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Graphene oxide-reinforced electrospun scaffolds have attracted the attention of many researchers to be served in
biomedical applications such as tissue engineering and drug delivery. In this study, the nanofibrous scaffolds
were fabricated from polycaprolactone (PCL), gelatin (Gel) and modified-graphene oxide nanoparticles (GO NPs)
to investigate their possible application in bone tissue engineering. Alendronate (Ald.), as a bisphosphonate drug,
was immobilized covalently (Gel/PCL-GO-Ald.) and non-covalently (Gel/PCL-GO*Ald.) on the modified GO
surface. The modified GO NPs were characterized by FTIR, XRD, XPS, FESEM, TEM, and HRTEM analyses. The
incorporation of GO in the nanofibrous scaffolds improves the electrical conductivity, swellability, and me-
chanical strength of the fibers, which were investigated in this work. In vitro drug delivery of alendronate on both
Gel/PCL-GO-Ald. and Gel/PCL-GO*Ald., as a drug delivery model, were examined based on a colorimetric assay.
Gel/PCL-GO-Ald. hybrid nanofibers revealed good biocompatibility in the presence of human osteosarcoma cells,
and no trace of cellular toxicity was observed. Cell culture was monitored by FESEM, XRD (before and after cell
culture), and fluorescence analyses, which showed that the cells grown on the scaffolds exhibited a spindle-like
and broad morphology, and covered almost the entire fibrous surface uniformly. The scaffolds showed anti-
bacterial activity against E. Coli and S aureus bacterial strains. Toxicity and biocompatibility of the scaffolds
were i igated by MTT analysis. The response of the scaffolds to hemolysis of red blood cells was also studied.

1. Introduction between the various fiber components, but also the resulting nano-
composite should have minimal toxicity, high antibacterial activity,
good electrical conductivity, and high hydrophilicity [1-4]. PCL, as a
fully biodegradable and non-toxic polymer, is one of the popular
candidate for the preparation of scaffolggused in bone tissue engi-

In recent years, with the preparation and construction of polymer-
based scaffolds, a suitable alternative to repair or improve the func-
tion of damaged tissues with the help of tissue engineering has been

proposed. Scaffolds made from electrospun polymer nanofibers are
interesting due to their porous three-dimensional structure at the
nanoscale, which can simulate the chemical and physical structure of the
extracellular matrix (ECM) of the human body [1.2].

The choice of engineering polymers for use in bone tissue engi-
neering should be such that not only provides the suitable interaction
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neering [5]. Kim et al. [6] investigated the mechanical properties of
PCL-coated porous hydroxyapatite (HA) scaffolds and the release of
tetracycline hydrochloride from the scaffolds for application in bone
tissue engineerin: odir et al. [5] immobilized tetracycline hydro-
chloride on PCL/chitosan compaosite scaffolds with high mechanical
strength and controlled drug release, which improves ossification
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properties in tissue engineering applications.

However, PCL has disadvantages such as low hydrophilicity, low
mechanical strength, inability to function properly with drug molecules,
and low electrical conductivity, which limits its use in many tissue en-
gineering applications. Gelatin is a solid biopolymer made by hydro-
lyzing collagen in connective tissue or animal bones. Gelatin has several
advantages such as biodegradability, cost effectiveness compared to
synthetic polymers, lack of antigen formation, high biocompatibility,
high in vivo swelling, cell migration, accelerated adhesion, and the for-
mation of polyelectrolyte complex ability [2,7]. Nanofibers made from
gelatin, like collagen fibers, are cost- effective and also have biological
properties, that enhance the performance of immune system. One of the
main problems of gelatin is its dissolution at temperatures above 37 “C.
For this reason, gelatin is combined with a synthetic polymer (like PCL)
to preserve the shape and structure of the fibers. Due to the similarity of
gelatin with collagen, electrospinning of gelatin with other synthetic
polymers has attracted much attention in bone tissue engineering [2].

On the other hand, eted and controlled delivery of drugs with
high side effects is also one of the important tasks of prepared scaffolds
for application in tissue engineering and should be in a way that mini-
mizes the side effects associated with drugs. For example, Ald. is one of
these drugs, that its high doses cause severe side effects due to irritation
of the upper gastrointestinal tract, which severely limits its use in drug
delivery [8,9]. Bisphosphonates (BPs) are potential antiresorptive drugs
that their use in the metabolic bone diseases treatment has been well
known [10-12].@8d. is one of the most potent nitrogenous BPs drug in
the treatment of diseases such as osteoporosis, Paget's disease as well as
hypercalcemia of malignancy (8], and commonly used to treat osteo-
porosis [13,14]. The previous reports have shown that Ald. enhances
mesenchymal stem cells (MSCs) and osteogenesis of osteoblasts [10].
Ald. inhibits the activity of osteoclasts via famesyl diphosphate synthase
suppression, causing calcium salts to remain inside the bone and
reducing the process of osteoporosis [14]. Previous studies have shown
that Ald. stimulates the differentiation of osteoblasts and proliferation in
human bone marrow-derived MSCs [10]. Very recently, the same results
were also obtained by Shi et al. using Ald. crosslinked chitosan/poly-
caprolactone scaffold for osteogenic differentiation in vitro and new
bone formation in vive in rats with a critical-sized calvarial defect [15].
In another report, it was shown that locally implanted Ald. causes bone
formation in a critical-sized calvarial defect model in mice [16]. How-
ever, its high solubility in agueous media (due to its high hydrophi
nature) as well as in high doses leads to side effects and therefore in
order to be used in bone tissue engineering, it requires controlled release
through scaffolds with a convenient design. Therefore, by designing a
drug delivery sy with a very slow and controlled release, this
valuable drug can be used in bone tissue engineering. Recently, Rumian
et al., loaded sodium alendronate on poly({L-lactideco-glycolide) mi-
croparticles and then immobilized them on ceramic scaffolds for treat-
ment of the bone defects [17]. The prolonged release of Ald. showed that
10-100 pg/mL of Ald. is toxic to osteoblasts, while 5 and 2.5 pg/mL
concentrations did not hamper osteoblasts viability. Previously, the
cytotoxicity of sodium alendronate immobilized on solid lipid nano-
particles to A549 cells showed a low toxicity associated with alendro-
nate at 70-85% drug loading [15].

Due to the high surface-to-volume ratio of NPs, the drug molecules
can be immobilized on their surface at high loading rates. Also, rein-
forcement of nanofibrous scaffolds with NPs causes controlled and tar-
geted drug release in the physiological environment, as well as
improvement of electriggd conductivity, mechanical strength, and even
hydrophilicity of the scaffold for use in tissue engineering [19].
Graphene-based nanofibers, based on the number of layers, dimensions,
and chemical modifications provide good interactions with bio-
molecules, cells, and tissues [20,21]. The high aspect ratio associated
with GO NPs promotes cellular interactions. Drug molecules can be
loaded on the GO surface via covalent, ionic, or -1 stacking, resulting in
controlled release of a drug into the physiological environment [22].
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Studies have shown that GO can bind to- and proliferate bone and
mesenchymal stem cells [23]. It has also been shown that GO can
enhance the differentiation of bone stem cells due to their remarkable
mechanical properties [23]. Luo et al. fabricated the electrospun PLGA
/GO nanofibers with improved bone cell proliferation properties [24].
Based on their results, examination of cytotoxicity results after 1, 2and 3
days showed that the cell growth rate with GO increased significantly
compared to GO-free nanofibers. This improved cell growth was
attributed to the ability of proteins that can be adsorbed onto the surface
of the GO-loaded scaffold.

In the last decade, the application of scaffolds made of
nanomaterials-reinforced Gel/PCL nanofibers in bone tissue engineering
has been extensively investigated [25], and in most studies, nanofibers
have shown a successful effect on bone tissue healing [25,26]. Previ-
ously, Heidari et al. studied the application of tetracycline hydrochlo-
ride (TCH)-loaded PCL/Gel/GO nanofibers for use in nerve tissue
engineering, in which the n-n stacking interaction between TCH and GO,
controls the release of TCH [27]. Recently, the application of GO (1%
w/w)-reinforced PCL/Gel nanofibrous scaffolds has been evaluated in
cardiac tissue engineering [ 28]. Also, Kashte et al. reported the syner-
gistic effect of GO and Cissus quadrangularis (CQ) on the layer-by-layer
herbal cell PCL-GO-CQ scaffold for bone tissue engineering [29]. PCL
nanofibrous scaffolds containing Sr/Se-hydroxyapatite/GO [22],
gelatin-polycaprolactone-nanohydroxyapatite [2], in-situ polymerized
polypyrrole nanoparticles immobilized PCL [4], and PCL scaffolds
enriched with vitamin D3 -loaded LDH [30], were some of the recent
advancements in the use of PCL based-scaffolds in bone tissue
engineering.

Very recently, the PCL/Gel antibacterial scaffolds reinforced by
dicalcium phosphate (DCP}-modified GO with controlled release of
clindamycin were developed for possible application in bone tissue en-
gineering [25]. In this paper, the fabrication of nanofiber hybrid scaf-
folds using PCL synthetic polymer, gelatin natural polymer along with
GO modified by alendronate sodium trihydrate, was investigated. The
application of the obtained scaffolds was evaluated for possible use in
bone tissue engineering as well as controlled release of alendronate
drug. The scaffolds were made by electrospinning method, which in the
final scaffold, both polymer components were in the form of separate
fibers and have created a cohesive and intertwined structure. Gelatin,
despite having desirable biological properties, does not have good me-
chanical strength in the body environment; Therefore, its combination
with PCL has been used. Alendronate is also a bisphosphonate drug that,
despite its many medicinal properties, requires very slow release. In this
way, GO NPs were functionalized to control release of Ald., and then
used to prepare nanofibers.

2. Experimental
2.1. Materials

Alendronate sodium trihydrate was B.rdlased from selleckchem
company (Bioactive compounds expert). 3-(4,5-Dimethylthiazol-2-y1)—
Z,Miphehtetrazolimn bromide was provided from Sigma Aldrich for
MTT test. Gelatin Type B (from bovine skin) was purchased from Sigma.
High surface area GO NPs containing 9.4 wt% O and 90.6 wt% C, with a
thickness of 1.0 nm, a lateral size of 0.2-10 ym, and a 400 mz,a’g surface
area was provided from ACS MATERIAL Co. (Advanced Chemicals
Supplier). PCL 90000 g/mol (white pellet, melting point: 58-60 “C) was
purchased from Shenzhen Esun Industrial Co., Ltd., China. A standard
tetracycline disk (30 pg) was supplied from Fluka (75,141, yellow disk).
All solvents had an analytical grade with > 99% purity and were dried
before use.
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Scheme 1. Surface modification of GO by alendronate sodium trihydrate.

2.2, Graphene oxide functionalization

2.2.1. Surface modification of graphene oxide by thionyl chloride (SOClz)

Chlorine-functionalized GO was synthesized according to a proced-
ure reported elsewhernZ 5,31]. 2.0 g of GO was added to 25.0 mL of
SOCl; in a canonical flask. The mixture was stirred 1 h at room
temperature, then refluxed for one day. In the next step, the mixture was

led to ambient temperature and the remaining (unreacted) SOCL,
was removed under reduced pressure. The desired product (GO-Cl NPs)
was centrifuged, dried in vacuum at 90 °C, and stored in a P,O; powder
containing-vacuum desiccator (Scheme 1).

2.2.2. Surface modification of GO by alendronate sodium wrihydrate

Surface modification of GO by alendronate was performed by cova-
lent as well as ionic/H- bonding (Scheme 1). In covalent bonding,
chlorine-functionalized GO (1.0 g) was dispersed in dimethyl sulfoxide
(DMSO, 20 mL), and then alendronate sodium trihydrate (0.2 g), and
triethanolamine (2.0 mmol) was added to the mixture, and the mixture
was refluxed for 8 h. The mixture was then cooled and the GO-Ald. was
separated by centrifugation, washed with deionized water and EtOH,
then dried and stored in vacuum.

or ionic functionalization of alendronate on GO (Scheme 1), GO

(1.0 g) was dispersed in 20 mL of 0, then alendronate sodium tri-
hydrate (0.2 g) dissolved in DMSO (2.5 mL) was added dropwise to the
mix uring 30 min (The addition was done under ultra-sonication).
Then, the mixture was stirred at room temperature for 8 h. The resulting
GO*Ald. was centrifuged, washed with deionized water and EtOH, then
dried and stored in vacuum.

2.3. Preparation of Gel/ PCL, Gel/PCL-GO, and Gel/PCL-GO hybrid
nanofibers by electrospinning of their solutions

Electrospun preparation of the nanofibers was performed on a Flu-
idnatek LE-100 instrument from electrospinning Fluidnatek company
equipped with two syringe pump that can be injected from both sides
and each pump can inject three polymer solutions. In first, two solutions
of PCL in dimethyl carbonate (14% w/v), and gelatin in 90% acetic acid
(15% w/v) were prepared. The solutions were poured into the syringes
after 12 h of stirring. The Gel: PCL mixture was electrospun at a ratio of
50:50, so that PCL was spun in one syringe and gelatin from another

syringe to prepare the desired hybrid nanofiber [25].

A same procedure was also applied for the preparation of Gel/PCL-
GO, in which GO 2.5 wt% was sonicated for 1 h in dimethyl carbon-
ate. At last, the PCL polymer mixture was added to the dispersed GO and
the resulting solution was stirred for another 1 h. Finally, to produce the
desire Gel/ PCL-GO nanofibers, PCL-GO solution on one side and gelatin
polymer solution on the other side were electrospun.

Preparation of Gel /PCL-GO nanofiber scaffolds reinforced by cova-
lent- and noncovalent- bonded alendronate was also performed ac-
cording the mentioned procedure.

2.4. Physiochemical characterization of nanofibrous scaffolds

2.4.1. Electrical conductivity measurement of the nanofiber scaffolds

The electrical conductivity of the scaffolds was determined using a
Galvanostat - Potentiostat Autolab, PGStat 302 N model equipped with
two electrodes (from Metrohm Autolab company) in the range of
0.001-10° Hz. For electrical conductivity measurements, the nanofibers
were cut into 0.9 x 0.9 cm? species and using Eq. (1), the resistance (in
ohms) and the electrical conductivity (in pS /cm) of the nanofibers were
measured [32,33].

L1y

EC =

AxR )

Where EC is the electrical conductivity in pS/cm, R is the impedance in
Q, A is the surface area of the nanofiber, and L is the thickness of the
nanofiber. The thickness (L) of the nanofibers was measured with a UK-
made Shirley thickness gauge. In first, the electrical resistance (R) curves
against length of the nanofiber scaffolds (L) were plotted and the
resulting slope was resistivity (p) (ESI, Figz. Sla-d). The electrical re-
sistivity denoted by g (in £2m) was obtained by Eq. (2):

(2)

'“_T

2.4.2. Evaluation of mechanical properties of the nanofiber scaffolds

The mechanical properties of the scaffolds were studied using a
INSTRON 5566 UTM (UK) instrument in accordance with the ASTM
D638 (tensile test). In this way, the scaffolds were prepared using pre-
prepared molds according to a standard shape. The nanofibers were
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cut into equal rectangular shapes with 10-60 mm in dimensions, and
then placed between two jaws with a distance of 15 cm [34]. Using a
digital caliper (NEIKO 01407 A), the samples thickness was determined
from three different areas of the nanofibers. The tensile test was then
performed at 5 mm/min speed (until failure) at room temperature. A
load cell of 50 N was used for this experiment.

2.4.3. Swelling measurements of the nanofibers

The swelling amount of a film could be calculated in two different
ways, including (i) calculating changes in film volume before and after
swelling [35] and (ii) calculating changes in film weight in solvents
[36]. The swelling volume of the nanofibers (in mL/g) was calculated by
changing the weight of the film using Eq. 3 [37]:

Wo—W, 1

— 3
W d, )

Vi

Where V;, W2, Wi, and d; are the nanofiber swelling in mL/g, the swollen
network weight in gr, the weight of dry nanofiber in gr, and the PBS
buffer density (solvent), respectively.

In practice, the dry nanofibers were weighted to obtain W; and then
immersed in PBS at room temperature for 5 h to determine Wa. In order
to weigh the swollen scaffold in the PBS, it was first removed from the
solution by forceps, and weighed after a few seconds to drip excess
droplets from the surface of the scaffold [38].

2.5. Determination of alendronate concentration and release

To study the release behavior of alendronate from the nanofibers,
phosphate buffer was used as the acceptor phase (release medium) in
viro  [39]. To investigate the release of alendronate from
Gel/PCL-GO-Ald. and Gel/PCL-GO* Ald. nanofibers under physiological
conditions, a certain weight of nanofibers was added to 10 mL of
phosphate buffer at pH 7.4 at 37 °C under constant shaking. To deter-
mine the amount of alendronate released from the nanofibers, the
sample was completely removed from the medium at various time in-
tervals, and added to fresh phosphate buffer solution |. The amount
of alendronate was determined using a fast and sensiie colorimetric
method reported by Sun et al. based on Ce** triggered oxidation of 3,3,
5,5'-tetramethylbenzidine (TMB) [41]. The optical absorptions were
performed using a SPECORD 210 PLUS Analytikjena spectrophotometer.
This test was repeated for three days and three times per day. In this
method, TMB produces a blue oxidation product (oxTMB) in the pres-
ence of Ce*" and in the absence of any oxidant. In the presence of Ald.,
due to the redox reaction between Ce*" and Ald., the oxidation capacity
of Ce** is greatly reduced. Thus, based on the oxTMB absorption in-
tensity at 652 nm, the amount of Ald. was measured in the solution.
o has a blue color that changes to pale blue in the presence of Ald.

e response of Ce**-TMB system to Ald. concentr was inves-
tigated by UV-Vis. technique at Jp..= 652 nm (Fig. 52a). The absorption
intensities of the Ce**-TMB syst@l at 562 nm, decreases linearly with
increasing of Ald. concentration, while the AA increases systematically.
AA has linear response to the Ald. concentgation in the concentration
range of 0.1-10.0 pM and 10.0-60.0 pM, the linear fitting equa-
tions of AA =0.1149 + 0.04111 Cyrg (pM) (R = 0.9938) and
AA=0.3389 + 0.02020 Cpry  (pM) (R2 = 0.9939), respectively
(Fig. S2b).

To prepare 1 liter of phosphate buffer, potassium chloride (0.2 g),
sodium chloride (8.0 g), potassium dihydrogen sulfate (0.24 g), and
sodium hydrogen phosphate (44.1 g) were dissolved in 800 mL of
distilled water. The solution pH was adjusted to 7.4 by addition of 1 M
NaOH or 1 M HCl, and then the volume of the solution reached to 1 L
[42].
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2.6. Cells culture on the scaffolds to study cell morphology

100,000 ¢ ere cultured on the scaffolds. Prior to cell culture, the
scaffolds were maintained in DMEM (Dulbecco modified Eagle medium)
medium with 100 intentional units per mL of penicillin, 10% FBS fetal
serum, and streptocin. The scaffolds were sterilized under UV light, then
placed in a cell-free culture medium (in polystyrene -dishes) for 8 h.
Then, 1 mL of cell suspension containing 100,000 cells was poured into
each well and the culture dishes were incubated for 5 days with 5% CO2
and 95% humidity at 37 °C. Cell culture medium was frequently
replaced with fresh medium [ 43]. In following, the suspension solution
was removed from all wells and the samples were washed with PBS 1X.
The cells were then treated with glutaraldehyde for 3 h. The samples
were dehydrated for 15 min in 50%, 75%, 90% and 100% EtOH and
then treated with hexamethyl disilazans, and dried. Finally, to evaluate
the morphology of the cells, the completely dried samples were studied
by SEM analysis.

Cell viability on the nanofibrous scaffolds was studied on a Trans-
Detect® Cell LIVE/DEAD Viability/Cytotoxicity Detection Kit (China)
for differentiation between living and dead cells by Calcein-AM (pro-
vided in the kit), and Propidium iodide (PL), respectively. This test was
accomplished in accordance with the manufacturer’'s instructions, and
the cells were observed using a fluorescence microscope. Cell viability
was studied after 1 and 5 days of culture.

2.7. Disc diffusion test

The antibacterial activity of Gel/PCL, Gel/PCL-GO, Gel/PCL-GO-
Ald., and Gel/PCL-GO*Ald. nanofibers was evaluated by the disk
diffusion (DD) test against gram-negative E. coli and gram-positive
S. aureus bacteria [44]. For this test, the disks with 5.0 mm in diam-
eter from each of the nanofibers were punched by a sterile puncher and
sterilized under UV light for 20 min.

Bacterial suspension with a concentration of 0.5 McFarland was used
and spread out over the culture medium surface by a swap. The nano-
fiber discs were placed on the surface of the culture medium sterile
forceps and fixed on the medium with a small pressure. Then, the plates
were incubated for a day at 37 “C. Gel/PCL nanofiber (without Ald. and
GO) was used as a positive control in the test. The test was performed in
three replications and a mean value was reported for the diameter of
growth inhibition zone (in mm), which was measured using a digital
caliper (NEIKO 01407 A). Also, a standard tetracycline disc was used for
comparison.

2.8. MTT assay

To evaluate the cytotoxicityn'ld biocompatibility of the nano-
particles, Saos-2; G-292 (Human osteosarcoma cell line) was provided
from Pasteur Institute of Iran cell bank and cultured on Gel /PCL, Gel/
PCL -GO, Gel /PCL-GO*Ald., and Gel /PCL-GO-Ald. scaffolds. The
scaffolds were sterilizecad stored in RPMI-1640 growth medium with
100 IU/mL streptocin, 10% fetal bovine serum (FBS), and penicillin
before cell culture. Then, 1 mL of cell suspension containing 100,000
cells was added to each well. A well containing culture medium and
scaffolds-free cells was considered as a control sample. The plates were
incubated with 95% humidity and 5% CO3 for 1, 2, and 3 days at 37 °C
(COz INCUBATOR NB-203 made by N-BioTek, INC). After incubation
time, the grown cells were incubated for 4 h along with 20 pL of MTT
dye (5 mg/mL). Then, 250 pL of DMSO was added to each well, which
the yellow color of MTT powder turned purple. The plates were shaken
for 15 min, then the obtained solution was transferred to the 96-Well
ELISA Microplates. The samples (100 pL) was transferred to the wells
and their absorption was read at 570 nm using a Synergy HT spec-
trometer (BioTek USA). The cell viability% was calculated using the
following Eq. (4) [45-47]:
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Fig. 1. EDX analyses (mean of 6 points) of (a) GO [25], (¢) GO-Cl [25], (e) GO-Ald. (covalently bonded alendronate), (g) GO*Ald. (non-covalently bonded
alendronate (via ionic/ H-bonding)). XPS overall survey (normalized, energy corrected) analyses of (b) GO, (d) GO-Cl, (f) GO-Ald., and (h) GO*Ald.
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GraphPad Prism 4.7 statistical software was used in all tests to
analyze significant differences in the reported data.

Viability(%) = % 100 (4

2.9. Hemolysis test

Hemolysis test was used to evaluate the nanofibers function against
cell membrane disruption. Healthy volunteer blood specimens were
obtained from the Bahar Afshan Research and Production Company,
IRAN. For this purpose, 2 mL of blood taken from the volunteer collected
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in a tube containing EDTA was centrifuged at 13000 rpm for 2 min to
separate the red blood cells from the plasma, then washed three times
with PBS buffer. Then, they were poured into separate microtubes, so
that 100 million red blood cells were poured into the each microtube.
The final volume in each sample was then increased to 1 mLusing PBS at
pH 7.4, and a punched piece of each of the nanofibers (0.5 cm in
diameter) was added into the microtubes. The microtubes were incu-
bated for 1 h at 37 “C. The tubes were then centrifuged at 5000 rpm for
5 min, and then the absorption of the supernatant was read at 540 nm.
Erythrocytes treated with 1% Triton X-100 solution and buffer were
used as a positive and negative control, respectively. Each test was
repeated 3 times for each nanofiber and the results were reported as
average [48].

3. Results and discussion
3.1. Studies over the characterization of modified GO

3.1.1. Determination of Ald. loading on GO

The amount of alendronate loaded on GO was measured using the
Ce*" triggered oxidation based on a method reported by Sun et al. [49].
This experiment was repeated three times on Gel/PCL-GO-Ald. and
Gel/PCL-GO*Ald. scaffolds and mean values were reported. According
to the results, the loading rate of Ald. on GO via covalent- and
ionic/H-bonding was equal to 7.6 wt% and 10 wt%, respectively. Since
2.5 wt% of GO is added to the PCL polymer blends, therefore, the
polymer blends contain 0.25 and 0.19 wt% of Ald. for ionic and covalent
bonding, respectively.

3.1.2. EDX analysis

Energy dispersive X-ray (EDX) analysis of GO was conducted using a
JEOL 7600 F FE-SEM, equipped with an energy dispersive X-ray spec-
trometer from Oxford Instruments. The findings were completely
consistent with the EDX results (Fig. 1- a,c,e,g). The elemental analysis
also proved the successful functionalization of GO surface with Cl and
Ald. As shown in EDX spectrum of GO-Cl (Fig. 1c), the detection of Cl
with 8.8 wt% confirmed the successful chlorination of GO. The presence
of P and N elements in Ald. helped to detect its immobilization on GO
(Fig. le,g). Removal of Cl element in the EDX spectrum of GO-Ald.
(Fig. le) also confirmed that Ald. was immobilized on GO via the co-
valent bonding. Higher levels of P and N in GO*Ald. indicate higher
loading of Ald. through ionic interactions compared to covalent bonding
in GO-Ald. (Fig. 1g) [25].

3.1.3. xfanalysis

XPS (X-ray photoelectron spectroscopy) analyses were performed
using an XR3E2 (VG Microtech) twin anode X-ray source with Al-Ku
(1486.6 eV) radiation to identify the elements in GO as well as the
modified-GO. The results shown in Fig. 1-b,d,fh were completely
consistent with the results of the EDX analysis and have the expected
elements for the each samples. The results confirm the successful
immobilization of Ald. on GO in both covalent- (Fig. 1f) and ionic-
(Fig. 1h) bonding with the presence of peaks related to the P2p and P2s
binding energies at 130 eV at 170 eV, respectively.

3.1.4. FTIR analysis

GO surface functionalization was studied by FTIR analysis at each
step (FTIR spectroscopy BXI, Joel jsm-6360, Germany) (Fig. 2). Two
absorptions at 1735cm™' and 3417 em™! with strong intensities
represent the C—=0 stretching vibrations (carboxylic acid) and O-H
groups on the surface of functionalized GO, respectively (Fiz. Za). A
strong peak at 725 cm™, attributed to the stretching vibration of C-Cl,
confirmed the chlorination of carboxylic acid groups in GO using SOCls.
Moreover, the OH groups absorption intensity was significantly reduced
at 3379 cm ™ related to the carboxylic acid, which was another proof for
the functionalization of the carboxylic groups with Cl (Fig. 2b) [25].
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Fig. 3. TEM and HRTEM images of (a),(b) GO and (c).(d) GO-Ald., and (e),(f) GO*Ald. nanoparticles, respectively. The inset figures in HRTEM images represents the
selected area electron diffraction (SAED) patterns obtained from the HRTEM analyses.

Immobilization of Ald. via the amide bonding, removes the C-Cl peak,
indicating its successful immobilization on the GO surface. Also, the
strong absorptions at 1056-1146 cm ™! indicate the stretching vibrations
belonging to the (P{=0)OH) group (Fig. 2¢) [49]. A strong absorption at
946 cm™! was also assigned to the P — OH stretching vibration. Tonic
immobilization of Ald. also significantly reduced the OH peak intensity
(carboxylic acid), which confirms its successful immobilization. Also,
the peaks related to (P{=0)0H) and P=0 vibrations were quite evident
in the spectrum.

3.1.5. FE-SEM, TEM, and HRTEM analyses

The shape and morphology of the unmodified and Ald.-modified GO
NPs was studied by FESEM, TEM, and HRTEM images (Fig. 3). As shown
in Fig. 3a,ce, the GO NPs have a multi-layer sheet arrangement with
wrinkled structure and have a very homogeneous morphology in
agreement with the literature [25,50|. GO NPs also retained their sheet

structure after functionalization, indicating the stability of the NPs.
HRTEM images were taken on a FEI Tecnai G2 F20 Super Twin TEM with
afield emission gun at 200 kV. From HRTEM images, dark spots indicate
Ald. immobilization on the GO surface (Fig. 3d,f). This can be proved by
comparing HRTEM image of GO (Fig. 3b) with those functionalized with
Ald. (Fig. 3d,f). From this viewpoint, both GO-Ald. and GO*Ald. were
successfully immobilized on the GO surface.

3.2, Studies over the characterization of nanofibrous scaffolds

3.2.1. FESEM, TEM, HRTEM, and fiber diameter distribution analyses

3.2.1.1. Gel/PCL scaffold. Morphology of Gel/PCL-GO and Gel/PCL
scaffolds were studied using a Field emission scanning electron micro-
scopy (FE-SEM) TESCAN MIRA3 instrument (Fig. 4&5). Also, fiber
diameter distribution of the nanofibers was measured by a so-called “by
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Fig. 4. (a), (b) FESEM images [25], (¢) fiber diameter distribution [25], and (d) TEM image of Gel/PCL nanofibrous scaffold.

hand’* method [51], in which the width (W) and length (L) of each fiber
was measured for 200 fibers by a numerical caliper. Based on the results,
Gel/PCL and Gel nanofibers had an almost narrow fiber
diameter distribution with an average diameter of 250 nm (Fig. 4&5).
However, the smaller diameter of the GO-containing nanofibers than
Gel/PCL, demonstrates the suitable interaction of GO in the nanofiber
framework. Electrical conductivity and viscosity of a solution are two
important factors in electrospinning that affect the diameter of nano-
fibers [25,52]. Previous reports indicated that decreasing the solution
viscosity and increasing of electrical conductivity, reduce the nanofibers
diameter [53]. In the present study, the electrical conductivity of the
solution increased after the addition of GO [54,55]. The main reason for
decreasing the nanofibers diameter was the high electrical conductivity
of the solution, which during the electrospinning process, leads to the
stronger electrostatic repulsion forces at negative charges accumulated
in the syringe [56]. The observed homogeneous morphology for the
nanofibers showed the suitable interaction of Gel and PCL solution
phases (as well as with GO in Gel/PCL-GO nanofibers).

Previous reports show that the electrospinning process is dependent
on viscosity of the solution, and directly affects the diameter of the
resulting nanofibers [57.58]. In general, during electrospinning of a
polymer solution, the polymer solution jet is subjected to aerodynamic
drag [59]. Shear forces in polymer solutions directly affect the fiber
stretching and subsequently the fiber diameter distribution [58.59]. The
higher viscosity of the polymer solution causes an irregular flow of air

exiting the nozzle and therefore requires more airflow for electro-
spinning, which leads to a greater distribution of nanofiber diameters
(changes in airflow cause changes in the amount of stretching and
shearing on the fibers) [58,60]. As the viscosity of a polymer solution
increases, the fibers become more difficult and unstable to stretch,
increasing the nanofiber diameter. On the other hand, the electrostatic
repulsive forces responsible for controlling the formation of fibers in
electrospinning overcome the surface tension, and the resulting fiber
diameter is the result of these forces [58]. In this study, with increasing
viscosity in PCL-GO-Ald. and PCL-GO*Ald. solutions, the diameter of the
nanoparticle fiber increased slightly.

3.2.1.2. Gel/PCL-GO scaffold. TEM and HRTEM images also confirmed
the suitable dispersion and proper interaction of GO with the nano-
fibrous scaffolds. As shown in Fig. 5b, GO sheets are well coated on the
nanofibers, and this structure was responsible for the high mechanical
strength observed for the nanofibers compared to the GO-free fibers. In
addition, the HRTEM images clearly show the arrangement of the GO
sheets along the Gel/PCL fibers as shown in Fig. 5b (Fig. 5d,e). Due to
the interaction of GO NPs in Gel /PCL-GO, the fiber diameter distribution
in this nanofiber has shifted to smaller diameters, in full agreement with
the previous reports (Fig. 5f) [61,62].
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Fig. 5. (a) FESEM [25], (b), (¢) TEM images, (¢)-(e) HRTEM images, and (f) fiber diameter distribution of Gel/PCL-GO nanofibrous scaffold [ 25]. The inset figure (d)

in HRTEM images represents the SAED pattern obtained from the HRTEM analysis.

Table 1
Viscosity measurement of polymeric solutions.

Polymeric PCL Gelatin PCL-GO PCL-GO- PCL-

solution [25] [25] [25] Ald. GO=Ald.

Viscosity (cp) 4487 3987 504.6 508.1 508.8
Table 2

Electrical conductivity measurement of 100 em” of Gel/PCL | 25], Gel/PCL-GO
(2.5% graphene) [25], Gel/PCL-GO-Ald. (2.5%GO, 0.19 wt% Ald.), and
Gel/PCL-GO*Ald. (2.5%GO0, 0.25 wt% Ald.) hybrid nanofibrous scaffolds.

Sample Electrical conductivity Impedance Average thickness
_a (uS/em) (€ (nm)
Gel/PCL il 1995 250
Gel /PCL-GO 306 3z0 248
Gel /PCL-GO- 3l4 309 252
Ald.
Gel /PCL- 323 300 252

GO*Ald.

3.3. Physiochemical characterization of the nanofibers

3.3.1. Viscosity rement

The viscosity the polymer solutions was measured using a
Brookfield viscometer, DV-11+pro (USA) with a 45 rpm spindle rotation
rate [63]. The results of measuring the viscosity of gelatin, PCL, and
PCL-GO solutions were shown in Table 1. The increase in viscosity of the
GO-containing nanofibers can be attributed to n-n stacking interactions
[25,51]. In another word, loading of GO leads to the reduction in free
volumes at the interface of GO nanosheets and PCL polymer chains. In
fact, the presence of O and N in the GO framework provides a hydrogen
bond between Ald. and PCL chains and increases their interactions, and
consequently increases the solution viscosity in the GO-containing
nanofibers [25,39,52]. Immobilization of Ald. on GO did not have a
significant effect on the resulting polymer mixture viscosity and the
slight increase observed in viscosity can be attributed to the increase in
hydrogen bond interactions between the GO plates modified with Ald.
and PCL. As shown in Table 1, PCL-GO-Ald. and PCL-GO*Ald. have the
similar viscosity equal to 508.1 cp and 508.8 cp, respectively.
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Scheme 2. The plausible interaction of Ald. with GO via (a) amide bond resonance and (b) ionic interaction.

Ald.) hybrid nanofibrous scaffolds. The results indicated a significant
decrease in the impedance of the nanofibers after the addition of GO
(Increase of the electrical conductivity of the nanofiber scaffolds)
(Table 2). According to the results, the incorporation of GO NPs into the
electrospun nanofibers framework leads to a significant increase in the
electrical conductivity of the scaffolds from 3.1 pS/cm to 30 pS/cm for
Gel/PCL and the GO-containing fibers, respectively [25]. As shown in
Fig. 5f, the fiber diameter distribution in Gel /PCL-GO has shifted slightly
towards smaller diameters. In accordance with the previous reports [27,
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Table 3
Mechanical properties of Gel/PCL [25], Gel/PCL-GO [25], Gel/PCL-GO*Ald.,
and Gel/PCL-GO-Ald. scaffolds.
Nanofiber Stress at brealc Strain at breal Ultimate tensile strength
_a (MPa) (%6) (MPa)
Gel/PCL 35+01 116 + 6.2 B.5+03
Gel /PCL-GO 52402 934+ 7.1 144 + 0.3
Gel /PCL- 54 4+ 02 934+ 57 147 + 0.4
GO*Ald.
Gel /PCL-GO- 53+02 934+ 3.1 151 £ 0.3
Ald.
Table 4
Swelling measurements of Gel/PCL [25], Gel/PCL-GO [25], Gel/PCL-GO-Ald.,
and Gel/PCL-GO*Ald. nanofibers after 5 h.
Solvent aell'mg of nanofiber (mL/g)
Gel/PCL Gel/PCL-GO Gel /PCL-GO-Ald. Gel/PCL-GO*Ald.
FBS buffer 14.0 18.5 18.4 17.8

3.3.2. Electrical conductivity measurements

T'able 2 shows the results of the electrical conductivity measurements
on 100 cm? area of Gel/PCL, Gel/PCL-GO (2.5% GO), Gel/PCL-GO-Ald.
(2.5%G0, 0.19 wt% Ald.), and Gel/PCL-GO*Ald. (2.5%G0O, 0.25 wt%

a
@) Angle: 87.6°

(c)
Angle: 58.60°

Time (h)

Fig. 7. Monitoring of release of alendronate from Gel/PCL-GO-Ald. and Gel/
PCL-GO*Ald. during 70 h.

(b) Angle: 68.82°

Angle: 62.04°

Fig. 6. Contact angles of the nanofiber scaffolds in pure water: (a) Gel/PCL [25], (b) Gel/PCL-GO [25], (¢) Gel/PCL-GO-Ald., and (d) Gel/PCL-GO*Ald. after 3 s.
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Fig. 8. The morphology of bone cells on the scaffolds: (a)-(¢) Gel/PCL, (b)-(f) Gel /PCL-GO-Ald., and Gel /PCL-GO*Ald.

64], the addition of GBD the electrospinning solution reduces the
diameter of the fibers, which results in an increase in electrical con-
ductivity. The results indicated that the Gel/PCL nanofibers containing
2.5 wt% GO has about 11 times the electrical conductivity compared to
the GO-free nanofibers. This increase in electrical conductivity was
consistent with the application of scaffolds in bone tissue engineering.
The results showed that the immobilization of Ald. led to slight in-
crease in the electrical conductivity of the nanofibers. The resulting
amide bond in Gel/PCL-GO-Ald. scaffold reduces the resonance of the
carbonyl groups with the aromatic rings in GO, and therefore these
electrons are more involved in conductivity (Scheme 2). In the ionic
(non-covalent) state, a similar explanation can be given in which the
carboxylic groups become ionic by interaction with Ald. and its reso-
nance with the GO-aromatic rings is reduced and thus the electrical
conductivity of the scaffold increases (Scheme 2). Comparison of the
electrical conductivity of GO with rGO (with much fewer carboxylic
groups than GO), also confirms the explanation, that the reduction of
carboxylic acid groups significantly increases the electrical conductivity
in rGO [61.62]. These two interactions were shown in Scheme 2.
Differences in how Ald. immobilized on GO, also affected the elec-
trical conductivity of the resulting fibers. As shown in Table 2, Gel /PCL-
GO*Ald. (with ionic/H-bonding immobilization of Ald. on GO) provides
higher electrical conductivity than Gel/PCL-GO-Ald. (with a covalent

11

amide bond). This difference can be attributed to a weaker bond/
interaction than a covalent amide bond, that leads to a stronger electron
current for GO.

3.3.3. Mechanical properties

The properties of nanofibers, their geometric arrangement and
entanglement between the fibers, determine the properties of the pre-
pared nanofibers, that were studied by tensile-§24ain test in this wok.
Table 3 shows the tensile measurement for each Gel/PCL, Gel /PCL-GO,
Gel/PCL-GO*Ald., and Gel/PCL-GO-Ald. nanofibers. According to the
previous reports [25,65], GO significantly enhances the mechanical
properties of nanofibers in comparison with Gel/PCL fiber, that was also
shown in this study (Table 3). This increase is the result of strong
interaction of GO with Gel and PCL fibers. Various studies have shown
that the addition of more than 0.1 wt? of GO to the nanocomposite
reduces the Young's modulus as well as the tensile strain [25,66], butin
this study it was shown that at 2.5 wt% of GO, Gel/PCL-GO nanofiber
has superior mechanical properties than Gel/PCL nanofiber, which can
be attributed to the proper distribution and strong interaction between
polymer chains and GO. Proper distribution of GO NPs in the scaffold
nanofibers (Fig. 5) was responsible for the high mechanical strength
observed for the GO-containing scaffolds. The strain at break was also
reduced after the addition of GO, which indicates an improvement in the
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Fig. 9. Fluorescence microscopy images of G-292 cells on (a) Gel/PCL, (b) Gel/
PCL-GO-Ald., and (¢) Gel/PCL-GO*Ald. after 1 and 5 days of cell culture.

mechanical properties and stiffness of the nanofibers (Table 3). Immo-
bilization of Ald. had no significant effect on the mechanical properties
of the fibers. As shown in Table 3, the tensile strength for
Gel/PCL-GO* Ald. and Gel/PCL-GO-Ald. nanofibers was about 15 MPa.

3.3.4. Swelling measurements

Swellability studies on the nanofibers showed that hydrophilicity on
nanofibers has increased (Table 4). 14.0 mL/g swelling was measured
for Gel/PCL nanofiber scaffold, which increased to 18.5 mL/g in Gel/
PCL-GO scaffold. Due to the high aspect ratio associated with GO NPs,
they provide high water adsorption capacity for the GO-containing
scaffolds [25]. Ald. immobilization had no significant effect on swell-
ability of the scaffolds and remained constant after Ald. immobilization.

3.3.5. Investigation of contact angle of the nanofiber scaffolds to evaluate
the amount of hydrophilicity
The hydrophobic-hydrophilicity properties of the scaffolds were
determined by measuring the contact angle of a water molecule on the
scaﬁ‘olcasing a Sony Color Video Camera, SSC-DC318P model. For this
goal, 1 pL of distilled water was placed on the nanofiber surface with a
syringe and after 3 s of placement, a photo was taken. Contact angle was
reported using “Image J” software. The tendency of nanofibers to absorb
or repel water greatly affects their application in tissue engineering.
Generally, nanofibers with hydrophilic nature increase adhesion and
subsequent cell proliferation in comparison with nanofibers with hy-
drophobic nature with insufficient surface sites to interact with cells.
Hydrophilicity also improves the distribution of cells throughout the
scaffold surface and leads to the suitable supplementation of oxygen and
other nutrients to the scaffold. The contact angle of water droplets with
the scaffold was the exact measure of hydrophobicity or hydrophilicity
scaffold. Fig. 6 shows the results of contact angle measurements for
Gel/PCL, Gel/PCL-GO, Gel/PCL-GO-Ald., and Gel/PCL-GO*Ald. nano-
fibers. Hydrophobic nature of PCL with a contact angle of about 145
+1° [8,25,52], has largely limited its application in tissue engineering.
On the other hand, Gel, is a hydrophilic polymer, and its combination
with PCL greatly increases the hydrophilicity of the resulting Gel-PCL

1z
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nanofiber scaffolds. This difference was reflected in the contact angles
of Gel/PCL and PCL scaffolds. The results indicate that the addition of
GO to Gel/PCL nanofibers increases the hydrophilicity of scaffolds [ 25].
This increase can be attributed to the presence of hydrophilic functional
groups that resulted in a hydrogen bond between Gel and PCL polymer.
As showed in Fig. 6b, after the addition of GO NPs to PCL fibers, the
contact angle in Gel/PCL-GO deceased to 68.83° (Fig. 6b) [25]. In this
viewpoint, the electrospun nanofiber scaffolds are a suitable candidate
for application in biomedical applications for sake of their increased
hydrophilicity. The minimum contact angle value was 58.60° for
Gel/PCL-GO-Ald. (Fig. 6¢). This decrease was due to the immobilization
of Ald. groups on the GO surface that has the ability to create a strong
hydrogen bond with water. The contact angle for the immobilized Ald.
via ionic interactions increased slightly (Fig. 6d).

3.4. Release studies of alendronate from the nanofibrous scaffolds

Alendronate release from Gel/PCL-GO-Ald., Gel/PCL-GO*Ald. and
Gel /PCL*Ald. nanofibers was investigated at 37 °C in phosphate buffer
(Fig. 7). The effect of the presence of GO on the structure of the fibers in
the study of Ald. release showed that in the absence of GO, in the first
10 h, the sudden release of the drug occurs by 35%, and reaches 77% for
70 h. The results showed that alendronate release rate at 37 °C in the
first 10 h was about 22% for Gel/PCL-GO*Ald. nanofibers. Whereas, for
Gel/PCL-GO-Ald. only 10% Ald. release was observed in the same time
period. This release was slow and controlled due to covalent immobili-
zation of Ald. (via strong amide bond) on GO, which occurs due to slow
hydrolysis in the buffer medium. The sudden release of the drug in the
first 10 h can be attributed to the presence of Ald. with ionic and
cleavable hydrogen bonded to the nanofiber scaffolds. Also, the drug
release curves from Gel/PCL-GO-Ald. and Gel/PCL-GO* Ald. nanofibers
show that the release rate for Gel/PCL-GO-Ald. has decreased over time.
Release values after 70 h were measured for Gel/PCL-GO-Ald. and Gel/
PCL-GO*Ald. as 25% and 52% of the total amount of Ald. loaded on GO,
respectively. From Fig. 7, it can be seen that with the addition of GO, the
release was slower, which can be attributed to the special ability of GO
to form ionic (hydrogen) or covalent bonds with drug molecules.

Given that the amide bond is a strong covalent bond and is not easily
hydrolyzed at pH 7, two possible reasons can be given for it: (1)
distortion at the amide bond resonance and lose of double bond char-
acter that facilitates nucleophilic and (or electrophilic) attack and sub-
sequent hydrolysis of the amide bond. On the other hand, the carbonyl
group also has resonance with benzene rings in GO, which weakens the
amide bond character (reduces resonance with amide bond).

(2) The proximity of Ald. immobilized on the GO surface, also de-
viates the amide bonds from the planar structure and allows free rota-
tion around the C(0O)-N bond. Nevertheless, Ald. release was done with a
very gentle slope, that was very convenient for such a toxic drug with
high side effects.

Mahesh et al. reviewed the amide bond activation in biomolecules
and showed that there are various enzymes-catalyzed pathways for the
cleavage of inactivated and highly stable amide bonds in body [67].

3.5. Investigation of cell culture on the nanofiber scaffolds

3.5.1. FESEM studies

Investigation of cell growth process on biological scaffolds that
mimic the extracellular matrix (ECM) is of great importance, because the
prepared scaffolds must have appropriate cellular behavior. At first, the
cells were spherical, and expanded with the growth process. The larger
the number of flattened cells than spherical ones, represents that the
scaffold is more suitable for biological applications [68.69]. In this
study, G-292 cells were used to evaluate cell attachment and adhesion to
the scaffolds. The morphology of osteocsarcoma cells on Gel/PCL and
Gel/PCL-GO-Ald. fibrous specimens after 5 days was shown in Fig. 8.
The images confirm the morphology and interaction between cells and
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Fig. 10. XRD patterns of (A) Gel/PCL, (B) Gel/PCL-GO, (C) Gel/PCL-GO-Ald., and (D) Gel/PCL-GO*Ald. nanofibrous scaffolds, (a) before and (b) after 5 days of G-

292 cells culture.

the nanofiber scaffolds. In this figure, a large number of cells with ho-
mogenous morphology on Gel/PCL and Gel / PCL-GO-Ald. scaffolds
made good interactions in different directions of the fiber arrangement.
Also, the cells retained their natural morphology and showed an inter-
connected cell layer on the nanofiber scaffolds.

3.5.2. Fluorescence technique

Cell culture on the scaffolds was also studied by fluorescence tech-
nique on a confocal fluorescence microscope (Leica Microsystem,
Mannheim, Germany). As shown in Fig. 9, very few cells die within 5
days, and cell culture from day 1 to day 5 clearly reflected the
biocompatibility of the scaffolds. Also, compared to Gel/PCL scaffold
(Fig. 9a), cell growth on the Gel/PCL-GO scaffold was much higher in 5
days, which indicates the effect of Ald. immobilization on the biocom-
patibility of the resulting scaffolds and consequently the cell prolifera-
tion (Fig. 9b,c).

3.5.3. XRD patterns of the scaffolds before and after cell cuirurea

XRD patterns for all of the prepared scaffolds including Gel/PCL,
Gel/PCL-GO, Gel /PCL-GO-Ald., and Gel/PCL-GO*Ald. were also studied
before and after cell culture. To investigate the scaffolds by XRD analysis
after G-292 cell culture, immediately after cell culture on the scaffolds
after 5 days of incubation, the crystalline nature of the nanofibrous
scaffolds was studied on a Bruker D8/Advance powder X-ray diffrac-
tometer with Cu-Ku radiation (1 = 1.54 A) at scanning rate of 1 step per
second and 0.15%/step. The XRD instrument was equipped with an FTS
XR AirJet Sample Cooler (model XR 401, SP Industries, Inc., USA) to
maintain the analysis temperature at 37.5 + 0.2 °C. Fig. 10 shows the
crystal structure of the scaffolds before and after cell culture. The XRD
pattern of Gel/PCL scaffold shows three characteristic peaks at
20 = 21.5°, 22°, and 23.7° according to the crystal structure of PCL
(Fig. 10A-a) [70]. Deviation of the peaks from the completely crystalline
state (as sharp peaks) in pure PCL indicates the suitable blending and
consequently proper interaction between PCL and amorphous Gel
polymers [71]. The presence of GO NPs in Gel/PCL-GO scaffold was
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Table 5
Antibacterial activity of Gel/PCL, Gel/PCL-GO, Gel/PCL-GO-Ald., Gel/PCL-
GO*Ald. nanofiber scaffolds against E. coli and S. aureusa.

Microorganism  Nanofiber Growth inhibition zone
(mmy), Mean-+SD
Ecoli Gel/PCL[25] -
Gel/PCL-GO25] 7+025
Gel/PCL=Ald. (0.25 wt% Ald.) 15 + 0.26
Gel/PCL-GO-Ald. (2.5%G0, 15 £ 014
0.19 wt% Ald.)
Gel/PCL-GO*Ald. (2.5%G0, 19 + 0.55
0.25 wit% Ald.)
Tetracycline (30 pg)25] 21 +0.00
S. aureus Gel/PCL[25] -
Gel/PCL-GO25] 94025
Gel/PCL=Ald. (0.25 wt% Ald.) 16 + 022
Gel/PCL-GO-Ald. (2.5%G0, 16 £ 0.10
0.19 wt% Ald.)
Gel/PCL-GO*Ald. (2.5%G0, 22 4042
0.25 wit% Ald.)
24 + 0.00

TetrB:l[ne (30 pg)l25]
* The disk diffusion test was repeated triple for each nanofiber and a mean
zone diameter was reported.

confirmed by the appearance of a low-intensity peak at 28 = 11° (The
peaks related to the GO crystal structure were indicated with an asterisk
in the X-ray diffraction patterns) (Fig. 10B-a) [72]. The lack of signifi-
cant change in the XRD patterns of Gel/PCL-GO and Ald.-containing
scaffolds indicates the proper dispersion of GO NPs as well as Ald. in
the scaffolds (Fig. 10B-a, C-a, D-a).

Cell culture on the scaffolds caused the peaks to deviate from the
crystalline state, which was more for the scaffolds containing Ald. In
addition, due to the biodegradable nature of Gel/PCL scaffolds in the
physiological environment [4-6], the scaffolds undergo some degrada-
tion, which causes the peaks to deviate from the crystalline state. In
accordance with the results of MTT analysis (Section 3.7), these scaf-
folds havdligher biological properties and less toxicity than other. No
change in the crys cture of the scaffolds after cell culture indicates
the preservation of the crystal structure of the scaffolds. As shown in
Fig. 10, the largest deviations from the crystalline state were related to
the Ald.-containing scaffolds, so that in accordance with the FESEM
images, the highest amount of cell culture has been done on them. Also
in agreement with the MTT results (presented in Section 3.7},
Ald.-containing scaffolds have higher biocompatibility than Gel/PCL
and Gel/PCL-GO scaffolds. In general, cell culture was performed suc-
cessfully on all studied scaffolds and little cell death was observed.
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3.5.4. The relationship between electrical conductivity and cell culture on
nanofibrous scaffolds
The history of the discovery of the electrical properties of bone tissue

dates back to the 1950 s. This suggests that bone tissue responds to
external pressures by having an internal electrical field, changes the way
bone cells proliferate [73]. Previous reports have shown that external
electrical induction can also increase the growth, proliferation, and
differentiation of osteoblasts and stem cells, which ultimately improves
the speed of bone repair [ 25,74]. Shao et al. has been reported the use of
electrically conductive polylactic acid nanofibers in combination with
multi-walled carbon nanotubes (PLA/MWCNTs) to improve the bone
cell function [ 75]. In another study, Guex et al. [76] developed scaffolds
of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS) to enhance bone cell proliferation with electrical conductivity of
140 pS/cm, which after 28 days in culture medium, decreased to 6.1
pS/cm. This reduction in conductivity can be attributed to the initial
burst release of secondary dopant 4-dodecylbenzenesulfonic acid

DBSA) [72]. The results of cellular tests indicated a positive effect of
ése electrically conductive scaffolds on improving bone cell function.
In the present study, the positive effect of the electrical conductivity of
the Gel/PCL-GO-Ald. and Gel/PCL-GO*Ald. scaffolds on osteogenic cells
was confirmed.

3.6. Antibacterial activity 8
2

Antibacterial activity of Gel / PCL, Gel / PCL-GO, Gel / PCL-GO-Ald.,
and Gel / PCL-GO*Ald. scaffolds against Staphylococcus aureus Ea E. coli
bacteria strains was investigated using the disk diffusion assay (Table 5).
No antibacterial activity was found for Gel/PCL nanofiber against both
bacteria. Gel/PCL-GO scaffold showed moderate inhibition in agree-
ment with the literature [77-79]. Conversely, in the two scaffolds con-
taining Ald. (Covalently and ionically immobilized), the growth
inhibition zone was observed in the range of 15-22 mm (Table 5). The
remarkable point was the higher effectiveness of Gel/PCL-GO* Ald. than
Gel/PCL-GO-Ald., which can be directly attributed to the
ionic/H-bonding immobilization of Ald. on GO. It seems that the anti-
bacterial effect on the scaffolds was applied by a mechanism that de-
pends on the release of the drug from the GO surface; according to the
previous results, Ald. was more easily released from the
Gel/PCL-GO*Ald. scaffold (immobilization of Ald. via ionic/H-bonding),
than when immobilized by a covalent bonding on GO (Fig. 7). Also, Gel /
PCL-GO-Ald. and Gel/PCL-GO*Ald. scaffolds were more effective
against 5. aureus than E. Coli, in agreement with the previously pub-
lished articles [45,46]. As shown in Table 5, scaffolds containing Ald.

GelPCL-GO GelPCL-GO-Ald. GelPCL-GO*Ald.

;\'anoﬂwus Scaffold

Fig. 11. MTT assay of different nanofibrous scaffolds including a control sample, Gel/PCL (25 ], Gel/PCL-GO [25], Gel/PCL-GO-Ald., and Gel /PCL-GO* Ald. after 1, 2
and 3 days. Error bars represent means =SD for n=3. cell viability of all samples was significant compared with the control, * P < 0.05,

TP <001, Y P < 0.001.
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Fig. 12. Hemolysis test over the prepared nanofibers. Values represent the
mean = 5D, n=23, *p < 0.0001 corresponding with positive control group
(Triton X-100).

have the same antibacterial properties as tetracycline, which was
acceptable for very small@hounts of immobilized Ald. on the scaffolds.
The results showed that the Gel/PCL-GO-Ald. and Gel / PCL-GO*Ald.
scaffolds were a to inhibit bacterial growth simultaneously with
cell viability. The antibacterial activity of Gel/PCL*Ald. scaffold against
E. coli and E. aureus was measured at 15 and 16 mm, respectively. Ac-
cording to the Ald. release results from the Gel/PCL*Ald. scaffold (for
24 h, that was the period time of the disk diffusion analysis), the dif-
ference between Ald. release from Gel/PCL*Ald. and Gel /PCL-GO*Ald.
scaffold was only 10%, while the antibacterial activity of Gel/P-
CL*Ald. scaffold was approximately equal to f Gel/PCL-GO-Ald.
scaffold with the release of about 14% for 24 h. This difference can be
directly attributed to the antibacterial effect of GO as well as its syner-
gistic effect due to its interaction with Ald. in the scaffolds; because by
comparing the antibacterial activity of Gel/PCL and Gel/PCL-GO scaf-
folds, it can be concluded that the antibacterial activity in these scaffolds
was related to the presence of GO. On the other hand, the results showed
that Gel/PCL scaffolds have low mechanical strength and electrical
conductivity than their GO-based nanocomposites in accordance with
the previous reports [27,28,65]. Also the lack of loading and interaction
of drug molecules with these scaffolds causes the huge release of the
drug in the medium (Fig. 7}, so it was not suitable for drugs with adverse
side effects. In addition, the presence of GO increases the hydrophilicity
of Gel /PCL scaffold (Table 4 & Fig. 6), a parameter that is very important
for scaffolds used in tissue engineering. The high surface-to-volume ratio
of NPs has led to its use as a reliable filler for drug loading and the
addition of desired properties toa fiber, such as mechanical strength, for
use in bone tissue engineering.

3.7. Evaluation of toxicity and biocompatibility of the nanofibrous
scaffolds (MTT assay)

MTT test is a colorimetric method based on the formation of insol-
uble purple formazan crystals due to the reduction and breakdown of
yellow MTT crystals by the succinate dehydrogenase enzyme. The
amount and intensity of dye produced in this test is directly related to
the number of cells that are metabolically active. 2. 11 shows the MTT
test results of these cells after 1, 2 and 3 days on Gel/PCL, Gel/PCL-GO,
Gel/PCL-GO-Ald., and Gel/PCL-GO*Ald. scaffolds and also a control
sample (absence of any scaffolds). As shown in the figure, on the first
day, the rate of cell viability in Gel/PCL-GO-Ald. and Gel/PCL-GO*Ald.
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was significantly different from other groups, which was much higher on
the second and third days. As shownin Fig. 11, cell viability percentage
on Gel/PCL-GO-Ald. and Gel/PCL-GO*Ald. was also greater than the
control. However, with increasing incubation time (days 1, 2, and 3), the
cell viability percentage increased, which was much higher for the
alendronate-containing nanofibers and on the third day of incubation,
the number of living cells on the alendronate-containing fibrous scaf-
folds has been maximized. Considering the values shown in the figure,
more viable cells were seen on the fibrous scaffolds than in the control
sample. Therefore, based on the results, it can be concluded that the GO-
cont@dling fiber scaffolds have no toxicity, and their biocompatibility
was suitable for use in bone tissue engineering applications, in agree-
ment with the literature [17,80]. More and significant cell viability
percentage for GO-containing nanofibers can be attributed to the
increased hydrophilicity and greater protein uptake by the fibers that led
to the excellent biological properties of GO within the nanofiber struc-
tures [51,82]. In addition, the presence of immobilized Ald. on GO, has
significantly increased its biocompatibility, which also indicated a
reduction in the toxicity of GO.

3.8. Hemolysis test

Fig. 12 shows the results of the study of the effect of different
nanofiber scaffolds on hematopoiesis (hemolysis test at physiological
pH). As shown in the figure, all scaffolds had acceptable hematopoiesis
and do not exceed 12% and were similar to PBS effect. Even in Ald.-
containing fibers, no lysis of red blood cells was observed after centri-
fugation. The maximum lysis was observed for Gel/PCL-GO*Ald. equal
to 12%. The results indicated that the loading of Ald. has the minimal
toxicity on the nanofibers and provides their possible application in
bone tissue engineering with more confidence.

4. Conclusion

In this work, Gel/PCL nanofibers reinforced by GO@alendronate was
prepared as a promising, safe, and biocompatible nanofiber with high
antibacterial activity for the possible use in bone tissue engineering.
Alendronate as a bisphosphonate drug was immobilized on GO via co-
valent as well as ionic/H-bonding. The addition of gelatin as well as GO
gave high philic properties to the resulting nanofibers, that was a
vital factor for the application in bone tissue engineering. The MTT assay
revealed that the presence of immobilized Ald. on GO significantly
increased its biocompatibility, which also indicates a decrease in the
toxicity of GO. Also, the hemolysis test confirmed that the loading of
Ald. has the least toxicity on the fibers, making their application in bone
tissue engineering with more confidence. The results showed that Gel/
PCL-GO-Ald. and Gel/PCL-GO*Ald. scaffolds were able to inhibit bac-
terial growth simultaneously with cell viability. The scaffolds suggested
a possible drug delivery system with a controlled release of Ald., as a
high side effects-containing drug, from the scaffolds surface.
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