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ABSTRACT: Three-dimensional fluorinated pentablock poly(L-lactide-co-e-caprolactone)-based scaffolds were successfully produced by

the incorporation of thermally exfoliated graphene oxide (TEGO) as an antimicrobial agent with an electrospinning technique. In a

ring-opening polymerization, the fluorinated groups in the middle of polymer backbone were attached with a perfluorinated reactive

stabilizer having oxygen-carrying ability. The fiber diameter and its morphologies were optimized through changes in TEGO amount,

voltage, polymer concentration, and solvent type to obtain an ideal scaffold structure. Instead of the widely used graphene oxide syn-

thesized by Hummer’s method, TEGO sheets having a low amount of oxygen produced by thermal expansion were integrated into

the fiber structure to investigate the effect of the oxygen functional groups of TEGO sheets on the degradation and antimicrobial

activity of the scaffolds. There was no antimicrobial activity in TEGO-reinforced scaffolds in the in vitro tests in contrast to the litera-

ture. This study confirmed that a low number of oxygen functional groups on the surface of TEGO restricted the antimicrobial activ-

ity of the fabricated composite scaffolds. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43490.
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INTRODUCTION

Biodegradable scaffolds get a lot of attention in the fields of tis-

sue engineering, wound healing, and organ transplantation for

use as templates in tissue regeneration.1–3 Synthetic biodegrad-

able polymers are used for the production of three-dimensional

polymeric scaffolds by electrospinning; this is a widely used and

simple technique for fabricating nano and submicrometer fibers.

These types of three-dimensional electrospun fiber networks

provide high porosity, high surface area, and optimal mechani-

cal strength and favor the attachment, proliferation, and differ-

entiation of various cells; drug loading; and mass transfer

properties in tissue engineering applications.4,5 Among biode-

gradable polymers, polycaprolactone (PCL) is a widely used

synthetic biodegradable polymer that is compatible with a wide

range of drugs. However, PCL has some drawbacks, such as its

longer degradation period over 14 months and lower hydrophi-

licity.6 In addition, polylactide (PLA) is another biocompatible

and resorbable polymer; it provides higher mechanical proper-

ties, a high porosity, and a much shorter half-life.7 It is possible

to combine the characteristic properties of each biodegradable

polymer by the application of blending and copolymerization

techniques.8,9 In one study, PCL/PLA-based copolymer synthe-

sized by gel-pressing procedure was used in cartilage regenera-

tion.10 In another study, poly(D,L-lactide)/PCL blends were

prepared with solution phase for use in liver transplants because

of their ability to promote the adhesion, proliferation, and

growth of cells.11 The growing demand for scaffolds having

enhanced physical, mechanical, thermal, and biological proper-

ties has led to the development of newly designed polymeric

materials. At this point, the attachment of fluorinated groups in

the polymer structure provides the ability to bind, transport,

and unload oxygen in the body. Also, these groups have the

advantage of being biologically inert and are easily excreted

from the body as a vapor through the lungs.12,13 Fluorolink,
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among perfluorinated polyether polymer modifiers, is commer-

cially available and is widely used as a polyol starter in polymer

synthesis to improve the oxygen-carrying ability of biodegrad-

able polymers. Saner and Menceloglu14 synthesized branched

pentablock copolymers of PCL and PLA with fluorocarbon sur-

factants as reactive stabilizers in the medium of supercritical

carbon dioxide via a sequential ring-opening polymerization.

Fluoroligomers as surface modifiers in polymers provide passive

surface properties in medical applications.15

To provide multifunctionality, nanomaterials are also integrated

into the polymer microstructure during the manufacturing pro-

cess.16,17 Graphene is a promising reinforcing agent because of

its two-dimensional structure and unique mechanical, electrical,

and thermal properties.18 There have been several studies on the

incorporation of graphene-based materials to improve the char-

acteristic properties of electrospun polymeric fibers.19 For

instance, Su et al.20 incorporated 1 wt % multiwalled carbon

nanotubes into the microstructure of randomly oriented poly

(ethylene oxide) electrospun fibers; this enhanced the tensile

strength by approximately 240% and created conducting paths

in the hybrid nanomaterials. Song et al.21 synthesized biocom-

posite nanofiber scaffolds of PCL with different graphene oxide

(GO) concentrations with an electrospinning technique in

which stems cells adhered, spread, and grew well in these scaf-

folds. In addition, Ramazani and Karimi22 investigated the mor-

phological, mechanical, and structural properties of PCL/GO

and PCL/reduced GO nanofibers produced by an electrospin-

ning process, and fibers containing reduced GO showed a

higher tensile strength and modulus because of the higher num-

ber of ACH2 groups in their structure. Hsiao et al.23 prepared

reduced GO decorated on polyurethane electrospun fibers by a

dip-coating and reduction process with hydriodic acid treatment

to obtain higher electrical conductivity. In another study, nano-

composites of poly(lactic acid)/polyurethane having a small

amount of GO prepared by solution casting showed good anti-

bacterial activity against Gram-positive Staphylococcus aureus

and Gram-negative Escherichia coli.24 In the reported studies,

graphene and its derivatives showed antimicrobial activity and

antiviral properties because of the presence of surface-oxygen

functional groups that could extract phospholipid membranes

of the bacteria and inhibit their growth.25,26 Therefore, the syn-

thesis technique of GO and the amount of oxygen functional

groups carry significant importance in obtaining antimicrobial

activity against bacterial and fungal pathogens. GO is mostly

obtained from graphite flakes by the application of the Brodie,27

Staudenmaier,28 or Hummers and Offeman29 oxidation methods

and then functionalized with several reducing agents, such as

hydrazine,30 hydroquinone,31 or sodium borohydride32 to pro-

vide better dispersion in polar and nonpolar solvents. In a ther-

mal treatment, graphite oxide is exposed to heat treatment

through changes in the temperature from 550 up to 1050 8C, at

which the epoxy and hydroxyl groups of GO start to decom-

pose, and evolved gases cause efficient pressure to break down

van der Waals forces, which keep the graphene layers

together.33,34 During thermal exfoliation, most functional

groups are removed from the surface of GO, and its surface

becomes more hydrophobic when compared to that of the com-

monly used GO. For instance, oxygen content in GO synthe-

sized by Hummer’s method is about 30 atom %, whereas

thermally exfoliated graphene oxide (TEGO) has 6 atom %

oxygen.35

In this study, TEGO was integrated into PCL and a PCL-based

fluorinated pentablock copolymer during electrospinning to

compare the degradation and antimicrobial properties of the

produced scaffolds. Among graphene materials, TEGO was cho-

sen to investigate the effect of the surface-oxygen groups on the

antimicrobial activity due to its low oxygen content. To the best

of our knowledge, there have been several studies on the utiliza-

tion of GO having high oxygen amount that prepared by

Hummer’s method and provided antimicrobial activity in the

target materials. On the other hand, in this study, we focused

on the importance of the GO type and oxygen amount on the

antimicrobial properties. The fiber diameter and its morpholo-

gies were optimized through changes in the TEGO amount,

applied voltage, polymer concentration, and solvent vapor pres-

sure. The structural properties of PCL polymer were tailored by

the addition of Fluorolink-D (FLKD), which was used as a per-

fluorinated reactive stabilizer, and PLA chains. The synthesis of

the fluorinated pentablock copolymer with side chains of PCL

and PLA was performed via sequential ring-opening polymer-

ization. Herein, FLKD was preferred because of its oxygen-

carrying ability, and PLA was used because of its relative ease of

processing into the fiber structure. The characteristic properties

of the commercial PCL polymer were compared to those of

newly designed fluorinated pentablock copolymers by structural

and spectroscopic analysis techniques. The antimicrobial activity

and hydrolytic degradation of the produced scaffolds were car-

ried out under in vitro conditions.

EXPERIMENTAL

Materials

The following materials were used for polymer synthesis and

the electrospinning process: e-caprolactone monomer (99%,

Aldrich), PCL pellets [weight-average molecular weight

(Mw) 5 80k Da, Aldrich], L-lactide monomer (98%, Aldrich),

tin(II) ethyl hexanoate [Sn(Oct)2; 97%, Sigma], methanol

(CH3OH; 99.7%, Sigma-Aldrich), dichloromethane (99.5%,

Sigma-Aldrich), N,N-dimethyl formamide (DMF; 99%, Sigma-

Aldrich), and acetone (99.5%, Sigma-Aldrich). FLKD

(Mw 5 2000 g/mol) was supplied by Solvay Chemicals. TEGO

(grade 2) was purchased from Nanografen Co. The materials

used for the antimicrobial tests were agar (Sigma-Aldrich), yeast

extract (Sigma-Aldrich), peptone from casein pancreatic digest

(Sigma-Aldrich), and sodium chloride (Sigma-Aldrich; 99%).

Fluorinated Pentablock Copolymer Synthesis

Fluorinated pentablock copolymer (PCL–PLA–FLKD–PLA–

PCL) was synthesized by bulk polymerization in two steps: fluo-

rinated prepolymer synthesis and block copolymer synthesis;

these were explained in detail in our previous publication.14 In

the first step, the fluorinated prepolymer was synthesized by

ring-opening polymerization of L-lactide in the presence of

FLKD as a perfluorinated linear diol and Sn(Oct)2 as a catalyst

at 130 8C for 8 h under an inert atmosphere. The molar ratio of

FLKD to L-Lactide was adjusted to 1:20. At the end of the
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reaction, the mixture was gradually diluted with CH2Cl2 and

then poured into an excess of cold CH3OH, and the polymer

product was precipitated, filtered, and dried at room tempera-

ture in vacuo. The reaction mechanism of fluorinated triblock

prepolymer is shown in Figure 1(a). In the second step, the syn-

thesized fluorinated prepolymer was reacted with e-caprolactone

with Sn(Oct)2 as a catalyst at 140 8C for 18 h for chain elonga-

tion. Then, the reaction mixture was redissolved in CH2Cl2 and

poured into cold CH3OH for recrystallization (0 8C, 48 h). The

resulting product was filtered and washed with CH3OH and

dried in vacuo for 6 days to evaporate the solvent. The synthesis

route of pentablock fluorinated polymer is represented in Figure

1(b). Both prepolymer and pentablock copolymer reactions

were conducted in solvent-free media via bulk polymerization.

A detailed characterization of fluorinated triblock prepolymer

(PLA–FLKD–PLA) and fluorinated pentablock copolymer

(PCL–PLA–FLKD–PLA–PCL) is given in our previous

publication.14

Scaffold Production by Electrospinning Process

TEGO sheets with weight percentages of 0.05, 0.1, and 0.2 were

dispersed in a acetone/DMF mixture (4:1 v/v) with a probe son-

icator for 5 min. Then, PCL polymer (12 wt %) and pentablock

copolymer PCL–PLA–FLKD–PLA–PCL (40 and 50 wt %) were

dissolved in the TEGO suspension solutions and stirred for 48 h

at 40 8C to obtain stabilized and homogeneous electrospun solu-

tions. The internal diameter of the nozzle was 0.8 mm. The

syringe was connected to a high-voltage regulated direct-current

power supply (HV Power Supply, ES30P-10W). A constant vol-

ume flow rate was maintained via a syringe-type infusion pump

(NE-1000 Programmable Syringe Pump, New Era). We per-

formed electrospinning process with PCL and TEGO/PCL elec-

trospun solutions with a constant nozzle–collector distance of

10 cm by tailoring the applied voltage in the range 10–20 kV

and the flow rate between 9 and 20 mL/min. Fluorinated penta-

block copolymer and TEGO-reinforced fluorinated pentablock

copolymer fibers were produced with a constant flow rate of 9–

10mL/min through changes in the nozzle–collector distance

between 10 and 20 cm and the applied voltage in the range of

10–20 kV. All electrospinning processes were performed under

ambient conditions (room temperature 5 25 8C)

Characterization

Weight average molecular weight (Mw) and number-average

molecular weight (Mn) values of the synthesized polymers were

determined with Malvern Viscotek-TDAmax gel permeation

chromatograph with DMF used as the eluent. The functional

groups and structural properties of the polymers and fibers

were investigated by Thermo Scientific Nicolet iS10 Fourier

transform infrared spectrometer. Renishaw inVia Reflex Raman

spectrometer was used to detect the presence of graphene in the

fiber structure. X-ray diffraction (XRD) analysis was performed

with a Bruker D-8 Advanced diffractometer. Thermal degrada-

tion behaviors of the electrospun TEGO-reinforced PCL and

fluorinated pentablock copolymer fibers were examined with

Netzsch thermogravimetric analyzer. Thermogravimetric analysis

curves of these produced fibers with related explanations are

given in Figures S1 and S2 (see the Supporting Information),

and the decomposition temperatures and final residue of the

neat and TEGO-reinforced fibers are shown in Tables S1 and S2

(see the Supporting Information). The surface morphologies of

the fibers were analyzed by a Leo Supra 35VP field emission

scanning electron microscope. The average diameters of electro-

spun fibers were calculated with Image J software.

Hydrolytic Degradation

Hydrolytic degradation of neat fibers, TEGO-reinforced PCL

fibers, and TEGO-reinforced fluorinated pentablock fibers was

carried out in a phosphate-buffered saline (PBS) solution at

pH 7.4. These samples were incubated at 37 8C and stirred at

150 rpm. Then, samples were taken out at select degradation

times of 3, 7, 10, and 15 days, and a qualitative evaluation of

the fiber degradation was analyzed by scanning electron micros-

copy (SEM).

Antimicrobial Activity

Antimicrobial activity of the produced fibers was studied by a

zone of inhibition test. S. aureus (Gram positive) and E. coli

(Gram negative) were grown in disposable Petri dishes in

Luria–Bertani media containing 10 g/L peptone, 5 g/L yeast

extract, 10 g/L sodium chloride, and 15 g/L agar. Petri dishes

were kept in a shaking incubator at 180 rpm and 37 8C for 18 h.

Figure 1. (a) Reaction scheme of fluorinated triblock prepolymer PLA–

FLKD–PLA and (b) the reaction scheme of fluorinated pentablock copoly-

mer PCL–PLA–FLKD–PLA–PCL.
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After cultivation, 200mL of an overnight culture of bacterial

cells was spread on Luria–Bertani agar in the Petri dishes, and

then, the fibers were placed on the surface of agar and incu-

bated at 37 8C for 18 h. After incubation, zone inhibition forma-

tion around the polymers was analyzed.

Cytotoxicity Test

The cytotoxic effects of the produced scaffolds on cells were

quantified by WST-1 colorimetric assay. A volume of 1 mL of

Dulbecco’s modified Eagle’s medium (DMEM) was added to

the scaffolds and incubated at 37 8C. After 3, 7, 10, and 15-day

incubations, DMEM was collected from the scaffolds. BJ fibro-

blasts were cultured in DMEM consisting of 10% fetal bovine

serum and 1% penicillin streptomycin ampicillin. The cells were

kept at 37 8C under atmospheric conditions (95% air and 5%

CO2). BJ fibroblasts were seeded in a 96-well plate and incu-

bated for 24 h. After the incubation period, the cells were

treated with DMEM, which was collected from the scaffolds and

incubated for 24 h. After that, the media was removed from the

BJ fibroblasts and washed with PBS. We calculated the cell via-

bility by measuring the absorbance of the formed formazan salts

at 450 nm.

RESULTS AND DISCUSSION

Fabrication of TEGO-Reinforced PCL Electrospun Fibers

Effects of TEGO amount and Applied Voltage on the

Morphologies of PCL Fibers. TEGO was incorporated in both

PCL and fluorinated pentablock copolymer during the electro-

spinning process to improve the interfacial interactions between

the polymer and graphene layers and also to provide mechanical

integrity to the scaffold structure. TEGO sheets had a density of

0.022 g/mL and an average graphene layer number of 25 and

contained 6% oxygen, as calculated by X-ray photoelectron

spectroscopy (according to the manufacturer). TEGO sheets had

a wormlike structure (the SEM images of TEGO are given in

Figure S3 in the Supporting Information). The sonication pro-

cess broke down the van der Waals forces between graphene

layers in the TEGO structure and initiated the exfoliation pro-

cess in the chosen electrospun solvent system. In the initial

study, the morphologies and fiber diameters of the TEGO-

reinforced PCL electrospun fibers were tailored through changes

in the TEGO amount and applied voltage. Table I presents the

average fiber diameters of the TEGO-reinforced PCL electro-

spun fibers as a function of TEGO amount and applied voltage.

The polymer concentration, flow rate, and nozzle–collector dis-

tance were kept constant in each fiber production. After the

incorporation of TEGO, the fiber diameter decreased because of

the dense stacking of graphene layers in the polymeric structure

and electrostatic interactions between the negatively charged

graphene sheets and the positively charged PCL polymer. As the

TEGO amount increased in the electrospun solutions, the varia-

tions occurred in the electrostatic balance between graphene

and its carrier polymer, and thus, the fiber diameter increased.

Figure 2 shows SEM images of TEGO-reinforced PCL electro-

spun fibers produced by changing TEGO amount and keeping

other electrospun process parameters constant. Phase separation

was observed in some regions of the fibers reinforced by 0.4

and 0.8 wt % TEGO. This stemmed from the instabilities of the

liquid jet during electrospinning and the formation of two dis-

tinct TEGO-rich and polymer-rich regions in the fiber structure.

On the other hand, as the TEGO amount increased, polymer

solution reached the saturation point, and continuous fiber net-

work formation was observed. In addition, the fiber diameter

increased with increasing amount of TEGO.

The effects of applied voltage on the morphologies and fiber

diameters of TEGO-reinforced PCL electrospun fibers were

investigated by SEM. Figure 3 shows the SEM images of TEGO-

reinforced PCL electrospun fibers obtained at applied voltages

of 10, 15, and 20 kV. The fiber diameter gradually increased

with increasing applied voltage and a constant amount of

TEGO. As the applied voltage increased, a charged jet travelling

to the collector became faster, and the solvent had less time to

evaporate; thus, the fiber diameter increased.

Structural Characterization of TEGO-Reinforced PCL

Fibers. Raman spectroscopy is an effective technique for detect-

ing the presence of graphene in the fiber structure, and it allows

one to identify graphene peaks and defects. Figure 4 shows the

Raman spectra for PCL fibers, PCL/0.8 wt % TEGO fibers, and

TEGO sheets. The Raman spectrum of TEGO had three main

peaks at 1338, 1580, and 2750 cm21, which corresponded to D,

G, and 2D peaks, respectively. The PCL fibers had characteristic

Raman peaks at 3100–2800 cm21 due to CAH stretching vibra-

tions, 1060–1106 cm21 related to skeletal vibrations, and 1281–

1305 cm21 due to methylene groups.36 Also, the peak at

1726 cm21 was attributed to the C@O bond of PCL. In the

Raman spectrum of TEGO-reinforced PCL fibers, G peak of

TEGO appeared at 1580 cm21, the peak belonging to PCL at

1300 cm21 became wider, and D peak of TEGO sheets over-

lapped with the methylene signals of PCL. Consequently, Raman

spectroscopy analysis showed the presence of TEGO sheets in

the electrospun fibers.

The changes in the crystallinity of PCL electrospun fibers with

increasing TEGO amount were investigated with XRD. XRD pat-

terns of TEGO sheets, PCL, and PCL/TEGO electrospun fibers

with different TEGO contents are displayed in Figure 5. TEGO

had a characteristic (002) peak at 26.8 8. PCL fibers had (110) and

(200) crystalline peaks at 21.3 and 23.8 8, respectively.37 After the

addition of TEGO into the fiber structure, crystalline peaks of

PCL shifted slightly toward higher angles, and the peak intensities

decreased because of the intercalation of polymer chains through

Table I. Average Fiber Diameters of TEGO-Reinforced PCL Electrospun

Fibers as a Function of TEGO amount and Applied Voltage

TEGO (wt %) Voltage (kV)
Average fiber
diameter (nm)

0 20 514 6 54

0.4 10 359 6 35

0.8 10 390 6 42

0.8 15 463 6 77

0.8 20 543 6 85

1.6 10 434 6 63
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graphene layers under an electric field during electrospinning.

Table II summarizes the peak intensity and 2h values of PCL fibers

and TEGO-reinforced PCL fibers.

TEGO-Reinforced Fluorinated Electrospun Fibers

Effects of TEGO amount and applied voltage on the

Morphologies of Fluorinated Fibers. The Mn and Mw values of

the fluorinated pentablock copolymer PCL–PLA–FLKD–PLA–

PCL obtained from gel permeation chromatography analysis

were 9936 and 22,003 g/mol, respectively. To produce a uniform

fiber structure and prevent bead formation in the electrospin-

ning process, polymers having high molecular weight are

required to adjust the proper viscosity of electrospun solu-

tions.38 Therefore, the concentration of fluorinated pentablock

copolymer was increased significantly up to 50 wt % to obtain

continuous fiber networks, whereas 12 wt % for the PCL

Figure 3. SEM images of (a) neat PCL fibers (flow rate 5 20 lm, voltage 5 20 kV, nozzle–collector distance 5 10 cm) and PCL/0.8 wt % TEGO fibers pro-

duced at applied voltages of (b) 10, (c) 15, and (d) 20 kV (flow rate 5 9 mL/min, distance 5 10 cm).

Figure 2. SEM images of (a) PCL/0.4 wt % TEGO, (b) PCL/0.8 wt % TEGO, and (c) PCL/1.6 wt % TEGO electrospun fibers.
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polymer was enough to produce electrospun fibers because of

its high molecular weight (Mw of PCL 5 80,000 g/mol). At this

point, the incorporation of TEGO as a nanofiller favored inter-

facial H bonding between graphene sheets and polymer chains,

and this caused an increase in the viscosity of fluorinated poly-

mer solution.39

We examined the morphologies of TEGO-reinforced fluori-

nated pentablock copolymer electrospun fibers by changing the

polymer concentration, TEGO amount, and applied voltage.

Table III represents the changes in the fiber diameter in terms

of different polymer concentrations, applied voltages, and

TEGO amount. Figure 6 presents SEM images of 40 wt % fluo-

rinated pentablock copolymer electrospun fibers produced by

changing applied voltage and keeping other process parameters

constant. As the applied voltage increased, the bead formation

was considerably reduced, and fiber diameter increased, as

given in Table III. Herein, higher applied voltage increased the

electrostatic repulsion forces between the tip of needle and col-

lector, and this resulted in a higher drawing stress in the jet.

These forces decreased the travel time of the polymeric jet

between the nozzle and collector, and thus, the formation of

beads was considerably reduced, and the fiber diameter was

enlarged.40

The diameter of fluorinated pentablock copolymer electrospun

fibers was tailored through changes in the TEGO amount. To

obtain the proper viscosity and reduce the instabilities in the

polymer jet, the polymer concentration was increased up to 50

wt %. Also, molecular weight of the polymer indicated the

length of polymer chains, and the polymer length defined the

amount of entanglement of polymer chains in the solvent.

Therefore, polymers having a high molecular weight resulted in

increasing chain entanglements in the solution; this was a vital

requirement for keeping the continuity of the jet during electro-

spinning. In this study, polymer concentration in the electro-

spun solution was kept high and adjusted to 50 wt %. Figure 7

shows SEM images of 50 wt % fluorinated pentablock copoly-

mer electrospun fibers with different TEGO amounts and the

neat fibers. Figure 7(a) presents the neat fluorinated pentablock

electrospun fibers prepared with a 50 wt % polymer concentra-

tion and an average fiber diameter of 150 nm. As shown in Fig-

ure 7(b), beads on the fiber string were observed at a 0.2 wt %

TEGO loading, and the fiber diameter decreased to 75 nm with

the addition of TEGO. Herein, TEGO sheets caused the shrink-

age of fibers under an electric field by increasing surface forces

during the formation of Taylor cone. On the other hand, as

shown in Figure 7(c), as the TEGO content increased, a

Figure 4. Raman spectra of the TEGO sheets, PCL fibers, and PCL/0.8 wt

% TEGO fibers.

Figure 5. XRD spectra of TEGO sheets, PCL fibers, and TEGO-reinforced

PCL electrospun fibers fabricated with different TEGO loadings.

Table II. Peak Intensity and 2h Values of PCL Fibers and TEGO-

Reinforced PCL Fibers

Sample

110
peak
(2h)

Intensity
of 110
peak (au)

002
peak
(2h)

Intensity
of 002
peak (au)

PCL fibers 21.06 243 23.44 117

PCL/0.4 wt %
TEGO fibers

21.16 159 23.48 86

PCL/1.6 wt %
TEGO fibers

21.06 142 23.62 70

Table III. Electrospinning Parameters of Fluorinated Pentablock Copoly-

mer and TEGO-Reinforced Fluorinated Pentablock Copolymer Fibers

Polymer
amount
(wt %)

TEGO
amount
(wt %)

Flow
rate
(mL/min)

Voltage
(kV)

Nozzle–
collector
distance
(cm)

Average
diameter
(nm)

40 0 10 15 10 110 6 10

40 0 10 20 10 175 6 18

50 0 9 15 10 150 6 42

50 0.2 9 15 20 75 6 30

50 0.4 9 15 20 220 6 87

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4349043490 (6 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Figure 6. SEM images of 40 wt % fluorinated pentablock copolymer electrospun fibers (solvent 5 4:1 v/v acetone/DMF) produced at applied voltages of

(a) 15 and (b) 20 kV.

Figure 7. SEM images of (a) 50 wt % fluorinated pentablock copolymer electrospun fibers, (b) 0.2 wt % TEGO/50 wt % fluorinated pentablock copoly-

mer fibers, and (c) 0.4 wt % TEGO/50 wt % fluorinated pentablock copolymer fibers.

Figure 8. (a,b) SEM images of 50 wt % fluorinated pentablock electrospun fibers at different magnifications (solvent 5 1:1 v/v DMF/CH3OH, applied

voltage 5 15 kV, and nozzle–collector distance 5 10 cm).
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continuous fiber network without beads was formed, and the

fiber diameter increased up to 220 nm because the viscosity of

the solution became higher with increasing TEGO amount. In

other words, the higher polymer concentration and higher

TEGO amount in the electrospun solution enhanced the inter-

actions between the polymer chains and graphene sheets. This

led to an increase in the solution viscoelastic behavior.

The type of solvent and its vapor pressure have a significant

influence on the diameter and morphology of electrospun

fibers.41 The solvent ratio and polymer concentration were

changed in the electrospun solutions to control the diameter of

the fluorinated fibers. Herein, the polymer concentration

increased up to 50 wt %, and the solvent mixture was changed

with DMF and CH3OH. Herein, the average diameter of these

fluorinated fibers increased and became 260 nm; this was com-

pared to fibers with an average diameter of 110 nm produced by

the mixture of acetone and CH3OH. This might have stemmed

from the lower affinity between the solvent and polymer, which

resulted in an increase in the fiber diameter. Also, the higher

polymer concentrations caused an increase in polymer chain

entanglements. Figure 8 shows SEM images of 50 wt % fluori-

nated pentablock electrospun fibers produced with a DMF/

CH3OH mixture (1:1 v/v).

Structural Characterization of TEGO-Reinforced Fluorinated

Electrospun Fibers. Figure 9 shows the Raman spectra of

TEGO sheets, fluorinated pentablock copolymer fibers, and flu-

orinated pentablock copolymer/0.4 wt % TEGO fibers. After the

addition of TEGO to the electrospun fibers, the D and G peaks

at 1340 and 1580 cm21 belonging to TEGO sheets appeared,

and the intensity of the characteristic Raman peaks of PCL

decreased because the Raman peaks of TEGO overlapped with

the polymer peaks and the peaks broadened in these regions.

This indicated the presence of TEGO sheets in the structure of

the fluorinated electrospun fibers.

Figure 9. Raman spectra of TEGO sheets, 40 wt % fluorinated pentablock

copolymer fibers, and 50 wt % fluorinated pentablock copolymer/0.4 wt

% TEGO electrospun fibers.

Figure 10. SEM images of the produced scaffolds incubated in PBS for 15 days: (a) 12 wt % PCL fibers, (b) 12 wt % PCL/0.8 wt % TEGO fibers, (c)

TEGO sheets, (d) 40 wt % fluorinated pentablock copolymer fibers, and (e) 50 wt % fluorinated pentablock copolymer/0.4 wt % TEGO fibers.
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Hydrolytic Degradation of TEGO-Reinforced

Electrospun Fibers

To study the effect of TEGO on the degradability of the fibers,

hydrolytic degradation tests were carried out over electrospun

fibers of the neat PCL and fluorinated pentablock copolymers

and their TEGO-reinforced electrospun fibers. The morpholo-

gies of the samples were investigated over a period of 15 days to

observe the degradation behavior of the produced scaffolds. Fig-

ure 10 shows the SEM images of TEGO sheets, neat PCL, PCL/

TEGO electrospun fibers, neat fluorinated pentablock copoly-

mer fibers, and TEGO-reinforced fluorinated fibers obtained at

3, 7, 10, and 15 days during hydrolytic degradation. In the first

3 days of degradation, no significant changes were observed on

the scaffold surface. After 7 days, structural deformation in the

scaffolds began, and the fibers became coarse and loose on the

15th day. This indicated the progress of the degradation process.

As a result, most of the fibers started to degrade after 15 days.

A similar degradation behavior for all fibers indicated that the

biodegradability of both PCL and fluorinated pentablock copol-

ymer was not affected by the addition of TEGO sheets. There

was also no significant change in the morphologies of TEGO

sheets after 15 days of degradation.

Antimicrobial Activity of TEGO-Reinforced

Electrospun Fibers

E. coli and S. aureus were used as model bacteria to evaluate the

antimicrobial activity of TEGO-reinforced electrospun fibers.

Neither PCL/TEGO fibers nor fluorinated pentablock copoly-

mer/TEGO fibers exhibited bacterial inactivation because there

was no inhibition-zone formation around the materials (Figure

11). In the published literature, however, both neat GO sheets

and GO incorporated into polymeric materials inhibited the

growth of E. coli and S. aureus and showed antimicrobial

effects.42,43 In addition, the type of GO used in these published

studies was produced by the application of Hummer’s

method,29 and this type of GO and its derivatives functionalized

by several reducing agents had significant numbers of oxygen

groups. This is required to prevent bacterial growth. A higher

amount of reactive oxygen species oxidizes fatty acids of bacte-

rial cell membranes and favors the production of lipid perox-

ides, and thus, a chain reaction leads to the decomposition of

the cell membrane and, thus, bacterial cell death.44,45 However,

the type of GO used in this study had a comparably low oxygen

content, and its structure contained mostly carbon bonds. Thus,

no antimicrobial activity was detected in the performed tests.

Consequently, the density of reactive oxygen groups in the

structure of antimicrobial agents had a serious effect on the

inhibition of bacterial growth.

Cytotoxicity of TEGO-Reinforced Electrospun Fibers

The biocompatibility of TEGO-reinforced electrospun fibers was

evaluated with a WST-1 colorimetric assay. The BJ fibroblasts

were treated with the media, which were collected from the

electrospun fibers on days 3, 7, 10, and 15 of incubation. Figure

12 shows the percentage of cell viability for TEGO-reinforced

Figure 11. Petri dish images of the antibacterial tests against S. aureus and

E. coli: (a) TEGO sheets, (b) PCL/1.6 wt % TEGO fibers, (c) fluorinated

pentablock copolymer/0.2 wt % TEGO fibers, and (d) fluorinated penta-

block copolymer/0.4 wt % TEGO fibers. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Cell viability of the produced scaffolds incubated in DMEM

for 15 days: (a) 12 wt % PCL fibers, (b) 12 wt % PCL/0.8 wt % TEGO

fibers, (c) TEGO sheets, (d) 40 wt % fluorinated pentablock copolymer

fibers, and (e) 50 wt % fluorinated pentablock copolymer/0.4 wt %

TEGO fibers. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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electrospun fibers. In the first 3 days, the cell viability did not

significantly decrease in any of the electrospun fibers. After 7

days, the cell viability decreased slightly in the media that were

collected from 12 wt % PCL/0.8 wt % TEGO fibers and 40 wt

% fluorinated pentablock copolymer fibers when compared to

the other electrospun fibers. We found that the media that were

collected from 12 wt % PCL fibers and 50 wt % fluorinated

pentablock copolymer/0.4 wt % TEGO fibers did not signifi-

cantly affect the cell viability up to 10 days, whereas the cell via-

bilities decreased to 61, 70, and 64% for 12 wt % PCL/0.8 wt %

TEGO fibers, TEGO sheets, and 40 wt % fluorinated pentablock

copolymer fibers, respectively. On the 15th day of the tests, the

cell viability of the electrospun fibers, except TEGO sheets (ca.

62%), was calculated to be about 50%. The results show that

the addition of 0.4 wt % TEGO to the fluorinated pentablock

copolymer fibers increased the cell viability, whereas there was a

reduction in the cell viability of 12 wt % PCL/0.8 wt % TEGO

fibers.

CONCLUSIONS

In this study, pentablock poly(L-lactide-co-e-caprolactone) with

a central fluorinated segment and PLA and PCL side chains was

synthesized by sequential ring-opening polymerization, which

was conducted in two steps: a fluorinated triblock prepolymer

with a central segment of FLKD and PLA side chains and the

attachment of PCL side chains to the reactive triblock prepoly-

mer. The fluorinated pentablock copolymer and PCL homopol-

ymer were converted into three-dimensional interconnected

porous scaffolds by the integration of TEGO sheets with an

electrospinning technique. The fiber diameter and fiber mor-

phologies were tailored through changes in the polymer molec-

ular weight, polymer concentration, applied voltage, type of

solvent, and TEGO amount to attain ideal an scaffold structure

through the prevention of the formation of beads. The physico-

chemical properties of TEGO-reinforced scaffolds were exam-

ined by SEM, Fourier transform infrared spectroscopy, Raman

spectroscopy, and thermogravimetric analysis. The fiber diame-

ter of TEGO-reinforced fluorinated pentablock fibers signifi-

cantly decreased compared to that of TEGO-reinforced PCL

fibers because of the lower molecular weight of the pentablock

copolymer. The molecular weight indicated the entanglement of

polymer chains in solutions, and this directly affected the solu-

tion viscosity. Thus, an ideal scaffold structure with a fluori-

nated pentablock copolymer was achieved through increases in

the polymer concentration up to 50 wt % and the control of

the viscosity with the addition of TEGO. In this study, we espe-

cially addressed the significant role of surface-oxygen functional

groups on the antimicrobial properties of graphene sheets. The

type of GO and its synthesis methods directly affected the anti-

microbial properties of graphene. TEGO produced by the ther-

mal treatment of GO having a low density of oxygen (6 wt %)

in its structure was used as an antimicrobial agent, and TEGO-

reinforced scaffolds did not show any antimicrobial activity in

in vitro studies. Consequently, the amount of surface functional

groups in the graphene structure had a significant effect on the

inhibition of bacterial growth, and these results brought new

insight to the relation between the surface composition of gra-

phene and its antimicrobial properties in biomedical

applications.
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