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f polymer-free cyclodextrin/
geraniol–inclusion complex nanofibers: enhanced
shelf-life of geraniol with antibacterial and
antioxidant properties†

Zeynep Aytac,ab Zehra Irem Yildiz,ab Fatma Kayaci-Senirmak,ab Nalan Oya San
Keskin,cd Turgay Tekinayde and Tamer Uyar*ab

Free-standing nanofibrous webs of cyclodextrin/geraniol–inclusion complex (CD/geraniol–IC-NF)

showing antibacterial, antioxidant activity and slow release of geraniol were developed as flavour/

fragrance releasing materials via electrospinning. The electrospinning of CD/geraniol–IC-NFs with

uniform and bead-free morphology was achieved without using a polymer matrix. Three types of CDs

modified with hydroxypropyl and methyl groups (HPbCD, MbCD, and HPgCD) were used to obtain

CD/geraniol–IC-NFs. The polymer-free CD/geraniol–IC-NFs allow us to attain much higher geraniol

loading (�11%, w/w) when compared to electrospun polymeric nanofibers containing CD/geraniol–IC

(�5%, w/w). Geraniol has a volatile nature, yet, a significant amount of geraniol (�60–90%) was

preserved in CD/geraniol–IC-NFs due to the complexation, whereas evaporation of geraniol was

unavoidable for polymeric nanofibers incorporating geraniol without cyclodextrin. Short-term (3 h)

temperature dependent release (37 �C, 50 �C, and 75 �C) and long-term open air (50 days, at RT) release

tests revealed that MbCD/geraniol–IC-NF released less geraniol compared to HPbCD/geraniol–IC-NF

and HPgCD/geraniol–IC-NF, indicating that much stronger inclusion complexation was formed between

MbCD and geraniol. The release of geraniol from CD/geraniol–IC-NFs prevented the colonization of

Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria to a great extent,

as observed in the antibacterial activity results. It was observed that CD/geraniol–IC-NFs had higher

antioxidant activity compared to pure geraniol due to the solubility increase. In brief, the results reported

here may open a new door to enhance the performance of essential oils and flavour/fragrances, to

preserve volatile compounds from evaporation and to better understand the potential of CD/IC-NFs as

carrier systems for guest compounds in the food, cosmetic and household cleaning industries.
1. Introduction

Cyclodextrins (CDs) are supramolecular structures classied as
cyclic oligosaccharides that are typically formed from six to
eight glucopyranose units bound via a-1,4 glycosidic linkages
(Fig. 1a–c).1,2 The hydrophobic carbon backbones of glucopyr-
anose units form the inner walls of CDs, thus the cavity of CDs
ology, Bilkent University, Ankara 06800,

; Tel: +90 312 290 8987

enter, Bilkent University, Ankara, 06800,

Department of Biology, Gazi University,

er, Gazi University, Ankara 06830, Turkey

t of Medical Biology and Genetics, Gazi

tion (ESI) available. See DOI:

hemistry 2016
is relatively hydrophobic. The unique characteristics of CDs
come from their inclusion complexation ability with a variety of
hydrophobic molecules owing to their hydrophobic cavity.1,2

Electrostatic interactions, van der Waals contributions, and
hydrogen bonding are the driving forces of inclusion complex
(IC) formation.1 CDs are more resistant to non-enzymatic
hydrolysis compared to analogous linear dextrins and they are
chemically stable under neutral and basic conditions.1 Another
signicant feature of CDs is their non-toxicity, which is why they
have been used in numerous formulations of pharmaceutical
products as well as in a large number of food products.1 In
addition to parent CDs (a-CD, b-CD, and g-CD), chemically-
modied CDs (hydroxypropyl and methylated CDs) have been
synthesized to enhance the solubility, complexation ability and
toxicological proles in comparison to their parent CDs.1

Essential oils (EOs) are an important category of hydro-
phobic agents and they are volatile compounds characterized by
a strong odour.3 Known for their antibacterial, antioxidant,
RSC Adv., 2016, 6, 46089–46099 | 46089
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Fig. 1 The chemical structure of (a) HPbCD, (b) MbCD, (c) HPgCD; the
schematic representation of (d) CD/geraniol–IC formation, and (e)
electrospinning of nanofibers from CD/geraniol–IC aqueous solution.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 B
ilk

en
t U

ni
ve

rs
ity

 o
n 

12
/2

3/
20

18
 6

:2
2:

46
 P

M
. 

View Article Online
antifungal, antiseptic properties and fragrance, EOs are used in
preservation and avouring of foods and as fragrance in
cosmetic and household cleaning products.3 Because of their
low water solubility and highly volatile nature, encapsulation is
of great importance for EOs to be used efficiently.3 Geraniol is
a terpene alcohol found in EOs of various aromatic plants and it
is used in cosmetics, shampoos, soaps, toiletries, household
cleaners, and detergents (Fig. 1d).4 Beside its characteristic rose-
like odour, it also exhibits insecticidal, antimicrobial, antioxi-
dant, antifungal and anti-inammatory properties.4 However,
its insolubility in water reduces its efficiency as avour/
fragrance in certain applications.4 Supramolecular host–guest
complexes can be designed in order to enhance the solubility of
EOs with CDs. In addition to solubility issue, administering
volatile compounds for various purposes oen require devel-
opment of novel carrier systems. One of the ways that we ach-
ieve this goal is incorporating CD–IC of active agents into
electrospun polymeric nanobers.5–11 Therefore, the need for
biodegradable polymers have occurred. A number of our recent
studies have dealt with the use of biodegradable/biocompatible
polymeric nanobers in encapsulating EOs.7–11

Electrospinning is one of the most common techniques to
produce polymeric nanobers. The unique characteristics of
electrospun nanobers such as high surface-to-volume ratio,
controllable ber diameter and morphologies (core–shell,
hollow, and porous) can be obtained by changing the process
parameters.12,13 The nanober production through electro-
spinning is usually carried out by dissolving polymers in
organic solvents; however there exist some drawbacks like
solvent costs and environmental hazards when organic solvents
are used, especially in healthcare and food applications. So, the
use of water-soluble polymers is an alternative choice to avoid
such organic solvent issues by using water as a solvent for the
electrospinning. The electrospinning of nanobers from small
molecules14–17 and cyclic oligosaccharides such as CDs18–24 is
quite a challenge when compared to polymeric systems due to
the lack of chain entanglement and overlapping. The formation
self-assembly and aggregates in highly concentrated solutions
of CDs via intermolecular hydrogen bonding enables the
46090 | RSC Adv., 2016, 6, 46089–46099
production of nanobers from CD solutions.18–24 Moreover, CDs
are advantageous over other small molecules that are being
used to produce nanobers by electrospinning since CDs are
capable of forming CD–ICs with various compounds. In our
group, we had previously produced polymeric nanobers to
incorporate CD–ICs of volatile compounds such as menthol,5–7

vanillin,8 eugenol,9 geraniol,10 and allyl isothiocyanate.11

However, the weight loading of volatile compound was always
limited (up to 5% (w/w), with respect to polymer matrix) since
the incorporation of higher amount of CD–IC disturbs the
electrospinnability of the system to obtain uniform nanobers.
In our recent studies, we have also demonstrated the electro-
spinning of polymer-free nanobers from triclosan/cyclodextrin
inclusion complexes by using modied CDs (HPbCD and
HPgCD) without using polymeric carrier matrix.23,24

In this contribution, we have formed inclusion complexes of
geraniol (which is a well-known volatile essential oil compound)
with three modied CDs (HPbCD, MbCD, and HPgCD) (Fig. 1d),
and we have produced free-standing CD/geraniol–IC nano-
brous web via electrospinning without using polymeric carrier
matrix (Fig. 1e). The solubility improvement in geraniol by
complexation was conrmed by phase solubility test. The
uniform and bead-free morphology of the CD/geraniol–IC
nanobers was observed by SEM imaging. Further chemical,
structural and thermal characterizations of CD/geraniol–IC
nanobers were performed by 1H-NMR, XRD, FTIR, TGA, and
DSC. The short-term temperature dependent release of geraniol
from CD/geraniol–IC-NF at 37 �C, 50 �C, and 75 �C was exam-
ined using HS GC-MS for 3 h, whereas the long term release of
geraniol from nanobers at room temperature was measured by
TGA for 50 days. The antibacterial activity of CD/geraniol–IC
nanobers against model Gram-negative (Escherichia coli
(E. coli)) and Gram-positive (Staphylococcus aureus (S. aureus))
bacteria was tested using colony counting method. Further-
more, antioxidant (AO) activity of nanobers was monitored by
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay.
2. Experimental
2.1. Materials

Geraniol (97%, Sigma Aldrich), 2,2-diphenyl-1-picrylhydrazyl
(DPPH, Sigma-Aldrich) methanol (extra pure, Sigma-Aldrich)
and deuterated dimethylsulfoxide (DMSO-d6, deuteration
degree min 99.8% for NMR spectroscopy, Merck), polyvinyl
alcohol (PVA,Mw � 85 000–146 000 g mol�1, Sigma Aldrich, 87–
89% hydrolyzed) were purchased and used as received without
any further purication. Hydroxypropyl-beta-cyclodextrin
(HPbCD), methylated-beta-cyclodextrin (MbCD), and
hydroxypropyl-gamma-cyclodextrin (HPgCD) was kindly
donated by Wacker Chemie (Germany). The water used in the
experiments was distilled-deionized from a Millipore Milli-Q
ultrapure water system.
2.2. Preparation of the solutions

In order to prepare the CD/geraniol–IC solutions; HPbCD,
MbCD, and HPgCD (200%, w/v) was dissolved in water and
This journal is © The Royal Society of Chemistry 2016
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aerwards geraniol was added. The amount of geraniol was
determined as 1 : 1 molar ratio with each CD type. The resulting
solutions were stirred at room temperature (RT) for overnight.
Finally, electrospinning was performed and HPbCD/geraniol–
IC-NF, MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF webs
were obtained. The viscosity and conductivity of CD/geraniol–IC
solutions and the average ber diameter (AFD) values of
CD/geraniol–IC-NF are shown in Table 1. Electrospinning of
pure CD nanobers without geraniol (HPbCD-NF, MbCD-NF,
and HPgCD-NF) were produced for comparative measure-
ments according to our previous reports.18,19 10% (w/w, with
respect to polymer) geraniol encapsulated PVA solution was
prepared in aqueous solution and nanobers (PVA/geraniol-NF)
was produced via electrospinning.
2.3. Electrospinning

CD, CD/geraniol–IC, and PVA/geraniol solutions were loaded
into a 1 mL plastic syringe with metallic needle of 0.4 mm inner
diameter. Then, the solutions were pumped at a constant rate
(0.5 mL h�1) via syringe pump (KD Scientic, KDS-101, USA). A
grounded metal covered by aluminium foil placed at a distance
of 10 cm from the needle tip was used as a collector. 15–20 kV
was applied from the high voltage power supply (AU Series,
Matsusada Precision Inc., Japan). CD/geraniol–IC-NFs were
kept in refrigerator until the analyses. All experiments were
carried out in an enclosed Plexiglas box at 25 �C and 18%
relative humidity.
2.4. Characterizations and measurements

Phase-solubility measurements for CDs (HPbCD, MbCD, and
HPgCD) and geraniol systems were performed in aqueous
solution according to the method of Higuchi and Connors.25 An
excess amount of geraniol was added to CD solutions and the
suspensions were shaken at RT. Aer the equilibrium was
achieved at the end of 24 hours, the suspensions were ltered
through 0.45 mmmembrane lter and nally dilution was done
with water. UV spectroscopy measurements were done at 241
nm (Varian, Cary 100). The experiments were carried out in
triplicate and each data point is the average of the three
determinations.

The viscosity measurements of HPbCD/geraniol–IC, MbCD/
geraniol–IC, and HPgCD/geraniol–IC solutions were performed
at RT via Anton Paar Physica MCR 301 rheometer equipped with
a cone/plate accessory (spindle type CP 40-2) at a constant shear
rate of 100 s�1. The solution conductivity for these CD/geraniol–
IC systems was measured by Inolab® pH/Cond 720-WTW.
Table 1 The properties of the solutions used for electrospinning and m

Solutions
% CDa

(w/v)
% geraniolb

(w/w)
Viscosity
(Pa s)

HPbCD/geraniol–IC 200 9.502 0.522
MbCD/geraniol–IC 200 11.894 0.306
HPgCD/geraniol–IC 200 8.676 0.904

a With respect to solvent (water). b With respect to total weight of the sam

This journal is © The Royal Society of Chemistry 2016
The morphological characterization of HPbCD-NF, MbCD-
NF, HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-
NF, and HPgCD/geraniol–IC-NF, and PVA/geraniol-NF was
examined by scanning electron microscopy (SEM, FEI – Quanta
200 FEG). The nanobrous web samples were placed on metal
stubs by using double-sided copper tape prior to taking SEM
images and the samples were sputtered with 5 nm of Au/Pd
(PECS-682) to minimize charging problem during SEM
imaging of the samples. SEM images were also used to calculate
the average ber diameter (AFD) and ber diameter distribution
of the nanobrous webs by measuring the diameter of about
100 bers.

The proton nuclear magnetic resonance (1H-NMR) spectra
were recorded at 400 MHz (Bruker DPX-400). 10 mg of HPbCD/
geraniol–IC-NF, MbCD/geraniol–IC-NF, and HPgCD/geraniol–
IC-NF were dissolved in 0.5 mL of d6-DMSO to calculate the
molar ratio of CDs and geraniol in each system by integrating
the peak ratio of the characteristic chemical shis corre-
sponding to CD and geraniol. Integration of the chemical shis
(d) was calculated by using Mestrenova soware.

Thermogravimetric analysis (TGA, TA Q500, USA) analyses
were performed for geraniol, HPbCD-NF, MbCD-NF, HPgCD-
NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and
HPgCD/geraniol–IC-NF. TGA was conducted under nitrogen
atmosphere by heating the samples from 25 �C to 450 �C at the
heating rate of 20 �C min�1. Differential scanning calorimetry
(DSC, TA Q2000, USA) analyses were performed on HPbCD-NF,
MbCD-NF, HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/gera-
niol–IC-NF, and HPgCD/geraniol–IC-NF with a heating rate of
20 �C min�1 from 25 �C to 200 �C under nitrogen ow.

X-ray diffraction (XRD) measurements of HPbCD-NF, MbCD-
NF, HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF were recorded at PANalytical X'Pert
powder diffractometer using Cu Ka radiation in powder
diffraction conguration and the spectra were collected in the
5–30� 2q range. XRD was not carried out for geraniol since it is
a liquid compound at RT.

The infrared spectra of geraniol, HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF were obtained by using a Fourier
transform infrared spectrometer (FTIR) (Bruker-VERTEX 70).
The samples were mixed with potassium bromide (KBr) and
pressed as pellets for the measurement. The scans (64 scans)
were recorded between 4000 cm�1 and 400 cm�1 at resolution of
4 cm�1.

The amount of geraniol released from HPbCD/geraniol–IC-
NF, MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF was
orphological characteristics of the resulting nanofibers

Conductivity
(mS cm�1)

Average ber
diameter (nm)

Fiber
morphology

212 520 � 220 Bead free nanobers
768 600 � 220 Bead free nanobers
4.92 930 � 370 Bead free nanobers

ple.

RSC Adv., 2016, 6, 46089–46099 | 46091

http://dx.doi.org/10.1039/c6ra07088d


RSC Advances Paper

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 B
ilk

en
t U

ni
ve

rs
ity

 o
n 

12
/2

3/
20

18
 6

:2
2:

46
 P

M
. 

View Article Online
determined through headspace gas chromatography-mass
spectrometry (HS GC-MS, Agilent Technologies 7890A gas
chromatograph equipped with 5975C mass spectrometer) for 3
h. The capillary column was HP-5MS (Hewlett-Packard, Avon-
dale, PA) (30 m � 0.25 mm i.d., 0.25 m lm thickness).
CD/geraniol–IC-NFs (10 mg) were placed in 20 mL headspace
glass vials and the vial was agitated at 500 rpm and 37 �C, 50 �C,
and 75 �C. The release experiments were carried out in triplicate
and the results were reported as average � standard deviation.
The syringe temperature was 37 �C, 50 �C, and 75 �C as well. The
vapour which was injected by headspace injector from vial to HS
GC-MS was 250 mL. The oven temperature was initially held at
40 �C for 3 min. Then the temperature was raised with
a gradient of 10 �C min�1 until 200 �C. The oven was held for 3
min at 200 �C. The instrument was operated in a splitless and
selected ion monitoring mode (SIM). NIST MS Search 2.0 library
was used to decide the geraniol peak.

In order to evaluate the long term release of HPbCD/gera-
niol–IC-NF, MbCD/geraniol–IC-NF, HPgCD/geraniol–IC-NF,
and PVA/geraniol-NF were kept separately at room tempera-
ture and 18% relative humidity for 50 days in open air in the
laboratory. Then, TGA measurements were done at pre-
determined time intervals (1st day, 25th day, and 50th day).

The antibacterial properties of the HPbCD/geraniol–IC-NF,
MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF were evalu-
ated against Escherichia coli (E. coli, ATCC 10536) and Staphy-
lococcus aureus (S. aureus, ATCC 25923) bacteria by using colony
counting method. Prior to use, exponentially growing cultures
of E. coli, and S. aureus were obtained by allowing each strain to
grow in nutrient broth medium at 37 �C for 24 h. Aer bacterial
activation, UV sterilized nanobers were immersed into the
culture suspension and incubated at 37 �C for 24 h. Finally,
inocula were prepared by diluting the exponentially growing
cultures with physiological solution (0.9% sodium chloride) to
obtain approximately 108 colony forming unit (cfu mL�1).
Different dilutions (101 to 109) were made by successively add-
ing 1 mL culture into 9 mL of phosphate buffer solution. Then,
0.1 mL of the diluted culture was spread on a nutrient agar plate
and incubated at 37 �C for 24 h. The number of the colonies was
counted and three repeats were performed for each sample.

The antibacterial activity of the CD/geraniol–IC-NFs was
dened as follows:

Antibacterial activity (%) ¼ (A � B)/A � 100 (1)

where A and B are the number of colonies (cfu mL�1) before and
aer CD/geraniol–IC-NF were added, respectively.

Antioxidant (AO) activity of geraniol, HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF were tested according to 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay.
10�4 M DPPH solution was prepared by dissolving DPPH in
methanol : water (1 : 1). 40 mg HPbCD-NF, MbCD-NF, HPgCD-
NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and
HPgCD/geraniol–IC-NF and 4.76 mg geraniol (which is the
maximum amount in CD/geraniol–IC-NFs) were immersed in
3 mL of DPPH solution. The resulting solutions were incubated
46092 | RSC Adv., 2016, 6, 46089–46099
in dark at RT for 72 h. The absorbance of the solutions was
measured (24 h, 48 h, and 72 h) via UV-Vis spectroscopy (Varian,
Cary 100) at 525 nm. The absorbance of DPPH solution was
dened as 100% and the AO activities (%) of each system were
calculated with the following equation:

Antioxidant activity (%) ¼ (Acontrol � Asample)/Acontrol � 100 (2)

where Acontrol and Asample represent the absorbance of DPPH
solution and DPPH solution with samples, respectively. The
photographs of the solutions were taken aer 24 h, 48 h, and
72 h of the incubation. The experiments were performed in
triplicate and the results were given as average values � stan-
dard deviation.
3. Results and discussion
3.1. Phase solubility studies

Phase solubility proles of HPbCD/geraniol, MbCD/geraniol,
and HPgCD/geraniol systems are given in Fig. 2a–c. As seen
from the diagrams, the aqueous solubility of geraniol increased
linearly by complexation. CD/geraniol systems exhibited AL type
diagram which is also indication of 1 : 1 stoichiometry between
each CD and geraniol.
3.2. Morphology analysis of nanobers

Fig. 3a–f shows scanning electron microscopy (SEM) images of
HPbCD-NF, MbCD-NF, HPgCD-NF, HPbCD/geraniol–IC-NF,
MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF. SEM
image of PVA/geraniol-NF is shown in ESI Fig. S1.† Bead-free
and uniform nanobers were obtained as seen from SEM
images. The average ber diameter (AFD) of HPbCD-NF, MbCD-
NF, HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF were calculated as 910 � 510 nm,
845 � 425 nm, 1640 � 545 nm, 520 � 220 nm, 600 � 220 nm,
and 930 � 370 nm from SEM images, respectively. There is no
signicant difference between AFDs of HPbCD/geraniol–IC-NF
and MbCD/geraniol–IC-NF. The viscosity of HPgCD/geraniol–
IC solutions was higher than HPbCD/geraniol–IC and MbCD/
geraniol–IC solutions; whereas HPgCD/geraniol–IC solutions
exhibited lowest conductivity among all solutions (Table 1).
Therefore, AFD of HPgCD/geraniol–IC-NF was highest among
all CD/geraniol–IC-NFs due to higher solution viscosity and
much lower solution conductivity which results in less
stretching of the jet during electrospinning.12,13 Furthermore,
the photographs of free-standing HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF webs which can be easily-handled
showed that all CD/geraniol–IC-NF webs have mechanical
integrity despite their main components were amorphous small
molecules (Fig. 3g–f).
3.3. The molar ratio of C/D geraniol–Cl

Proton nuclear magnetic resonance (1H-NMR) was employed to
further explore the molar ratio of HPbCD/geraniol–IC-NF,
MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF (Fig. 4a–c).
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Phase solubility diagram of (a) HPbCD/geraniol, (b) MbCD/
geraniol, (c) HPgCD/geraniol systems in water (n ¼ 3).

Fig. 3 SEM images of electrospun nanofibers obtained from the
aqueous solutions of (a) HPbCD, (b) MbCD, (c) HPgCD, (d) HPbCD/
geraniol–IC, (e) MbCD/geraniol–IC, and (f) HPgCD/geraniol–IC; the
photographs of (g) HPbCD-NF, (h) MbCD-NF, (i) HPgCD-NF, (j)
HPbCD/geraniol–IC-NF, (k) MbCD/geraniol–IC-NF, and (l) HPgCD/
geraniol–IC-NF webs.
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In order to make the molar ratio calculations, the integration of
peak at 1.0 ppm (HPbCD and HPgCD) and 2.0 ppm (geraniol)
were used. The molar ratio was calculated as 1.00 : 0.60 and
1.00 : 0.65 for HPbCD/geraniol–IC-NF and HPgCD/geraniol–IC-
NF, respectively. The molar ratio of MbCD : geraniol in MbCD/
geraniol–IC-NF was calculated as 1.00 : 0.64 by taking the inte-
gration of the protons of MbCD at 3.5–3.7 ppm and geraniol at
2.0 ppm. From the 1H-NMR results, it can be concluded that the
substantial amount of geraniol was preserved in HPbCD/gera-
niol–IC-NF (60%, w/w), MbCD/geraniol–IC-NF (64%, w/w), and
HPgCD/geraniol–IC-NF (65%, w/w) during the preparation,
electrospinning and storage. It is worth mentioning that, in our
long term release study, we have seen that geraniol could not be
preserved when electrospun with polyvinyl alcohol (PVA) poly-
meric matrix without cyclodextrins.
3.4. Thermal analysis of nanobers

The thermal stability of geraniol, HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF were investigated by thermal
gravimetric analysis (TGA) (Fig. 5a–c). Pristine HPbCD-NF,
This journal is © The Royal Society of Chemistry 2016
MbCD-NF and HPgCD-NF exhibited two weight losses below
100 �C and above 275 �C which belong to the water loss and
main thermal degradation of cyclodextrins (CDs), respectively.23

The rst weight loss below 100 �C observed in HPbCD/geraniol–
IC-NF, MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF
attributed to water loss. In addition to water loss, two addi-
tional weight losses were seen in HPbCD/geraniol–IC-NF and
HPgCD/geraniol–IC-NF. The second weight loss in HPbCD/
geraniol–IC-NF was between 75 �C and 240 �C; whereas the
second weight loss for HPgCD/geraniol–IC-NF started from
95 �C and continued till 250 �C. The shiing of thermal evap-
oration onset of geraniol from 70 �C to higher temperature
suggested the existence of inclusion complex between CDs
(HPbCD and HPgCD) and geraniol. The third weight loss in
HPbCD/geraniol–IC-NF and HPgCD/geraniol–IC-NF which is
above 275 �C belong to the main thermal degradation of CDs.
MbCD/geraniol–IC-NF exhibited four stages of weight loss
which was below 100 �C, 70–170 �C, 170–290 �C, and above
295 �C. These stages belong to water loss, evaporation of gera-
niol in the complex in 2 steps, the main thermal degradation of
MbCD, respectively. There is a slight shi in the onset
temperature of evaporation of geraniol as seen in the second
stage and shiing to much higher temperature was observed in
the third stage of TGA curve of MbCD/geraniol–IC-NF. These
results showed the presence of two types of complexes with
a stronger interaction in the third step compared to second
step. In addition, thermal stability of the complex in MbCD/
geraniol–IC-NF was higher compared to the complexes in
RSC Adv., 2016, 6, 46089–46099 | 46093
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Fig. 5 TGA thermograms of (a) geraniol, HPbCD-NF, HPbCD/gera-
niol–IC-NF; (b) geraniol, MbCD-NF, MbCD/geraniol–IC-NF; (c) gera-
niol, HPgCD-NF, HPgCD/geraniol–IC-NF.

Fig. 4 1H-NMR spectra of (a) HPbCD/geraniol–IC-NF, (b) MbCD/
geraniol–IC-NF, and (c) HPgCD/geraniol–IC-NF dissolved in d6-
DMSO.
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HPbCD/geraniol–IC-NF and HPgCD/geraniol–IC-NF and this
result suggested stronger complexation between MbCD and
geraniol. From TGA data, the calculated geraniol amount in
HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and HPgCD/
geraniol–IC-NF was found to be 83%, 89%, and 82% of the
initial amount of geraniol, respectively. Accordingly, the molar
ratio of HPbCD, MbCD, and HPgCD to geraniol was calculated
as 1.00 : 0.83, 1.00 : 0.89 and 1.00 : 0.82, respectively. The molar
ratio of CD : geraniol in CD/geraniol–IC-NF samples calculated
from the TGA data were not exactly same values with the data
obtained from 1H-NMR, but they were comparable indicating
that signicant amount of geraniol was preserved in these CD
based nanobers. On the other hand, in long term release
study, we observed that geraniol could not be preserved in
electrospun polymeric nanober (PVA) without CD–IC.

Differential scanning calorimetry (DSC) curves of HPbCD-
NF, MbCD-NF, HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/
geraniol–IC-NF, and HPgCD/geraniol–IC-NF are given in Fig. 6a.
HPbCD-NF, MbCD-NF, and HPgCD-NF exhibited typical broad
endothermic peaks between 25 and 160 �C, 25–155 �C, and
46094 | RSC Adv., 2016, 6, 46089–46099
25–155 �C, respectively and these peaks correspond to the
dehydration of CDs. DSC curves of CD/geraniol–IC-NF indicated
endothermic peaks in the range of 65–150 �C, 60–150 �C, and
65–170 �C for HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF
and HPgCD/geraniol–IC-NF, respectively. The enthalpies of
endothermic transitions of HPbCD-NF, MbCD-NF, and HPgCD-
NF were 329 J g�1, 99 J g�1, and 255 J g�1, while the enthalpies of
HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and HPgCD/
geraniol–IC-NF were 84 J g�1, 42 J g�1, and 147 J g�1, respec-
tively. The reduction in the enthalpy of HPbCD-NF, MbCD-NF,
and HPgCD-NF with the complexation of geraniol indicated
that certain amount of water molecules in the cavity of CDs are
displaced with geraniol which is an indication of complexation
between CD and geraniol.26
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) DSC thermograms of HPbCD-NF, HPbCD/geraniol–IC-NF,
MbCD-NF, MbCD/geraniol–IC-NF, HPgCD-NF, and HPgCD/gera-
niol–IC-NF; (b) XRD patterns of HPbCD-NF, MbCD-NF, HPgCD-NF,
HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and HPgCD/gera-
niol–IC-NF; (c) FTIR spectra of geraniol, HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and
HPgCD/geraniol–IC-NF.
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3.5. Structural characterization of nanobers

X-ray diffraction (XRD) patterns of HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF are shown in Fig. 6b. It is known
that HPbCD-NF, MbCD-NF, and HPgCD-NF are amorphous like
HPbCD, MbCD, and HPgCD molecules. HPbCD/geraniol–IC-
NF, MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF were
amorphous as well. Moreover, there is no crystal formation of
geraniol in HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and
This journal is © The Royal Society of Chemistry 2016
HPgCD/geraniol–IC-NF and this result conrms the formation
of CD–IC.

The chemical structures of geraniol, HPbCD-NF, MbCD-NF,
HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF,
and HPgCD/geraniol–IC-NF was also investigated by FTIR
spectroscopy (Fig. 6c). The FTIR spectrum of geraniol was
characterized by absorption peaks at 3326 cm�1, 1416 cm�1

(OH), 2978 cm�1, 2933 cm�1, 1371 cm�1 (CH2), 1650 cm�1,
1022 cm�1, 946 cm�1, 863 cm�1 (C]C), 1100 cm�1, 1155 cm�1

(C–C–C) and 1707 cm�1 (C–O).27 The characteristic absorption
peaks of pure CDs observed at around 1030, 1080, and
1157 cm�1 due to the coupled C–C andC–O stretching vibrations
and antisymmetric stretchingvibration of the C–O–C glycosidic
bridge, 1638 cm�1, 2925 cm�1, and 3401 cm�1 corresponding to
H–OH bending, C–H stretching and O–H stretching, respectively
overlap with the geraniol peaks.28 Therefore, the geraniol peaks
at around 1380 cm�1 and 1450 cm�1 in CD/geraniol–IC-NFs
indicated the presence of geraniol in the nanobers. In addi-
tion, shiing of these absorption bands toward higher frequency
suggested the formation of the complex between geraniol and
CDs. Similar peak shis were also reported in the literature for
geraniol/CD complexes.27
3.6. Release study

The release results of geraniol from HPbCD/geraniol–IC-NF,
MbCD/geraniol–IC-NF, and HPgCD/geraniol–IC-NF are depic-
ted in Fig. 7a–c. When the temperature increases, the diffusion
coefficient of the molecules increases;29 so, the amount of
geraniol released from HPbCD/geraniol–IC-NF, MbCD/gera-
niol–IC-NF, and HPgCD/geraniol–IC-NF was increased with
increasing temperature from 37 �C to 75 �C. The total released
amount of geraniol fromMbCD/geraniol–IC-NF was lower when
compared to HPbCD/geraniol–IC-NF and HPgCD/geraniol–IC-
NF at 37 �C, 50 �C, and 75 �C. This correlates with the higher
thermal stability of MbCD/geraniol–IC-NF as observed in TGA
results (Fig. 5) when compared to HPbCD/geraniol–IC-NF and
HPgCD/geraniol–IC-NF. In addition, although the total amount
of preserved geraniol was almost same in HPbCD/geraniol–IC-
NF and HPgCD/geraniol–IC-NF as calculated from TGA
results; the release amount of geraniol at 37 �C, 50 �C, and 75 �C
from HPgCD/geraniol–IC-NF was much less compared to
HPbCD/geraniol–IC-NF. The reason for the less amount of
geraniol released from HPgCD/geraniol–IC-NF than that of
HPbCD/geraniol–IC-NF could be the higher complexation
strength between HPgCD and geraniol.

TGA measurements were carried out in order to evaluate the
long term release of HPbCD/geraniol–IC-NF, MbCD/geraniol–
IC-NF, HPgCD/geraniol–IC-NF and geraniol encapsulated PVA
nanobers (PVA/geraniol-NF) (ESI Fig. S2†). The results are
given in Table 2. Most of the geraniol did not release from
MbCD/geraniol–IC-NF in parallel with the short term release
experiments. This might be attributed to the high thermal
stability of complex formed in MbCD/geraniol–IC as shown in
Fig. 5b. Only 24% (w/w) of geraniol was released from MbCD/
geraniol–IC-NF at the end of 50 days. So, it can be concluded
that MbCD/geraniol–IC-NF is a better candidate for the long
RSC Adv., 2016, 6, 46089–46099 | 46095
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Fig. 7 The cumulative release of geraniol from (a) HPbCD/geraniol–
IC-NF, (b) MbCD/geraniol–IC-NF, and (c) HPgCD/geraniol–IC-NF at
37 �C, 50 �C, 75 �C (n ¼ 3). The error bars in the figure represent the
standard deviation (SD).
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term release when compared to HPbCD/geraniol–IC-NF and
HPgCD/geraniol–IC-NF. The amount of released geraniol was
almost same for HPbCD/geraniol–IC-NF and HPgCD/geraniol–
IC-NF; thus, about 50% of geraniol was released from HPbCD/
geraniol–IC-NF and HPgCD/geraniol–IC-NF at the end of 50
days. In our long term release study, geraniol was incorporated
in PVA electrospun nanobers for the comparative study to
Table 2 The amount of geraniol in CD/geraniol–IC-NFs at room tempe

Samples Theoretical amount of geraniola (%)

HPbCD/geraniol–IC-NF 9.502 (100%)
MbCD/geraniol–IC-NF 11.894 (100%)
HPgCD/geraniol–IC-NF 8.676 (100%)
PVA/geraniol-NF 9.774 (100%)

a With respect to total weight of the sample.

46096 | RSC Adv., 2016, 6, 46089–46099
investigate the effect of cyclodextrin inclusion complexation for
the stability of geraniol during and aer electrospinning. PVA
nanober matrix is a good comparison for CD nanobers in
terms of its electrospinnability in aqueous system and the
presence of hydroxyl groups in its structure. However, we
observed that geraniol could not be well preserved without
CD–IC during electrospinning or during storage, and, evapo-
ration of geraniol in PVA/geraniol-NF was unavoidable even
aer one day of its electrospinning. At the end of 50 days 71% of
geraniol evaporated from PVA/geraniol-NF. On the contrary,
here we observed that signicant amount of geraniol was
preserved in nanobrous matrix of CD/geraniol–IC-NF even
aer a long time of storage.
3.7. Antibacterial activity

There are several studies in the literature about antimicrobial
effect of geraniol. For example, Friedman et al. showed that
geraniol was found to be bactericidal against E. coli O157:H7
and Salmonella enterica.30 Further, Tampieri et al. reported the
antimicrobial activity of geraniol for S. aureus and various
fungi.31 As can be indicated from Fig. 8a–d which shows the
data obtained from cfu results, prepared CD/geraniol–IC-NFs
possessed strong antibacterial activity against two model
bacteria (Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus)). Namely, HPbCD/geraniol–IC-NF, MbCD/geraniol–
IC-NF, and HPgCD/geraniol–IC-NF exhibited 87 � 0.6%, 100 �
0.6%, and 85 � 0.3% and 100 � 0.3%, 100 � 0.8%, 100 � 0.4%
antibacterial activity against E. coli and S. aureus, respectively.
Antibacterial activities (%) of CD/geraniol–IC-NFs were found to
be more against S. aureus compared to E. coli. Gram-negative
bacteria were more resistant than Gram-positive bacteria
because they have an additional protective barrier of the outer
membrane.32
3.8. Antioxidant activity

Free radicals with one or more unpaired electrons and reactive
oxygen species (ROS) including superoxide radicals, hydroxyl
radicals, singlet oxygen and hydrogen peroxide cause
membrane damage, decreasing membrane uidity, leading to
cancer via DNA mutation and induce oxidation of lipids.
Therefore, free radicals/ROS might lead to aging, cancer, Alz-
heimer's disease, diabetes and asthma by causing molecular
alterations in the biological systems or spoiling of foods
because of the oxidation in the biomolecules.33,34 Essential oils
(EOs) might have antioxidant (AO) properties and the
rature for 50 days

1st day (%) 25th day (%) 50th day (%)

7.233 (76%) 5.258 (55%) 4.228 (45%)
9.768 (82%) 9.381 (79%) 9.037 (76%)
5.541 (64%) 4.869 (56%) 4.289 (49%)
4.415 (45%) 3.281 (34%) 2.866 (29%)

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Exemplary images of Escherichia coli (E. coli), Staphylo-
coccus aureus (S. aureus) colonies. The growth inhibition rate (%) and
exemplary images of E. coli and S. aureus colonies treated by (b)
HPbCD/geraniol–IC-NF, (c) MbCD/geraniol–IC-NF, and (d) HPgCD/
geraniol–IC-NF (n ¼ 3).

Fig. 9 The antioxidant (AO) activity (%) of geraniol, HPbCD-NF,
MbCD-NF, HPgCD-NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-
NF, and HPgCD/geraniol–IC-NF and the photographs of DPPH solu-
tions in which geraniol, HPbCD-NF, MbCD-NF, HPgCD-NF, HPbCD/
geraniol–IC-NF, MbCD/geraniol–IC-NF, HPgCD/geraniol–IC-NF
were immersed, respectively (n ¼ 3). The error bars in the figure
represent the standard deviation (SD).
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mechanism rely on preventing further damage of mitochon-
drial DNA that ultimately leading to accumulation of ROS by
interacting with them.35 It has been reported that geraniol
decline the lipid peroxidation and inhibit ROS generation in the
cells.4 In order to prevent potential diseases and food spoilage,
AO compounds are being used in various applications; so
detecting the AO capacity of materials is of importance. There
exist many methods to evaluate AO capacity of materials.36

However, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scav-
enging assay is one of the most widely used methods to decide
the potential of AOmolecules to scavenge free radicals. DPPH is
a stable free radical in a deep purple colour. When it interacts
with an AO molecule purple colour of the solution turns into
colour of hydrazine which is yellow.37

The AO activity of geraniol, HPbCD-NF, MbCD-NF, HPgCD-
NF, HPbCD/geraniol–IC-NF, MbCD/geraniol–IC-NF, and
HPgCD/geraniol–IC-NF was calculated as 55 � 2%, 58 � 4%, 41
� 2%, 59 � 1%, 75 � 2%, 59 � 2%, and 57 � 1% at the end of
72 h, respectively. The photographs of the DPPH solutions in
which geraniol, HPbCD-NF, MbCD-NF, HPgCD-NF, HPbCD/
geraniol–IC-NF, MbCD/geraniol–IC-NF, and HPgCD/geraniol–
IC-NF were immersed up to for 72 h are shown in Fig. 9. In
This journal is © The Royal Society of Chemistry 2016
a study of Stobiecka et al., AO activity of geraniol comparative to
geranylacetone was evaluated with DPPH assay in methanol,
ethanol and toluene. It was concluded that geranylacetone
exhibited higher AO activity than geraniol in methanol and
ethanol systems in 30 minutes. However, AO activity of both
geranylacetone and geraniol was quite low due to the slow
kinetics of DPPH radical-scavenging caused by the steric inac-
cessibility.38 In addition, it has been deduced that the reaction
between DPPH and geranylacetone and geraniol was very slow
irrespective of the solvent used and high amount of compound
had to be applied in order to observe any measurable effects.
Similarly, Zyl et al. presented that geraniol has little activity
according to DPPH assay performed in methanol for 30 min.39

On the contrary, Choi et al. performed DPPH assay for 30 min
and claimed that geraniol had shown quite high AO activity
(88%, 236 mg of Trolox equiv. per mL).40 Thus, our result in
which the reaction was very slow and the activity was not high as
much as observed in the study of Choi et al. is agreed with the
study of Stobiecka et al. and Zyl et al.HPbCD-NF, MbCD-NF and
HPgCD-NF exhibited moderate AO activity due to the presence
of hydroxyl groups in the structure.41 An improvement was
observed in the AO activity of CD-NFs with the addition of
geraniol in the system. Only HPgCD/geraniol–IC-NF showed
similar AO activity with HPgCD-NF, this might be due to higher
strength of the complex and the position of geraniol in the
cavity which is not allowing the donation of hydrogen from the
system easily. AO activity (%) of HPbCD/geraniol–IC-NF was
much more as compared to AO activity of geraniol, MbCD/
geraniol–IC-NF and HPgCD/geraniol–IC-NF. The aqueous
solubility increment of geraniol as shown in phase solubility
diagrams could be the reason for the better AO activity of
HPbCD/geraniol–IC-NF as compared with geraniol. Moreover,
higher AO activity of HPbCD/geraniol–IC-NF than MbCD/gera-
niol–IC-NF and HPgCD/geraniol–IC-NF might be related with the
RSC Adv., 2016, 6, 46089–46099 | 46097
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higher strength of the complexes formed with MbCD and HPgCD
that is inhibiting the release of geraniol and the orientation of
geraniol in the cavity of CDswhichmightmake hydrogen donation
difficult. The colour of the solution in which HPbCD/geraniol–IC-
NF was immersed turned from purple to yellowish at the end of 72
h. So, DPPH molecules in that solution converted into diphenyl-
picrylhydrazine (DPPH-H).42

4. Conclusions

Free-standing nanobrous webs of geraniol/cyclodextrin-
inclusion complexes (CD/geraniol–IC-NFs) were successfully
produced by electrospinning without using a polymeric carrier
matrix. We have obtained bead-free and uniform nanobers
from these non-polymeric systems of CD/geraniol–ICs for three
different types of CDs (HPbCD, MbCD, and HPgCD). Aer
electrospinning, signicant amount of geraniol (�60–90%) was
well preserved by CD/geraniol–IC-NFs due to the inclusion
complexation ability of CDs. The short-term (3 h) temperature
dependent release (37 �C, 50 �C, and 75 �C) and long-term open
air (50 days, at RT) release tests for geraniol from CD/geraniol–
IC-NFs were performed. Much less amount of geraniol was
released from MbCD/geraniol–IC-NF when compared to
HPbCD/geraniol–IC-NF and HPgCD/geraniol–IC-NF in short-
term temperature release and long-term open air release tests,
which indicated that MbCD/geraniol–IC-NF was the most stable
inclusion complex among the three CD/geraniol–IC-NFs web
samples. The antibacterial activity test results of CD/geraniol–
IC-NFs proved quite high antibacterial activity of geraniol
against Gram-negative (Escherichia coli (E. coli)) and Gram-
positive (Staphylococcus aureus (S. aureus)) bacteria. Moreover,
CD/geraniol–IC-NFs exhibited efficient antioxidant (AO)
activity when compared to pure geraniol. In brief, electrospun
CD/geraniol–IC nanobrous webs have shown enhanced shelf-
life of geraniol along with antibacterial and antioxidant prop-
erties, hence, cyclodextrin inclusion complex nanobers with
variety of avour/fragrances may have potentials to be used as
prolonged releasing systems for various applications including
food, cosmetic, household, cleaning products, etc.
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