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e composite films infused with
hyperbranched polyester/reduced graphene oxide:
influence on biodegradability, gas/water transport
and antimicrobial properties for sustainable
packaging
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Eliane Espuchec and Mona H. Abdel Rehim *a

Biodegradable polymers have gained great interest as ecofriendly packagingmaterials. However, addition of

suitable fillers to the polymer matrix enhances their barrier and mechanical properties besides gaining new

features such as bactericidal activity. This work deals with investigation of mechanical, gas/water transport

properties and biodegradability performance of films based on polycaprolactone (PCL) reinforced by 1wt%

of reduced graphene oxide (RGO) or modified graphene (mRG). To achieve this goal, nanosheets of RGO

were firstly prepared then their surfaces were modified through in situ polymerization of hyperbranched

polyester (PES) to obtain mRG. Then PCL was loaded with both fillers, and the nanocomposite films were

prepared by a casting technique. Studying of the thermal properties of the films showed that the

addition of RGO or mRG had no influence on the crystallinity of the PCL matrix. Although the

mechanical characteristics of the PCL did not change when either filler was added, there was an increase

in permeability and diffusivity in the presence of the fillers regardless of their composition. Nevertheless,

the nanocomposites demonstrated antimicrobial properties against S. aureus and E. coli as models for

Gram-positive and Gram-negative bacteria, respectively. The biodegradability test performed on the

prepared film PCL, and those containing 1% of the filler, PCL/RGO, and PCL/mRG, emphasized that the

film degradation became pronounced after three months for all samples.
Introduction

The recent accelerated ecological issues due to expanding
utilization of plastics have increased researchers' interest in
nding alternatives for synthetic polymers. Biodegradable
polyesters are a class of macromolecules that can be degraded
under special conditions in the presence of bacteria. They are
classied into natural biodegradable polymers such as poly-
lactic acid (PLA) and synthetic ones e.g. polycaprolactone (PCL)
and polybutylene succinate (PBS). The pronounced increase in
the synthesis of bio-based polymers using different techniques
could be noticed in the last decade promoted by raising
ecological concerns.1–3 PCL is a semi-crystalline polymer that is
mostly prepared from petroleum-based monomers by a ring-
opining polymerization technique among other methods.4 Its
nt, National Research Centre, Giza, Egypt.

Lab., Center of Excellence, National

x Polymères, Université Claude Bernard

53
low glass transition temperature and melting point enable its
mechanical processing. However, the addition of nanomaterials
to PCL overcome its low thermal stability and degradation rate
and enhances its gas and water vapor barrier properties.
Moreover, the newly obtained nanocomposites can impart new
properties such as antibacterial activity.5

Graphene (G) nanosheets6 is characterized by its versatile
properties that facilitate its application as a functional addi-
tive.7 Nevertheless, surface modication of graphene is gener-
ally required to reduce restacking and improve its dispersion in
the polymer matrix.7 This can be attained either by a covalent
approach or a non-covalent approach.8,9 Graing of graphene
oxide (GO) by amacromolecule is found to increase its solubility
in solvents and exfoliation of graphene in the polymeric
matrix.8,10 Modication of GO with polyvinyl imidazole and an
ionic liquid to prepare CO2 scavenger was studied.10 The results
revealed that surface functionalization of GO fostered the
selective capture of CO2. Blending of polymers with GO graed
with hyperbranched polymer (hbp) to attain high-performance
composite11 or increasing barrier properties of the formed
material was investigated.12,13
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Incorporation of PCL with G to obtain nanocomposite of
enhanced mechanical or electrical properties has found
interest.14–17 Sayyar et al. studied nanocomposites based on
covalently linked PCL to graphene.18 It was demonstrated that
high graphene dispersion led to a composite of improved
mechanical and electrical conductivity as well as good biocom-
patibility. An interesting study described the fabrication of robust
and exible multilayer 3D printed graphene/polycaprolactone
composite electrodes that potentially serve as a conductive-
biodegradable scaffold for electrical stimulation in promoting
tissue formation for regenerative medicine.19 Preparation of
nanocomposites based on PCL and modied reduced graphene
oxide (mRGO) has been studied lately.20 The obtained lms
showed improvements in ductility, stiffness, and strength.
Examining the kinetics of water sorption revealed a decline in the
diffusion coefficient. Additionally, the barrier qualities improved
with increased gas and water permeability. Additionally, biode-
gradability of the lms based on the obtained nanocomposite
demonstratedmore and larger holes compared with the neat PCL
lm indicating the enhancement of PCL biodegradability by
incorporation of RGO or mRGO. These results are aligned with
those reported by Sánchez-González et al. who studied the in vitro
hydrolytic degradation of PCL/RGO bio-scaffold.21 Moreover, the
results conrmed that the incorporation of RGO not only reduced
the mechanical stability of the nanocomposite scaffold over the
degradation times but also accelerated its degradation rate.

This work describes the in situ surface modication of RGO
by hyperbranched polyester (PES) to facilitate its dispersion in
PCL matrix. The chemical structure of the prepared nano-
composites was thoroughly studied before insertion in PCL.
Thermal stability, mechanical, water, and gas transport prop-
erties of lms based on PCL/mRG composites were studied.
Investigation of antibacterial and biodegradation of the fabri-
cated lms was carried out as well.
Experimental part
Materials

4,4-Bis(4-hydroxyphenyl)valeric acid, HVA, (95%), sulfuric acid
(99.9%), N,N-dicyclohexylcarbodiimide (DCC, 99%), and dried
dimethylformamide (DMF, 99.9%) were bought from Sigma
Aldrich, USA. 4-(Dimethylamino) pyridine (DMAP, 99%), p-
toluene sulfonic acid monohydrate (TSA, 98%) are products of
Merck. Graphite powder (99.9%) and tetrahydrofurane (THF,
99%) were supplied from Fisher Scientic-UK. Potassium
permanganate (KMnO4, 99%) and hydrogen peroxide (H2O2,
30%) were purchased from Bio Basic Inc.-Canada and Carl Roth
GmbH-Germany, respectively. Sodium nitrate (NaNO3, 99.99%)
and hydrazine hydrate (NH2NH2, 99%) were provided by Sd
Fine-CHEM limited-India. Commercial polycaprolactone pellets
(PCL, average �Mn = 80 000 g mol−1) used in this study were
supplied by Sigma Aldrich, Europe.
Methods

Synthesis of reduced graphene oxide (RGO). Graphene oxide
(GO) was initially prepared using Hummers' method.22 Here, 5 g
© 2024 The Author(s). Published by the Royal Society of Chemistry
of graphite powder was dispersed in a cooled solution of
sodium nitrate (NaNO3) dissolved in concentrated sulfuric acid.
Then, 30 g of potassium permanganate (KMnO4) was added to
the mixture in order to oxidize graphite into graphene oxide
(GO) and the temperature was kept at 30 °C. Aer 3 h, a liter of
distilled water was carefully poured into the reaction vessel and
the temperature was raised up to 98 °C for 30 min. Aer that,
H2O2 (50mL) was added dropwise to the mixture over 5 min and
le for cooling on stand. The resultant suspension was ltered
out, washed well, and dried. To obtain reduced graphene oxide,
a dispersion of GO was sonicated for 30 min and then 50 mL of
hydrazine (NH2NH2) was added and heated in the domestic
microwave (1000 W) for 3 minutes. Finally, the obtained akes
of the reduced graphene oxide were ltered out, washed, and
dried overnight under vacuum.

Surface modication of RGO nanosheets (mRG). The
prepared RGO was in situ modied with hyperbranched poly-
ester as follows: 10 wt% of RGO was sonicated in 15 mL DMF for
1 h using tip sonicator (100 Hz). Then, 4,4-bis(4-hydroxyphenyl)
valeric acid (3 g) was added and the whole mixture was vigor-
ously stirred in N2 atmosphere. Aer 72 h, 0.5 g of 4-dimethy-
laminopyridinium 4-toluenesulfonate (DPTS), as a catalyst,23

was added to the previous dispersed solution and le under
stirring. Aer 30 min, 3 g of dicyclohexylcarbodiimide (DCC)
was slowly added and the mixture was stirred at room temper-
ature for 24 h. Aer that, the dispersed solution was ltered out
and carefully washed with hot DMF for several times followed
by distilled water to remove the urea derivative byproduct.
Finally, the modied reduced graphene oxide nanosheets
(mRG) were collected and dried at 60 °C under vacuum
overnight.

Preparation of polycaprolactone composite lms. Neat pol-
ycaprolactone lm (PCL), PCL composite lm containing RGO
(PCL/RGO) and PCL composite lm containing mRG (PCL/
mRG) were fabricated using casting method. To prepare the
casting solution, 1 wt% of mRG or RGO (based on the weight of
PCL) were individually dispersed in 20mL of THF. Aer 72 h, 2 g
of PCL was added to the dispersed solution and the whole
mixture was le under vigorous stirring for further 72 h. Finally,
the solution was poured in a clean glass Petri dish and le on
stand for drying. Aer 24 h, the free-standing lms were ob-
tained by peeling off from the glass dish.
Techniques

Morphology and structure analysis. Chemical structure of
the prepared samples was analyzed with Vertex 80v Fourier
transform infrared (FTIR) spectrophotometer, Bruker. The
samples were heated at 80 °C under vacuum for 3 h before
analysis. 1H-NMR spectra were acquired on JEOL-ECA 500 MHz
spectrometer in DMSO at 25 °C with tetramethylsilane (TMS) as
internal standard. Raman spectra for the prepared powder
samples were collected at laser wavelength 532 nm and laser
power 0.10 MW at 25 °C using Raman Spectroscopy, Bruker
Optics, Ettlingen (Germany). Elemental analysis of the prepared
polymers and nanocomposites was studied by X-ray photo-
electron spectroscopy (XPS). The results were collected on K-
RSC Adv., 2024, 14, 5740–5753 | 5741
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ALPHA (Thermo Fisher Scientic, USA) with monochromatic X-
ray Al K-alpha radiation −10 to 1350 eV spot size 400 micro mat
pressures 10−9 mbar with full spectrum pass energy 200 eV and
at narrow spectrum 50 eV. The surface morphology was inves-
tigated with transmission electronmicroscope (TEM, JEOL JEM-
1230) at 120 kV. Scanning electronmicroscope (SEM) images for
powder and lm samples were taken using JEOL-SEM with
acceleration voltage of 80 kV. Time of exposure was short and
the maximum magnication was 2000× to avoid the deforma-
tion of specimen. The molecular weights of the prepared poly-
mer samples were determined using PL-GPC 220 with DRI-
detection (UK/Agilent, USA) coupled to multi-angle static light
scattering (MALLS-detector Helleos II, Wyatt Technologies
Corp., USA).

Thermal analysis. Differential scanning calorimetry (DSC)
analysis was performed with TA Instruments (DSC QA200 New
Castle, Delaware, United States) in which 10–15 mg of sample
was placed in hermetic pan. A heating rate of 10 °C min−1 was
used in temperature range of −80 to 150 °C followed by a cool-
ing from 150 to −80 °C at the same rate. The values of glass
transition temperature (Tg) were taken at the midpoint of the
specic heat capacity (Cp) curve. The crystalline index of PCL
was calculated from the melting enthalpy according to the
following equation:

Xc ð%Þ ¼ DHm

DH0
m � 4w

� 100

where 4w is the mass fraction of PCL in the lm, DHm is the
melting enthalpy of the sample, DH0

m is the extrapolated value
of the enthalpy corresponding to the melting of 100% crystal-
line pure PCL, which is taken at 139 J g−1.24,25

Tensile tests. Criterion (MTS Systems, Créteil, France) tensile
testing machine equipped with a 500 N load cell was used to
perform uniaxial tensile tests for neat PCL and nanocomposite
lms. Tests were carried out at 23 °C on H3 type tensile speci-
mens. The crosshead speed was adjusted to 20 mm min−1 and
the gauge length at 10 mm. Values of tensile modulus (E), yield
stress (sy), yield strain (3y), breaking stress (sb) and strain at
break (3b) were determined from the stress–strain curve. The
reported values of the mechanical characteristics were the
arithmetic mean of at least seven different specimens.

Water contact angle measurements. Water dynamic contact
angles were determined for the prepared lms with
Dataphysics-OCA 25 instrument. Particularly, a drop of water
was deposited on the surface of 1 × 1 cm2 piece of lm and the
picture was taken by Dataphysics-OCA 25 instrument. The
values of contact angle were calculated using SCA20-soware.
The results are the average value of triplicate measurements.

Water sorption. Water sorption isotherms of the different
lms were determined at 25 °C by using the dynamic vapor
sorption analyzer, DVS Advantage (London, United Kingdom).
Each sample was pre-dried in the DVS Advantage by exposure to
dry nitrogen until the equilibrated dry mass was obtained (m0).
A partial pressure of vapor (p) was then established within the
apparatus by mixing controlled amounts of dry and saturated
nitrogen and the mass of the sample (mt) was followed as
a function of time. The mass of the sample at equilibrium (meq)
5742 | RSC Adv., 2024, 14, 5740–5753
was considered to be reached when changes in mass with time
(dm/dt) were lower than 2 × 10−4% min−1 for at least 5 min.
Then, vapor pressure was increased in suitable activity up to 0.9
by step of 0.1. The value of the mass gain at equilibrium (M)
dened as (meq − m0)/m0 for each water activity (aw) allowed to
plot the water sorption isotherm for each sample.

The sorption rate was also estimated at each water activity by
applying Fick's diffusion law. Considering the lm thickness
(L), the water diffusion coefficient (D) was calculated for the

short time
mwater t

mwater eq
according to the following equation:

mwater t

mwater eq

¼ 4

L

�
Dt

p

�0:5

where; mwater t is the mass of water sorbed as a function of the
time, mwater eq is the mass of water sorbed at equilibrium for
a given water activity and t the time. The precision on the values
of the water mass gain at equilibrium and values of the diffu-
sion coefficient was estimated to be better than 5%.

Water permeability. Water permeability measurements were
performed on 5 cm2 samples at 23 °C for a water activity equals
to 1. MOCON PERMATRAN W 3/33 (Minneapolis, MN, United
States) equipped with an infrared sensor was used for these
measurements. Prior to the test, specimens were conditioned in
nitrogen inside the unit for at least 12 h. Then, water vapor was
introduced in the upstream compartment of the test cell. The
water molecules transferred through the lm were conducted by
nitrogen carrier gas to the infrared sensor. The water perme-
ability coefficient (PH2O) was calculated considering the
following equation:

PH2O ¼ JstH2O
L

Dp

where; L is the thickness of the lm, JstH2O
is the water stationary

ux, and Dp (=2.377 cmHg) is the difference of the pressure
between the upstream and the downstream compartments of
the permeation cell. The values of PH2O were expressed in barrer
(1 barrer = 1010 cmSTP

3 cm cm2 s−1 cmHg−1 = 3.36 × 10−16 mol
m−1 m−2 s−1 Pa−1). The precision on the obtained values was
estimated to be better than 5%

Gas permeability. Gas permeation properties were deter-
mined on lms of effective area 3 cm2. Carbon dioxide was used
as permeant molecules. The gas permeation cell consisted of
two compartments separated by the studied sample lm. The
temperature of the cell was set at 20 °C. A preliminary high
vacuum desorption was realized on the both sides of the lm to
ensure that the static vacuum pressure changes in the down-
stream compartment were smaller than the pressure changes
due to the gas diffusion. Then, the upstream side was provided
with the gas test at pressure of 3 bars. The increased pressure in
the downstream compartment was recorded as a function of
time with a Datametrics pressure sensor. A steady-state line was
obtained aer a transitory state. The permeability coefficient, P,
expressed in barrer unit was calculated from the slope of the
steady state line. The precision on the values of the permeability
coefficient was estimated to be better than 5%.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Antimicrobial and biodegradability tests

The antimicrobial activity for the prepared samples was tested
against Gram-positive, Staphylococcus aureus (S. aureus), and
Gram-negative bacteria, Escherichia coli (E. coli) using shack-
ask method. The biodegradability test was carried out by
burying strips of certain weights samples in soil according to
a previously reported method but for 3 months.26 The tensile
strength wasmeasured before and aer the biodegradation test.
Results and discussion
Filler modication

Hyperbranched polyester (PES) was prepared in presence of
RGO nanosheets (Scheme 1). The surface modied RGO nano-
sheets with PES (mRG) were separated via ltration. To conrm
the polymerization step, the freely soluble PES was analyzed
using 1HNMR and the calculated degree of branching (DB) was
found to be 58.5%. The GPC result showed that the freely
soluble PES possesses molecular weight Mw of about 9400 g
mol−1 and dispersity (Đ) = 4.8.
Scheme 1 Representation for the in situ polymerization reaction to ach

© 2024 The Author(s). Published by the Royal Society of Chemistry
The structure of hyperbranched polyester-modied reduced
graphene oxide (mRG) was investigated by FTIR as shown in
Fig. 1. The spectrum of mRG exhibits the main characteristic
peaks of the hyperbranched polyester at ∼3330 cm−1 (–OH),
2900 cm−1 (aliphatic –CH) in addition to stretching and
bending vibrations of aromatic C]C at 1620 cm−1 and
829 cm−1, respectively.26 Indeed, the spectrum of mRG dis-
played that the peaks corresponding to the aromatic rings in
PES are blue-shied (∼15 cm−1) which is likely due to the p–p

interaction between the phenyl rings present in the entire
structure of PES and graphene' surface.7,27

Raman spectra of both RGO and mRG showed two distin-
guished peaks which corresponded to the D and G bands in
graphene, at the identical locations, 1334 and 1584 cm−1,
respectively (Fig. 2). One can observe that the ID/IG ratio of RGO
and mRG were 1.16 and 1.17, respectively. This ratio provides
information about the degree of disorder or defects in the gra-
phene structure. The nearly equal ratios indicate that the
modication step did not cause extra defects in the graphene
structure.
ieve mRG.

RSC Adv., 2024, 14, 5740–5753 | 5743
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Fig. 1 FTIR spectra of pure hyperbranched polyester (PES) and
reduced graphene oxide modified with PES (mRG).

Fig. 2 Raman spectra of pure reduced graphene oxide (RGO) and its
modified form (mRG).

Fig. 3 TEM micrographs of [A] RGO and [B] mRG.
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RGO and mRG were subjected to morphological investiga-
tions using TEM, as illustrated in Fig. 3A. RGO appeared as
wrinkled, thin, and transparent sheets that are consistent with
the reported features of RGO nanosheets.28 Aer in situ poly-
merization, the integrity of the nanosheets was maintained and
the sharp edges of mRG nanosheets can be still observed
(Fig. 3B). This result conrms that the modication step did not
alter the morphology of RGO sheets.

The chemical composition of RGO nanosheets and its
modied form via in situ approach was also investigated by X-
ray photoelectron spectroscopy. The survey spectrum of RGO
(Fig. 4A–C) showed main peaks of C 1s and O 1s at ∼284 and
532 eV, respectively, with C/O ratioz 4. The deconvolution of C
1s and O 1s spectra displayed presence of oxygenated functional
groups such as C]O and C–O, with low intensities which might
5744 | RSC Adv., 2024, 14, 5740–5753
be attributed to the incomplete reduction due to utilization of
hydrazine as reducing agent, Fig. 4B and C.29 Moreover, the
appearance of an additional peak for C–N bond at∼400 eV aer
the reduction process indicates that hydrazine reduction led to
restoration of sp2 conguration on the basal plane of RGO and
formation of aziridine and pyrazole rings which induces
nitrogen doping.30,31 The spectra of PES presented in Fig. 4D–F
indicate that the prepared polymer mainly contained high
percent of carbon and oxygen with a small residue of nitrogen
attributed to urea derivative as a byproduct. (1) The deconvo-
lution of C 1s band showed several peaks at 283.99, 285.46,
288.35, and 290.76 eV corresponding to C]C, C–O, C]O, and
carboxylic C (HO–C]O), respectively.32,33 (2) O 1s spectrum
showed two main peaks at 531.72 and 532.69 eV corresponding
to C]O and C–O, respectively.34,35 Moreover, XPS spectra of
mRG (Fig. 4G–I) showed increasing in the carbon content (82%)
with C/O ratioz 8 conrming presence of PES on the surface of
the RGO sheets. Nevertheless, the oxygen content decreased due
to presence of some residues of urea derivative byproduct,
Fig. 4G. The C 1s spectrum ofmRG revealed sharper and intense
peaks at ∼284.01, 284.7, 285.5, 287.3, and 288.6 eV corre-
sponding to C]C, C–C, C–O, C]O, and O–C]O, respectively,
Fig. 4H. The O 1s spectrum reveals two main peaks at 530.5 and
532.47 attributed to C]O and C–O groups, respectively, in
agreement with C 1s bands, Fig. 4I. Careful inspection in the
spectra of RGO and comparing with the spectra of PES, one can
observe a clear chemical shi in the characteristic bands of
both RGO and PES bands in the produced mRG. Particularly,
the carboxylic C in the PES was shied from ∼290 eV to
∼288.6 eV. Moreover, small chemical shi for other groups
emphasizes the strong linkage, i.e. p–p and van der Waals
attraction forces, among the PES and the graphene surface
which refers to a successful modication step.

Surface morphology

Morphological investigation of PCL nanocomposite lms rein-
forced with 1 wt% of llers compared with pristine PCL were
performed using SEM. The top surface of the prepared lms is
shown in Fig. 5A–C. Upon addition of RGO, surface morphology
exhibited a laminar like-structure Fig. 5B. However, addition of
mRG to PCL matrix did not alter the surface morphology of the
obtained lm. This means that the surface modication of RGO
with PES improved its dispersion within the matrix. On the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of [A–C] reduced graphene oxide, [D–F] hyperbranched polyester, and [G–I] in situ modified RGO.
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other hand, the cross-section images of the prepared lms
shown in Fig. 5D–F refer to increase of the thickness of the
blank PCL lm from ∼140 mm to ∼150 mm due to the inclusion
of the modied ller while maintaining its integrity even aer
incorporation of modied ller.
Surface wettability

Water contact angle was measured to investigate the surface
wettability of nanocomposite lms containing RGO or mRG. As
shown in Fig. 6, the contact angle did not show signicant
change by incorporation of RGO in the PCL matrix (86 ± 1°).
However, the contact angle of PCL/mRG lm was decreased to
(79 ± 1°) by inclusion of mRG as illustrated in Fig. 6III. This
result can be explained by the presence of high density of
hydroxyl functional groups on the surface of graphene nano-
composite derived from the hyperbranched polyester chains
which could improve the surface hydrophilicity of the formed
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanocomposite. As, surface tension gsv is a measure for the
surface energy of the solid, it can be concluded that the lm of
PCL/mRG possesses the highest gsv values due to its hydrophilic
character, whereas lms of PCL and PCL/RGO have lower gsv i.e.
a less hydrophilic surface.
Thermal properties

DSC thermograms were recorded to investigate the inuence of
nanollers on chain mobility, crystallization and melting
behaviors of PCL matrix. The DSC heating and cooling scans of
the neat PCL, PCL/RGO and PCL/mRG composite lms are
presented in Fig. 7, and the detailed DSC results are listed in
Table 1. The glass transition temperatures (Tg) of the neat PCL
was equal to −66 °C, melting point (Tm) was around 63 °C and
crystallization temperature (Tc) was 26 °C. These obtained
results agreed with the values obtained from the literature.25,36

The values of glass transition temperature (Tg) of neat matrix
RSC Adv., 2024, 14, 5740–5753 | 5745
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Fig. 5 SEM images of [A–C] top surfaces and [D–F] cross-sections of neat PCL film, nanocomposite films (PCL/RGO), and (PCL/mRG), respectively.

Fig. 7 DSC thermograms of (a) first heating scan (b) cooling scan of ne

Fig. 6 Contact angle measurements of films: (I) Neat PCL, (II) PCL/
RGO, and (III) PCL/mRG.

5746 | RSC Adv., 2024, 14, 5740–5753
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and different nanocomposites are listed in Table 1. Aer the
incorporation of llers, independently of its nature, no change
in Tg values were observed indicating no modication of poly-
mer chains mobility in the amorphous phase. The nano-
composite lms displayed similar melting peak and similar Tm
values compared to that of neat PCL (Tm = 63 ± 1 °C). It can be
concluded that the crystalline lamellae structure of PCL was not
affected by the presence of llers. Moreover, the calculated PCL
crystallinity values for the different samples were around 72 ±

1% in consistence with values reported by Ludueña et al.24 This
indicated that addition of RGO or mRG had no effect on the
crystallinity of the PCL matrix. The temperature of the
maximum of the peak of crystallization (Tc) of neat PCL was
at PCL and corresponding nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Glass transition temperature (Tg), crystallization temperature
(Tc), melting temperature (Tm), crystallinity degree (Xc) and full width at
the half height maximumof the crystallization (FWHM) of neat PCL and
corresponding nanocomposites

Samples Tg (°C) Tc (°C) Tm (°C) Xc (°C) FWHM

PCL −66 � 1 26 � 1 63 � 1 71 � 1 4.9 � 0.1
PCL/RGO 1wt% −66 � 1 34 � 1 63 � 1 72 � 1 3.1 � 0.1
PCL/mRG 1wt% −67 � 1 31 � 1 64 � 1 72 � 1 2.9 � 0.1
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measured as 26 °C. The value of Tc was consistent with those
reported in the literature.10 The addition of nanollers into PCL
matrix, independently of its nature led to an increase of the
crystallization temperature (Tc) due to the nucleating effect of
the nanollers. This nucleating effect was favored in presence of
RGO compared to mRG ller where Tc values were 34 °C and
31 °C respectively. Similar phenomenon has been obtained by
Keramati et al. on polylactic acid (PLA) reinforced by graphene
nanoplatelets (GNPs) and graphene nanoplatelets modied by
zwitterion surfactant.37 As the presence of the llers induces
heterogeneous nucleation, an increase of Tc can be linked to
ner dispersion of the llers. Full width at the half height
maximum of the crystallization (FWHM) is another parameter
that states better nucleation occurred in presence of the llers.
FWHM is proportional to the spherulite size distribution and
the smaller FWHM means more nucleation and uniform
crystallization.36
Mechanical properties

Representative stress–strain curves of neat PCL, composite
lms are shown in Fig. 8. All samples underwent deformation
characteristic of semi-crystalline and ductile polymers at room
Fig. 8 Evolution of the stress strain curves for neat PCL and its
nanocomposite films.

Table 2 Values of tensile modulus (E), yield stress (sy), yield strain (3y), b
curves of neat PCL and nanocomposite films

Sample E (MPa) sy (MPa)

PCL 141 � 8 20.5 � 0.9
PCL/RGO 1wt% 161 � 18 20.7 � 0.3
PCL/mRG 1wt% 121 � 22 18.5 � 0.8

© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature exhibiting a linear increase with necking propa-
gation and drawing followed by strain hardening effect and
nally breaks at relatively long elongation.

The obtained values of neat PCL were typical to that reported
in the literature.38,39 Taking uncertainties into account,
mechanical properties did not change in presence of llers,
independently of its nature as shown in Table 2.

Water sorption

Sorption isotherm curves at 25 °C were obtained by plotting the
mass gain at equilibrium as a function of the water activity (aw),
Fig. 9. All isotherm curves displayed a BET III shape according
to the classication of Brunauer, Emmett, and Teller.40 A linear
evolution of water uptake was observed at low water activity
followed by a convex part at high activity. The increase of water
uptake at high activity is usually explained by the formation of
water clusters.41–43 The obtained values of mass gain for PCL
matrix were close to that obtained by Gain et al.44 The presence
of llers, either RGO or mRG led to an increase of the water
uptake. As the crystallinity index remained unchanged in
presence of the llers, the increase of water uptake should be
explained by the sorption of water molecules by the oxygen-
containing polar groups in GO. Similar results have been
observed by You et al. on cellulose triacetate (CTA)/reduced
graphene oxide nanocomposites showing an increase of the
water uptake in presence of RGO.45 The water uptake of the
nanocomposites reinforced by mRG was lower compared to
those obtained in presence RGO although hydrophilic nature.
This result might be attributed to presence of bulky ller mRGO
increased cross sectional area of the nanocomposite lms as
conrmed by SEM investigations, these bulk groups allowed
water diffusion than sorption.
reaking stress (sb) and strain at break (3b) determined from the stress–

3y sb (MPa) 3b

0.26 � 0.04 29.6 � 1.4 16.4 � 0.8
0.32 � 0.02 33.4 � 4.5 21.2 � 4.3
0.31 � 0.02 34.8 � 2.0 15.1 � 0.8

Fig. 9 Sorption isotherm curves at T = 25 °C of the neat PCL matrix
and the different nanocomposites.

RSC Adv., 2024, 14, 5740–5753 | 5747
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Fig. 10 Evolution of diffusion coefficient D as a function of water
activity for the neat PCL matrix and the different nanocomposites.

Table 4 The reduction % of optical density represents the antimi-
crobial activity of reduced graphene oxide (RGO) and its modified form
(mRG) against different microorganisms

Type Microorganism

Reduction % of
OD

RGO mRG

Gram-positive Bacillus cereus 82 90
Staph. aureus 71 84

Gram-negative Escherichia coli 15 20
Pseudomonas aeruginosa Nil Nil

Yeast Candida albicans 76 80
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The inuence of introduced nanollers on water sorption
kinetics was also investigated. The water diffusion coefficient
values (D) were plotted as a function of water activity (aw) on
a semi-logarithmic scale, Fig. 10. The obtained D values of the
neat PCL agreed with those reported in the literature.44,46

Regardless of lm composition, it could be noticed that the
diffusion rate was not constant over the whole range of activity,
meaning that D was dependent on the number of water mole-
cules sorbed by the lms. Constant D values were recorded up to
aw of 0.7 aer that decreased. This evolution of D was in
accordance with the sorption isotherm curve. The constant
value of D could be related to the Henry's sorption mechanism.
At high water activity, the decrease of diffusion coefficient could
be attributed to the water clustering phenomenon.47,48 Consid-
ering the uncertainty, the introduction of llers, whatever the
nature did not modify diffusion of water molecules.

Gas and water permeability

The obtained values CO2 and H2O permeability (PCO2
and PH2O)

coefficients in addition to CO2 diffusion (DCO2
) coefficient are

reported in Table 3. The obtained value of PH2O of neat PCL
matrix at aw = 1 was equal to 3430 barrer. This value was lower
than that obtained by Follain et al. who obtained a value equal
to 5959 barrer. This difference can be explained by a difference
of crystallinity index.49

To discuss the effect of the llers on the transport properties,
the relative permeability coefficient (Pr) and the relative diffu-
sivity coefficient (Dr) were calculated. The obtained values of Pr
for CO2 and H2O and Dr for CO2 are listed in Table 4. Both
nanocomposite lms showed similar values of Pr and Dr around
1.3 ± 0.1. Whatever the permeate molecule, the obtained values
of Pr and Dr were higher than unity indicating an increase of
permeability and diffusivity in presence of the llers
Table 3 Values of CO2 permeability and H2O permeability and CO2 diff

Sample PH2O (barrer) Pr(H2O) PCO2
(barrer

PCL 3430 � 250 4.37 � 0.24
PCL/RGO 4190 � 290 1.22 � 0.19 6.20 � 0.42
PCL/mRG 4150 � 220 1.21 � 0.18 6.17 � 0.4

5748 | RSC Adv., 2024, 14, 5740–5753
independently of its nature. As the crystallinity index did not
change in presence of the llers, the increase of the perme-
ability should be explained by the presence of polar groups on
the llers. You et al. observed the same tendency for cellulose
triacetate (CTA) reinforced by reduced graphene oxide modied
with polyethylene glycol (PEG) nanocomposites.50
Antibacterial activity

The antimicrobial activities of RGO and mRG were investigated
before incorporation in the PCL matrix. The study was assessed
against two Gram-positive and two Gram-negative bacterial
strains along with yeast as serious human pathogenic multi-
drug resistant microorganisms (see Table 4). Obviously, the
recorded reduction % of the OD values relies not only on the
type of ller but also on the type of bacteria since each type had
a characteristic cell wall structure. The results emphasize that
both RGO and mRG had signicant biocidal activity against
Gram-positive bacteria more than Gram-negative bacteria. Such
low activity towards Gram-negative bacteria can be attributed to
the double outer membrane surrounded the Gram-negative
bacteria which make them less susceptible to RGO and mRG.
Generally, the biocidal potential of graphene based materials is
derived from its cutting sharp edges or the induction of oxida-
tive stress. Particularly, the bacterial membrane may burst due
to the sharp edges of RGO or mRG, allowing internal compo-
nents to escape and ultimately resulting in cell death. Addi-
tionally, RGO may cause oxidative stress leading to oxidation of
the bacterial's protein causing cell dysfunction.20 Surface
decoration of RGO with PES enhanced the antimicrobial activity
of RGO since the presence of high density of surface functional
group of PES facilitated the adhesion of bacteria on the surface
of mRG and hence improved it biocidal activity.

The colony forming unites (CFU) of neat PCL, PCL/RGO, and
PCL/mRG nanocomposite lms were evaluated against S. aureus
and E. coli. Here, the polymeric lms were individually
usion coefficients for the PCL and its nanocomposite films

) Pr(CO2) DCO2
(10−8 cm2 s−1) Dr(CO2)

2.60 � 0.12
1.42 � 0.18 3.20 � 0.15 1.23 � 0.18
1.41 � 0.18 3.60 � 0.15 1.38 � 0.20

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Digital images of viable bacterial colonies of S. aureus [A–C] and E. coli strains [D–F] against neat PCL, PCL/RGO, and PCL/mRG,
respectively, after 24 h of incubation and reinoculated on agar plates.

Fig. 12 Set of visual pictures for films strips before and after biodegradation over five months. Top images are neat PCL films; middle and bottom
are PCL/RGO and PCL/mRG nanocomposite films, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 5740–5753 | 5749
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Fig. 13 Mechanical properties of PCL and its nanocomposite films. (A) Tensile stress and (B) Youngmodulus at 0 and 5 months of degradation in
soil.
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incubated in bacterial suspensions for 24 h. The surrounding
bacteria was diluted and reinoculated on agar plates to calculate
the colony forming unites (CFU) of the remaining alive bacteria
as shown in Fig. 11A, huge numbers of viable bacterial colonies
was observed which displayed that PCL had no antimicrobial
activity like common polyesters (108 CFU mL−1).10 Fig. 11B and
C obviously displayed that the number of colonies was reduced
to large extent in case of PCL/RGO (229 × 104 CFU mL−1) and it
was further decreased in case of PCL/mRG (79 × 104 CFU
mL−1). In consistence with the above mentioned antimicrobial
results of llers, the prepared lms had no activity against
Gram-negative bacteria (Fig. 11D–F). Indeed, the results
conrmed that the prepared PCL lm incorporated with
modied graphene acquired antimicrobial property selectively
toward Gram-positive bacteria.
Ability for biodegradation

The biodegradability test was performed for neat PCL lm, PCL/
RGO and PCL/mRG composite lms over ve months in soil
(Fig. 12). The results emphasized that the lm degradation
became pronounced aer three months for all samples.
However, the lms had lost most of their mechanical properties
aer ve months (Fig. 13). This indicated that the incorporation
of RGO or mRG mostly did not alter the soil biodegradation of
PCLmatrix. Indeed, the weight loss was difficult to be measured
due to lling of the formed cracks and pores with the soil dust
which was very hard to get ride.
Conclusion

The surface of reduced graphene oxide (RGO) wasmodied with
hyperbranched polyester (PES) to form modied ller (mRG) in
order to facilitate its dispersion (1 wt%) in PCL matrix. Surface
modication of RGO nanosheets was conrmed by FTIR,
Raman and XPS spectroscopy. Morphology and hydrophilicity
of nanocomposites were also investigated. A rather good
dispersion of llers within the matrix was observed and was
favored in presence of mRG. Contact angle measurements dis-
played a slight hydrophilicity of the nanocomposite lm owing
5750 | RSC Adv., 2024, 14, 5740–5753
to the hydroxyl terminals of PES. The inuence of the llers on
the thermal, mechanical and gas and water transport properties
were evaluated. Study of thermal properties revealed that
addition of RGO or mRG had no effect on the crystallinity index
and the glass transition temperature values of the PCL matrix.
The mechanical properties of the PCL did not change upon
addition of either ller too. However, inclusion of llers
increased permeability and diffusivity, regardless of their
composition. In addition, antimicrobial and biodegradability
studies were carried out. The nanocomposites displayed
signicant antibacterial potential against Gram-positive
however, Gram-negative bacteria was less susceptible. The
biodegradability test revealed that for all samples, lm degra-
dation became noticeable aer three months.
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