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Abstract. Poly-ε-caprolactone (PCL) microspheres containing graphene nanopowders were prepared by oil-in-water (o/w)
emulsion solvent- evaporation technique. For the emulsification study, an oil phase (PCL solution in dichloromethane or
chloroform) and a water phase (3 wt% aqueous polyvinyl alcohol solution) was utilized. Effect of solvent type, stirring
speed, and graphene addition on the structural and morphological properties of the prepared microspheres was investigated.
Results showed that stable emulsification of oil in water (o/w) was achieved with a 5 wt% PCL. A decrease in particle size
was observed for the PCL microspheres prepared by chloroform (19.02±6.41 μm) compared to the microspheres obtained
by dichloromethane (59.81±23 μm) under the same conditions. Results also revealed that the addition of graphene changed
the morphology and particle size of the microspheres significantly. Hollow PCL microspheres were obtained in the presence
of graphene nanopowders when chloroform was utilized as the solvent. Drug release experiments indicated that hollow PCLgraphene composite microspheres have improved release behavior compared to bare solid PCL microspheres. The particles
prepared in the study have the potential to be used in drug delivery and tissue engineering applications.
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1. Introduction

drug delivery systems for the controlled release of
pharmaceutical products due to their slow degradation, which is ideally suitable for the long-term delivery of drugs and proteins [6–9].
Additionally, the preparation of PCL-based composite microspheres has been reported in the literature.
Kim and Koh [10] studied the synthesis of aligned
porous PCL/hydroxyapatite (HA) bio-composite microspheres. It was reported that the size of the PCL microspheres increased from 62±7 to 179±95 μm in the
presence of HA (at 20 wt%). The inclusion of HA
particles to the PCL polymeric matrix caused a significant enhancement of in vitro bioactivity in simulated body fluid [10]. Similarly, Shin et al. [11] manufactured PCL microspheres in the presence of magnesium hydroxide with improved physicochemical

Synthetic polymeric microspheres have widespread
usage in biomedical applications. They can be utilized as fillers, bulking agents, flow indicators, or in
drug-delivery systems [1, 3]. Microspheres are defined as spherical particles ranging from 1–1000 µm.
They can be produced in the form of solid or hollow
morphology using a variety of techniques, including
emulsification approach with single or double solvent evaporation [2–4], sedimentation polymerization [1], spray-drying [5], electrospraying or phase
separation technique [3].
PCL is a biodegradable, biocompatible, and waterinsoluble synthetic polymer [6]. The PCL-based microspheres have been used for different applications
both in bone and soft tissue engineering, including
*
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and biological performance. Results showed that the
PCL/magnesium hydroxide microspheres have a high
potential to be used as a dermal filler for skin and facial plastic surgery. Similarly, Wang et al. [12] developed an accurate method to synthesize the PCL/ magnetic (CoFe2O4) composite microspheres in the presence of 5-Fluorouracil. The prepared drug-loaded material system showing magnetic properties was considered as an effective anticancer drug model [12].
Besides solid microspheres, the fabrication of hollow polymeric microspheres has been studied previously [13–15]. It was reported that the hollow microspheres have lower density and higher surface
area compared to the solid microspheres. They can
be used in a wide range of potential applications,
such as the controlled local delivery of drugs and
proteins [13, 14]. Despite of the extensive research
on the preparation of hollow microspheres, studies
on the preparation of PCL hollow microspheres are
limited [16, 17].
Similarly, carbon-based nanomaterials such as carbon
nanotubes, graphene, graphene oxide, and reduced
graphene oxide have attracted great attention in the
preparation of polymer composites for biomedical
applications. The building block of these carbonbased nanomaterials is a layer of sp2 hybridized carbon atoms covalently bonded in a honeycomb lattice
[18, 19]. Among them, graphene is reported to have
excellent electrical, mechanical, and thermal properties, which makes it ideal for high-performance biomedical applications [20]. Previously, some studies
have been conducted on the preparation of graphenePCL composites in the form of scaffolds using solvent casting- particulate leaching and three-dimensional printing methods [21–23]. Results of these
studies pointed out that graphene-containing PCL
scaffolds are not cytotoxic to pre-chondrogenic
ATDC-5 and bone marrow mesenchymal stem cells.
It was reported that PCL-based graphene-containing
bio-composite scaffolds had improved mechanical
properties, high electrical conductivity, and they are
promising materials to use as conducting substrates
for the electrically stimulated growth of cells in
biotechnological applications [21–23].
Although there is extensive research on the use of
graphene nanostructures in PCL matrix composites,
their effect on the preparation of PCL-based microspheres has not been investigated. Therefore, the
aim of this work was to develop biocompatible PCL
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microspheres for biomedical applications using
graphene nanopowders.

2. Materials and methods
2.1. Materials
Poly(ε-caprolactone), PCL (Mn: 80 000 g/mole) was
purchased from Sigma-Aldrich, USA. Poly(vinyl alcohol) (PVA) (Mw: 88 000–97 000, 88% hydrolyzed,
Alfa Aesar), dichloromethane (DCM), and chloroform (CHF) (Sigma-Aldrich, St. Louis, USA) was
utilized as received. Graphene nanopowders in the
form of flakes (Grade AO-4) were obtained from
Graphene Laboratories Inc., USA. Average flake
thickness and the particle (lateral) size were reported
to be 60 nm and 3–7 μm, respectively, by the manufacturing company. Amoxicillin (C16H19N3O5S, Mw:
365.4) was purchased from Merck, Germany.

2.2. Microsphere preparation
PCL microspheres were prepared by oil-in-water
(o/w) single emulsion-solvent evaporation method.
The method mainly consists of two steps, namely
emulsification and solvent evaporation. After the
emulsion is prepared, evaporation of the solvent is
performed, which causes a shrinkage of the droplets
according to the solvent-polymer ratio [24].
In the study, 5 wt% PCL solutions were prepared in
dichloromethane or chloroform at room temperature,
and PVA solutions (3 wt%) were prepared by deionized water at 50 °C using a magnetic stirrer. For the
emulsification study, the oil phase (5 wt% PCL solution) was loaded to a 20 ml syringe, which was
connected to a micro-pump. The oil phase was added
dropwise (2 ml/h) to the aqueous phase containing
3 wt% PVA in water through stirring at 350 or
1500 rpm for 3 hours at room temperature. The distance between the surface of the water phase and the
initial PCL solution droplets was set at 7 cm through
the experiments. The resulting emulsion was gently
stirred at 350 rpm for further 15 hours until the organic solvent is removed by evaporation and leading
to the formation of solid PCL microspheres. Subsequently, the PCL microspheres were filtered using a
separation funnel in the presence of a filter paper and
washed with deionized water to remove traces of organic solvent, followed by drying at room temperature for 48 hours prior to characterizations. The
method used in microsphere preparation is shown
schematically in Figure 1. In this technique, through
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Figure 1. Schematic illustration of the method utilized in bare and graphene-containing PCL microsphere fabrication.

evaporation of the organic solvent from the droplets,
the concentration of the polymer increases and reaches a critical value at which the polymer concentration
exceeds its solubility limit in the organic phase followed by precipitation of the microspheres [3, 25].
In the study, for the preparation of graphene-PCL
composite microspheres prior to emulsification,
graphene nanopowders (at 1 wt%) were added to the
5 wt% PCL solution and homogenized using an ultrasonic probe (Bandelin, Sonopuls, Germany) at a
peak to peak amplitude of 191 μm for 10 minutes followed by magnetic stirring for 15 minutes at 350 rpm.
Subsequently, the PCL dispersion in the presence of
graphene nanopowders was introduced into the water
phase solution using conditions described previously. The bare and graphene-containing PCL microspheres prepared using dichloromethane and chloroform were designated as PCL-DCM, PCL-CHF,
PCL-DCM-G and PCL-CHF-G, respectively.

2.3. Characterizations
The morphology of the prepared bare and graphenecontaining PCL microspheres was investigated using
scanning electron microscopy, SEM (Philips XL-30S
FEG; Eindhoven, Netherlands). Prior to analysis,
samples were sputter-coated with gold/palladium.
The analysis was made at an accelerating voltage of
3 keV and a working distance of 10 mm.
The particle size of the prepared microspheres was
measured based on the SEM micrographs. For this
purpose, images of at least 50 microspheres were
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selected randomly and measured using Image J software, and results were averaged.
Structural properties of the prepared samples were
investigated using Fourier Transform Infrared Spectroscopy with attenuated total reflection accessory,
FTIR-ATR (Perkin Elmer, Spectrum 2). Measurements were performed in the wavenumber range of
400–4000 cm–1.

2.4. Drug release experiments
Amoxicillin was utilized in drug release experiments.
A phosphate-buffered saline solution (PBS) was prepared using NaCl, KCl, Na2HPO4, and KH2PO4. Initial pH adjustment was performed (pH = 7.4) using
HCl. An amoxicillin solution (10 mg/ml) was prepared using PBS at pH 7.4. Subsequently, 0.05 g of
PCL microspheres were immersed in 5 ml of amoxicillin solution at room temperature and kept for
24 hours. Then, particles were removed from PBS,
and the drug concentration was measured using a UVVis spectrometer (Thermo-Scientific, Evolution 201)
to determine drug adsorbed by the microspheres.
Drug loaded microspheres were dried for 72 hours at
room temperature prior to release experiments.
For the release experiments, drug-loaded PCL microspheres were immersed in test tubes containing
5 ml PBS solution, and the drug concentration in the
release medium at specified time intervals was measured using a UV-Vis spectrometer at 247 nm. For the
measurements, 2 ml of PBS was withdrawn periodically and replaced with an equivalent volume of
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fresh buffer. 3 replicates were measured for each
time, and results were averaged.

Table 1. Effect of solvent type and graphene addition on the
particle size of the PCL microspheres.
Sample code

3. Results and discussion
In the study, the shape and surface state of the asprepared microspheres were analyzed using SEM.
Morphology of the PCL microspheres prepared using
dichloromethane at different stirring speeds is given
in Figure 2. Spherical particles having a smooth surface was obtained when the stirring speed was
1500 rpm. However, a deviation from the spherical
geometry and some surface roughness was observed
at a lower stirring speed (350 rpm). A significant difference was not observed in microsphere diameter
depending on the applied stirring speed. The particle
size of the PCL microspheres was measured to be
65.1±20 and 59.8±23 μm when the stirring speed
was 350 and 1500 rpm, respectively (Table 1). It has
been known that the stirring speed has a significant
influence on the morphology of the polymeric particles fabricated by the emulsion-solvent evaporation

Average particle size
[μm]
350 rpm

1500 rpm

PCL-DCM

65.15±20.43

59.81±23.09

PCL-CHF

19.44±5.24

19.02±6.41

PCL-DCM-G

–

234.71±67.90

PCL-CHF-G

–

212.48±68.74

process [8]. When the stirring rate is higher, it causes
the formation of finer dispersion of the microspheres
[26]. The increase in stirring speed may also cause
to formation of homogeneously distributed emulsion
droplets, which is attributed to the stronger shear
forces applied during the evaporation process [8]. In
the current study, the increase of stirring speed presumably resulted in faster removal of dichloromethane from the system and the formation of spherical PCL microspheres with a smooth surface having
smaller particle size. Based on this result, graphene

Figure 2. SEM micrographs of the PCL-DCM microspheres prepared at different stirring speeds; (a), (b) 1500 rpm; (c),
(d) 350 rpm.
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microspheres. It was shown that larger particles release less amount of insulin at the initial burst stage
and preventing initial burst [9]. Berkland et al. [27]
have been demonstrated that the drug release behavior of microspheres strongly depends on the microsphere diameter. It has been reported that in the range
of 10 to 20 μm particles exhibit concave-downward
release profiles while larger particles result in sigmoidal release profiles [27]. Therefore, the larger
size of the graphene- PCL composite microspheres
prepared in the current study may have an advantage
over bare PCL microspheres in local drug delivery
applications.
In the study, the second solvent tested in the preparation of the oil phase was the chloroform. Figure 4
shows the SEM micrographs of the PCL microspheres
produced using chloroform at different stirring speeds.
Results showed that a significant difference was not
obtained in PCL microsphere morphology and size
depending on the stirring speed (Table 1). However,
compared to the PCL microspheres prepared using

addition to the same system was only performed at
a stirring speed of 1500 rpm.
Results also revealed that the inclusion of graphene
nanopowders in the PCL system caused some changes
in the morphology and size of the microspheres
(Table 1). Figure 3 demonstrates the surface morphology of the graphene-containing PCL microspheres prepared by DCM. Accordingly, solid and few
hollow PCL microsphere formations was seen in the
presence of graphene nanopowders. Furthermore, an
increase in surface porosity and microsphere diameter was observed. PCL particle diameter was measured to be 234.71±67.90 μm in the presence of 1 wt%
graphene. The increase obtained in particle size in the
presence of graphene nanopowders is presumably
due to the tendency of the spheres to aggregate and
coalesce. It is also important to note that larger size
polymeric microspheres have some advantages over
smaller size particles in drug delivery applications.
Pan et al. [9] reported the influence of particle size
on the release of drugs from polymeric bio-adhesive

Figure 3. SEM micrographs of the (a) as-received graphene nanoplatelets, (b), (c), (d) PCL-DCM-G microspheres prepared
@1500 rpm. White solid arrows indicate the hollow microspheres.
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Figure 4. SEM micrographs of the PCL-CHF microspheres prepared at different stirring speeds; (a), (b) 350 rpm; (c),
(d) 1500 rpm.

of graphene nanopowders in the chloroform-PCL oil
phase led to the formation of hollow PCL microspheres, as shown in Figure 5. Besides, particle size
distribution was narrower and more homogenous
compared to the PCL microspheres prepared by DCM
(Figure 6). A significant difference was not observed
in particle size as a function of stirring speed similar

dichloromethane, a smaller particle size (~19 μm) was
obtained when chloroform was utilized. The mean
particle size of the PCL microspheres (~20 μm) was
found within the injectable range [28].
Similarly, addition of graphene nanopowders to the
PCL matrix caused an increase in particle diameter
by almost tenfold. But more importantly, the presence

Figure 5. SEM micrographs of the PCL-CHF-G microspheres (a), (b) (@1500 rpm). White solid arrows indicate the hollow
microspheres.

646

Deliormanlı and Yenice – eXPRESS Polymer Letters Vol.15, No.7 (2021) 641–653

Figure 6. Particle size distribution of (a) PCL-DCM, (b) PCL-CHF, (c) PCL-DCM-G, (d) PCL-CHF-G microspheres prepared at the same stirring speed (@1500 rpm).

to microspheres prepared using dichloromethane
since both dichloromethane and chloroform are good
solvents for PCL [29].
A previous study conducted by Carreras et al. [30]
showed that using o1/o2/w double emulsion method
and DCM as the solvent PCL microspheres having
a wide particle size distribution with an average particle size of 846.9±64.95 nm can be obtained [28].
Similarly, in the past study of Luciani et al. [31] PCL
microspheres produced by the single emulsion
method. Results indicated the existence of spherical,
non-porous surface structure with a particle size range
of 100 to 800 μm. Dhanka et al. [32] reported that the
PCL microspheres had been fabricated by o/w single
emulsion-solvent evaporation method using hydroxypropyl methylcellulose as the emulsifier and dichloromethane as the solvent. The mean size of microspheres was found to be 23 μm that is within the
injectability criteria. Karamzadeh et al. [33] described the preparation of methadone hydrochlorideloaded PCL microspheres by (w/o/w) double emulsion solvent evaporation method using DCM. Synthesized PCL microspheres indicated a spherical
morphology with a smooth surface, and their sizes
were in the range of 4.5–20 μm [33]. Among other
solvents, Das et al. [8] investigated the synthesis of
PCL microspheres using chloroform as the solvent
and the polyvinyl polyline as the emulsifier. The PCL
particles demonstrated a spherical shape with a size
647

in the range of 5 to 20 μm. Similarly, Manoukian et
al. [34] reported the preparation of biodegradable
PCL injectable microspheres (300±125 μm) and implants for long-term delivery of drugs by o/w emulsion-solvent evaporation method using chloroform as
the solvent.
Based on these studies, it is possible to conclude that
both dichloromethane and chloroform can be used
as the solvents in the preparation of PCL microspheres. The evaporation temperatures of chloroform
and dichloromethane are 61 and 39 °C, respectively.
Therefore, microspheres form faster when using dichloromethane [24]. This may influence both the morphological features and the particle size of the prepared microspheres [35]. Another critical factor determining the particle size and morphology of the
microspheres may be the distance between the solvent and the polymer molecules. It also affects the
compatibility as well as interactions between them.
A small distance indicates compatibility and strong
interactions between solvent and polymer. The distance between PCL-chloroform and PCL-dichloromethane is 1.9 and 3.7, respectively [29, 36]. Therefore, in the current study, smaller particle size of
PCL microspheres when the chloroform was used
may be attributed to the solubility characteristics of
PCL in this solvent.
In the study, the formation of hollow PCL microspheres in the presence of graphene nanopowders
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Figure 7. Digital images showing the dispersion state of graphene nanopowders (1 wt%) in different solvents used in the
study (a) initially, (b) after 30 minutes.

may be attributed to the Ostwald ripening, which is
the growth of larger particles at the expense of smaller particles [37, 38]. Based on this approach, a PCL
particle was presumably precipitated on the smaller
size graphene nanoplatelets in the initial step, which
is followed by the close interaction and aggregation
of the graphene nanoparticles through Van der Waals
forces. The critical issue in this mechanism is the existence of highly hydrophobic nanoparticles, which
may cause a phase separation when they are dispersed
in a water-based medium (Figure 7). Besides, the use
of a polymer solution at low concentrations may be
another factor for the hollow polymeric microsphere
formation. Preparation of graphene-PCL hollow microspheres using this approach has not been reported
previously. The formation of hollow geometry and the
presence of graphene nanoflakes on the surface of
the PCL may enhance the adsorption capabilities of
the microspheres due to an increase in surface area.
In addition to the larger particle size of the graphenePCL composite microspheres prepared in the current
study, the existence of a hollow geometry is beneficial
for drug loading and sustained release applications.
Jang et al. [17] fabricated hollow PCL microspheres
with a porous surface morphology using solvent/
non-solvent emulsion technique. In the study, different morphologies were modulated by changing the
PCL concentration. Huo et al. [39] prepared hollow

ferrocenyl coordination polymer microspheres having micropores in the shells by Ostwald ripening approach. It was reported that the formation of hollow
microspheres is due to the mass transfer and also
crystallization of small crystallites through the Ostwald ripening process [39]. Figure 8 depicts the possible pathway of the hollow microsphere formation
mechanism proposed in the current study.
FT-IR spectrum of the as-received PCL, graphene
nanopowders, and the solvents utilized in the study
is shown in Figure 9. Pure PCL demonstrates characteristic peaks at 1725 cm–1 and also at 2865–
2948 cm–1, as well as the C–O–C stretching vibrations peaks at 1163–1247 cm–1. On the other hand,
FTIR spectrum of liquid chloroform shows the C–H
stretching (ν1) mode at 3019 cm–1, the C–H bending
(ν4) at 1215 cm–1, C–Cl3 stretching (ν2) at 680 and
775 cm–1 (ν5) [40]. Similarly, spectrum of the liquid
dichloromethane demonstrates same functional
groups at 700, 731 and 1264 cm–1 [41].
Figure 10 depicts the FTIR spectra of the bare and
composite PCL microspheres prepared in the study.
The peak at 1725 cm–1 is due to the C=O stretching
vibration of PCL microspheres. The C–O–C stretching of PCL microspheres is shown at 1163–1247 cm–1
and CH stretching vibrations at 2865–2948 cm–1 [42,
43]. The spectra of the microspheres did not contain
the functional groups of the solvents, indicating their

Figure 8. Schematic illustration of the PCL hollow microsphere formation in the presence of graphene nanopowders.
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Figure 9. FTIR spectra of the as-received (a) PCL, (b) graphene, (c) chloroform, (d) dichloromethane, used in the study.

of the functional group associated with the molecular
bond, whereas a shift in peak position refers to the
hybridization state or the change in electron distribution in the molecular bond [46]. Therefore, in Figure 10, the decrease observed in absorbance values
of the PCL microspheres prepared by dichloromethane and PCL-graphene composite microspheres
may be attributed to the decrease in PCL concentration within these samples.
In the study, drug release experiments were performed using amoxicillin, which is a β-lactam antibiotic used to treat a number of bacterial infections
[47]. Drug loading studies showed that after 24 hours
of immersion, the adsorption percentages of the drug
were 65 and 37% for the composite hollow and bare
solid PCL microspheres, respectively. Both hollow
morphology and larger size as well as the presence
of graphene nanopowders may be the reasons for the
enhanced adsorption for the composite microspheres.
Figure 11 demonstrates the cumulative amoxicillin
release percentages of the bare solid PCL and
graphene-PCL composite hollow microspheres prepared in the study. Based on the release graph PCL
solid microspheres showed burst release during the

complete removal from the structure through evaporation. Additionally, a difference was not observed
in the spectrum of PCL microspheres prepared using
chloroform or dichloromethane in terms of peak position. Absorbance values were higher in the case of
PCL-CHF microspheres compared to the PCL-DCM,
which is presumably due to the solubility characteristics of PCL in these solvents. Intrinsic viscosity [η]
of PCL in chloroform and dichloromethane is 0.420
and 0.342 dl/g, respectively [44]. It has been known
that [η] decreases with decreasing solvent-solute
affinity. Therefore, PCL has a higher affinity to chloroform compared to dichloromethane.
Similarly, the presence of graphene nanoflakes did
not cause a difference in the peak position of the
spectrum of PCL since graphene has few functional
groups, as shown in Figure 9b. Pristine graphene
generally shows a low-intensity band at 955 cm–1
that can be ascribed to the C–O stretching vibrations
of the carboxyl groups [45]. However, the inclusion
of graphene to the PCL microsphere structure caused
a decrease in the absorbance values.
In the FTIR spectrum, an increase in the peak intensity usually refers to an increase in the concentration
649
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Figure 10. FTIR spectra of the (a) PCL-CHF, (b) PCL-CHF-G, (c) PCL-DCM, (d) PCL-CHF-G microspheres prepared
(@1500 rpm) in the study.

4. Conclusions

first 24 hours (almost 52%) compared to PCLgraphene hollow microspheres (34.6%); thereafter,
amoxicillin release continued at a reduced rate for the
solid microspheres. In the case of PCL-graphene hollow microspheres, there was an acceleration of the
drug release in the second period, which reached 83%
after 168 hours. It can be concluded that the hollow
microspheres release amoxicillin in a more controlled manner due to their high surface area and
presence of graphene in the structure.

In the study, solid and hollow PCL microspheres
were prepared by the o/w emulsion solvent evaporation method using different solvents and graphene
nanopowders. Results showed that solvents utilized
in the study strongly affected the surface state and
size of the PCL microspheres. When the dichloromethane was used as the solvent, the average size of
the particles was in the range of 60 to 65 μm. On the
other hand, when chloroform was utilized it was possible to obtain solid microspheres having a smooth
surface with an average particle size of ~19 μm. The
change in the stirring speed did not significantly influence the particle size of the microspheres. The introduction of graphene nanopowders to the same
system caused the formation of hollow PCL microspheres with a much larger particle size (~200 μm).
The formation mechanism of the PCL hollow microspheres in the presence of graphene nanopowders
could be attributed to the Ostwald ripening process.
Results also showed that the formation of hollow
geometry and the larger size of the PCL-graphene
composite microspheres was beneficial in amoxicillin release in PBS since larger particle size and

Figure 11. Graph showing the amoxicillin release from the
bare PCL solid and graphene-containing hollow
microspheres.
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[9] Pan Y., Zheng J-M., Zhao H-Y., Li Y-J., Xu H., Wei G.:
Relationship between drug effects and particle size of
insulin-loaded bio-adhesive microspheres. Acta Pharmacologica Sinica, 23, 1051–1056 (2002).
[10] Kim M-J., Koh Y-H.: Synthesis of aligned porous poly
(ε-caprolactone) (PCL)/hydroxyapatite (HA) composite
microspheres. Materials Science and Engineering C:
Materials for Biological Applications, 33, 2266–2272
(2013).

presence of graphene prevented the burst release of
the drug. The microspheres fabricated in the study
may find applications in local delivery of drugs and
proteins as well as in scaffold manufacture for tissue
engineering purposes.
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