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A B S T R A C T   

The synthesis of photoluminescent carbon quantum dots (CQD) from natural products is one of the most 
remarkable types of carbon-based nanomaterials due to their small size, high water solubility, nontoxicity, high 
stability, and excellent biocompatibility. New RC-CQDs have been prepared from natural material (rosehip fruit) 
via a hydrothermal method. CA-CQDs samples were synthesized from a synthetic carbon source (citric acid) by 
the same method for comparison with RC-CQDs. The maximum quantum yields of the as-prepared RC-CQDs and 
CA-CQDs samples were 23.8% and 9.6%, respectively. High-resolution transmission electron microscopy (RTEM) 
of RC-CQDs revealed a sphere shape with an approximate size of 5 nm, CA-CQDs were greater than 5 nm. 
Biodegradable polycaprolactone (PCL), which is used in bioengineering applications thanks to its mechanical and 
biodegradable properties, was used as a polymer matrix in this study. The PCL/RC-CQDs and PCL/CA-CQDs 
nanocomposite films were produced via liquid phase ultrasonic mixing at different amounts of RC-CQDs and 
CA-CQDs in PCL matrix (0.3-; 0.5-; 1.2-; 2.0% and 4.0% by weight), while unfilled PCL was also produced for 
comparison. The structural, mechanical, and biodegradable behaviors of PCL/RC-CQDs nanocomposite films 
have been investigated to improve the mechanical properties of PCL and increase its potential usability in load- 
bearing applications. PCL/RC-CQDs-2.0 film gave the maximum tensile strength value (17.65 MPa) with an 
increment of 27.7% and the highest value of the yield strength 9.02 MPa (an increase of 40.9%) and the highest 
value of microhardness 4.80 HV0,025 (an increase of 14.8%) were obtained using PCL/RC-CQDs-4.0 film 
compared with the PCL. The tensile strength and % elongation at break values of the PCL/CA-CQDs-0.3 film 
decreased by 14.8% and 133.1% compared with the PCL, respectively. The microhardness of the PCL/CA-CQDs- 
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0.3 film was 5.48 HV0,025, increasing by 31.1% in comparison with 4.18 HV0,025, for the PCL. Biodegradability 
test results showed that films containing RC-CQDs exhibited lower weight loss than the PCL and films containing 
CA-CQDs. This result was attributed to the amorphous structure, low surface roughness and high contact angle of 
the RC-CQDs containing films. And also, CA-CQDs made PCL films more hydrophilic according to low contact 
angle results.   

1. Introduction 

The carbon quantum dots (CQDs) is an amorphous or nanocrystal
line, zero-dimensional, hemispherical allotrope of carbon with 
extremely small particle sizes (about 2–5 nm) containing sp2 and sp3 

hybrid carbon atoms [1,2]. Since their discovery, CQDs have been the 
focus of many studies due to their unique properties, such as exceptional 
solubility, easy functionalization, chemical stability, high photo
luminescence, less toxicity, and resistance to photobleaching compared 
to one-dimensional carbon nanostructures. These outstanding properties 
have made them remarkable materials in a variety of applications such 
as optoelectronics, bioimaging, fluorescent sensors, biosensing, white 
light emitting diodes (WLED), and solar cells [2]. Currently, studies on 
CQDs all over the world are divided into two groups. The first is the 
newly discovered beginning materials for CQDs production, and the 
second is the optimization of CQDs synthesis to provide size, shape 
control and high quantum yield [3]. A high quantum yield is frequently 
the major goal of scientists creating luminous materials. Excitation en
ergy is converted into photons by luminescent materials, however this 
conversion is typically not 100% efficient because of various losses. Each 
photon that is absorbed causes an emission, which is referred to as a 
quantum yield [4]. The top-down approach used to generate the CQDs: 
It includes laser ablation, arc discharge, electrochemical and chemical 
oxidation, ultrasonic synthesis, and a bottom-up approach (bottom-up): 
synthesis techniques known as microwave synthesis, thermal and 
plasma degradation, and the hydrothermal method [5]. The laser abla
tion technique is very fast, but this method is not economically preferred 
and is known as a complex process. Chemical methods are commonly 
considered to avoid the use of expensive beginning materials and energy 
systems. In addition, gas and carbon residues or the oxidation of acti
vated carbon with strong acids such as nitric acid are considered rela
tively inexpensive ways to synthesize CQDs. However, the use of strong 
acids in large quantities is the disadvantage of this method. The 
carbonization of molecular precursors such as glucose, sucrose, glycerol, 
citric acid, and ascorbic acid to produce fluorescent CQDs has received 
great attention in this field. This method is not preferred because of the 
multi-step processes and the use of acids as well as surface passivating 
agents [3]. Among these methods, the hydrothermal method is 
economically advantageous because it is carried out in a single envi
ronment and has simple and low-temperature applications. It is also 
accepted as a green synthetic approach with its use in aqueous solution 
and better quantum yield [6]. Today, the green synthesis approach has 
paved the way for the sustainable synthesis of CQDs by focusing on the 
design of products and processes that minimize the use of strong 
chemicals in production. The use of renewable starting materials and 
environmentally friendly, non-toxic chemicals are one of the main tar
gets of this approach [3,7]. In general, natural resources such as plant 
leaves, fruit juices, and fruit peels are carbon sources that are success
fully used in the hydrothermal synthesis of green CQDs [8]. CQDs with 
high quantum yields can be synthesized by using natural materials as 
carbon sources. Other compounds in such natural resources are included 
in CQDs during hydrothermal synthesis, such as phosphorus (P), nitro
gen (N), and sulfur (S). It provides the spontaneous addition of hetero
atoms [9]. There are literature about green-synthesized CQDs using the 
hydrothermal method [10–19]. In this study, rosehip was preferred as 
the carbon source for green synthesis because it had S and P elements in 
high amounts in both the core and the mesocarp. Therefore, it was 
spontaneously provided as a heteroatom additive to the CQDs produced 

by the hydrothermal method. This is the first study to obtain RC-CQDs 
by using rosehip fruit as a carbon source. PCL is a green material used 
for various applications or in the design of biomaterials. It has increased 
the use of PCL in a wide variety of biodegradable and processable ma
terials due to its superior rheological and viscoelastic properties over 
most of its aliphatic polyester counterparts. Moreover, the mechanical 
properties of PCL make it suitable for complementary medical applica
tions in tissue engineering, e.g., wound dressing, childbirth control pills, 
and dentistry, as well as in the environmental, packaging, and food in
dustries. It is currently used with biopolymers due to its interesting 
bio-friendly properties. The use of PCL in combination with its adaptive 
degradation kinetics and mechanical properties provides ease of forming 
and fabrication, providing suitable pore sizes for growth within the 
tissue [20]. PCL matrix materials have been limited in their use in 
structural applications due to their low glass transition temperature and 
elastic properties. Its elastic modulus is quite low compared to other 
biodegradable polymers such as polylactic acid (PLA) or poly
hydroxybutyrate (PHB) [20]. PCL is very slow to degrade compared to 
other polyesters, and therefore, it is suitable for both long-term drug 
release and as a tissue scaffold [21]. PCL undergoes degradation under 
physiological conditions by the hydrolysis of ester bonds. However, the 
hydrolytic degradation of hydrophobic PCL takes a long time in vivo 
[22]. For this reason, in some cases, PCL derivatives have also been 
produced for degradation triggered by H2O2 at physiological hydrogen 
peroxide (H2O2) levels for the purpose of controlled degradation with 
reactive oxygen species (ROS) [23]. Reactive oxygen species (ROS) are 
divided into two categories: free radicals and non-radical ROS. While 
non-radical ROS like singlet oxygen (1 O2) and hydrogen peroxide 
(H2O2) do not have unpaired electrons, free radicals like superoxide 
(O2), hydroxyl (OH%), and nitric oxide (NO%) have [24,25]. In this 
study, the slow degradation characteristic of PCL was initially followed, 
then accelerated H2O2-triggered degradation tests were performed using 
higher concentrations of H2O2 (1–10 mM), without using physiological 
H2O2 levels (50–100 µM). These degradation tests showed comparable 
degradation behavior in a short time of PCL nanocomposite films instead 
of the long-term physiological hydrolysis behavior. There are various 
studies on the behavior of biodegradable polymers at physiological 
H2O2 levels [26]. Components such as pine cone particles [27] and 
graphene derivatives (graphene quantum dots) [28] have been reported 
in various studies to improve the mechanical properties of composites. 
However, to the best of our knowledge, studies on the mechanical 
properties of PCL/CQDs nanocomposites are limited. For example; pol
yglycerol sebacate/polycaprolactone/carbon quantum dots 
(PGS/PCL/CQDs) fiber scaffolds were produced by the electrospinning 
method by Rastegar et al. [29] and the structural, mechanical, and 
biological properties of these scaffolds were investigated. In another 
study by Ghorghi et al. [30] captopril-doped PCL-CQDs nanocomposite 
scaffolds were produced by electrospinning and their physical, chemi
cal, biological, and mechanical properties were reported. Carbon 
quantum dot Polyacrylonitrile/Polycaprolactone nanocomposite mem
branes for heavy metal purification were produced by electrospinning 
by Mabborang et al. [31] and their adsorption behavior was investi
gated. However, studies on the combination of fluorescent properties 
with PCL composite films and their use in both tissue engineering and 
drug delivery systems have been of interest recently [32]. Various 
studies with different composites have been reported. For example, in a 
study, the performance of PLA composites obtained by CQDs and 
micro-extrusion in cell and scaffold imaging was evaluated [33]. In a 
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recently published study, the imaging performance of a silk fibroin/
PLA/CQDs composite was evaluated [34]. To the best of our knowledge, 
there is no study on the properties of PCL nanocomposites, the variation 
of mechanical strength with filler ratio, or degradation behaviors. In this 
study, an optimization process was used to prepare RC-CQDs samples 
with rosehip fruit for the first time, and PCL/RC-CQDs samples syn
thesized under the conditions with the highest quantum yield were 
added to the PCL matrix with different wt% amounts. Samples of 
CA-CQDs were synthesized from the same wt% with citric acid as a 
familiar carbon source for comparison. The films containing both 
RC-CQDs and CA-CQDs were structurally characterized, and their me
chanical and biodegradable properties were investigated. 

2. Materials and methods 

2.1. Materials 

Rosehip (Rosa canina L.), which will be used as an economic carbon 
source in the study, was obtained from a local market in Turkey. Rosehip 
milled with a metal-blade miller was stored at +4 ◦C. 

2.2. Preparation of CQDs samples 

The hydrothermal method was used for the high quantum yield RC- 
CQDs, which can emit fluorescence from rosehip fruit. Ground rosehip 
was brewed with 160 ml of boiled distilled water and filtered with 1–2 
µm filter paper. The filtrate was placed in a teflon autoclave with a 
volume of 200 ml and kept in an oven at the recommended experimental 
conditions (150.03 ◦C, 11.36 h, 74.45% occupancy rate) in order to 
obtain maximum efficiency after the optimization study with the surface 
response method [35,36]. Teflon was cooled to room temperature in an 
autoclave oven. The dark solution was heated at 6000 rpm for 30 min 
and centrifuged twice. A 0.22 µm cellulose ester membrane was used to 
eliminate large particles in the resulting suspension. The solutions were 
extracted with dichloromethane to remove the unreacted precursor 
molecules. The resulting filtrate was stored at +4 ◦C for characterization 
and film production. 

Considering the Zhu et al. [37] in which citric acid is used as a known 
carbon source, 16.82 g of citric acid was dissolved in 160 ml of distilled 
water, then added to the Teflon autoclave and kept in an oven at 200 ◦C 
for 5 h. It decreased to room temperature and the dark yellow solution 
was filtered through a 0.22 µm cellulose ester membrane. The filtrate 
was stored at +4 ◦C for characterization and film production. 

2.3. Production of PCL/CQDs films 

The colloidal blending method was used to produce PCL films from 
RC-CQDs and CA-CQDs samples. The concentration of liquid-form RC- 
CQDs and CA-CQDs samples was determined by the liquid drying 
method for adding 0.3, 0.5, 1.2, 2.0, and 4.0 wt% to the polymer matrix. 
Concentration was calculated by Eq. (1) given below [38]. In the 

equation, C is the concentration, M1 is the weight of the empty 
container, M2 is the weight of the container in which the RC-CQDs and 
CA-CQDs were dried, and V is the volume of the RC-CQDs and CA-CQDs 
samples. 

C = M2 − M1/V (1) 

The concentrations of RC-CQDs and CA-CQDs samples were calcu
lated with this equation. According to the determined wt% values, the 
RC-CQDs and CA-CQDs contents were calculated according to 5 g PCL, 
and nanocomposite films were produced. They are encoded according to 
their wt% content. Such as PCL/RC-CQDs-0.3, which represents the 
nanocomposite film containing 0.3 wt% RC-CQDs. 

PCL (5 g, 40 ml) was dissolved in tetrahydrofuran (THF) at 50 ◦C for 
the production of films. The solutions containing RC-CQDs and CA-CQDs 
in amounts corresponding to the wt% value were added to the PCL so
lution and mixed for 30 min with an ultrasonic homogenizer. The so
lutions mixed in a magnetic stirrer at 50 ◦C and 30 min and then it were 
poured into molds and dried in an oven at 50 ◦C for 4 h. The dried 
samples were removed from the mold and stored for characterization 
processes. 

2.4. Characterization of CQDs samples and PCL/CQDs films 

Rosehip powder was analyzed with an Axios model-Panalytical X- 
Ray Fluorescence Spectrometer (WD-XRF). The excitation-emission and 
absorption values to be used for quantum efficiency calculations of the 
CQDs samples were carried out with a fluorescence spectrophotometer 
(Agilent Cary Eclipse) and a UV–Vis–NIR spectrophotometer (Shimadzu 
UV-3600 Plus). The reference method was used to measure the quantum 
yield of the CQDs samples. In this study, quinine sulfate was used as a 
reference standard. Quinine sulfate was chosen as the reference standard 
because of the overlap in the excitation and emission ranges 
(270–400 nm (max. 351) excitation range and 380–590 nm (max. 450) 
emission range) with CQDs samples (Fig. 1). The standard quantum 
yield (QYQS) of the solution of quinine sulfate prepared in 0.1 M H2SO4 
is taken as 0.54. The fluorescent integral area and absorbance value (A) 
of CQDs and quinine sulfate solutions were measured at the same 
excitation wavelength. The fluorescent quantum yield of CQDs samples 
were calculated according to Eq. (2) given below [11]. 

QYCQD = QYQS ×
ICQD

IQS
×

AQS

ACQD
×

(
nCQD

nQS

)2

× 100% (2) 

QYCQDs or QYQS is the quantum yield, I is the area of the measured 
radiation spectrum, A is the absorbance value at the excitation wave
length, n is the diffraction coefficient of the solvent, and the subscript. 

Perkin Elmer spectrum 100 FTIR was used for Fourier transform 
infrared spectroscopy (FTIR) analysis; EISS SUPRA 40 VP for scanning 
electron microscope (SEM) images; and Jeol 2100F 200 kV RTEM for 
transmission electron microscope (TEM) images of CQDs and PCL/CQDs 
films. The crystal structures of the films were determined by X-ray 
diffraction (XRD), and tensile tests using the Shimadzu AG-IC 100 kN 
tensile-compression tester and the Shimadzu HMV-2E microhardness 
tester were used for microhardness measurements. The microhardness 
values of all films were measured under a 25-gram load. The surface 
roughness of the samples was measured with the Mitutoyo Surtest SJ- 
400 profilometer. Ra: mean roughness; Rq: root mean square rough
ness; Ry: highest peak-to-trough parameter in evaluation length; and Rz: 
ten-point height (µm) obtained from the profiles. Biodegradation be
haviors were investigated by exposure to 1–10 mM H2O2 with acceler
ated degradation tests at ± 1 ◦C of the selected films in phosphate buffer 
(PBS, pH = 7.2-@− 37 ± 1 ◦C) and 0.154 M NaCl isotonic salt solutions 
(pH = 7.4-@− 37). 

The amount of degradation is calculated by Eq. (3) [30]. 

Weight loss(%) =
Wt − Wo

W0
× 100 (3) 

Fig. 1. Photoluminescence spectra of quinine sulfate in a 0.1 M H2SO4 solution 
selected as standard in the study. 
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Table 1 
XRF analysis result of the rosehip fruit used in this study.  

Fig. 2. (a) The corresponding emission spectra at different excitation wavelength, (b) fluorescence emission (blue line) spectra and (c) UV–Vis absorption spectra of 
RC-CQDs and CA-CQDs. 
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W0: initial weight of samples Wt: the weight of the dried samples. 
The masses (Wo) of the selected film samples were calculated and 

noted, and their degradation behavior without adding H2O2 for 41 days 
was observed for days 0 (1, 2, 3, 4 h), 1, 4, 9, 14, 19, and 41 days. Then, 
by adding 1 mM H2O2 to the same solutions on the 42nd day, the masses 
(Wt) of the samples removed from the solutions on the 42nd day (1, 3, 
6 h), 43, 45, 47, and 51 days were calculated. Since the weight loss was 
not much, 10 mM more H2O2 was added to the same solution on the 
52nd day, and the masses of the films were removed and dried on the 
52nd day (1, 3, 6 h), 53, 54, and 57 days. It has been reported in the 
literature that the porous structure of PCL will cause some water ab
sorption in the samples and thus change the weight measurement [39]. 
In this study, the samples removed from the solution were weighed after 
drying in an oven at 37 ◦C for 5 h before each weight measurement. 

3. Results and discussion 

3.1. XRF analysis of rosehip fruit 

In this study, rosehip (Rosa canina L.) fruit was used as a carbon 
source and synthesized RC-CQDs by the hydrothermal method. The re
sults of the XRF analysis of the powder obtained from both the mesocarp 
and the seed of rosehip are given in Table 1. It can be seen from Table 1 
that S and P are higher in calcium (Ca) and potassium (K) content 
compared to other elements. 

3.2. Fluorescence and UV–Vis–NIR spectroscopies analysis of RC-CQDs 
and CA-CQDs nanoparticules 

Fig. 2(a-c) show corresponding emission spectra curves of RC-CQDs 
and CA-CQDs at different excitation wavelengths and fluorescence 
emission (blue line) spectra curves of CQDs nanoparticles, respectively. 
As shown in Fig. 2(a), the maximum emission appears at 435 nm when 
the excitation wavelength is 345 nm. It is observed that the emission 
spectra curves are nearly correlated with the excitation wavelengths 
from 400 to 440 nm, accompanied by the red shift (longer emission 
wavelength, λem) of the emission peaks. When the excitation wave
length is 337 nm, CA-CQDs show the strongest fluorescence at 431 nm. 
Besides, the fluorescence emission spectra exhibit a redshift with respect 
to the increment of the excitation wavelength ranging from 400 to 
430 nm (Fig. 2(b)). Similar results for CQDs nanoparticles have also 
been reported previously [40] and these results indicate that CQDs show 
an excitation-dependent emission [41]. The ultraviolet-visible (UV–vis) 
absorption spectra of RC-CQDs and CA-CQDs nanoparticles are shown in 
Fig. 2(c). The UV–vis spectrum of RC-CQDs exhibited broad peaks at 260 
and 280 nm, which were probably observed from the π-π* transition of 
the conjugated C––C bond. The absorption spectrum of CA-CQDs 
showed narrow peaks at 256 and 285 nm, which are attributed to the 
same transition of nanocarbon with RC-CQDs. Emission and UV wave
length values due to this excitation originating from CQDs have been 
reported [42–44]. But the peak intensity of CA-CQDs is lower than the 
spectrum of RC-CQDs. This suggested that RC-CQDs had stronger fluo
rescence than CA-CQDs. A quantum yield of 23.8% and 9.6% was ob
tained for the RC-CQDs and CA-CQDs, respectively. In this study, the 
CA-CQDs nanoparticle synthesized from citric acid was carried out in 
the same synthesis conditions without using ethylenediamine as in the 
study of Zhu et al. [37] to compare with the quantum yields of the 
RC-CQDs nanoparticle produced from rosehip without heteroatoms. The 
quantum yield was reported as 7.2% and the excitation wavelength was 
reported as 451 nm in the study of Zhu et al. [37] The quantum yield and 
the excitation wavelength results of this study were very close to those of 
Zhu et al. [37]. Therefore, the quantum yield result of RC-CQDs is 
reliable. 

3.3. XRD and FTIR analysis of RC-CQDs and CA-CQDs nanoparticules 

To identify the functional groups and surface structure of the as- 
synthesized CQDs nanoparticles, the FTIR spectra are measured, as 
shown in Fig. 3(a). All peaks of the CQDs obtained from different carbon 

Fig. 3. (a) FTIR spectrum and (b) XRD pattern of the CQDs samples.  

Table 2 
The literature corresponding to the main functional groups for CQDs and the wavenumber values obtained from the FTIR analysis of this study [48,51–54].  

CQDs Functional Groups (This study) RC-CQDs CA-CQDs 
(Literature) 

3800–3300 cm− 1 OH  3853–3752–3317 cm− 1 3777–3251 cm− 1 

2900–2800 cm− 1 C-H  2922–2836 cm− 1 2949–2863 cm− 1 

1686 cm− 1 C––O  1690 cm− 1 1722 cm− 1 

1650–1450 cm− 1 C––C  1579 cm− 1 1471 cm− 1 

1370 cm− 1 COOH  1363 cm− 1 1365 cm− 1 

1250 cm− 1 C–O–C  1281 cm− 1 1236 cm− 1 

1066 cm− 1 (C–O)  1044 cm− 1 1042 cm− 1  
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sources in the literature and as-synthesized CQDs nanoparticles in this 
study are summarized in Table 2. As-showed broad peak in 3317 and 
weak peak at 3251 cm− 1 in the FT-IR spectrum of RC-CQDs and CA- 
CQDs nanoparticules respectively, confirm hydroxyl group stretching 
vibrations. The Table 2 shows peaks at wavenumber 1690 and 
1722 cm− 1, these peaks are ascribed to the carbonyl (C––O) stretching 
vibration. Fig. 3(a) indicates stronger peak at 1722 cm− 1 associated with 
C––O stretching vibration of CA-CQDs groups than the peak of RC-CQDs 
nanoparticle. The results confirm that the both CQDs nanoparticules are 
functionalized with oxygen containing groups such as carboxyl, epoxyl, 
and hydroxyl [45]. The peaks in the wavenumber 1579 and 1471 cm− 1 

of RC-CQDs and CA-CQDs nanoparticules respectively, are related to the 
C––C in carbon dots, which is the origin of CQDs core [46]. The bands at 
2922–2836 cm− 1 and 2949–2863 cm− 1 are ascribed to stretching of the 
C-H of RC-CQDs and CA-CQDs nanoparticules, respectively. Besides, 
there are several other characteristic peaks centered at 1363, 1281, and 
1044 cm− 1 that are ascribed to COOH stretching, C-O-C stretching, and 
C-O stretching of CQDs nanoparticules. The intensity of these group 
peaks is more severe in the CA sample. This means that the surfaces of 
CQDs nanoparticles were functionalized with oxygen-containing func
tional groups, a behavior similar to that reported in Ramezani et al. and 
Kumar et al. [47,48]. It is suggested that the formation of such oxygenic 
groups on the surface may be attributed to the effective interfacial 
interaction between polymer and quantum dots when applied in poly
mer nanocomposites. And also, it is clear that the more dominant 
presence of such functional groups on the surface of CA-CQDs will affect 
their hydrophilic properties. The crystal structure of the CQDs samples 
was evinced by the XRD pattern, shown in Fig. 3(b). The XRD profile 
showed peaks at 20.9◦ and 44.3◦, which correspond to the (002) and 
(100) planes of the amorphous carbon phase and partial graphitization, 
respectively. In the literature, Wu et al. [49] and Yashwanth et al. [50] 

obtained close 2θ◦ values with this study, and they confirmed that the 
graphite structure was present in the carbon core of the carbon quantum 
dots. 

3.4. RTEM analysis of RC-CQDs and CA-CQDs nanoparticules 

The RTEM images of the CQDs samples are shown in Fig. 4(a–b). It 
was understood that the homogeneous shape and distribution of the RC- 
CQDs sample and the image of Fig. 4(a) exhibited a particle size of 
around 5 nm. However, the RTEM image of the CA-CQDs did not show a 
homogeneous size distribution, and it was greater than 5 nm (Fig. 4(b)). 
The amorphous nature of both CQDs samples was confirmed because 
they had no clear lattice fringes [55]. 

3.5. XRD analysis of PCL and PCL nanocomposite films 

XRD patterns of PCL and PCL nanocomposite films are given in Fig. 5. 
The XRD pattern of PCL exhibited sharp characteristic peaks in two theta 
regions at 21.90◦ (110), 22.40◦ (111), and 24.00◦ (200), which corre
spond to the orthorhombic phase of the semicrystalline PCL matrix. The 
same patterns have been reported many times in the literature for PCL 
[55,56]. The nanocomposite films exhibited similar diffraction peaks 
with PCL, but it was observed that there were increases and decreases at 
the slide and intensity of diffraction peaks for all filler contents (Fig. 5). 
This change at diffraction peaks indicated good interaction between 
CQDs nanoparticles and PCL matrix. This result has also been reported in 
the studies of PCL [57,58]. In particular, it was determined that the peak 
corresponding to 22.5◦ (111) in PCL disappeared in the XRD patterns of 
the films containing 2.0% and 4.0% wt RC-CQDs. It was evidenced that 
RC-CQDs nanoparticules, especially at the highest contents, provided 
the interaction between the crystalline regions of the polymer, decom
posed the semi-crystalline structure of PCL, and PCL/RC-CQDs films had 
an amorphous structure. The change in the crystal structure of PCL that 
contains different filler materials has been reported in some studies [59, 
60]. It was found that the addition of CA-CQDs to the PCL matrix did not 
affect the presence of crystal peaks, so the addition of CA-CQDs was not 
as effective on the crystal structure of PCL as the addition of RC-CQDs. 
As a result, PCL films exhibited an amorphous structure at high 
amounts of RC-CQDs, whereas the films obtained with the addition of 
CA-CQDs had a crystalline structure. 

3.6. FTIR analysis of PCL and PCL nanocomposite films 

The FTIR spectra of PCL and PCL nanocomposite films are shown in 
Fig. 6(a–b). The bands in the range 3800–3300 cm− 1 were related to 
stretching vibrations of O-H groups in the spectrum of PCL [61]. The 
bands located at 2944 and 2865 cm− 1 correspond to the asymmetric and 
symmetric stretching bands of -CH2 groups, respectively. The band was 
observed at 2867 cm–1 due to stretching vibrations of the -CH3 group. 
These bands were in accordance with the spectra of PCL [62]. The strong 
band at 1721 cm–1 which indicated the characteristic structure of PCL, 
was due to the C = O stretching vibration of the carbonyl group. The 
bands at 1470 cm− 1, 1365 cm− 1, 1239 cm− 1, 1163 cm− 1 and 731 cm− 1 

were assigned as the C-H bending, C-H, asymmetric and symmetrical 
C-O-C stretch, and CH2 bending stretching vibrations, respectively, and 
they were associated with the structure of PCL [63]. As seen from Fig. 6 
(a), intensities of O-H group peaks increased and enlarged with the in
crease in RC-CQDs loading content, especially in PCL films containing 
2.0 wt% and 4.0 RC-CQDs. In the FTIR spectra of CA-CQDs films in Fig. 6 
(b), the bands of O-H stretching vibration at a wavenumber of 
3393 cm− 1 were widened and of low intensity, and a clear band 
appeared at CA-CQDs-4.0 film. Zhou et al. reported that the broadening 
of the peaks of -OH groups in polypropylene/graphene carbon quantum 
dot hybrids and this spectrum indicated hydrogen bond interactions 
between the filler and polymer matrix [64]. In the FTIR spectrum of PCL, 
the bands of CH2 asymmetric-symmetric and CH3 stretching vibrations, 

Fig. 4. The RTEM images of the (a) RC-CQDs and (b) CA-CQDs.  

Fig. 5. XRD pattern of PCL and PCL/CQDs nanocomposite films.  
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with the addition of RC-CQDs and CA-CQDs, shifted to larger wave
numbers between approximately 10 and 50 wavenumber values. In 
addition, the intensities of bands in the highest RC-CQDs and all 
CA-CQDs were significantly reduced. The shifts and decreases in in
tensity of FTIR bands were attributed to the mobility of polymer chains 
due to disruption of existing bonds, formation of new bonds, and in
teractions between the matrix and fillers [65,66]. In the FTIR spectrum 
of PCL, the bands corresponding to the C-O stretching vibration at a 
wavenumber of 1721 cm− 1 were determined to shift larger wave
numbers at PCL/RC-CQDs-0.3, 0.5, and 1.2 films, and significant re
ductions in band intensities were observed at PCL/RC-CQDs-2.0 and 4.0. 
In the bands of the same wavenumber in films containing CA-CQDs, a 
significant reduction in intensity was observed in films containing 0.3% 

and 1.2% CQDs, while band broadening was observed in films con
taining 2.0%, 4.0%, and 0.5% CQDs. Especially in all films, the change 
observed in this band was due to polymer-CQD interactions and 
RC-CQDs and CA-CQDs successfully entering the polymer matrix at all 
weight percents. Jian et al. [67] observed the band of the C––O 
stretching vibration in the varying wavenumber values in poly
propylene/CQD composites and attributed that to the interactions be
tween CQD and polymer. Barros et al. [62] reported that the shift of the 
band observed at 1721 cm− 1 in the FTIR spectrum of epoxy/PCL com
posites to a longer wavenumber of approximately 9 cm− 1 in composites 
is due to secondary bonds formed between the carbonyl groups of PCL 
and the hydroxyl groups of epoxy. In this study, hydrogen bond for
mation occurred between the C––O group in the PCL structure and the 
C-H group in the CQD structure, which was confirmed by the decreases 
in intensity of both the CH and C––O group bands. Irimia et al. [68] 
presented FTIR findings that support the formation of new bonds be
tween CQDs and the polymer matrix. The functional group bands of PCL 
corresponding to the wavenumbers of 1470, 1365, 1293, 1239, 1163, 
and 731 cm− 1 showed shifts and serious intensity decreases in the FTIR 
bands at the highest RC-CQDs amounts and the lowest CA-CQDs 
amounts. According to FTIR analysis results, the maximum 
filler-matrix interaction was provided at PCL/RC-CQDs-2.0, 
PCL/RC-CQDs-4.0 and PCL/CA-CQDs-0.5. The XRD and FTIR analysis 
results of these films were expected to have significant effects on their 
mechanical properties. 

3.7. Tensile test of PCL and PCL nanocomposite films 

Tensile tests of PCL, PCL/RC-CQDs, and PCL/CA-CQDs nano
composite films prepared according to the ASTM-E8 standard were 

Fig. 6. FTIR spectrum of PCL, (a) RC-CQDs and (b) CA-CQDs nanocomposite films.  

Fig. 7. PCL/CA-CQDs-4.0 film.  
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performed at room temperature. The tensile test of the PCL/CA-CQDs- 
4.0 film was not performed because the equipment had no data sensi
tivity for this film. The strength of this film was low enough that it could 
be broken by hand, as seen in Fig. 7. 

Table 3 shows the results obtained from the tensile test of PCL and 
PCL nanocomposite films. It had been determined that the tensile 
strength, yield strength, and percentage elongation values given in the 
literature for PCL with the same molecular weight were compatible with 
the values obtained in this study [69,70]. The strength began to increase 
with the addition of RC-CQDs, particularly the tensile strength value of 
the 0.5% wt RC-CQDs added film, reaching the maximum tensile 
strength value with the addition of 2.0% wt. A 27.7% improvement was 
found in the tensile strength of the PCL/RC-CQDs-2.0 film compared to 
the polymer (Table 3). It was determined that the yield strength of the 

PCL/RC-CQDs-4.0 film at its maximum value increased by 40.9% 
compared to the PCL. 

Tensile test results for PCL and PCL nanocomposite films are dis
played in Fig. 8(a-b). Fig. 8(a) and Table 3 showed that the percentage 
elongation values of PCL/RC-CQDs films did not change significantly. 
An ideal result was obtained by increasing the strength values without 
disrupting the ductility of PCL with the addition of RC-CQDs. 1.2%, 
2.0%, and 4.0% wt. values of the RC-CQDs were critical values that 
affected the mechanical properties of the films. The maximum tensile 
strength, the percentage elongation, and the yield strength values were 
observed in the PCL/RC-CQD-2.0, the PCL/RC-CQD-1.2, and the PCL/ 
RC-CQD-4.0 films, respectively (Fig. 8(a)). Dhakal et al. [69] added 
palm fibers as fillers to the PCL matrix by the extrusion method and 
examined the mechanical properties of the samples. They attributed the 
increase in tensile strength to the interface interaction and the 
strength-enhancing properties of the filler. The decrease in % elongation 
values of samples was attributed to the ductile behavior of PCL and the 
filler, which caused a brittle structure. Jha et al. [27] produced pine
cone/PCL biodegradable composites, and the brittle structure of the 
biodegradable composites was attributed to the weak matrix-filler 
interaction and the restriction of the polymer chain movements. In 
this study, the addition of RC-CQDs increased the strength of the 
structure of nanofilms, but the ductility of the nanofilm structure did not 
change. It was determined that the CQDs-PCL interaction was also 
provided, as reported in the FTIR analysis section. In particular, the 
formation of hydrogen bonds supported the increase in mechanical 
strength [71]. The mechanical properties of PCL/CA-CQDs films 
decreased with increasing CA-CQDs amount; the maximum values were 
determined at the lowest content (0.3% CA-CQDs), as shown in Table 3 
and Fig. 8(b). The tensile test results of PCL/CA-CQDs film were 
compared with the results of PCL, and it was determined that only the 
yield strength value was preserved, the tensile strength value decreased 
by 14.8%, and the % elongation amount decreased by 133.1%. 

Images of PCL and films during the tensile test are given in Fig. 9(a- 
c). As seen in Fig. 9(a) and (b), the films of PCL and PCL/RC-CQDs 
showed ductile behavior with necking and high elongation. In this 
study, the CA-CQDs sample produced using a known carbon source 
(citric acid) changed the structural properties of PCL, but it did not have 
an improved effect on the mechanical properties of PCL, contrary to the 
RC-CQDs synthesized from rosehip. Cobos et al. [72] formed nano
composites with organic nanoparticles in a PCL matrix and reported that 
the ductile behavior of nanocomposites was related to the crystallinity of 
the structure. It was determined that the structure became brittle with 
the increase in crystallinity. Fig. 9(c) showed brittle fracture of 
PCL/CA-CQDs films. In this study, as a result of XRD analysis of the 
films, it was determined that the crystal structure of PCL deteriorated 
and the structure became more amorphous in the PCL/RC-CQDs films; 
however, a major change was not observed in the crystal structure of the 
PCL/CA-CQDs films. 

3.8. Fracture surface analysis of PCL and PCL nanocomposite films 

The PCL/RC-CQDs films with the lowest and highest tensile strength 
values were selected, and their fracture surfaces were examined in 
Fig. 10. PCL/RC-CQDs-0.3 film had a low tensile strength value but a 
higher % elongation value compared to PCL. More broken parts on the 
fracture surface and inward bending ends due to the high ductility of 
these ruptured parts were observed at Fig. 10. The effect of large frag
ments ruptured on the fracture surface and the wrinkled image tensile 
force on the PCL/RC-CQDs-2.0 film was an indicator of nanofilm 
strength (due to the contribution of RC-CQDs added to the matrix). At 
the same time, the same wrinkled appearance cannot be observed in 
PCL, which also supports this result. Fig. 10 shows the elemental dis
tributions of carbon and oxygen determined by EDS mapping analysis of 
the fracture surfaces. The association of more oxygen groups, especially 
in the wrinkled areas, indicates the presence of RC-CQDs added to the 

Table 3 
The tensile test results of PCL and PCL nanocomposite films.   

Tensile strength (N/ 
mm2) 

Elongation 
% 

Yield strength (N/ 
mm2) 

PCL 13.14 394 6.40 
PCL/RC-CQDs- 

0.3 
10.41 421 6.64 

PCL/RC-CQDs- 
0.5 

14.91 377 7.99 

PCL/RC-CQDs- 
1.2 

16.78 410 8.53 

PCL/RC-CQDs- 
2.0 

17.65 402 8.06 

PCL/RC-CQDs- 
4.0 

16.66 396 9.02 

PCL/CA-CQDs- 
0.3 

11.44 169 6.48 

PCL/CA-CQDs- 
0.5 

8.24 16.10 4.98 

PCL/CA-CQDs- 
1.2 

8.04 5.09 5.07 

PCL/CA-CQDs- 
2.0 

4.86 1.72 3.54 

PCL/CA-CQDs- 
4.0 

- - -  

Fig. 8. Tensile test results of PCL, (a) RC-CQDs and (b) CA-CQDs nano
composite films. 
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Fig. 9. Tensile test of (a) PCL, (b) PCL/RC-CQDs and (c) PCL/CA-CQDs films.  

Fig. 10. Fracture surfaces and EDS mapping analysis of the fracture surfaces.  
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matrix. 
Fig. 11 shows fractured surface images of PCL/CA-CQDs films with 

the lowest and highest tensile strength values compared to PCL. The 
irregular and rough fracture surface image of PCL/CA-CQDs-0.3 film 
was similar to the ductile fracture images reported in the literature [73]. 
The brittle structure of the PCL/CA-CQDs-2.0 film was revealed by the 
flat and smooth fractured surface image at Fig. 11. The brittle structure 
traces and the images obtained in this study were compatible with the 
fractured surface images in the literature [74]. The EDS mapping anal
ysis of the same films, given in Fig. 11, showed the homogeneous dis
tribution of CA-CQDs in the matrix. 

Fig. 11. Fracture surfaces and EDS mapping analysis of the fracture surfaces.  

Fig. 12. The microhardness results of (a) PCL/RC-CQDs and (b) PCL/CA- 
CQDs films. 

Fig. 13. The RTEM images of (a) PCL/RC-CQDs-2.0 and (b) PCL/CA-CQDs- 
2.0 films. 
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3.9. Microhardness test results of PCL and PCL nanocomposite films 

Fig. 12(a-b) shows the microhardness results measured under a 25-g 
load on the PCL and its films. The microhardness value of the PCL was 
determined at 4.18 HV0.025. PCL/RC-CQDs-1.2, 2.0, and 4.0 films 
showed close results of the microhardness tests that were 4.47, 4.66, and 
4.80, respectively (Fig. 12(a)). The tensile test results of the same films 
were also close to each other. PCL/RC-CQDs-4.0 film had the highest 
microhardness value; an increase in hardness value of 14.8% was 
observed compared to the PCL. The PCL/CA-CQDs-0.3 film gave the 

maximum microhardness value (5.48 HV0.025) which was an increment 
of 22.5%, compared with PCL (4.18 HV0.025) as shown in Fig. 12(a-b). 
The hardness values of PCL/CA-CQDs increased more than those of films 
containing RC-CQDs, which was attributed to the rearrangement of 
amorphous polymer chains rather than the crystal region of PCL [75]. 
The microhardness values showed an decrease with the increase in 
CA-CQDs content. The very low microhardness value of the 
PCL/CA-CQDs-4.0 film, in particular, confirmed that it had too low a 
strength for tensile testing. Kim et al. [76] attributed the increase in the 
hardness values of the polyurethane/carbon quantum dots (CQD) sam
ples to physicochemical interactions such as hydrogen bond formation 
between the matrix and CQD. In this study, FTIR analysis results showed 
that the polymer-filler interactions of films containing both RC-CQDs 
and CA-CQDs (Fig. 6). 

3.10. RTEM analysis of PCL nanocomposite films 

The RTEM image of the PCL/RC-CQDs-2.0 and PCL/CA-CQDs-2.0 
nanocomposites shown in Fig. 13(a-b) further confirms the structural 
and mechanical test results that the RC-CQDs were well-dispersed in the 
PCL matrix, but the CA-CQDs showed obvious aggregation or agglom
eration in the matrix at 2.0%wt. CQDs samples with spherical 
morphology in the matrix showed aggregation in some regions in Fig. 13 
(b). However, in the RTEM image of RC-CQDs example in Fig. 13(a), 
dark areas are generally less visible. 

3.11. Biodegradability and surface roughness test results of PCL and PCL 
nanocomposite films 

PCL/RC-CQDs-0.3, PCL/RC-CQDs-2.0 and PCL/CA-CQDs-0.3 were 
tested in PBS and 0.154 M NaCl solutions. Fig. 14(a-b) show the change 
in weight loss of PCL and its films during 57 days of degradation in PBS 
(pH = 7.2–37 ◦C) and 0.154 M NaCl solutions, respectively. It was clear 
that more weight loss occurred in the NaCl solution (Fig. 14(a-b)) from 
the 41-day degradation behavior of PCL before adding H2O2 to PBS and 
NaCl solutions. In the literature, the degradation behavior of PCL was 
investigated in the same (PBS and NaCl) solutions used in this study. 
Azevedo et al. [77] reported the 16-day degradation period of PCL in 
NaCl solution, and they observed a weight loss that ranged from 1.5% to 

Fig. 14. 57-day weight loss of PCL, PCL/CA-CQDs-0.3, PCL/RC-CQDs-0.3 and 
PCL/RC-CQDs-2.0 films in (a) PBS solution and (b) NaCl solution. 

Fig. 15. Estimated mechanism of interaction between PCL-RC-CQDs.  
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2.0%. Díaz et al. [78], a weight loss of 0.2% in PBS solution was 
determined after a 16-week degradation period of PCL. In this study, a 
maximum weight loss of 1.9% was observed at the end of 41 days in 
NaCl solution and 0.7% in PBS solution. In general, the degradation 
rates of the polymers are affected by their structure, molecular weight, 
and other structural properties. PCL is hydrophobic; its degradation by 
hydrolysis is limited as it does not allow rapid water penetration. 
Although its mechanism is known to proceed by random hydrolytic 
chain scission of ester bonds, its degradation kinetics are relatively 
slower than other degradable polyesters such as PLLA or DLGA [78]. 
PCL tends to undergo amorphous phase reduction first and then further 
reduction in molecular size and crystalline phase before losing mass. The 
polymer tries to keep its structure after the chain degradation, it pro
ceeds by cutting the chains in a mass after the degradation occurs [39]. 
At the end of 41 days, both films containing RC-CQDs in PBS solution 
had much lower weight loss results than the film containing PCL and 
CA-CQDs and were almost close to each other. In the NaCl solution, the 
film containing 0.3 wt% RC-CQDs gave the lowest weight loss results. 
Less degradation occurred as a result of the amorphous structures of the 
films with the addition of RC-CQDs. The low mechanical properties of 
PCL/CA-CQDs films were effective on the amount of degradation. 
Because of the semi-crystalline structure of the film, adding CA-CQDs 
caused the highest weight loss in both solutions. As can be seen from 
Fig. 14(a), the weight loss of PCL increased in PBS solution with the 

addition of 1 mM H2O2 on the 42nd day. In Fig. 14(b), a gradual in
crease in the weight loss of PCL/CA-CQDs-0.3 film was observed in the 
form of steps during the degradation process in the NaCl solution. The 
weight losses of the films containing RC-CQDs were lower in both so
lutions. The increasing amount of H2O2 after the 52nd day affected all 
the films significantly, and the degradation increased. 

Among the physiologically present reactive oxygen species (ROS), 
superoxide radical anion (O2

. -), hydroxyl radical (.OH), or hydrogen 
peroxide-derived radicals (.OH, .OOH, H.) have all been suggested as 
potential catalysts for PCL degradation. Degradation occurs by the 
radical withdrawing hydrogen from the polymer, followed by a series of 
cleavage events, and finally by combination with other radicals or by 
additional hydrogen removal. Such oxidative degradation primarily 
occurs within the amorphous regions of the polymer, and all radicals 
present in the environment do not participate in the degradation due to 
spontaneous recombination reactions with other active species. In gen
eral, hydrogen removal from PCL via radical interactions occurs at the 
α-carbon due to the electronegativity of the carbonyl oxygen. The 
absence of steric hindrance in this position and the resonance stabili
zation present in the first product (between α-carbon and carbonyl 
carbon and oxygen) support the reaction. In the mechanism, a hydrogen 
is cleaved from the α carbon following the reaction with oxygen to form 
a peroxy radical. This addition traps the radical on the polymer and can 
prevent its interaction with another radical, such as a hydrogen radical. 

Fig. 16. Surface roughness values and profiles of biodegradability test samples.  
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Alternatively, ester hydrolysis catalyzed by the superoxide radical anion 
(O2⋅–) is possible via a nucleophilic attack to form carboxylic acid and 
alcohol products. These reactions basically produce a hydrolytic ester 
secession reaction, with the superoxide ion attacking the carbonyl car
bon. The resulting hydroxy-end PCL (alcohol product) is produced in the 
first hydrolytic step after protonation (shown without a proton). The 
radical at the end of the peroxide-bound PCL then reacts with a super
oxide radical, resulting in the release of a stable peroxide and O2. The 
interaction with a hydroxide ion in the last step gives the carboxylate 
anion (carboxyl-terminated PCL after protonation) and dioxidanide 
(HOO–) products [79]. In this study, PCL/CA-CQDs-0.3 film showed the 
highest weight loss percentage in both PBS solution and NaCl solution 
due to its lower tensile strength value than PCL. This showed that the 
degradation occurred through two different degradation mechanisms, 
directly and indirectly. The degradation mechanism of 
PCL/CA-CQDs-0.3 film was similar to the degradation mechanism of 
PCL because both had a semi-crystalline structure. The same degrada
tion mechanism was observed not only in PCL/CA-CQDs-0.3 but also in 
all films containing CA-CQDs. After adding 10Mm H2O2 on the 52nd 

day, the film containing CA-CQDs in the PBS solution showed lower 
weight loss values than PCL and was close to the solution containing 
NaCl. It was determined that at the beginning of the degradation pro
cess, the amorphous regions decomposed more quickly and then the 
crystalline regions decomposed more slowly. This is evident from the 
similarities with the degradation mechanism of PCL. The RC-CQDs-PCL 
interaction mechanism showed that PCL/RC-CQDs films undergo some 
degradation only through the indirect degradation mechanism. The 
amorphous structure of PCL/RC-CQDs films and the hydrogen bond 
interaction between the carbonyl group of PCL and the hydroxyl groups 
of RC-CQDs determined from the XRD and FTIR analysis results of the 
films, respectively, were shown in Fig. 15. It is likely that hydrogen 
bonds and amorphous structure may create a steric hindrance and 
resonance stabilization will be hindered by intervening RC-CQDs. 
Therefore, it is thought that the indirect mechanism between α-carbon 
and carbonyl carbon and oxygen does not occur; even if it did, there 
would be no steric hindrance, and resonance stabilization could occur to 
some extent in existing configurations. In the direct mechanism, a hy
drolytic ester cleavage reaction occurs by attacking the carbonyl carbon 

Fig. 17. Contact angle results of the films.  
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of the superoxide ion. However, in this study, the hydrogen bond formed 
between carbonyl groups and CQDs may prevent this attack. Therefore, 
films containing RC-CQDs exposed much less biodegradation than PCL. 
In the literature, the PCL/hydroxyapatite composite had less degrada
tion than the PCL, which was attributed to better polymer-additive 
interfacial interaction and a more hydraulically stable composite 
structure [77]. In this study, the presence of polymer-fill interactions 
was determined by improvements in mechanical properties. Díaz et al. 
[78], reported that the increase in porosity of the structure increases the 
biodegradation of PCL/hydroxyapatite composites. In this study, infor
mation about porosity was obtained by measuring the surface roughness 
of films and PCL. The surface roughness values and profiles obtained 
from the surface roughness test were given in Fig. 16. As can be seen 
from Fig. 16, the highest mean square root roughness (Rq) value was 
detected in PCL/CA-CQDs-0.3 film, followed by PCL and the lowest Rq 
value in films containing RC-CQDs. It has been determined that these 
results were compatible with the degradation results of the literature 
and films. 

3.12. Contact angle test results of PCL and PCL nanocomposite films 

To compare the contact angle results of the films with the surface 
roughness results, the influence of RC-CQDs and CA-CQDs on the surface 
properties of PCL/RC-CQDs and PCL/CA-CQDs films was evaluated with 
contact angle tests, as shown in Fig. 17. Because it is known that the 
contact angle decreases as the surface becomes rough [80]. The 
PCL/RC-CQDs-2.0 (89.39◦) and PCL/RC-CQDs-4.0 (97.17◦) demon
strated a higher contact angle value as compared to the PCL (84.41◦). 
Further increases in the amount of CA-CQDs led to a continuous 
reduction in contact angle values because the PCL/CA-CQDs films 
became hydrophilic and had a rough surface. Water contact angles 
become much lower, which indicates the surface hydrophilicity of the 
biodegradable polymers [81], RC-CQDs made PCL films more hydro
phobic. This result confirmed the highest biodegradability test results of 
the PCL/CA-CQDs-0.3 film. 

4. Conclusion 

RC-CQDs and CA-CQDs samples were synthesized from rosehip fruit 
and citric acid by the hydrothermal method. PCL/RC-CQDs and PCL/ 
CA-CQDs nanocomposite films were produced by adding RC-CQDs and 
CA-CQDs samples into the PCL matrix by the colloidal mixing method. 
The structural, mechanical, and biodegradable properties of these films 
were examined. The fluorescence quantum yield was determined to be 
23.8% for RC-CQDs and 9.6% for CA-CQDs. FTIR analysis of CQDs 
samples showed the presence of oxygenated groups on their surface. 
XRD analysis results confirmed the amorphous carbon phase and partial 
graphitization of both CQDs samples. The homogeneous shape and 
distribution of the RC-CQDs sample were observed from the RTEM 
image, with a particle size of around 5 nm. According to XRD analysis, it 
was the more dominant amorphous structure of PCL/RC-CQDs films, but 
the semi-crystalline structure of polymer did not change with the fill of 
CA-CQDs. The shifts of bands in the FTIR spectrum of all films confirmed 
the existence of interactions between CQDs and PCL. The ductility of the 
polymer structure did not change; the strength increased with the 
addition of RC-CQDs, but the structure became brittle with the addition 
of CA-CQDs. The maximum increases in the microhardness value were 
detected in the films containing the highest RC-CQDs and the lowest CA- 
CQDs. The results of the biodegradability test performed in two different 
solutions showed that the percentage weight loss values were the lowest 
in the films containing RC-CQDs and the highest in the films containing 
CA-CQDs. The biodegradability behavior of the PCL/CQDs films is 
explained by the semi-crystalline structure, high surface roughness, and 
low contact angle of the PCL/CA-CQDs films and the amorphous struc
ture, low surface roughness, and high contact angle values of the PCL/ 
RC-CQDs films. 
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[75] J.A. Puértolas, M. Castro, J.A. Morris, R. Ríos, A. Ansón-Casaos, Tribological and 
mechanical properties of graphene nanoplatelet/PEEK composites, Carbon 141 
(2019) 107–122, https://doi.org/10.1016/j.carbon.2018.09.036. 

[76] S. Kim, J. Kim, M. Kim, M. Cho, Y. Lee, Aqua-processable carbon quantum dot– 
assisted resilient polymer binder for advanced lithium-sulfur batteries, Int. J. 
Energy Res. 45 (15) (2021) 21050–21057, https://doi.org/10.1002/er.7162. 

[77] M.C. Azevedo, R.L. Reis, M.B. Claase, D.W. Grijpma, J. Feijen, Development and 
properties of polycaprolactone/hydroxyapatite composite biomaterials, J. Mater. 
Sci. Mater. Med. 14 (2) (2003) 103–107, https://doi.org/10.1023/A: 
1022051326282. 

[78] E. Díaz, I. Sandonis, M.B. Valle, In vitro degradation of poly (caprolactone)/nHA 
composites, J. Nanomater. 185 (2014) 185, https://doi.org/10.1155/2014/ 
802435. 

[79] M. Bartnikowski, T.R. Dargaville, S. Ivanovski, D.W. Hutmacher, Degradation 
mechanisms of polycaprolactone in the context of chemistry, geometry and 
environment, Prog. Polym. Sci. 96 (2019) 1–20, https://doi.org/10.1016/j. 
progpolymsci.2019.05.004. 

[80] H.R. Bakhsheshi-Rad, A.F. Ismail, M. Aziz, Z. Hadisi, M. Omidi, X. Chen, 
Antibacterial activity and corrosion resistance of Ta2O5 thin film and electrospun 
PCL/MgO-Ag nanofiber coatings on biodegradable Mg alloy implants, Ceram. Int. 
45 (9) (2019) 11883–11892, https://doi.org/10.1016/j.ceramint.2019.03.071. 

[81] Y.Q. Wang, J.Y. Cai, Enhanced cell affinity of poly (L-lactic acid) modified by base 
hydrolysis: Wettability and surface roughness at nanometer scale, Curr. Appl. Phys. 
7 (2007) 108–111, https://doi.org/10.1016/j.cap.2006.11.027. 
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