCL at varying concentrations. Nanocomposite fibers were fabricated via electrospinning and characterized 
using SEM, FTIR, Raman, DSC, TGA, tensile testing, and MTT assay. Among all, PCL reinforced with 1 wt% SFG showed 
superior properties, including a tensile strength of 5.8 MPa, 34% thermal residue at 600°C, and 93% cell viability at 72 hours, 
outperforming pure PCL by over 60% in strength and 9% in biocompatibility. The enhancement is attributed to improved 
dispersion and strong interfacial bonding from polar functional groups. These results highlight the potential of functionalized 
graphene to engineer high-performance nanofibers for tissue engineering and regenerative medicine applications.
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1. Introduction

The increasing demand for advanced biomaterials has 
prompted significant interest in nanotechnology-driven 
approaches to develop next-generation scaffolds for 
biomedical applications. Among various nanostructured 
platforms, electrospun polymeric nanofibers have gained 
considerable attention due to their structural similarity to natural 
extracellular matrices, which promotes cellular adhesion, 
proliferation, and differentiation. Electrospinning technology 
offers the advantage of producing continuous nanofibers 
with high surface-to-volume ratios, tunable porosity, and 
the capacity to incorporate functional additives, making it 
an ideal tool for fabricating scaffolds for tissue engineering, 
wound dressings, and drug delivery systems[1]. However, the 
full potential of electrospun scaffolds relies heavily on the 
selection and engineering of suitable polymeric systems with 
enhanced mechanical, thermal, and biological properties.

Polycaprolactone (PCL) is a semicrystalline, aliphatic 
polyester widely recognized for its biodegradability, 
non-toxic degradation byproducts, and compatibility with 
human tissue. Its low melting temperature and solubility in 

a range of organic solvents make it particularly attractive 
for electrospinning. Nevertheless, pure PCL suffers from 
inherent limitations such as low tensile strength, slow 
degradation rate, and insufficient bioactivity, restricting 
its applicability in mechanically demanding or rapidly 
healing tissues[2]. Various modification strategies have been 
proposed to overcome these drawbacks, including polymer 
blending, surface functionalization, and the incorporation of 
nanofillers. Among them, reinforcement with carbon-based 
nanomaterials has shown great promise in enhancing the 
structural and functional attributes of PCL nanofibers[3].

Graphene and its derivatives have emerged as superior 
nanofillers due to their exceptional electrical, thermal, and 
mechanical properties, as well as their large surface area 
and tunable surface chemistry. Functionalized graphene, 
particularly those modified with oxygen-containing 
groups such as carboxyl (–COOH), hydroxyl (–OH), 
amine (–NH2), or sulfonic acid (–SO3H), has demonstrated 
improved dispersibility in polymer matrices and stronger 
interfacial bonding [4]. These functional groups are known 
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 to form hydrogen bonds or electrostatic interactions with 
polymer chains, enhancing filler-matrix compatibility and 
promoting stress transfer across the interface. Furthermore, 
graphene-based nanocomposites have been reported to exhibit 
antibacterial activity and support cellular behaviors critical 
for tissue regeneration, making them ideal candidates for 
biomedical scaffolding[5].

The reviewed literature (Table  1) confirms that 
electrospinning is a versatile and effective method for 
fabricating nanocomposite fibers with improved properties. 
Several studies emphasize the role of graphene and other 
nanofillers in enhancing thermal stability, mechanical 
strength, and structural uniformity. However, few works 
systematically evaluate the impact of different functional 
groups (e.g., –COOH, –OH, –NH2, –SO3H) on fiber properties 
or include biocompatibility assessments[16]. The current 
study bridges this gap by comparing four functionalized 
graphene derivatives in a unified PCL matrix, revealing 
the superior reinforcement and biological response offered 
by AFG and SFG systems, which have received minimal 
attention in past biomedical research.

Previous research has explored the incorporation of 
graphene oxide (GO) or reduced graphene oxide (rGO) 
into PCL matrices, with results indicating improvements in 
mechanical strength, thermal stability, and biological response. 
However, most of these studies have been limited to a single 
form of graphene derivative, often lacking comparative 
analysis across different functional groups[17]. Moreover, 
limited attention has been given to systematically optimizing 
the graphene content to balance mechanical reinforcement 
with dispersion quality and cytocompatibility. Without this 
optimization, the tendency of graphene to agglomerate at 
higher concentrations can negate its beneficial effects, 
leading to inconsistent fiber morphology and compromised 

performance. Additionally, few investigations have examined 
the role of newer functional groups such as sulfonic or amine 
moieties in modifying PCL-based nanofibers.

To fill these gaps, the current research focuses on the 
design and optimization of electrospun PCL nanofibers 
reinforced by chemically prepared graphene derivatives 
like (CFG), (HFG), (AFG) and (SFG). It was possible with 
such tailored graphene derivatives to introduce diverse 
chemical complements, which control dispersion dynamics, 
interfacial bonding, and final performance qualities of the 
nanocomposite fibers. The investigation includes changing the 
ratio of graphene to 0.5 wt%, 1 wt%, and 2 wt% to determine 
the optimal loading of the filler for every derivative at the 
aspects of morphological stability, mechanical properties, 
thermal performance, and biological safety[18].

This research aims to prepare and evaluate multifunctional 
nanofiber mats from PCL and graphene derivatives prepared 
by electrospinning for selecting the best mixture providing 
mechanical, thermal and biological performance. SEM, 
FTIR, Raman spectroscopy, DSC, TGA, tensile testing, 
and MTT assay analyze the nanocomposites. Using such 
analytical methods, we can analyze such parameters as fiber 
morphology, intermolecular forces, graphene integration, as 
well as biocompatibility with HDFs to enable a comprehensive 
analysis of the structure–property–function correlations in 
the fabricated nanocomposites[19].

The novelty of the present study lies in the simultaneous 
exploration and comparison of four distinct functionalized 
graphene derivatives within a unified experimental framework. 
Unlike previous studies that focused on GO or rGO alone, this 
research highlights the unique contributions of less-explored 
derivatives like AFG and SFG, revealing their superior influence 
on fiber refinement and reinforcement. The inclusion of these 

Table 1. Comparative literature summary of polymer-based nanocomposite fibers prepared via electrospinning.
Nanofiller  

Type
Electrospinning 

Used
Focus 

Application
Fiber  

Morphology
Thermal 
Stability

Mechanical 
Strength

Biocompatibility
Relevance to  

Current Study

TiO2, epoxy Yes Superhydrophobic 
coatings

↓ (bead formation, rough) ↔ ↔ Not tested Reinforces the role of nanofillers 
in wettability and morphology 
enhancement[6]

Hydroxyapatite Yes Bone regeneration ↑ (fibrous, uniform) ↑ ↑ ↑ Demonstrates the role of mineral 
fillers for cytocompatibility—parallels 
with HFG[7]

Fe3O4@AuNPs Yes Catalysis & magnetic 
recyclability

↑ (hierarchical nanostructure) ↑ ↔ Not tested Highlights multifunctionality potential 
of electrospun nanofibers[8]

Functionalized GO 
(NH2-POSS)

Yes Thermal applications ↑ (dense, aligned) ↑↑ ↑ Not tested Directly supports current use of NH2-
GO (AFG) for thermal/mechanical 
tuning[9]

MXene@AgNP Yes Wastewater treatment ↑ (intercalated flakes) ↑ ↔ Not tested Reinforces the benefit of dispersion 
strategy to avoid agglomeration[10]

GO–COOH@AgNPs Yes Photocatalysis ↑ (dense, ultrafine) ↑ ↔ Not tested Supports the effectiveness of COOH 
functional groups for composite 
performance[11]

CuO, Al, GO Yes Energetic 

materials

↑ (smooth, uniform) ↑↑ ↑ Not tested Highlights the impact of 0.5 wt% 
GO on fiber quality and reaction 
enhancement[12]

Graphene Yes Electronics ↑ (mesh-like) ↑ ↑ Not tested Validates fiber alignment and 
graphene’s effect on conductivity 
and thermal properties[13]

Graphene, Fe3O4 Yes Magnetic 

fiber fabrication

↑ (aligned via magnetic/
electric field)

↔ ↔ Not tested Highlights innovative alignment 
strategies—applicable to scaffold 
orientation[14]

BaTiO3 Yes Dielectric materials ↑ (dispersed, low loss) ↔ ↑ Not tested Shows electrospinning’s role in 
nanofiller dispersion and matrix 
enhancement[15]
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derivatives is particularly significant, as they introduce highly 
polar or reactive functional groups capable of forming stronger 
intermolecular interactions with PCL chains. The observed 
improvements in fiber uniformity, tensile strength, and thermal 
degradation resistance establish these nanofillers as viable 
candidates for high-performance biomedical applications. 
Moreover, the use of a standardized electrospinning protocol 
ensures that the effects of functional group chemistry and filler 
concentration can be directly compared across formulations, 
strengthening the study’s internal consistency[20].

The outcomes of this research are expected to contribute 
valuable insights into the rational design of advanced nanofiber-
based scaffolds for biomedical engineering. By demonstrating 
the synergistic effects of functionalized graphene with 
tailored surface chemistry, the study offers new possibilities 
for enhancing the mechanical and biological performance of 
electrospun nanocomposites. In particular, the findings may 
benefit the development of tissue engineering scaffolds with 
improved load-bearing capability, wound dressings with 
prolonged stability and antibacterial function, and drug delivery 
systems with extended degradation profiles. The study’s 
systematic approach to filler optimization and functional group 
evaluation represents a forward step in creating customizable 
nanomaterials for diverse clinical applications[21].

This work responds to a critical need for multifunctional 
and high-performance biomaterials by developing electrospun 
PCL nanofibers reinforced with various functionalized graphene 
derivatives. Through comparative analysis and optimization 
of graphene content, the study establishes structure–property 
relationships that govern the mechanical, thermal, and 
biological behavior of the resulting nanocomposites. The 
inclusion of underexplored functional groups such as –NH2 
and –SO3H introduces new perspectives on filler design, 
while the comprehensive characterization strategy ensures 
robust evaluation of material performance. The knowledge 
gained from this research can inform future innovations 
in polymer nanocomposite development for biomedical 
applications, thereby advancing the field toward more 
effective and personalized medical solutions.

2. Materials and Methods

The base polymer used in the present study was 
polycaprolactone (PCL), a widely employed biodegradable 
aliphatic polyester. It was procured from Sigma-Aldrich 
with an average molecular weight of 80,000 g/mol. Its 
known advantages such as biocompatibility, processability, 
and biodegradation suitability, make it ideal for biomedical 
applications. In order to enhance the performance of PCL, 
it was reinforced with functionalized graphene derivatives. 
Specifically, two forms of chemically functionalized graphene 
were selected: carboxyl-functionalized graphene (CFG) and 
hydroxyl-functionalized graphene (HFG). These derivatives 
were purchased from Graphene Supermarket and featured a 
purity of 99% with particle sizes ranging from 1 to 10 µm. 
Their functional groups were chosen to improve dispersion 
within the polymer and increase interaction at the filler–matrix 
interface. In later extensions of the study, amine-functionalized 
graphene (AFG) and sulfonic-functionalized graphene (SFG) 
were incorporated to provide a comparative perspective of 
functionality-induced enhancements[22].

To prepare the electrospinning solution, PCL was 
dissolved in a solvent blend composed of chloroform and 
N,N-dimethylformamide (DMF) in a 4:1 volume ratio. The 
polymer concentration was maintained at 12 wt% to ensure 
appropriate viscosity and conductivity for stable jet formation 
during electrospinning. The graphene derivatives were first 
dispersed in DMF by probe sonication for 60 minutes at 
100 W to reduce agglomeration. This step was critical to 
achieve exfoliation of graphene sheets and homogeneous 
nanofiller distribution. After ultrasonication, the dispersed 
nanofiller solution was gradually added to the pre-prepared 
PCL solution, followed by magnetic stirring for 4 hours at 
500 rpm. An additional ultrasonication step of 30 minutes 
was then conducted to further reduce any micro-agglomerates 
and promote complete dispersion. The mixtures were 
prepared at three concentrations—0.5 wt%, 1.0 wt%, and 
2.0 wt%—for each graphene derivative to systematically 
investigate the effect of nanofiller loading on the morphology 
and performance of the resulting nanofibers.

The electrospinning apparatus consisted of a programmable 
syringe pump, a 21-gauge needle connected to a high-voltage 
power supply, and a grounded rotating drum collector. The 
optimized electrospinning parameters included an applied 
voltage of 15 kV, a feed rate of 1 mL/h, and a fixed distance 
of 15 cm between the needle tip and the collector. The drum 
rotation speed was kept low to fabricate randomly oriented 
fibers. All electrospinning procedures were conducted 
at ambient room temperature under controlled humidity 
conditions. Fibers were collected continuously for four hours 
per sample onto aluminum foil-wrapped collectors. After 
deposition, the fiber mats were dried at room temperature 
for 24 hours to ensure the complete removal of residual 
solvents. This setup is illustrated in Figure 1, which depicts 
the electrospinning assembly and process flow.

To ensure experimental reliability and repeatability, all 
samples were prepared in triplicate (n = 3). For characterization 
studies such as FTIR, SEM, Raman, DSC, and tensile 
testing, a minimum of three independent measurements 
were obtained from different regions of each sample. For 
tensile properties, five replicates were tested per group 
(n = 5), and for MTT assay-based biocompatibility tests, 
both biological and technical replicates (n = 3 × 3) were 
employed at each time point.

Morphological characterization was conducted using 
a JEOL JSM-IT200 scanning electron microscope to 
evaluate the surface structure and fiber formation in the 
electrospun mats. Prior to SEM imaging, all nanofiber 
samples were gold-sputtered under vacuum to eliminate 
surface charging and ensure image clarity. Imaging was 
carried out at magnifications ranging from 5000x to 10000x 
to capture detailed features of fiber morphology. From each 
micrograph, the fiber diameter was quantitatively analyzed 
using ImageJ software by measuring 100 randomly selected 
fibers per image, enabling statistically robust assessment of 
the average diameter and distribution. Figures present SEM 
micrographs of electrospun PCL nanofibers reinforced with 
carboxyl-functionalized graphene (CFG) at concentrations 
of 0.5 wt%, 1.0 wt%, and 2.0 wt%. The images demonstrate 
how increasing CFG content alters the fiber characteristics 
in terms of surface smoothness, structural uniformity, and 
average thickness[23].
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In addition, SEM images were obtained for nanofibers 
containing h(HFG), (AFG), and (SFG), each at a loading of 
1 wt%. These are displayed in Figures, which enable direct 
comparison of the effects of different functional groups on 
fiber formation. The SFG-reinforced fibers exhibited the most 
refined morphology, with the smallest average diameter and 
highly uniform structure, attributed to enhanced dispersion and 
interfacial bonding. Fibers containing AFG and HFG showed 
improved structure compared to unreinforced PCL but with 
slightly larger diameters and minor variations in alignment, 
indicating moderate interaction and dispersion levels.

To further visualize the influence of both graphene content 
and functional group type on fiber diameter, comparative 
fiber diameter plots were prepared. This analysis highlights a 
consistent reduction in average fiber diameter with increasing 
nanofiller concentration up to 1 wt%, followed by a slight 
increase at 2 wt%, likely due to nanoparticle agglomeration. 
All graphene types showed the lowest diameter at 1 wt%, 
confirming this as the optimal concentration for achieving 
uniform, fine nanofiber morphology.

(FTIR) was conducted to verify the successful 
incorporation of functionalized graphene into the PCL matrix 
and to examine possible chemical interactions. Spectra were 
recorded in the range of 4000 to 400 cm−1 using a Bruker 
Tensor 27 spectrometer. Peaks corresponding to the ester 
bond (C=O at 1720 cm−1), CH2 stretching vibrations (~2945 
and 2865 cm−1), and C–O–C stretching (~1100–1240 cm−1) 
were analyzed. Any changes in peak intensity or position were 
attributed to hydrogen bonding or electrostatic interaction 
between the graphene functional groups and the polymer 
chains. The FTIR spectra for all samples are presented[24].

Raman spectroscopy was employed to confirm the 
structural presence and dispersion quality of graphene 
within the PCL matrix. Spectra were collected using a 
532 nm excitation laser with a spectral resolution of 1 cm−1. 
Key bands, including the D-band (~1350 cm−1), G-band 
(~1580 cm−1), and the 2D-band (~2700 cm−1), were monitored. 
The relative intensity ratio of D to G bands (I_D/I_G) was 
calculated to assess defect levels in functionalized graphene. 

Raman mapping further validated the spatial uniformity of 
the filler across the nanofiber surface[25].

The mechanical properties of the electrospun nanofiber 
mats were evaluated using an Instron 5567 universal testing 
machine with a 100 N load cell. Samples were cut into rectangular 
strips (5 mm × 30 mm), and tensile testing was performed at 
a crosshead speed of 5 mm/min. Young’s modulus, ultimate 
tensile strength, and elongation at break were determined for 
each sample type. These properties were statistically averaged 
across five specimens per group. The tensile performance of 
all compositions is summarized graphically.

Thermal stability and crystallinity of the samples were 
assessed using differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA). DSC analysis was carried 
out under nitrogen from 25°C to 100°C at a heating rate of 
10°C/min. The melting temperature (Tm), crystallization 
temperature (Tc), and degree of crystallinity were calculated 
from endothermic peak areas. TGA was conducted under 
nitrogen with a temperature ramp from 30°C to 600°C at 
10°C/min to determine the onset of thermal degradation 
and residual weight percentage. TGA results for 1 wt% 
nanocomposites are shown[26].

To evaluate the cytocompatibility of the nanofiber mats, 
an in vitro MTT assay was performed using human dermal 
fibroblasts (HDFs). Electrospun mats were UV-sterilized 
and placed in 24-well plates, where HDFs were seeded at a 
density of 1 × 104 cells/well. The cells were incubated at 37°C 
in a humidified CO2 environment and assessed at 24, 48, and 
72 hours post-seeding. At each time point, the MTT reagent was 
added, and after incubation, formazan crystals were dissolved 
in DMSO and absorbance was measured at 570 nm using a 
microplate reader. The procedure allowed quantification of 
cell viability and proliferation, which was used to infer the 
biocompatibility of each nanocomposite formulation.

All materials and methods adopted in this study were 
selected to ensure the fabrication of high-performance 
nanofibrous mats with potential for biomedical applications. 
The stepwise optimization of each variable—from solvent 
system and filler dispersion to electrospinning conditions and 
biological testing—ensured consistency and reproducibility 

Figure 1. Electrospinning process setup.
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across the experiments. The full experimental matrix, 
including sample composition, test types, and replicates, 
was implemented to guarantee the scientific rigor required 
for biomaterial development[27].

SEM images (Figure  2) reveal the influence of 
functionalized graphene derivatives on the morphology 
of electrospun polycaprolactone (PCL) nanofibers. Pure 
PCL nanofibers serve as the baseline, displaying a smooth, 
bead-free surface with an average diameter of approximately 
620 nm and a randomly oriented fiber network. Upon 
incorporation of 0.5 wt% carboxyl-functionalized graphene 
(CFG), a noticeable reduction in fiber diameter is observed 
(~580 nm), along with the development of slight surface 
texture, suggesting early-stage polymer-filler interaction and 
enhanced solution conductivity. At 1 wt% CFG, the fiber 
morphology is optimized, exhibiting thinner, more uniform 
fibers with an average diameter around 520 nm. This reflects 
the improved alignment and chain stretching attributed to 
the hydrogen bonding and electrostatic interactions offered 
by carboxyl groups. However, increasing the CFG content 
to 2 wt% results in partial agglomeration, as evidenced by 
a marginal increase in diameter (~610 nm) and less regular 
fiber arrangement, likely due to increased viscosity and 
nanoparticle clustering disrupting the electrospinning jet[28].

Hydroxyl- and sulfonic-functionalized graphene (HFG 
and SFG), the effect of functional group chemistry becomes 
more distinct. PCL nanofibers with 0.5 wt% HFG show a 
modest decrease in diameter (~570 nm), similar to CFG at 
the same loading, but with a slightly rougher fiber texture. 
At 1 wt% HFG, the morphology improves further with an 
average diameter of approximately 510 nm, though still 
not as refined as CFG, reflecting the relatively weaker 
interaction strength of hydroxyl groups. With 2 wt% HFG, 
aggregation effects become evident, leading to larger, less 
uniform fibers (~600 nm) and minor surface irregularities. In 
contrast, nanofibers containing 1 wt% sulfonic-functionalized 

graphene (SFG) display the most refined morphology, with 
the thinnest diameter (~495 nm) and highly uniform, smooth 
fibers. The strong ionic nature of sulfonic groups enhances 
dispersion and interfacial bonding, resulting in superior 
electrospinning stability and fiber alignment.

The SEM images confirm that both the type and 
concentration of graphene derivatives significantly 
influence fiber morphology. The optimal morphology is 
observed at 1 wt% loading, with SFG providing the most 
effective reinforcement, followed by CFG and HFG. These 
morphological improvements support the enhancements 
seen in mechanical and thermal performance, validating 
the role of surface-functionalized graphene in engineering 
advanced nanofiber scaffolds.

Figure  3 shows the variation in fiber diameter of 
electrospun polycaprolactone (PCL) nanofibers reinforced with 
different types of functionalized graphene—(CFG), h(HFG), 
(AFG), and (SFG)—across three graphene concentrations: 
0.5 wt%, 1.0 wt%, and 2.0 wt%. The graph highlights the 
morphological response of the fibers to nanoparticle loading 
and surface chemistry[29].

At 0 wt%, the baseline fiber diameter for pure PCL is 
approximately 620 nm. With the introduction of graphene, 
the fiber diameter decreases across all derivatives, reaching 
a minimum at 1.0 wt%. Specifically, PCL/SFG shows the 
lowest average diameter at this concentration (~495 nm), 
which corresponds to a 20.2% reduction compared to pure 
PCL. This is followed by AFG (~500 nm), HFG (~510 nm), 
and CFG (~520 nm), suggesting that highly polar and reactive 
groups like –SO3H and –NH2 enhance solution conductivity 
and polymer chain alignment, thereby producing finer fibers.

At 2.0 wt%, a reversal trend is observed, with the diameters 
increasing again. This likely indicates the onset of graphene 
agglomeration at higher concentrations, which disrupts the 
homogeneity and viscosity of the spinning solution. Still, even 
at 2.0 wt%, SFG and AFG retain a 5.6–6.5% smaller fiber 

Figure 2. SEM micrographs of electrospun PCL nanofibers: (a) Pure PCL Nanofibers; (b) PCL + 0.5 wt% CFG; (c) PCL + 1.0 wt% CFG; 
(d) PCL + 2.0 wt% CFG; (e) PCL + 0 wt% HFG; (f) PCL + 1 wt% HFG; (g) PCL + 2 wt% HFG. (h) PCL + 1 wt% SFG. 
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diameter than CFG, highlighting their superior dispersibility 
and interaction with the PCL matrix[30].

The data confirms that both graphene concentration and 
surface functionalization strongly influence fiber morphology. 
Sulfonic and amine groups contribute most effectively to 
diameter reduction due to enhanced interfacial compatibility, 
resulting in more uniform and finer nanofiber formation 
ideal for biomedical scaffold applications.

Figure 4 shows the Fourier Transform Infrared (FTIR) 
spectroscopy analysis of pure polycaprolactone (PCL) and 
its nanocomposites with different functionalized graphene 
derivatives, including (CFG), (HFG), (AFG), and (SFG). 
The spectra span the wavenumber range of 4000 to 500 cm−1 
and present the characteristic absorption bands associated 
with PCL’s molecular structure and its interactions with the 
incorporated graphene materials[31].

The dominant peaks at ~2945 cm−1 and ~2865 cm−1 
correspond to CH2 asymmetric and symmetric stretching 
vibrations, respectively. These bands are preserved across 
all samples, indicating the structural integrity of the PCL 

backbone. A sharp peak around ~1720 cm−1 is observed in 
all spectra and is attributed to the C=O stretching vibration 
of the ester functional group, which is the hallmark of PCL. 
Notably, this peak shows a slight increase in intensity for 
graphene-reinforced samples, particularly for PCL/1% SFG 
and PCL/1% AFG, reflecting enhanced dipole interactions 
due to strong hydrogen bonding or polar interactions 
between the carbonyl group and functional groups like 
–SO3H or –NH2

[32]. The C–O and C–O–C stretching bands 
appearing between ~1240–1100 cm−1 are also evident, and 
these regions display subtle differences in intensity. The 
samples containing SFG and AFG show slightly broader 
peaks in this region, suggesting stronger interfacial bonding 
and possibly slight changes in local chain conformation or 
orientation[33].

The consistent presence and modest shifts in key absorption 
bands validate the successful incorporation of functionalized 
graphene into the PCL matrix without disrupting the polymer’s 
molecular framework. The enhanced peak intensities and band 
broadening in SFG- and AFG-based nanocomposites indicate 

Figure 3. Fiber diameter with graphene content.

Figure 4. FTIR spectra.
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stronger chemical interactions and potentially superior dispersion 
compared to conventional CFG and HFG, making them 
promising for property enhancement in biomedical scaffolds.

Figure 5 shows the Raman spectroscopy analysis of 
pure polycaprolactone (PCL) and its nanocomposites 
reinforced with different functionalized graphene 
derivatives, including (CFG), (HFG), (AFG), and (SFG), 
alongside a spectrum of pristine graphene. The graph 
presents clear D (~1350 cm−1), G (~1580 cm−1), and 2D 
(~2700 cm−1) peaks, which are characteristic of graphene-based 
materials and validate the presence and structural features 
of the incorporated graphene in the PCL matrix [34].

The pure PCL sample exhibits a flat spectral profile, 
lacking the prominent D and G bands, as expected due 
to the absence of graphitic content. With the addition of 
functionalized graphene, distinct D and G peaks emerge, 
with increasing intensity correlating with higher graphene 
content. For instance, PCL/1% CFG and PCL/1% AFG 
display pronounced G peaks with approximately 30–35% 

higher intensity than PCL/0.5% CFG, indicating enhanced 
graphene dispersion and interaction. Among the samples, 
PCL/1% SFG exhibits the most intense D and G peaks, 
suggesting robust integration and interfacial bonding 
due to the ionic character of sulfonic groups, which may 
enhance π–π interactions with the polymer backbone.

Notably, the 2D peak, visible only in pristine graphene, is 
absent or significantly diminished in the composite spectra, 
confirming that the graphene used was primarily few-layer 
or functionalized, lacking long-range order [35]. The slight 
redshift in G-band position in functionalized samples 
(e.g., ~1582–1585 cm−1) is attributed to strain or doping 
effects from chemical functionalization. These spectral 
features confirm successful incorporation of graphene 
derivatives and illustrate the influence of surface chemistry 
on structural integrity, bonding, and dispersion quality within 
the nanocomposite framework [36].

Figure 6 shows the variation in tensile strength of electrospun 
PCL nanofibers as a function of graphene content for four 

Figure 5. Raman Spectroscopy Analysis.

Figure 6. Tensile strength with graphene content.
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different functionalized graphene derivatives: (CFG), (HFG), 
(AFG), and (SFG). All formulations demonstrate a clear 
trend of mechanical reinforcement with increasing graphene 
concentration up to 1 wt%, followed by a marginal decline 
at 2 wt% due to probable nanoparticle agglomeration[37].

At 1 wt% loading, PCL/SFG nanofibers achieve the 
highest tensile strength of approximately 5.8 MPa, which 
represents a 65.7% increase compared to pure PCL (3.5 MPa). 
This enhancement is primarily attributed to the ionic and 
hydrogen bonding capacity of sulfonic groups (–SO3H), 
which form strong electrostatic interactions with the polymer 
chains, promoting efficient load transfer. PCL/AFG reaches 
5.6 MPa at 1 wt%, marking a 60% improvement, likely due 
to the polar –NH2 groups engaging in hydrogen bonding 
with the ester backbone of PCL. In comparison, CFG and 
HFG reach 5.5 MPa and 5.2 MPa, translating to 57.1% and 
48.5% gains, respectively[38].

At 2 wt%, all formulations exhibit a slight drop, with 
PCL/SFG and PCL/AFG decreasing to 5.4 and 5.3 MPa, 
suggesting that overloading leads to filler agglomeration, 
disrupting matrix continuity. Nonetheless, their strengths 
remain higher than CFG (5.2 MPa) and HFG (5.0 MPa), 
confirming the superior reinforcing efficiency of multifunctional 
groups. The steeper gradient observed between 0.5 and 
1 wt% highlights the critical dispersion threshold, beyond 
which the benefits plateau or diminish[39].

These findings emphasize that beyond filler dispersion, 
the nature of surface functional groups plays a pivotal role in 
modulating interfacial adhesion and stress transfer. Sulfonic 
and amine groups, due to their high polarity and hydrogen 
bonding ability, show the highest reinforcement potential, 
suggesting their broader applicability in load-bearing 
biomedical scaffolds.

Figure 7 shows the thermal degradation profiles of 
pure PCL and its nanocomposites reinforced with (CFG), 
(HFG), (AFG), and (SFG) at a concentration of 1 wt%. The 
inclusion of AFG and SFG represents a novel functional 
group strategy to enhance material performance by exploiting 
their reactive surface chemistries[40]. Among all samples, 

PCL/1 wt% SFG exhibits the highest thermal resistance, 
maintaining approximately 34% residual mass at 600°C, 
which is a 54% improvement compared to pure PCL (22%). 
This substantial enhancement can be attributed to the strong 
sulfonic acid groups (–SO3H) on SFG, which form robust 
hydrogen bonds and ionic interactions with the PCL matrix, 
thereby hindering chain mobility and heat diffusion. Similarly, 
PCL/1 wt% AFG retains 33% of its mass at 600°C—around 
50% higher than pure PCL—demonstrating the stabilizing 
role of amine groups (–NH2), which likely interact with ester 
bonds in PCL through hydrogen bonding[41].

Compared to conventional CFG and HFG systems, AFG 
and SFG derivatives show 5–10% greater thermal protection 
across most temperature ranges. At 400°C, PCL/1 wt% SFG 
retains 79% weight versus 75% in PCL/1 wt% HFG and 
76% in PCL/1 wt% CFG, translating to a 5.3% and 3.9% 
improvement, respectively. These findings underscore the 
importance of selecting functional groups that not only disperse 
well but also chemically engage with the polymer chains 
to form a more thermally robust network. The improved 
resistance offered by SFG and AFG indicates their potential 
as multifunctional nanofillers not only for thermal stability 
but also for extended roles in drug delivery or antimicrobial 
performance due to their charged surface functionalities .

The cytocompatibility of the electrospun nanofiber mats 
was quantitatively evaluated using the MTT assay, with 
results measured at 24-, 48-, and 72-hours post-incubation on 
human dermal fibroblasts (HDFs). As shown in Figure 8, cell 
viability increased progressively over time for all samples, 
indicating that the nanofiber mats supported cellular attachment 
and proliferation. At 24 hours, pure PCL exhibited a cell 
viability of 79%, while samples containing 1 wt% CFG, 
HFG, AFG, and SFG demonstrated improved values of 83%, 
84%, 86%, and 88%, respectively. This trend continued at 48 
and 72 hours, where PCL/1 wt% SFG reached the highest 
viability of 93%, significantly greater than the 85% observed 
for pure PCL (p < 0.05, ANOVA followed by Tukey’s post 
hoc test). These enhancements were statistically significant 
(p < 0.05) across all graphene-containing samples.

Figure 7. TGA thermograms showing weight loss (%) as a function of temperature (°C).
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The improved biocompatibility of the graphene-reinforced 
fibers can be attributed to the presence of polar functional 
groups such as –NH2 in AFG and –SO3H in SFG, which 
enhance hydrophilicity and promote favorable interactions with 
the cellular membrane. These groups may also contribute to 
the adsorption of serum proteins that facilitate cell adhesion 
and metabolic activity[42]. The consistent viability above 90% 
at 72 hours for AFG and SFG samples confirms that the 
functionalized graphene not only reinforces the fiber matrix 
structurally but also supports a bioactive surface conducive to 
cell growth. The results affirm that the developed nanofibers 
are non-cytotoxic and potentially suitable for applications 
in regenerative scaffolding or wound healing environments.

3. Conclusions

The present study successfully demonstrates the 
enhancement of polycaprolactone (PCL) nanofibers 
through the incorporation of four chemically functionalized 
graphene derivatives—CFG, HFG, AFG, and SFG—using 
electrospinning. The nanocomposites were optimized at 
1 wt% loading, where significant improvements in mechanical, 
thermal, and biological performance were achieved. Among 
all formulations, PCL reinforced with 1 wt% SFG exhibited 
the highest tensile strength of 5.8 MPa, marking a 65.7% 
increase compared to neat PCL (3.5 MPa), while PCL/AFG 
achieved a closely comparable strength of 5.6 MPa. Thermal 
stability was markedly improved, with TGA showing 34% 
residual weight for PCL/SFG at 600°C—an enhancement of 
over 54% relative to unreinforced PCL. Fiber morphology was 
also optimized at this concentration, where average diameters 
decreased by over 20% for SFG and AFG, confirming excellent 
dispersion and interfacial bonding. Notably, the MTT assay 
revealed that PCL/SFG maintained cell viability above 93% 
at 72 hours, significantly outperforming pure PCL at 85%, 
indicating excellent cytocompatibility.

The inclusion of underexplored functional groups such 
as –SO3H and –NH2 played a pivotal role in modulating the 
material’s behavior, as they promoted hydrogen bonding, 
enhanced filler–matrix compatibility, and improved the 

bioactive surface profile of the nanofibers. This study provides 
compelling evidence that graphene surface functionalization 
is a critical parameter in optimizing nanofiber scaffolds for 
biomedical use.

Future research should explore long-term biodegradation 
behavior, in vivo evaluations, and potential drug-loading 
capabilities of these nanocomposites. Additionally, the 
effect of dual or hybrid functionalized graphene systems 
could be investigated to further synergize reinforcement and 
bioactivity. These directions would strengthen the clinical 
translation of functionalized graphene-based nanofibers in 
tissue engineering and regenerative medicine.
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