Diamond & Related Materials 153 (2025) 112039

Contents lists available at ScienceDirect

Diamond & Related Materials

journal homepage: www.elsevier.com/locate/diamond

ELSEVIER

L)

Check for

A scaffold material: Reduced graphene oxide and carbon quantum dots ol
filled polycaprolactone nanofibers

Ferda Mindivan , Biisra Boz

Department of Bioengineering, Bilecik Seyh Edebali University, Bilecik, Turkey

ARTICLE INFO ABSTRACT

Keywords:
Reduced graphene oxide
Carbon quantum dots

In this study, a comparative analysis was conducted between the properties of poly(e-caprolactone) (PCL)-based
electrospun nanofibers filled with both reduced graphene oxide (RGO) and carbon quantum dots (CQDs). Both
RGO and CQD fillers interacted with PCL, modifying the crystal structure and enhancing thermal stability. The

Eﬁz&iﬂriﬁ:ne addition of RGO increased the nanofiber diameter, whereas the inclusion of CQDs reduced it. The incorporation
Nanoﬁbzrs & of CQDs resulted in a significant increase of up to 73 % in the elastic modulus, while RGO led to a smaller in-

crease of only 1.9 %. CQDs also contributed to a 160 % increase in nanoscale hardness, while RGO caused a
maximum increase of 40 %. Furthermore, CQDs enhanced the storage modulus by 210.79 % and the loss
modulus by 595.27 %. In terms of biodegradability, CQDs, with lower contact angles (72.29° - 68.75°), degraded
more than the nanofibers containing RGO (74.96° - 70.15°), showing similar biodegradability. The bioactivity
test results indicated that both RGO and CQD fillers promoted the formation of apatite; however, neither
exhibited antibacterial activity. This study suggests that CQDs are a more advantageous filler compared to RGO,

Tissue scaffold materials

based on their greater impact on the structural, thermal, mechanical, and biological properties of PCL.

1. Introduction

Every year, bone tissue damage leads to surgical operations and
tissue transplants around the world. Scaffolds are used to recreate the
extracellular matrix damaged by disease, injury, or congenital defects,
as well as provide support to cells [1]. Electrospinning is known as an
excellent technique for producing tissue scaffolds. This technique is used
to produce micro- and nanofibers from natural or synthetic polymers to
obtain scaffolds with high surface area and porosity [2]. Compared to
other nanofiber production methods, its high performance, afford-
ability, and ease of use make it preferred [3]. A synthetic aliphatic
polyester that is both biocompatible and biodegradable, poly-
caprolactone (PCL) is one of the most widely used biopolymers in the
production of electrospun nanofibers. Furthermore, PCL is characterized
by its straightforward manufacturing process, user-friendly nature,
affordable price [4] and important mechanical properties [5]. The hy-
drophobic structure of PCL, its slower degradation rate compared to
other polymers, lack of bioactivity, and absence of antibacterial prop-
erties prevent it from possessing the features of a tissue scaffold. Re-
searchers aim to improve the disadvantages properties of PCL by
blending it with various polymers or including different additives into
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the PCL matrix. This approach is used to create tissue scaffolds with
certain desired characteristics [5,6]. Researchers have recently incor-
porated graphene derivatives into the PCL matrix to disrupt the hydro-
phobic nature of PCL, enhance its solubility in solutions, provide
antibacterial properties, and reduce the degradation time [7]. Better cell
adhesion and proliferation characteristics, excellent mechanical
strength, and a regulated rate of degradation are all present in PCL/
graphene nanofibers. This is because their interaction, physicochemical
characteristics, and biocompatibility all combine to strengthen them
[8]. In this study, reduced graphene oxide (RGO) was used as one of the
graphene derivatives. RGO, one of the graphene derivatives with
oxygen-containing groups, is widely used as a potential additive to
improve the chemical and physical properties of PCL-based composites
due to its excellent properties, such as high thermal conductivity, high
elastic modulus, high strength, and large specific surface area [9]. Zero-
dimensional carbon quantum dots (CQDs), which are increasingly
popular among carbon-derived fillers, are a hemispherical carbon allo-
trope. They have been the focus of many studies because of their
properties, such as exceptional solubility, easy functionalization,
chemical stability, and low toxicity compared to one-dimensional car-
bon nanostructures. CQDs have many application areas, such as
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biosensors, drug delivery systems, optoelectronics, white light-emitting
diodes, and solar cells [10,11]. The homogeneous distribution of nano-
sized CQDs in polymer matrices has resulted in significant improve-
ments in the physical and chemical properties of tissue scaffolds pro-
duced by electrospinning [12]. In this study, the electrospinning method
was used to produce nanofibers with improved thermal and mechanical
properties by adding micro-sized RGO and nano-sized CQDs to the PCL
matrix. Table 1 summarizes the most recent literature studies on the
application of nanofibers produced through electrospinning polymer
composites and nanocomposite solutions incorporating graphene de-
rivatives and CQDs additives inside the PCL matrix for tissue scaffolds.
In the literature review, the morphological, mechanical, thermal, elec-
trical, and biological test results of nanofibers produced by adding
graphene derivatives and CQDs to the PCL matrix showed that graphene
derivatives and CQDs are effective in providing the desired properties of
a tissue scaffold. The number of studies with GO is particularly large.
The literature review identified two studies using RGO. Ishwarchand
et al. [9] and Gohari et al. [12] produced the RGO chemically with
hydrazine hydrate and vitamin C, respectively. The methanol extraction
of rosehip fruit provided the RGO for this article [18]. Nanofiber studies
produced by adding CQDs to the PCL matrix are also quite limited and
very new. Additionally, the hydrothermal method [19] produced the
CQDs from rosehip fruit used in this study. Therefore, there is no study in
the literature regarding both RGO and CQDs additives produced from
rosehip fruit added to the PCL matrix to obtain nanofibers. There is no
study in the literature that compares the two additives. Therefore, this
study is the only and original study using RGO and CQDs fillers pro-
duced by green synthesis.

2. Materials and methods
2.1. Materials

Poly(e-caprolactone) (PCL, Mn = 80,000, Code:178305000) was
supplied by Acros Organics. RGO [18] and CQDs [19] used as fillers in
this study were obtained from our previous studies. Dimethyl formamide
(99.9 %, DMF, UN 2265) and chloroform (99.9 %, CL, UN 1888) solvents
were purchased from Carlo Erba Reagents. Phosphate buffered saline
(PBS, pH = 7,4 (1x), REF: 10010-015) was supplied by GIBCO (USA).
Simultene Body Fluid (SBF) was purchased from Biochemazone.
Mueller-Hinton, Agar SPC, E. coli ATCC 25922, and S. aureus ATCC
25923 were obtained from ATCC, USA.

2.2. Preparation of PCL, PCL/RGO and PCL/CQDs electrospun solution

To prepare polymer solutions with a concentration of 15 wt%, PCL
was dissolved in the mixtures of DMF and CL (1:4 v/v) and stirred at a
constant rate for 3 h at room temperature. Next, RGO and CQDs were
added to the solution at aspect ratios of 0.5;1.0;1.5; 2.0, and 5.0 wt%
and stirred to achieve a homogenous solution. The mixture was stirred
for 30 min for the 0.5 wt% addition and 60 min for the 1.0 wt% addition,
based on the wt% values of the fillers, respectively. The wt% value was
calculated by weighing RGO, which was solid. The liquid drying method
determined the concentration of CQDs, which were liquid [20]. The
contents of the polymer solutions prepared for nanofiber production and
nanofiber codes were given in Table 2.

2.3. Fabricating electrospun PCL, PCL/RGO and PCL/CQDs nanofibers

Scaffold structures produced by electrospinning are notable for their
high surface-to-volume ratio and mechanical strength, which closely
mimic the extracellular matrix (ECM) [14]. The prepared solutions were
transferred into a 10-mL syringe with a blunt-end needle of 19 gauges.
The solution was pumped out of the syringe at a rate of 1.5 mL/h, and a
high voltage of 10 KV was applied for electrospinning. The electro-
spinning distance, from needle tip to collector, was 12 cm. The rotary
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Table 1

Nanofiber studies produced by the electrospinning method with the addition of
graphene derivatives and CQDs fillers to the PCL matrix for tissue engineering
applications.

Fillers for PCL Results

nanofibers

Authors Year

Karapehlivan 2024
etal. [13]

Graphene oxide A high amount (3 % and 5 %) of
(GO) and collagen COL decreased the tensile
(COL) strength, while COL addition
increased cell viability. The
direct current (DC) conductivity
values ranged from 1.10 x 1071°
t06.10 x 10 '°S/m at 25 °C. The
alternating current (AC)
conductivity values exhibited
frequency-dependent behavior.
The incorporation of 1 wt% and
2 wt% GO into PCL resulted in a
significant reduction in fiber
diameter by 23.2 % and 28.8 %,
respectively, compared to neat
PCL fibers.
The diameters ranged from 107
nm to 226 nm, and the
microstrain values varied from
0.00243 to 0.0043. RGO did not
affect the crystal structure.
Rastegar et al. 2021 Polyglycerol The average nanofiber diameters
[15] sebacate (PGS) and of PGS/PCL and PGS/PCL/CQDs
CQDs were 862 + 167 nm and 376.82
+ 150 nm, respectively. CQDs
increased electrical conductivity
but decreased cell viability. The
elastic modulus, elongation at
break, and tensile strength of the
PGS/PCL/CQDs (2:1:0.5)
nanofiber were 11 + 1 MPa, 10
+ 1 mm, and 5 + 1 MPa,
respectively.
RGO increased the fiber
diameter, degradation rate,
surface roughness, cell viability,
and alkaline phosphatase activity
in the PCL scaffold containing
1.0 wt% RGO compared to pure
PCL (P < 0.05).
The addition of CQDs and CP
decreased the fiber diameter
from 1180 + 281.5 nm to 345 +
110 nm, increased surface
hydrophilicity (from 137° to 0°),
and enhanced cell proliferation
and ALP activity. The ultimate
tensile strength of the scaffolds
ranged from 6.86 + 0.00 MPa to
22.09 + 0.06 MPa.
Graphene oxide GO nanosheets and GO/Q
(GO) and quercetin  composites reduced the fiber
Q diameter while increasing cell
viability to 95 %. The
hydrophilicity decreased from
144° to 67°, and the addition of
GO increased the tensile stress to

Graphene oxide GO
and gelatin (Gt).

Loyoetal [14] 2023

Ishwarchand 2022
etal. [9]

Reduced graphene
oxide (RGO)

Gohari et al. 2021  Reduced graphene
[12]. oxide (RGO)

Ghorghi et al. 2020  CQDs and captopril
[5] (cp)

Farajietal. [7] 2020

4 MPa.
Heidari et al. 2017  Gelatin and GO Gelatin increased the diameter of
[16] the nanofibers, whereas GO

decreased it. The tensile strength
and elastic modulus of the
nanofibers increased
significantly by 117 % and 128
%, respectively. Electrical
conductivity was 11 times
higher, and GO induced a more
hydrophilic structure without
showing any toxic effects on
PC12 nerve cells. Additionally,

(continued on next page)
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Table 1 (continued)

Authors Year Fillers for PCL Results
nanofibers
GO enhanced the crystallinity of
the material.
Ceretti et al. 2017  Graphene The addition of GNP increased
[17] nanoplatelet (GNP) the elongation value by 50 % and
guided the differentiation of stem
cells into a specific phenotype.
In this study, 2024  Reduced graphene Max. polymer-filler interaction
oxide (RGO) and and max. crystallinity (8.2 %):
Carbon quantum PCL/2CQDs
dots (CQDs) Max. crystal size and increasing
interlayer distance: PCL/
1.5CQDs
Nanofiber diameter: PCL/
2RGO0:265.24 nm and PCL/
2CQDs:109.45 nm
Max. elastic modulus (73 %) and
nanohardness (160 %): PCL/
1.5CQDs
Max. storage modulus (210.79
%) and loss modulus (595.27 %):
PCL/2CQDs
Contact angle: PCL/
2RGO0:70.15° and PCL/
2CQDs:68.75°
The highest % weight loss: PCL/
2RGO: 3.66 % and PCL/2CQDs:
3.75%
Hydroxyapatite (Ca/P): PCL/
2RGO: 1.49 and PCL/2CQDs:
1.48
No antibacterial properties
PCL/CQDs PCL/RGO
Table 2
The contents of the polymer solutions and nanofiber codes.
The codes of nanofiber PCL wt% RGO wt% CQDs wt%
PCL 15 - -
PCL/0.5RGO 15 0.5 -
PCL/1RGO 15 1.0 -
PCL/1.5RGO 15 1.5 -
PCL/2RGO 15 2.0 -
PCL/5RGO 15 5.0 -
PCL/0.5CQDs 15 - 0.5
PCL/1CQDs 15 - 1.0
PCL/1.5CQDs 15 - 1.5
PCL/2CQDs 15 - 2.0
PCL/5CQDs 15 - 5.0

drum's speed was 450 rpm. All the experimental procedures were done
at 25 °C, and the moisture was %34-47. The nanofibers were subse-
quently vacuum dried to remove residual solvents. The most suitable
electrospinning process parameters for the solutions during the prepa-
ration of nanofibers by electrospinning were determined by preliminary
trials. In Fig. 1, photos showing the preparation of PCL polymer solu-
tions and nanofibers, a sample microscope image of the fiber with the
appropriate process parameter selected, and nanofiber samples prepared
by the electrospinning method by selecting the most appropriate pa-
rameters were given.

2.4. Characterization techniques

2.4.1. Structural, thermal and electrical characterization
The interactions between the polymer and the fillers in all the
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Fig. 1. Photos of the preparation of PCL polymer solutions and nanofibers.

nanofibers were observed on a Spectrum 100 Perkin Elmer model FTIR
device in the wavenumber range of 400 and 4000 cm™'. XRD analysis
was performed to determine the crystal structures of PCL nanofibers
with different filler additions and to show the formation of hydroxyap-
atite after the bioactivity test. The interlayer distance, crystallite size,
and micro-strain values of the produced nanofibers corresponding to 26°
were also taken from the XRD analysis results. XRD analyses of all
nanofibers were performed at 26° = 5-30° angle range and 2°/min
scanning speed. A Cu Ko (1:1.5404) radiation PAN analytical Empyrean
brand X-ray diffractometer was used. Thermal transitions were analyzed
by Differential Scanning Calorimetry in a Setaram - Labsys Evo In-
struments under nitrogen atmosphere, the thermal analysis was pro-
grammed at 10 °C/min from 25 to 200 °C, obtaining the melting
temperature (Tm) and the melting enthalpy (AHp). The degree of
crystallinity (X. %) was calculated using Eq. (1).

AHp,

XC - AH&(l — Wﬁbre)

.100 (€]

Taking the value of crystallization enthalpy of pure crystalline PCL
AH?,1 as 139.5 J/g [14,21]. FE-SEM (Supra 40VP, Zeiss) analysis was
performed to determine the nanofiber diameters, and observe the hy-
droxyapatite crystals formed on the nanofibers after the bioactivity test.
Energy Dispersive Spectrometry (EDS) analysis together with FE-SEM
was used to determine the Ca/P ratio, proving the formation of hy-
droxyapatite after the bioactivity test. Raman spectra and high-
resolution images of the nanofiber samples were acquired using a
confocal Raman microscope (Renishaw Invia Reflex) over a spectral
range of 0-4000 cm ™, equipped with a 532 nm wavelength laser. The
resistances of each nanofiber were measured five times at room tem-
perature using a standard four-probe Fytronix 9200 source meter brand
electrical conductivity measuring device, and their conductivities were
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calculated. The contact angles of the nanofibers were measured with the
Fytronix 9000 Contact Angle Analyzer device.

2.4.2. Mechanical characterization

Nanoindentation tests of the PCL nanofibers were performed using
the KLA+ Instruments iNano device at a constant strain rate (0.05 s’l).
The maximum penetration depth was selected as 500 nm. The sample
was withdrawn while maintaining the same strain rate. It held the
sample's load constant for 100 s. Dynamic mechanical analysis (DMA)
was used to determine the mechanical properties of PCL nanofibers.
DMA analysis of prepared samples with 10 mm length and 8 mm width
were performed between —90 and 40 °C at a constant frequency of 1 Hz,
a heating rate of 1.5 °C/min, and a loading rate of 0.1 N/mm using a
preload of 0.05 N.

2.4.3. Biological characterization

Nanofibers were cut into rectangular shapes of 10 x 40 mm for
biodegradation experiments. Their initial weights were recorded. They
were kept in 10 mL of PBS solution at 37 °C and 100 rpm shaking speed
in a water bath shaker for 56 days. Nanofibers were removed from the
PBS solution on the 3rd, 7th, 14th, 21st, 28th, 42nd, 49th, and 56th days
to determine their weight losses, washed with pure water, dried, and
weighed. The weight losses of nanofibers were calculated according to
Eq. (2). The initial weight (W) and the weight of the same sample after
complete drying (W4) were taken [22].

Wo — Wa )

Weight Loss (%) = W
0

00 (2)

It is known that biomaterials strengthen the tissue-biomaterial
interface by releasing minerals such as Ca and P into the environment
and providing natural biomineralization. In this study, the hydroxyap-
atite formation potential of nanofibers was obtained by immersing 1 x 1
em? square samples in a 10 mL SBF solution [23]. Nanofiber samples
immersed in SBF solution were removed from SBF at the end of the 1st
and 7th days at 37 °C and dried. At the end of the first and seventh days,
XRD and FE-SEM/EDS analysis showed that hydroxyapatite crystals had
gathered on the nanofibers' surface. Previous studies determined that 7

3

(a)

PCL
4000 2400 1500 1200 400

| PCL/SRGO
PCL2RGO
PCL/1.5RGO

N V™ PCL/1IRGO
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days was sufficient for the formation of hydroxyapatite crystals, leading
us to the limitation of 7 days for the bioactivity analysis [24]. Anti-
bacterial tests of the PCL nanofibers were performed using a gram-
negative bacterium (Escherichia coli) and a gram-positive bacterium
(Staphylococcus aureus) using the disk diffusion analysis method. After
streaking on Mueller Hinton Agar, it was incubated for 16-24 h at 37 °C.
It was adjusted to a 0.5 McFarland standard (0.5 McFarland corresponds
to 1-2108 bacteria). Bacteria were spread into different petri dishes for
each bacterium with a sterile swab stick to cover the entire surface of the
petri dishes. After the nanofibers were sterilized under bidirectional UV
light for 1 h, they were placed in the petri dish and incubated at 37 °C for
16-24 h. After incubation, the zones formed by the sample were
observed. The method was confirmed by the zone formation of the
antibiotic used as a positive control (OXOID-5 pug disk).

3. Result and discussion
3.1. Structural, thermal and electrical analysis results

As shown in Fig. 2(a), the vibration bands of the functional groups of
PCL were observed in the structure. It has been determined that the
wavenumber values reported for PCL in the literature were consistent
with the values obtained in this study [9,25-27]. The FTIR analysis re-
sults of PCL/RGO nanofibers shown in Fig. 2(b-c) at narrow range
wavenumber values were compared with the wavenumber values of the
pure PCL nanofiber. Shifts to lower wavenumber values were detected in
the bands belonging to the asymmetric and symmetric stretching vi-
bration of the -CH, group at wavenumbers of 2944.66 cm™! and
2866.36 cm’l, respectively, C-O-C epoxy at 1046.34 cm’l, -CH,
bending at 732.13 cm ™!, and C—C rocking vibration at 710.23 cm ™.
These shifts are attributed to the entry of RGO into the PCL matrix and
matrix-filler interactions in the literature [9]. In addition, the C=0
stretching vibration of the carbonyl group at 1720 cm ™! and the C—C
rocking vibration bands at 710.23 cm ™ 'are attributed to the presence of
PCL in RGO-containing nanofibers [9]. In the FTIR spectrum of PCL/
RGO nanofibers shown in Fig. 2(a), bands belonging to -OH (hydroxyl)
at the wavenumber of 3444.89 cm™!, C—H bending at 1470.95 em ™Y,

PCL/5CQDs
o ) PCL2CQDs
PCL/1.5CQDs

" \™w PCL/1CQDs
_V_WV""W" PCL/0.5CQDs
PCL

2400 1500 1200

—CHaasy tric-and sy tric PCL/SRGO ~=CH: asy tric and sy gtric PCL/SCQDs
PCL/2RGO PCL2CQDs
H PCL/1.5RGO PCL/I.SCQDS
(b) PCL/IRGO PCLACQDs
‘ PCL PCL
2944 cm~" 2866 cm ™" 2944 cm™"' 2866 cm ™"
H 9 PCL/SRGO  c0< “CHz bending b1 /SCQDs
[T ——— PCL2RGO " _ 71 PCL/2CQDs
(c) % L~ PCL/1.5RGO N — PCL/1.5CQDs
o\ Lo —~—~——"""1 PCL/1RGO L~ PCL/1CQDs
] PCLOSRGO (~b—~~—"""v1 PCL/0.5CQDs
PCL A~ TV PCL
1046 cm™ 732 cm™ 1046 cm™" ‘732¢cm™!

Wavenumber (cm™1)

Fig. 2. (a) The FTIR spectra of PCL nanofibers correspond to all vibration peaks.

Wavenumber (cm™1)

(b) FTIR spectra of PCL nanofibers corresponding to CH, asymmetric and symmetric vibration peaks, and (c) The FTIR spectra of PCL nanofibers correspond to the

bending vibration peaks of C-O-C epoxy and CH.
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C—H wagging at 1365.16 cm ™!, C—C stretching at 1293.64 cm ™!, C-O-C
asymmetric stretching at 1238.80 cm ™, and C-O-C symmetric stretching
vibrations at the wavenumber of 1164.09 cm™! were also detected.
Researchers have seen the same functional group bands in the FTIR
spectrum in other nanofiber studies. These studies added different types
of graphene (graphene oxide (GO), RGO) to the PCL matrix
[7,12,28-30]. The CH; bending vibration at 732.13 cm*l, as shown in
Fig. 2(c), exhibited a reduction in band intensity and a shift towards a
lower wavenumber in all nanofibers. FTIR research of Pebdeni et al. [31]
on CQDs-based PCL/CQDs nanofibers derived from o-phenylenediamine
revealed that the interactions between PCL-CQDs may be responsible for
the reduction in the intensity of the functional group bands. This study
identified the interaction between PCL and CQDs through a decrease in
intensity and a shift towards a lower wavenumber in the CHy bands
across all nanofibers. Fig. 2(b) shows a shift in the bands belonging to
the C-O-C epoxy group, observed at 1046.34 cm ™}, to lower wave-
numbers in all nanofibers. It was also detected decreases in the wave-
number values of the bands associated with the C-O-C epoxy and CHy
bending groups, located at 1046.34 cm™! and 732.13 cm™!, respec-
tively, in the PCL/RGO nanofibers. This result shows that both the RGO

(a

S—

(b)

Intensi
Intensi

PCL )\ M—
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filler and the CQD filler interact more with the CH, and C-O-C groups of
PCL. It was determined that the bands of C-O-C symmetric stretching at
1160 cm ™!, C—C stretching at 1292.92 cm ™}, C—H shearing at 1363.81
em™!, and C—H stretching vibrations at 3443.21 cm™! of PCL/2CQDs
nanofiber shifted to lower wavenumbers compared to the FTIR spectra
of the same functional groups of PCL and other nanofibers. This result
shows that adding 2.0 wt% CQDs provides more interaction with PCL
than other addition amounts. The overlapping of PCL, RGO, and CQDs
bands within the nanofibers is responsible for the changes not clearly
visible in the FTIR spectra of RGO and CQDs filled PCL nanofibers in
Fig. 2(a) [5,15].

The results obtained from the XRD analysis of PCL nanofibers are
given in Table 2 and the XRD diffractograms are provided in Fig. 3(a-b).
Table 3 and Fig. 3(a) show that the (110) and (200) planes have peaks at
20° = 21.4° and 23.8°. These peaks show that PCL has a semi-crystalline
structure. Previous studies [32,33] have demonstrated that these two
characteristic peaks are part of the orthorhombic structure of PCL. Fig. 3
(b) shows the increases and decreases in the intensities of the peaks
belonging to the (110) and (200) planes reflecting the crystal structure
of PCL, as well as the shifts in 20° values seen in the XRD diffractogram

— — PCL/SRGO
PCL2RGO
PCL/LSRGO
PCL/IRGO

PCLAOSRGO

;;;;;;

20 22 24 26 28
20°
(d)

) LN PCL/SCQDs
F PCL2CQD
&' o DSC
2 PCL/1.SCQDs
g cuic
E PCL/ICQDs
PCLAO.SCQDs

2022 24 26 28
20°

2022 24 26 28

20°
PCL2CQDs
PC L/1, S(é(())Ds

\/, PCL
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o
A

~
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-’
!
3

Raman Intensity

— PCL/1.5CQDs

PCL2RGO

— PCL

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000
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Fig. 3. XRD patterns of (a) PCL, (b) PCL/RGO nanofibers, (¢) PCL/CQDs nanofibers, (d) DSC thermograms of PCL nanofibers and (e) Raman spectra of

PCL nanofibers.
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Table 3
D-spacing, crystallite size, and micro-strain of PCL nanofibers.

Nanofibers 20° D-spacing Crystallite size Micro-strain
A& A& (%)
PCL/0.5RGO 21.677 4.09983 253.7201 0.807943
24.0168 3.70545 222.0705 0.834296
PCL/1RGO 21.6031 4.11369 297.7017 0.690908
23.9447 3.71643 222.0414 0.836878
PCL/1.5RGO 21.5974 4.11476 297.699 0.691094
23.9008 3.72316 254.6873 0.730928
PCL/2RGO 21.5455 4.12456 297.6744 0.692797
23.8718 3.72762 254.674 0.731841
PCL/5RGO 21.7013 4.09529 221.1837 0.925766
24.0131 3.70601 196.8951 0.941114
PCL 21.414 4.14958 297.6124 0.697145
23.7906 3.74016 125.8231 1.486279
PCL/ 21.4651 4.13983 176.1072 1.175371
0.5CQDs
23.8028 3.73828 160.5297 1.164356
PCL/1CQDs 21.5421 4.12519 297.6728 0.692906
23.8399 3.73255 221.9992 0.840666
PCL/ 21.2849 4.17445 297.552 0.701466
1.5CQDs
23.562 3.77593 298.6806 0.632102
PCL/2CQDs 21.7775 4.08114 297.7849 0.685249
24.0469 3.70088 254.7546 0.726362
PCL/5CQDs 21.6629 4.10246 176.1643 1.164385
23.9544 3.71496 160.5742 1.156774

of PCL nanofibers obtained with varying wt% RGO additions. Fig. 3(b)
clearly shows the increase in the peak intensity of the (110) plane of the
PCL/1.5RGO nanofiber compared to other graphene-containing nano-
fibers. In the literature, the increase in peak intensity in nanofiber
studies obtained by adding graphene derivatives to the PCL matrix has
been associated many times with the structure's crystallinity [34]. The
decline in the peak intensity of the (110) plane detected in the XRD
examination of the nanofibers generated by incorporating graphene into
the PCL matrix was ascribed by Fakhrali et al. [35] to the reduction in
the crystallinity of the structure. Table 3 compares the 26° values of the
PCL nanofiber with all the nanofibers containing RGO. Significant shifts
are observed. The changes seen in both the increase in intensity and the
26° values suggest that RGO has an effect on how crystallized PCL is. In
their study, Giingordii Er et al. [36] found that the crystallinity levels of
the nanofibers they synthesized were comparable. They did not detect
any notable changes in the wavelengths that appeared in the XRD
analysis of the PCL nanofibers with graphene derivatives. In this study,
the crystallite size values for each degree in Table 3 are shown in dark
color for the 20° = 21.4° peak in 1.0 wt%; 1.5 and 2.0 wt% RGO doped
nanofibers. For the 26° = 23.8° peak in all wt% RGO doped nanofibers, a
rise was seen compared to the pure PCL. It was achieved a 50.6 % in-
crease in the crystallite size value, particularly at 1.5 and 2.0 wt% RGO
contents, compared to the pure PCL. The XRD diffractogram of reduced
graphene oxide (RGO) has a wide diffraction peak at 26° = 24°, which
corresponds to the (002) plane. This peak indicates the amorphous
structure of RGO [25]. Notably, the XRD diffractogram of all nanofibers
in Fig. 5(b) did not exhibit a broad diffraction peak indicating the
amorphous structure of RGO added to the PCL matrix. This result is
attributed to the homogeneous distribution of graphene in the PCL
matrix [35]. In the production and characterization studies of PCL/
Gelatin/Graphene nanofibers reported by Heidari et al. [16], the char-
acteristic peak of graphene was not observed in the XRD diffractograms
of the nanofibers. They attributed this result to the interaction between
graphene and the polymer matrix, as well as the homogeneous distri-
bution of graphene in the polymer matrix. There was no significant
change in the interlayer distance values; the microstrain values
decreased as expected with the increase in crystallite size. The results
obtained from the XRD analysis of PCL and PCL/CQDs nanofibers are
given in Table 3, and the XRD diffractogram is given in Fig. 3(a-b). The
XRD analysis section of PCL/RGO nanofibers elucidated the XRD
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diffractogram of the pure PCL in Fig. 6(a). Examining the XRD dif-
fractogram of the CQDs filled nanofibers in Fig. 3(b) reveals changes in
peak intensities and degrees, indicating changes in the crystallinity of
the structure. Table 3 shows that the interlayer distance value of the
crystal peak of the (110) plane of the pure PCL at 26° = 21.4° increases
at 1.5 wt% CQDs content. Table 3 revealed that the addition of RGO in
micro size to the PCL matrix did not alter the interlayer distance in all
instances, while the addition of 1.5 wt% CQDs in nano size to the PCL
matrix enhanced the interlayer distance, indicating their inclusion in the
PCL crystal structure. Rajaura et al. [37] reported that the increase in
interlayer distance results in the incorporation of filler into the crystal
structure of the polymer. As a result, 1.5 wt% CQDs content was the
most effective additive amount on the crystal structure of PCL. As seen in
Table 3, the crystallite size value of the peak belonging to the (110)
plane started to increase with the addition of 1.0 wt% CQDs and reached
its maximum value at 2.0 wt% CQDs content when compared to the pure
PCL. It was reduced to 5.0 wt% CQDs content. The crystallite size value
of the peak belonging to the (200) plane at 20° = 23.8° started to in-
crease with 0.5 wt% CQDs content and reached its maximum value at
1.5 wt% CQDs content with an increase of 57.9 %. As seen in Fig. 3(b),
the PCL/1.5CQDs nanofiber has the highest peak intensity in both planes
among all nanofibers, supporting the observed increase in crystallite size
[38]. Microstrain values also decreased with the increase in crystallite
size, as expected.

As a result of XRD and FTIR analysis of the produced PCL nanofibers,
considering the crystal structure, crystallite size, and polymer-filler in-
teractions within the nanofibers, nanofiber samples containing 1.5 and
2.0 wt% RGO and CQDs were selected, and other analyses were
performed.

Fig. 3(d) shows the DSC analysis results of PCL nanofibers. As seen in
Fig. 3, a sharp endothermic peak at 66.05 °C reflecting the crystal
structure of PCL and the % crystallinity value of PCL in Table 4 are
consistent with the DSC results of PCL nanofibers obtained by electro-
spinning method previously in the literature [39,40].

It is seen from Table 4 that the melting temperature and melting
enthalpy values increased with the addition of RGO and CQDs, and the
shifts in the melting peaks are seen from Fig. 3(d). It was also determined
that the crystallinity degrees increased with the addition of RGO and
CQDs. This result showed that both RGO and CQDs additives created a
nucleation effect. In their study on PCL nanofibers produced with RGO
additive at different voltage values, Correa et al. attributed the decrease
in melting enthalpies and crystallinity degrees observed in DSC analyses
of the nanofibers to the decrease in the mobility of the polymer chains of
the RGO nanolayers and the formation of an amorphous structure [2].
The XRD analysis of the same nanofibers in this study revealed the
crystal structure and increased the crystallite size values (Fig. 2(b);
Table 3). Therefore, in this study, RGO and CQDs additives created an
effect of increasing the crystallinity in the structure. The results of the
XRD and DSC analysis supported this conclusion. The addition of RGO
and CQDs to the PCL matrix increased thermal stability and provided
polymer-filler interactions at all content amounts. The FTIR analysis
results revealed that the PCL/2CQDs nanofiber, with an increase of 8.2
% compared to PCL, had the highest crystallinity degree and the highest
polymer-filler interaction (Fig. 2(a-b-c). The DSC analysis attributed the
increases in crystallinity degrees to their higher mechanical properties
[41]. The mechanical properties section of this study reports the high

Table 4
DSC characteristics of PCL nanofibers.

Nanofibers Tm (°C) AHp, (J/8) % Crystallinity
PCL 66.05 58.56 41.97
PCL/1.5RGO 68.92 60.12 43.75
PCL/2RGO 67.16 60.89 44.54
PCL/1.5CQDs 67.91 61.97 45.09
PCL/2CQDs 69.53 62.14 45.45
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elastic modulus and nanohardness results of the produced nanofibers
compared to the pure PCL. Fig. 3(e) shows the Raman spectra for pure
PCL and PCL nanofibers. The C-COO group at 910 cm ™! and the ester
C=0 group at 1721 cm ™! are observed in the Raman spectra of pure PCL
in Fig. 3(e). The weak absorption bands at 1060 em™, 1110 em™}, 1299
cm’l, and 1439 cm ™! are attributed to CH» vibrations, while the strong
absorption band at 2915 cm™? is attributed to CHz bending vibrations.
These vibration bands are consistent with those reported in previous
studies of PCL in the literature [9,16], as well as with the functional
groups identified from the FTIR results of this study [Fig. 2]. In this
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study, as clearly seen in Fig. 3(e), the Raman spectra of the nanofibers
obtained by adding RGO and CQDs to the PCL matrix exhibit the same
bands as those of pure PCL, with only a decrease in their intensity. In the
study by Iswarch et al., they added different amounts of RGO to the PCL
matrix and attributed the appearance of PCL bands in the fiber samples
to the successful formation of the composite. They also observed the
disappearance of the D and G bands of RGO in the composite nanofibers,
which they attributed to interactions between RGO and PCL. In the
literature, the D and G bands of graphene at 1305 em ! and 1577 em ™2,
respectively [16], were not observed in the Raman spectrum of the PCL/
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Fig. 4. (a) FE-SEM images and (b) Average nanofiber diameter of PCL and PCL/RGO nanofibers.
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RGO nanofiber sample in this study. These results are consistent with the
FTIR findings, which further support the existence of interactions be-
tween PCL and the RGO and CQD:s fillers.

The electrospinning method successfully produced homogeneous-
sized and bead-free structures for each nanofiber, as shown in Fig. 4
(a). The presence of beads on the scaffolds produced by electrospinning
is undesirable because it greatly reduces the scaffold surface/volume
ratio [42]. Fig. 4(b) presents the average nanofiber diameter values
derived from FE-SEM images of PCL and PCL/RGO nanofibers. Fig. 4(b)
shows that the addition of RGO increased the nanofiber diameters up to
5.0 wt%. The average nanofiber diameter of the pure PCL nanofibers
increased from 191.86 nm to 265.24 nm for the nanofiber containing
2.0 wt% RGO. Gohari et al. [12] also reported an increase in nanofiber
diameter with an increase in RGO addition in the PCL matrix. They
explained this increase by strengthening n-n interactions as the distance
between the RGO layers decreases. Fig. 4(b) shows a decrease in the
nanofiber diameter at 5.0 wt% RGO content. The study by Faraji et al.
[7] reported a decrease in the nanofiber diameter with an increase in the
GO concentration in the PCL matrix. They explained the decrease in
nanofiber diameter with the increase in electrical conductivity. In
addition, Correa et al. [2] evaluated the decrease in nanofiber diameter
and the increase in electrical conductivity in their tissue scaffold studies
with RGO and PCL. Researchers reported that the RGO layers were
responsible for the increase in conductivity, and at higher RGO contents,
they would obtain a greater number of contacts between the layers,
thereby enabling electron and ion mobility with a better internal
network. Additionally, the same study determined a decrease in the
electrical conductivity of the composites containing the highest RGO,
and associated this decrease with the deterioration of the internal
network due to agglomeration. This study also attempted to explain the
observed increases and decreases in the nanofiber diameters through the
use of electrical conductivity tests. Table 5 shows the electrical con-
ductivity measurement results of PCL nanofibers. Table 5 reveals that
the pure PCL nanofiber demonstrated a low conductivity value of
1.20318.107° S/cm. This result is consistent with the conductivity re-
sults of PCL nanofiber in the literature [43]. The conductivity value of
9.49045.107!% S/cm of the nanofiber containing 1.5 wt% RGO was
found to be lower than that of the pure PCL nanofiber. This result is
consistent with the results of decreasing conductivity with increasing
nanofiber diameter in the literature [44]. The nanofiber with 2.0 wt%
RGO, on the other hand, was more conductive than the PCL and PCL/
1.5RGO nanofibers, even though it had a bigger diameter. Its conduc-
tivity value was 1.43312.10~8 S/cm. The nanofiber containing 5.0 wt%
RGO was found to have the highest conductivity among the RGO-
containing nanofibers, with a conductivity value of 1.75159.10~% S/
cm. Despite the PCL/5RGO nanofiber's decreasing diameter, the
observed increase in conductivity showed a good internal network with
no agglomeration, even at the highest RGO content. All doped nano-
fibers demonstrated insulating properties. Shabankhah et al. [45] found
that the conductivity values of PCL/GO tissue scaffolds with a 3D printer
increased from 1.07 + 0.09.1078 S/m to 2.75 + 0.094.10~* S/m with
the addition of GO. And they found that this measured change was
further increased by the addition of gelatin (1.49 + 0.2. 1072 S/m).
However, the reported values were still low. Jaymand et al. [46] re-
ported that due to the insulating properties of PCL, it would be difficult

Table 5
Electrical conductivity of PCL and PCL nanofibers.

Nanofibers Electrical conductivity sigma (S/cm)
PCL 1.20318.107°

PCL/1.5RGO 9.49045.1071°

PCL/2RGO 1.43312.10°%

PCL/5RGO 1.75159.107%

PCL/1.5CQDs 4.80255.10~°

PCL/2CQDs 1.77707.10°8

PCL/5CQDs 1.85987.10%
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to reach even 10> S/cm in materials with high PCL content.

Fig. 5(a) demonstrates the formation of homogeneous-sized and
relatively bead-free nanofibers. Ghosal et al. [47] investigated the
antibacterial properties of nanocomposites containing hydrophobic
CQDs and saw small amounts of beads forming in images of nanofibers.
In Fig. 5(b), it was determined that nanofiber diameters tended to
decrease with the increase in wt% CODs content in the PCL matrix.
Ghorghi et al. [5] also reported decreases in nanofiber diameters with an
increase in CQDs content in their nanocomposite tissue scaffold studies.
Furthermore, the same study reported that a decrease in nanofiber
diameter influences cell behavior, leading to an increase in cell growth
and adhesion. Increasing the electrical communication between cells
can improve the performance of the tissue engineering scaffold, as the
electrical conductivity of the scaffold plays an important role in con-
trolling cell behavior. Jaymand et al. [46] conducted electrical con-
ductivity measurements on nanofiber samples containing CQDs, similar
to RGO-doped nanofibers, and Table 5 presents the conductivity mea-
surement results. Table 4 reveals that the PCL/1.5CQDs nanofiber ex-
hibits higher conductivity than the pure PCL nanofiber, with a
conductivity value of 4.80255.10~ S/cm. This result also explains the
decrease in the fiber diameter of the same nanofiber. The conductivity
(1.77707.10~8 S/cm) of PCL/2CQDs nanofiber kept going up, while the
diameter of the nanofiber got smaller at the same time. Although the
conductivity value of the PCL/5CQDs nanofiber containing the highest
CQDs continued to increase, the nanofiber diameter decreased slightly.
The addition of CQDs to the PCL matrix increased the electrical con-
ductivity, resulting in a decrease in the nanofiber diameter. In the
literature, nanofiber samples containing CQDs also exhibited same re-
sults [15].

3.2. Mechanical analysis results

In Fig. 6(a), it is seen that the elastic modulus values are higher in the
nanofibers containing CQDs compared to the pure PCL nanofiber from
the beginning of the nanohardness measurement. It is seen from Fig. 6(a)
that, except for the oscillation seen in the elastic modulus values of the
PCL/1.5RGO nanofiber sample as the depth increases, the other nano-
fibers exhibit different elastic modulus values without oscillation with
the increase in depth. The changes observed in the nanohardness values
of PCL and PCL nanofibers as the depth increases are examined in Fig. 6
(b); it is seen that the nanofibers containing CQDs exhibit high nano-
hardness values as in the elastic modulus change from the beginning.
Especially in the first 110 nm section in the nanofibers containing RGO,
fluctuations in the nanohardness values were observed with the increase
in depth compared to the nanofibers containing CQDs. It is thought that
there are two different reasons for this result. The first is that the RGO
distribution in the nanofibers exhibits a less homogeneous distribution
compared to the CQDs distribution, and the second is that the RGO
added to the PCL matrix is not nanosized. Tyagi et al. [48] studied the
nanomechanical properties of PCL/hydroxyapatite (HA) nanofibers
made by electrospinning. They found that the sudden rise in the elastic
modulus of a certain amount of HA addition was due to the particles
becoming less evenly distributed and the indenter tip hitting areas that
were rich in HA particles or poor in HA particles. In this study, the
analysis (XRD, FTIR, SEM, electrical conductivity, DSC) revealed that
RGO is distributed homogeneously in the polymer matrix. Therefore, the
changes seen in the RGO-containing nanofibers during this test are not
due to the fact that the RGO is not evenly distributed in the PCL matrix.
It is known that nanohardness data are normally collected from very
small areas on the nanofiber surface, and these examined areas are likely
to be heterogeneous in terms of amorphous and crystalline regions,
therefore, it is thought that the results obtained from nanofibers con-
taining RGO may not be representative of their macro-mechanical
properties. A similar result was reported in the study of Gloria et al.
[49] on tissue scaffold samples produced with PCL. Fig. 6(c) shows a 73
% increase in PCL/1.5CQDs nanofiber and a 36 % increase in PCL/
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Fig. 5. (a) FE-SEM images and (b) Average nanofiber diameter of PCL and PCL/CQDs nanofibers.

2CQDs nanofiber when compared to the elastic modulus value of pure 1.5CQDs nanofiber sample showed the highest increase at 160 %, fol-
PCL nanofiber. In the nanofiber samples containing RGO, a 16 % lowed by the PCL/2CQDs nanofiber sample at 140 %, and the PCL/
decrease was detected in PCL/1.5RGO nanofiber and a 1.9 % increase in 1.5RGO and PCL/2RGO nanofibers at 40 %. The results of PCL nanofiber
PCL/2RGO nanofiber. It was determined that all nanofibers had higher studies conducted in the literature were consistent with the values found
nanohardness values compared to the pure PCL nanofiber. The PCL/ in this study for the pure PCL nanofiber [50,51]. The improvements
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observed in nanomechanical properties in the literature have been
attributed to the fact that fillers homogeneously distributed in the PCL
matrix can provide load transfer and that additives act as nucleation
centers with increasing crystallinity [52]. The higher crystallinity levels
found in DSC and XRD analyses of CQDs filled PCL nanofibers compared
to RGO filled nanofibers (Tables 2 and 3) support the high improvement
in mechanical properties compared to RGO filled nanofibers. In partic-
ular, PCL/1.5CQDs nanofiber has the highest nanohardness and elastic
modulus values, is the only nanofiber sample included in the crystal
structure of PCL in XRD analysis, which is also explained by the increase
in the interlayer distance value (Table 2). The change in the storage
modulus of pure PCL and PCL nanofibers with temperature is seen in
Fig. 6(d). The storage modulus curve of PCL nanofiber showed a sharp
decreasing trend between —90 °C and — 30 °C. This temperature range
represents the main relaxation process and corresponds to the amor-
phous PCL regions associated with the PCL glass transition. Between
—30 °C and 40 °C, the storage modulus decreased further due to the
progressive softening of the PCL matrix. Here, amorphous and crystal-
line regions coexist. At higher temperatures between 45 °C and 70 °C,
the storage modulus is expected to decrease sharply due to complete
melting of PCL crystal domains, as observed from the DSC thermogram
of PCL (Fig. 3(d)). In the storage modulus curve in Fig. 6(d), it is seen
that the storage modulus values of RGO and CQDs filled nanofibers are
higher than the pure PCL in both the glassy region and the rubber region.
This result is attributed to the fact that in all nanofibers, the RGO and
CQD:s filled nanofibers are distributed in the matrix without agglomer-
ation and that voids are not formed even as the temperature increases
within the structure by providing polymer-filler interaction and causing
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an increase in hardness in the matrix [53,54]. Frone et al. [55] attrib-
uted the increased storage modulus value as a result of the DMA analysis
in their study to better stress transfer and better interaction with the
polymer matrix by the cellulose nanocrystal-added nanofibers. They also
reported that the increase in the hardness of the polymer matrix caused
by the same nanofibers was consistent with the tensile test results. The
nanoindentation test results of this study also showed results compatible
with DMA analysis. The elasticity of the material influences the storage
modulus, whereas the viscosity of the material influences the loss
modulus. According to Fig. 6(d) and 6(e), both storage modulus and loss
modulus of PCL increased with RGO and CQDs contents. Mi et al. [53]
reported that adding cellulose nanocrystals (CNC) to PCL matrix
improved the storage modulus of nanofibers more than the loss
modulus, and that CNC additives affected the elastic part of PCL more. In
this study, it was determined that the increase values in the storage
modulus of all nanofibers were less than the increase values in the loss
modulus; for example, PCL/2CQDs nanofiber, which has the highest
storage and loss modulus values, provided a 210.79 % increase in
storage modulus and a 595.27 % increase in loss modulus compared to
pure PCL. Therefore, it is thought that the RGO and CQDs additives used
in this study are more effective on the crystalline region than the elastic
part of PCL. The XRD (Tables 2) and DSC analysis results of the nano-
fibers (Table 3) also support this result. The XRD and DSC analysis re-
sults revealed an increase in crystallinity, and the addition of RGO and
CQDs led to a nucleation effect. The literature reports that nanofillers
distributed in the amorphous regions of the polymer cause low crystal-
linity [56,57]. Salgado et al. [58] associated the decrease in storage
modulus in the DMA analysis of PCL/sebacic acid gels with the decrease
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in the crystalline phase of the gels and the fact that this polymer has
more elastomeric properties compared to pure PCL. In this study, the
increase in crystallinity (Tables 3 and 4) supported the increases in
storage modulus (Fig. 6(d)). In addition, they reported that the sample
that had more degradation also presented higher storage modulus
values. The biodegradability test results section of this study will explain
that the nanofiber sample with the highest storage modulus value (PCL/
2CQDs) exhibited the highest biodegradability (Fig. 7(a)). The PCL
nanofiber loss modulus as a function of temperature showed a maximum
peak at —61.05 °C, and this maximum temperature was defined as the
glass transition temperature of PCL (Fig. 6(e)). Srinivasa et al. [59] re-
ported in their PCL nanofiber study that they determined the glass
transition point as the maximum point of the loss moduli curve. The
glass transition temperatures of RGO and CQDs filled PCL nanofibers
determined from the loss moduli curve as a function of temperature are
given in Table 6. Table 6 indicates that the glass transition temperature
of nanofibers including RGO increased by 2-4 °C relative to pure PCL,
while the glass transition temperature of nanofibers containing CQDs
remained equivalent to that of PCL. The elevation of the glass transition
temperature was ascribed to the superior interfacial adhesion produced
by the RGO filler in comparison to the CQDs filler within the polymer
matrix [55]. In Fig. 6(f), the damping modulus (Tan §) curve presents a
single well-defined relaxation peak around —50 °C, corresponding to the
relaxation of the amorphous component of PCL, which is the main
component in the matrix. The higher damping modulus values of the
nanofibers than the neat PCL nanofibers are attributed to the presence of
polymer-filler interfacial interactions [55]. All nanofibers, except for
PCL nanofibers, exhibit broadened Tan & peak shapes. The literature
reports the broadening of the Tan & peak as a strong indicator of the
interaction between the polymer-filler components [60]. Fig. 6(f) illus-
trates that all nanofibers have both soft and elastic characteristics at
ambient temperature (25 °C). It was established that all nanofibers
exhibit exceedingly low Tan § values at ambient temperature. The Tan &
values, ranked from lowest to highest, are as follows: PCL (0.029), PCL/
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Table 6
The glass transition temperature of PCL nanofibers.

Nanofibers Glass transition temperatures (°C)
PCL —61,05
PCL/1.5RGO —60,02
PCL/2RGO —60,55
PCL/1.5CQDs —61,87
PCL/2CQDs —-62,15

2RGO (0.035), PCL/1.5CQDs (0.040), PCL/1.5RGO (0.042), and PCL/
2CQDs (0.076). Luo and Mater [61] found that the Tan & value of the
PCL composite they developed was as low as 0.067, indicating that the
material exhibited both softness and elasticity at room temperature.

3.3. Biological analysis results

The degradation characteristics of PCL, PCL/RGO, and PCL/CQD
nanofibers were examined at 37 °C in phosphate buffered solution (PBS)
for a period of 56 days. Fig. 7(a) illustrates the variations in weight loss
percentages according to the measurement days. The hydrophobic
composition of pure PCL results in a degradation period of up to two
years in body fluids [12]. The biodegradation of PCL occurs through
hydrolysis. In comparison to other biocompatible and biodegradable
polymers, it exhibits a reduced degradation rate attributable to the lack
of hydrophilic groups and its semi-crystalline structure. Therefore, it is
known as a polymer with high potential in preserving the integrity of the
tissue scaffold [16]. As shown in Fig. 7(a), PCL achieved a very low
weight loss of 0.93 % at the end of 56 days. In the literature, the
biodegradation rate of PCL composites produced by adding different
fillers to PCL increases depending on the hydrophilicity of the added
filler [12]. Compared to the pure PCL, it is observed that the hydrophilic
RGO and CQDs fillers added to PCL at 1.5 and 2.0 wt% increase
biodegradability. Fig. 7(a) reveals that the nanofibers containing 2.0 wt
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Fig. 7. (a) 56-day weight loss of PCL and PCL nanofibers in PBS solution (b) Contact angles.
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% RGO and 2.0 wt% CQDs experienced the highest weight loss values at
the end of 56 days, with degradation values of 3.66 % and 3.75 %,
respectively. It was determined that nanofibers containing CQDs and
RGO significantly increased the degradation of PCL. Fig. 7(a) specifically
shows that nanofibers containing CQDs exhibited faster degradation on
the 14th and 21st days compared to those containing RGO. Previous
studies have reported the functional groups contained in RGO and CQDs
used in this study [18,19]. This result is consistent with the findings of
Aidun et al. [8] in their GO/chitosan/collagen/PCL nanofiber study,
which reported that the GO-containing scaffold did not biodegrade
much until the second week due to its chemical and mechanical prop-
erties, but that biodegradation accelerated with the penetration of liquid
after the third week. Ghorghi et al. [5] reported that the hydrophobic
structure of pure PCL led to the slowest degradation rate in the
biodegradation test results, whereas the wettability of the surface of
CQD-doped nanofibers resulted in higher weight losses. This study also
conducted contact angle measurements on the nanofibers to better un-
derstand the biodegradation behavior of the produced nanofibers. Fig. 7
(b) compares the contact angle measurement images of PCL/RGO
nanofibers with those of pure PCL nanofiber. PCL nanofiber had the
highest contact angle value of 81.67°, reflecting its hydrophobic nature
compared to other nanofibers. The literature reported that the electro-
spinning method produced PCL nanofiber with a contact angle of 85.00
[3]. It has also been reported in the literature that PCL has hydrophobic
properties, and its contact angle is determined to be between 74 and 78°
[62]. Fig. 7(b) shows that the PCL/2RGO nanofiber had the lowest
contact angle value of all the nanofibers that contained RGO. It was
found to be 70.15°. RGO's oxygen-containing functional groups trans-
form PCL's hydrophobic structure into a hydrophilic state, leading to this
result. In their contact angle measurement results, Rostami et al. re-
ported that PCL/GO nanofibers have fewer contact angle degrees than
pure PCL. The same study also stated that reducing the hydrophobicity
of PCL with GO content enhances its bioactivity in tissue engineering
applications by enhancing the nanofiber's various binding abilities [28].
Heidari et al. [16] attributed the increase in the hydrophilic character of
the PCL/GO nanofibers to the oxygen-containing functional groups of
GO, improving the surface polarity, and the possibility of forming
hydrogen bonds. Fig. 7(b) shows the contact angle measurement images
of PCL and PCL/CQDs nanofibers. As the CQDs content increased, the
contact angle value decreased. At 2.0 wt% CQDs content, the lowest
contact angle value was determined to be 68.75°. It was understood that
the structure with a decreased contact angle compared to the contact
angle of PCL is hydrophilic, as the CQDs filler, like RGO, possesses
oxygen-containing functional groups. The study by Ghorghi et al. [5]
found that the contact angle measurements of the PCL/CQDs nanofibers
made from a mixture of citric acid and ethylenediamine in the PCL
matrix greatly improved the tissue scaffolds' ability to attract water
because CQDs are water-loving. The hydrophilic surface of the scaffolds
facilitated bone cell adhesion, proliferation, and migration. Comparison
of the contact angle data indicated that nanofibers including CQDs
exhibited a more hydrophilic structure than those containing RGO, as
illustrated in Fig. 7(b). The nanofibers' biodegradability test results,
shown in Fig. 7(a), also reflect this result. The nanofibers containing
CQDs degraded faster than those containing RGO. According to the
biodegradability and contact angle results, the addition of RGO and
CQDs disrupted PCL's hydrophobic nature, made the nanofiber structure
hydrophilic, and increased PCL's degradation rate.

A 7-day examination was conducted in simulated bodily fluid (SBF)
to assess the capacity of nanofibers to generate hydroxyapatite. Table 7
presents the EDS analysis results of nanofibers removed from the solu-
tion at the conclusion of day 1. Table 7 shows that by the end of the first
day, the Ca and P percentages in the EDS analysis showed any hy-
droxyapatite formation. The Ca/P ratios at the end of the first day were
PCL 0.057 %, PCL/1.5RGO 0.090 %, PCL/2RGO 0.038 %, PCL/1.5CQDs
0.267 %, and PCL/2CQDs 0.109 %. These results showed that 1 day was
not sufficient for hydroxyapatite formation. Table 6 provides the FE-
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Table 7
EDS analysis results of nanofibers removed from the SBF solution at the end of
the first day.
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SEM image of one of the nanofiber samples. There is no trace of hy-
droxyapatite formation on the PCL/1.5RGO nanofiber surface. Gohari
et al. [12] found in the bioactivity test results of PCL nanofibers they
produced using RGO that the Ca/P ratio decreased as the RGO amount
increased at the end of the first day, indicating a need for more time for
hydroxyapatite formation. Yu et al. [24] reported that 7 days were
sufficient for the formation of hydroxyapatite on nanofibers; they
formed an amorphous structure in a short immersion time (1-2 days),

Diamond & Related Materials 153 (2025) 112039

which then transformed into crystalline hydroxyapatite. Examining the
values from the EDS analysis result in this study revealed that the PCL/
1.5CQDs nanofiber had the highest Ca/P deposition rate. This result
showed that at the end of the first day, hydrophilic CQDs increased the
hydroxyapatite formation more than RGO.

Fig. 8 shows FE-SEM images and EDS analysis results of the nano-
fibers at the end of the 7th day. It was determined that at the end of the
7th day, all nanofibers, including PCL, provided hydroxyapatite

Fig. 8. FE-SEM images and EDS analysis of PCL nanofibers at the end of day 7.

13

sl aN.
~ L o4 S «asw>
3 1. .60
- e e v & . € enemern < A emen < e
E Coers - %3 et . W1 Cme . %1
- § -~ Y- morion 27.0m B aY €i.ne
b e i1s.0a "2 me e . A
o~ - —
=3 LR S A0 .. O PLO0 or 100 oo
-3
: L=
*“J ca
-
>
E 4‘1‘
= | =S .
o 4 . 4 Y *
» > - o
L
Sl aNt —_————— = —
. PCI/1.SERCiC>
Cozaas " O399
x> R L e x A - e C morm. © Atom. o
= Cwe . ™) (et ™) fome.w)
-4 -—
20— T T *. 43 L ¢ 33.04
: T T -.22 “"r.0nn B6S . o
P Tert ol ® ®». 7% LOO . OO 100 . 00
=
- T
-
-
B
-
o T T T Xy v
- = > . -
oS
L N
PCTlI. /IR CCC>
e Co /8" 2 .8=
- S o & o= on € eremwwn © A e <
a - € wre -2 L -1
== [ Spp———— - cc.mo 6. e
4 T e~ L LI O » - .-
°‘ Ferwm X - 1O0 OO PO O
= -
o
.
o=
) l
e - =
o
> > 5 - -
L
s aN.
. PC L/ . SC O
< s 1.8
2k e . e x A M. © morm. S Atom. o
> T .n) fwr . %) l—:-:l
= —a K-—series 2.7 &7, 2= "B .21
-4 “r e T 15 . %6 »2 .m0 T
PR
: Tant. e A ar.am LOO . o0 100 .00
3
o
3
=
- ®
-
=
-
>
o . — -
1
» > 5 L P
L
SEres e
PC L/ Z2COOID~
LR -
C o/ A.=T
am L wmaw e x L - P < moxw C Atcm. <
(ot . ™3 twt.w) Camt . ™3
q o CTmilo i am . e L Z2o.30 ca . >a (2.0
A0 J C Fhhosphoruy Koswr ieos A =.oe a8 . OO0 lsm. oo
: Tt e ax.20 A OO oo 1LOO oo
--
P el
-
-
o T
o



F. Mindivan and B. Boz

formation. The surface images of the nanofibers in Fig. 8 closely
resembled the apatite crystals depicting hydroxyapatite formation in the
literature [12]. Gohari et al. [12] reported that the bioactivity test
created negatively charged carboxylic acid groups (-COOH) that inter-
acted with calcium and phosphate salts in SBF. This caused apatite
crystals to form on PCL nanofibers. Furthermore, Fig. 8 presents the Ca/
P ratios from the single point of the EDS analysis results, demonstrating
the formation of hydroxyapatite. The calculated average values for
multiple points were 1.60 % for PCL, 0.49 % for PCL/1.5RGO, 1.49 % for
PCL/2RGO, 1.48 % for PCL/1.5CQDs, and 1.48 % for PCL/2CQDs. These
results determined that the nanofiber containing 1.5 wt% RGO provided
the lowest hydroxyapatite formation, while other nanofibers gave
similar values, with PCL exhibiting the highest hydroxyapatite forma-
tion. These values are close to the Ca/P ratio in human bone, that is, the
value of 1.68 given in the literature [8]. The literature attributes the
anionic functional groups in the structure of GO, which enable the
nucleation of calcium phosphates in PCL nanofibers produced using GO
[30]. This study showed that the oxygen-containing functional groups of
CQDs and RGO support the formation of hydroxyapatite at a value close
to the calcium-phosphorus ratio of the bone. Afza et al. [63] reported the
bioactivity test results of PCL nanofibers, indicating that the amount of
both Ca and P elements increased as the immersion time increased, and
lower Ca" nucleation and higher PO3-adsorption occurred for 7 days,
thus decreasing the Ca/P atomic ratio. This study determined that a
similar situation occurred at 1.5 wt% RGO content, resulting in a very
low Ca/P ratio compared to other nanofibers. The FE-SEM image of the
same nanofiber clearly shows the differences that explain this result.
This difference is reflected in the highly porous image of the nanofiber
containing 1.5 wt% RGO.

At the end of the 1st day of the bioactivity test, XRD analysis was not
performed because sufficient hydroxyapatite formation could not be
observed in the FE-SEM/EDS analysis of the nanofibers. The XRD
analysis results performed to prove the hydroxyapatite formation on the
nanofibers at the end of the 7th day are given in Fig. 9. As seen in Fig. 9,
sharp peaks belonging to the (211) and (222) planes seen at 26° = 32.8°
and 44.7° belonging to hydroxyapatite were observed in all other
nanofibers except the nanofiber containing 1.5 wt% RGO. In particular,
PCL nanofibers clearly displayed hydroxyapatite peaks belonging to
both planes, but only the 222 plane's hydroxyapatite peak sharply
emerged in nanofibers containing 2.0 wt% RGO and 1.5 and 2.0 wt%
CQDs. This study is consistent with the XRD peaks proving the formation
of hydroxyapatite in the bioactivity test results conducted on PCL
nanofibers in the literature [8]. The FE-SEM images of the hydroxyap-
atite formed on the nanofiber surfaces in Fig. 8, along with the Ca/P
ratios obtained from the EDS analysis, align with the XRD analysis

(211) (222)
b — PCL/2CQDs

/2]

E PCL/1.5CQDs
= .
CENNN PCL/2RGO

——————4—_ —PCL15RGO
"\ :
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30 32 34 36 38 40 42 44 46

200

Fig. 9. XRD Diffractograms of PCL nanofibers at the end of day 7.
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results of the same nanofibers. The nanofiber containing 1.5 wt% RGO
exhibits a very low Ca/P ratio in the EDS analysis, and the XRD analysis
reveals very low hydroxyapatite peaks. Aidun et al. [8] reported that the
formation of hydroxyapatite in their PCL nanofiber study with GO is
provided by the orientation of Ca*? ions to the hydroxyl groups in the
structure of GO. Previous studies have shown in the FTIR analysis results
of the RGO and CQDs fillers used in this study that CQDs have more
hydroxyl ion groups than RGO [18,19]. Therefore, the XRD diffracto-
gram of both CQDs-containing nanofibers showed hydroxyapatite peaks,
while the nanofiber containing 2 wt% RGO in the RGO-containing
nanofibers showed the presence of clear peaks. Gohari et al. reported
that apatite accumulation also depends on surface roughness [12]. This
study found that the hollow structure in the FE-SEM image of the
nanofiber containing 1.5 wt% RGO led to a decrease in apatite formation
in this nanofiber. The conversion of the carboxyl group of PCL into the
(COO™) anion in the first hours of immersion in the SBF solution initiates
the main mechanism for the crystallization of bone-like apatite on the
surface of the PCL scaffold. This anion then supports the binding of
calcium and phosphate ions, leading to the formation of bone-like hy-
droxyapatite [24,63].

According to the mechanical and thermal analysis results of PCL
nanofibers, the antibacterial activity of PCL/2RGO and PCL/1.5CQDs
nanofibers selected along with PCL nanofibers was tested by disk
diffusion antibacterial analysis method. Fig. 10 presents the results of
the antibacterial test. Fig. 10 reveals that neither PCL nor nanofiber
samples exhibited antibacterial properties. Gram-negative bacteria
(Escherichia coli Code: ATCC 25922) and gram-positive bacteria (Staph-
ylococcus aureus Code: ATCC 25923) used for the antibacterial test were
frequently used in previous PCL tissue scaffold studies [64]. It is known
that PCL does not have antibacterial properties [65]. Therefore, it is
tried to gain antibacterial properties by adding different antibacterial
additives to PCL. For example, Aidun et al. [8] reported in their study
that GO did not show antibacterial properties, while chitosan provided
antibacterial properties in the study in which they examined the anti-
bacterial activity of the nanofibers they obtained by adding GO and
chitosan to the PCL matrix. The chemical structure is of significant
importance for the way bacteria interact with surfaces. Previous and
recent studies on the antibacterial and bacteriostatic properties of gra-
phene, GO, RGO, and their composites reported advantages such as
tuning the interaction with bacteria through different surface treat-
ments, i.e., incorporation of chemical functional groups or molecules
onto the surface. The fabrication methods of RGO and GO significantly
alter their conductivity, electronic properties, and overall physico-
chemical properties. Unlike pure graphene, which has few or no oxygen
groups, GO has oxygenated functional groups in the basal planes and
sheet edges. They have a certain number of water molecules and vari-
able oxygen-containing groups, such as hydroxyl, ether, and carboxylic
acid functional groups, located between the oxidized sheets, depending
on the synthetic procedure. The oxygen content is usually quite high and
is typically characterized by a C/O ratio of <2.5. The reduction of GO to
RGO results in a graphene-derived material that resembles pure gra-
phene but lacks graphene's perfect crystal structure. Therefore, RGO is
less hydrophilic and has a greater tendency to aggregate than GO. Re-
searchers have reported that the tendency of the sheets to aggregate
causes bacteria to settle in the aggregated regions, where they become
biologically disconnected from their environment and do not multiply
[66]. However, in this study, graphene in PCL/2RGO nanofiber was
dispersed in the matrix without agglomeration, as previously explained
in the XRD, FTIR, and FE-SEM analysis sections performed on the
nanofibers. This may explain why PCL/2RGO nanofiber does not show
antibacterial properties in this study.

Since the interaction of bacteria with graphene also depends on the
orientation of the surface relative to the bacteria, the deposition of
graphene onto the surfaces is another mechanism that significantly af-
fects the antimicrobial character. Researchers have proposed several
other mechanisms to explain the antibacterial effect of graphene,
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—

Fig. 10. Images of PCL nanofibers after antibacterial test.

including the production of reactive oxygen species, oxidative stress, or
the strong extraction of large amounts of phospholipids from the bac-
teria's membrane. The main driving force in this mechanism is the strong
Van der Waals interactions between GO nanosheets and the bacterial
cell membrane. The tails of the cell membrane that are hydrophobic
move into the non-oxidized hydrophobic regions of GO. On the other
hand, the head groups that are hydrophilic prefer to interact with the
oxygen-containing functional groups of GO through electrostatic forces.
Researchers conclude that this contact's destructive lipid extraction
significantly reduces cell viability and causes serious oxidative stress on
the cell membrane [66]. Oxidative stress occurs when the oxidative
balance is disrupted as a result of the increase in reactive oxygen species
(ROS) formed by cellular metabolism with hydroxyl, superoxide, and
hydrogen peroxide radicals and the inadequacy of antioxidants.
Reactive oxygen species attack the double bonds in DNA bases and
lipid and protein structures in the cell, breaking off a hydrogen atom and
starting chain oxidation reactions. These reactions damage macromol-
ecules like DNA, protein, and lipid in the cell, which eventually leads to
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cell death [67]. The RGO sample used in this study doesn't have as many
oxygen groups as GO, as reported before (RGO at.% 18.76 vs. GO at.%
46.78 [18,68]), so it doesn't interact with RGO from both the hydro-
phobic and hydrophilic parts of the bacterial cell membrane. This means
that it can't cause a destructive extraction, doesn't produce reactive
oxygen species, doesn't cause any oxidative stress, and doesn't have any
antibacterial properties. Ghosal et al. reported that nanofibers produced
by adding a CQDs sample from a synthetic chemical to a PCL matrix
exhibited antibacterial properties [47]. Li et al. [69] determined that the
antibacterial activities of CQDs produced by the hydrothermal method
from a mixture of synthetic chemicals were 99.9 % and 96.54 % against
E. coli and S. aureus, respectively. Saud et al. [70] reported that CQD/
TiOy composite nanofibers exhibited antibacterial activity against
E. coli. Nie et al. [71] investigated the antibacterial activity of CQDs
samples produced from synthetic chemicals and attributed the differ-
ence in antibacterial properties observed between E. coli and S. aureus to
the production of reactive oxygen species from quantum dots that
damage the bacterial cell wall, leading to bacterial death. The charac-
terization studies conducted in this study revealed that the selected PCL/
1.5CQDs sample did not exhibit antibacterial properties. This was due to
its lack of interaction with bacteria, unlike the RGO sample, which
prevented a destructive lipid extraction from occurring. It is also thought
that both RGO and CQDs doped nanofibers, which are insulators such as
PCL, which do not have semiconductor properties, prevent them from
having antibacterial properties. Previously, many tissue scaffold studies
have reported that electrical conductivity has an important effect on the
control of cell behavior [46,72]. Researchers have reported that semi-
conductor nanofibers with a positive surface charge demonstrate
enhanced antibacterial properties [73].

4. Conclusion

The electrospinning method in this study produced nanofibers that
can serve as tissue scaffolds by adding RGO and CQDs to the PCL matrix,
a biodegradable polymer. The structural, thermal, mechanical, and
biological properties of PCL, PCL/RGO, and PCL/CQDs nanofibers were
characterized, and the results listed below were obtained.

The FTIR analysis results revealed that the interactions between the
-CH; and C-O-C groups of PCL and the RGO and CQDs fillers were
stronger than the other functional groups. The CQDs addition was the
most effective filler and filler content on the crystal structure of PCL with
crystal size and interlayer distance values. Both RGO and CQDs additives
created a nucleation effect and increased thermal stability. The FE-SEM
images of the nanofibers demonstrated that the electrospinning process
successfully produced each nanofiber sample with homogeneous sizes
within itself. The addition of RGO to the PCL matrix led to an increase in
nanofiber diameters, while the addition of CQDs resulted in a decrease.
In the conductivity test performed to explain the nanofibers were insu-
lating properties.

The PCL/1.5CQDs nanofiber had the highest elastic modulus and
nanohardness increases at 73 % and 160 %, respectively, compared to
the pure PCL nanofiber. In the nanofiber samples containing RGO, a 1.9
% increase in the elastic modulus values and a 40 % increase in the
nanohardness value were detected in the PCL/2RGO nanofiber. It was
determined that PCL/2CQDs nanofiber, which has the highest storage
and loss modulus values, increased the storage modulus by 210.79 %
and the loss modulus by 595.27 % compared to pure PCL.

Biodegradability test results in PBS solution determined that nano-
fibers containing CQDs with lower contact angles (72.29°- 68.75°)
degraded more than nanofibers containing RGO (74.96°-70.15°). The
highest weight losses were determined as 3.66 % and 3.75 % in nano-
fiber samples containing 2.0 wt% RGO and CQDs, respectively, at the
end of 56 days. The bioactivity test revealed that all nanofibers,
including PCL, formed hydroxyapatite. The lack of antibacterial prop-
erties in the produced nanofibers is attributed to the fact that they do not
induce oxidative stress and are insulating in nature.
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