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ABSTRACT

Hydrophobic cyclodextrin (CD) nanofibers were produced by the electrospin-

ning of peracetylated b-CD without requiring any polymer as a carrier matrix.

Native b-CD was peracetylated through the reaction with acetic anhydride, and

the conversion of all hydroxyl groups into acetyl was confirmed by NMR, XPS,

and TGA analyses. The peracetyl modification drastically boosted the thermal

stability of the b-CD molecules. The electrospinning of the peracetylated b-CD
from its highly concentrated solutions (180% (w/v)) in DMF led to bead-free

nanofibers, while electrospinning at the concentrations of 140 and 160% (w/v)

CDs resulted in beads and beaded nanofibers, respectively. The electrospinning

process parameters such as applied voltage, flow rate, and tip-to-collector dis-

tances were systematically altered to produce a uniform nanofiber structure.

The flow rate had the most drastic effect on the diameter and morphology of the

resultant nanofibers: A threefold rise in the fiber diameter was observed with

increasing the flow rate from 0.1 to 2 mL h-1. Similarly, higher electrical field

increased the fiber diameter due to higher mass flow, while boosting the tip-to-

collector distance did not reveal any significant change on the fiber diameter.

The stability of the peracetylated b-CD nanofibers was observed in water for

24 h without any significant morphological change; however, the dissolution of

the nanofiber mat was observed with a long-time exposure to water. We

demonstrated production of hydrophobic uniform CD nanofibers without using

any carrier polymer.
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Introduction

Cyclodextrin (CD) is a class of cyclic oligomers of

glucose produced by the enzymatic degradation of

starch with a unique toroidal shape whose interior is

partially hydrophobic, while the exterior is hydro-

philic owing to the presence of many hydroxyl

groups [1, 2]. This unique structure with an intrinsic

hydrophobic cavity interior allows inclusion com-

plexation with hydrophobic molecules that are small

enough to fit into the cage cavity and enhances their

water solubility [3–5]. Furthermore, their non-toxic,

inexpensive, and edible structures make them

promising compounds for a broad spectrum of

applications, ranging from textile [6] to biomedical

applications [7].

Cyclodextrins (CDs) have been engineered in var-

ious material forms to be exploited in the environ-

ment [8], drug/gene delivery [9, 10], tissue

engineering [11], textile industry [12], and food

industry [13]. They could be electrospun into nano-

fibers without requiring any carrier polymer thanks

to the presence of many hydrogen bonds [14–18].

However, the resultant nanofibers dissolve instantly

in contact with water owing to their hydrophilic and

uncross-linked structure. Thus, efficient cross-linking

mechanisms were required for their structural stabi-

lization in aqueous media. In this regard, the last

decade has witnessed significant advances in the

production of CD nanofibers and their cross-linking

with impregnated cross-linkers (e.g., butanetetracar-

boxylic acid (BTCA) [19] and epichlorohydrin [8]).

Even though such chemical cross-linking leads to

very stiff, insoluble poly-CD nanofibers, which do not

show any drastic difference in the nanofiber mor-

phology upon exposure to various solvents, includ-

ing water, could efficiently be exploited for the

scavenging of methylene blue [19], phenanthrene [8],

phenolphthalein [8], polycyclic aromatic hydrocar-

bons [20], and heavy metals [20] from aqueous solu-

tions. However, the cross-linking of the fibers

requires a post-heat treatment step at a very high

temperature ([ 150 �C) for a couple of hours to able

to connect CD molecules over hydroxyl groups

[8, 20]. Thus, there is an increasing demand for sim-

ple but efficient routes in the engineering of

hydrophobic CD nanofibers that do not require any

post-heat treatment process for the network

stabilization.

CD molecules have been modified with different

functional motifs over primary or secondary hydro-

xyl groups [21]. In this regard, direct and indirect

routes can be followed: For instance, hydroxyl groups

can be protected as benzoate ester and then followed

by selective deprotection of the primary alcohol

groups, while the other method takes place on the

selective activation of the primary hydroxyl groups,

such as via a bulky triphenylphosphonium salt, fol-

lowed by substitution with another functional group.

Mainly, the modification of CDs with hydrophobic

moieties makes the CD molecules nonpolar so that

the materials composed of such molecules can be

employed for water-based applications without

requiring a further cross-linking step. In this regard,

in one example, CD molecules were functionalized

with phenylacetic acid and electrospun into fibers

[22]. The presence of p–p interactions between the

phenylacetic acid functional CD molecules led to

stable nanofibers for their use in drug delivery.

Likewise, CD molecules could be modified with dif-

ferent functional groups, such as acetyl, which has

been accomplished by treating with acetic anhydride

in dry pyridine, to be exploited in chiral separation,

or as an additive to polyurethane coatings as the

polyol [23]. This modification can be done in an ionic

liquid (1-butyl-3-methylimidazolium bromide) using

acetic anhydride in the absence of catalyst under

supercritical CO2 condition [24]. Likewise, Xiao et al.

showed the acetylation of the b-CD in 2,4-dioxane

using acetic anhydride and the catalyst 3-picoline

[25]. Overall, this chemistry is straightforward and

can yield hydrophobic acetyl functional b-CD mole-

cules of different substitution degrees. Such mole-

cules have been exploited for the sustained release

applications, such as delayed release of omeprazole

[26].

In this study, we demonstrate water-insoluble CD

nanofibers using peracetylated b-CD molecules. The

hydroxyl groups of b-CD molecules were modified

with acetyl groups through the reaction with acetic

anhydride, and their solutions in DMF were electro-

spun into nanofibers without using any carrier

polymer. The variations in the electrospinning pro-

cess variables on the resultant nanofibers properties

were studied, and the structural properties of the

nanofibers were explored.
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Experimental section

Materials

b-CD was kindly received as a gift from Wacker

Chemie AG (Germany). Acetic anhydride (C 99%),

pyridine (anhydrous, 99.8%), 4-(dimethy-

lamino)pyridine (C 99%, DMAP), dimethylfor-

mamide (DMF), and silver nitrate (AgNO3, C 99.0%)

were purchased from Sigma-Aldrich.

Synthesis of peracetylated b-cyclodextrin

(PAc-b-CD). b-CD (1 g) was dissolved in dry pyr-

idine (10 mL), and the solution was cooled down to

0–5 �C. Afterward, acetic anhydride (30 equiv. of b-
CD) and 100 mg of DMAP (N, N-dimethylamino

pyridine) were slowly added to this mixture, and the

solution kept stirring at RT for 24 h. The excess pyr-

idine was removed by rotovap, and the remaining

solution poured into water and mixed vigorously.

The precipitated peracetylated b-CD was collected

and dried in a vacuum oven. 1H-NMR of peracety-

lated b-CD (PAc-b-CD) matched with reported data

[26].

Electrospinning of the peracetylated b-CDs

PAc-b-CD was dissolved in DMF under continuous

stirring and thereafter transferred into a 1-mL dis-

posable plastic syringe (B BraunTM InjektTM-F Fine

Dosage Syringe) and connected to a blunt needle

(Sterican� MIX blunt). A high-voltage power supply

(Matsusada Precision (AU Series, Japan)) was used to

apply the voltage (15 kV). A syringe pump (model SP

101IZ, WPI, USA) was used to deliver the CD solu-

tions at a fixed rate of 0.5 mL h-1. During the elec-

trospinning, the tip-to-collector distance (TCD) was

kept at 15 cm, and a square collector plate (8 9 8 cm)

covered by an aluminum foil was used for the

nanofiber deposition. For the electrospinning process

variables study, each parameter was altered system-

atically while keeping other parameters constant. The

experiments were performed at 24 ± 2 �C and rela-

tive humidity of 32 ± 1%. The mean diameter of the

resultant fibers was explored over 100 fibers using

the ImageJ software (National Institutes of Health,

Bethesda, MD, USA).

Characterization

Nuclear magnetic resonance (NMR) analysis was

performed on a Bruker DPX-400 instrument. 1H-

NMR analyses were recorded at 400 MHz, and a total

of 256 scans were taken. Thermal analyses of the b-
CD before and after acetyl modification were per-

formed by the thermogravimetric analyzer (TGA, TA

Q500). TGA measurements were taken under a

nitrogen atmosphere from 30 to 600 �C with a heating

rate of 20 �C min-1. The X-ray photoelectron spectra

of the samples were recorded using an X-ray photo-

electron spectrometer (K-Alpha X-ray Photoelectron

Spectrometer (XPS) System, Thermo Fisher Scientific,

UK). As an X-ray source, Al K-alpha X-ray

monochromator (0.1 eV step size, 12 kV, 2.5 mA, spot

size 400 lm) was exploited at an electron takeoff

angle of 90�. The XPS spectra of C 1 s were measured

30 times, with 50 ms dwell time (pass energy 30 eV).

Scheme 1 Synthesis pathway of the peracetylated b-CD (PAc-b-
CD) molecule from the b-CD.
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The morphology of electrospun nanofibers was

visualized by scanning electron microscopy (SEM,

Quanta FEG 200, FEI). Prior to the SEM analysis, the

nanofibers were sputtered with a 5 nm Au using a

PECS sputter system. The mean diameter of the

nanofibers was calculated from the corresponding

SEM images over * 100 nanofibers using ImageJ

software (ImageJ 1.43j, National Institutes of Health,

Bethesda, Maryland, USA). The surface wettability

was studied by a contact angle goniometer (OCA20,

Dataphysics, Germany). The electrospun mat

(2 cm 9 4 cm) was placed on a microscope glass

slide and fixed with a tape. A water droplet with a

volume of 5 lL was dropped onto the mat, and the

water contact angle (WCA) of the mat was calculated

by the Laplace–Young equation.

Results and discussion

PAc-b-CD was synthesized by reacting b-CD with

acetic anhydride in dry pyridine (Scheme 1). Figure 1

shows the 1H-NMR spectra of both b-CD and per-

acetylated b-CD. The proton peaks related to the

PAc-b-CD are in line with the previous report [26].

The attachment of acetyl groups to the backbone of b-
CD was confirmed by the appearance of a proton

peak at 2 ppm, which can be assigned to the methyl

protons of the acetyl groups [24]. Furthermore, the

OH protons of b-CD at 5.70–5.75 and 4.4–4.5 ppm

disappeared, suggesting the successful peracetylation

of the hydroxyl groups of b-CD.

XPS analysis was also performed to confirm the

synthesis of PAc-b-CD molecules. The respective

deconvoluted C1s spectra of both b-CD and PAc-b-
CD are shown in Fig. 2a, b. Typically, the b-CD
molecule has three different peaks related to the C1s:

(i) C–C and C–H at 284.75 eV, (ii) C–O at 286 eV, and

(iii) C–O–C bond at 287.5 eV [8]. Atomic ratios were

calculated to be 23.70 (C–C, C–H), 54.76 (C–O), and

Figure 1 1H -NMR spectra of a b-CD and b PAc-b-CD
molecules. Inset shows the molecular structure of the PAc-b-CD.
The proton peaks of the OH groups of the b-CD at 4.5 and

5.7 ppm disappeared after the modification, while a new peak

showed up around 2 ppm because of the methyl protons of the

acetate groups.
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21.54 (C–O–C) %. PAc-b-CD has an additional C 1 s

peak due to the presence of C=O at 290 eV of the

attached acetyl group [25]. Furthermore, after the

acetyl functionalization, the atomic ratio of the C–O–

C peak increased from 21.54 to 30.95%: The atomic

ratios for the PAc-b-CD were calculated as 12.06 (C–

C, C–H), 54 (C–O), 30.95 (C–O–C), and 3 (C=O) %.

The thermal analysis showed that the peracetyl

modification of b-CD molecules significantly

enhanced the thermal stability of the b-CD. With

acetyl modification, the thermal decomposition tem-

perature (Td) increased from 335 to 397 �C (Fig. 2c,

Figure 2 C1s deconvoluted XPS spectra of a b-CD and b PAc-b-CD. TGA thermograms of c b-CD and d PAc-b-CD. Insets show the

first derivative of the thermograms.

Figure 3 a Photographs of the PAc-b-CD electrospun mat during

the folding/unfolding for many times. b A scanning electron

micrograph of the PAc-b-CD nanofibers. Insets show the optical

photograph of a water droplet on the electrospun mat, along with

the corresponding WCA, as well as the top view of water droplets

(i.e., dyed with methylene blue and methyl orange).
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d). Furthermore, the PAc-b-CD has less adsorbed

water content than the b-CD (i.e., mass loss between

before 120 �C) owing to the hydrophobic nature of

the acetyl groups (Figure c, d).

Because of the hydrophobic character, the PAc-b-
CD could not dissolve in water CD could not dissolve

in water [26], while it completely dissolved in DMF

and formed a highly viscous solution at high CD

content (180% (w/v). Figure S1 shows the morphol-

ogy of electrosprayed and electrospun PAc-b-CD
structures from DMF solutions at various concentra-

tions at the applied voltage of 15 kV. At the concen-

tration of 140% (w/v), the formation of beads was

observed, demonstrating electrospraying took place

(Figure S1a). However, with a concentration rise to

160% (w/v), the formation of the beaded fibers was

observed (Figure S1b). At this concentration, elec-

trospinning took place instead of electrospraying.

Further increasing the CD concentration to 180% (w/

v) led to the bead-free uniform fibers (Figure S1c).

The mean diameter of the fibers was calculated as

1690 ± 490 nm, suggesting the formation of micro-

fibers, along with a small portion of nanofibers. The

concentration for the electrospinning of the PAc-b-

CD is higher than polymeric systems, which are

generally between 5 and 30% (w/v) to able electro-

spun into bead-free fibers [27, 28]. However, for our

case, we do not use any polymeric component, and

the overall system is absent from entangled chains to

form physical joint domains. Indeed, the electro-

spinning of CD nanofibers is owing to the presence of

hydrogen bonds and other intermolecular interac-

tions, and therefore, the interference of hydrogen

bonding agents disturbs their electrospinning and

leads to beaded nanofibers [18]. Such high concen-

trations are used for the electrospinning of hydrox-

ypropyl functional and native CD molecules [15, 16].

This suggests that acetyl modification does not criti-

cally change their electrospinnability.

The electrospinning of the PAc-b-CD was per-

formed from the DMF solutions (Fig. 3). The resul-

tant electrospun mat could be easily handled and

folded many times without any crack development.

Despite the polymer-free nature of the CD (Fig. 3b),

the electrospinning process led to a freestanding

material. The morphology of the fibers was con-

firmed by SEM analysis, and the formation of bead-

free CD fibers was evident. The contact angle

Figure 4 Scanning electron

micrographs of the PAc-b-CD
nanofibers produced at various

applied voltages: a 10 kV,

b 15 kV, c 20 kV, and

d 25 kV. The flow rate and tip-

to-collector distance were

0.5 mL h-1 and 15 cm. Insets

show the size distribution

diagrams of the respective

nanofibers.
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measurements revealed the hydrophobic nature of

the mat. The wettability measurements using dis-

tilled water and dyed water with methylene blue and

methyl orange revealed rounded morphology with

the corresponding WCA of 143 ± 2� (Fig. 3c).
When the optimum concentration was determined

to obtain bead-free fibers, the electrospinning process

variables were optimized to produce uniform fibers

from the PAc-b-CD. A systematic study was per-

formed by changing the electrospinning process

variables stepwise while keeping other parameters

constant. First, the applied voltage was systematically

boosted while keeping other parameters (i.e., flow

rate and tip-to-collector distance) constant at

0.5 ml h-1 and 15 cm, respectively. Increasing the

applied voltage led to the formation of thicker fibers:

The fibers electrospun at 15 kV were 0.81 ± 0.34 lm
in diameter, while the fibers electrospun at 25 kV

were 1.24 ± 0.21 lm (Fig. 4). This increase in the

fiber diameter with a higher voltage can be attributed

to an increase in the mass flow [29, 30], which led to

the formation of thicker fibers. At low applied volt-

ages, the resultant nanofibers were non-uniform and

exhibited the mixture of fibers in both nano- and

micron ranges. This may be attributed to the lack of

enough polarization to form uniform fibers.

As the second parameter, the influence of tip-to-

collector distance was systematically altered. Figure 5

shows the morphology of the nanofibers produced at

various tip-to-collector distances. Even though the

resultant nanofibers were bead-free and almost uni-

form, no critical change on the fiber diameter was

observed with increasing tip-to-collector distance:

For instance, the fibers electrospun at the tip-to-col-

lector distance of 10 cm had a mean diameter of

1070 ± 210 nm and it did not show any significant

change (i.e., 1050 ± 230 nm) with increasing the tip-

to-collector distance to 25 cm. Normally, at higher

tip-to-collector distances, the evaporation of the sol-

vent might result in the formation of thinner fibers

[31]. However, the evaporation of the solvent mole-

cules during the electrospinning process is also

dependent on other factors, such as relative humidity

[32] and the volatility of the solvent [33]. As DMF has

a high boiling point (153 �C), the volatility of the

solvent can be ignored in the formation of thinner

Figure 5 Scanning electron micrographs of the PAc-b-CD
nanofibers produced at various tip-to-collector distances (TCDs):

a 5 cm, b 10 cm, c 15 cm, d 20 cm, and e 25 cm. The applied

voltage and flow rate were 20 kVand 0.5 mL h-1. Insets show the

size distribution diagrams of the corresponding fibers.
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nanofibers at elevated tip-to-collector distances.

Therefore, we did not observe any noticeable impact

of the tip-to-collector distance on the fiber diameter.

Higher voltage and shorter distance are generally

suggested to increase electrospinning productivity.

Unlike the fibers produced at various applied

voltages and TCDs, a most drastic change on fiber

properties was observed for the flow rate, and

increasing the flow rate substantially enhanced the

fiber diameter and led to the formation of the thicker

nanofibers and increased fiber size distribution

(Fig. 6). The CD nanofibers electrospun at 0.1 mL h-1

have a mean diameter of 610 nm, while it increased

to 1860 nm with increasing the flow rate to 2 mL h-1.

More homogeneous nanofibers were obtained at

lower flow rates due to the presence of enough time

for polarization [34]. This drastic increase in the fiber

diameter can be attributed to a significant increase in

the mass flow at higher flow rates. This finding

coincides well with the literature reports where

increasing flow rate has generally shown an increas-

ing trend in fiber diameter [31, 35–37] and fiber

diameter distribution [38].The formation of thinner

nanofibers and narrow diameter distribution at lower

flow rates can be explained as follows. Once the flow

rate is equivalent to the rate, if the charged jet carries

the solution, the shape of the solution on the needle

head (i.e., Taylor cone) remains stable without any

dripping, and such flow will result in fibers in a

narrow diameter range. The high flow rate can cause

dripping on the solution and lead to the occurrence of

beaded fibers (Figure S2) [39, 40].

The stability of the resultant nanofibers was

explored in water and ethanol for 24-h treatment

(Fig. 7a). After the treatment with ethanol overnight,

the nanofibers were dissolved entirely, whereas the

nanofibers treated with water remained intact

(Fig. 7b). This intrinsic stability of the nanofibers in

water is due to the hydrophobic nature of the nano-

fibers because of the attached acetyl groups, which

could maintain the stability of the nanofibers in water

even though their polymer-free nature. The SEM

analysis of the respective nanofibers after water

treatment for 24 h revealed unchanged fiber mor-

phology (Fig. 7c, d). Due to the hydrophobic nature

of the PAc-b-CD molecules, the degree of swelling of

the resultant nanofibers was negligible, and the

nanofibers, unlike most hydrophobic nanofibers,

Figure 6 Influence of the flow rate on the morphology of the PAc-

b-CD nanofibers electrospun at various flow rates: a 0.1 mL h-1,

b 0.25 mL h-1, c 0.5 mL h-1, d 1 mL h-1, and e 2 mL h-1. The

applied voltage and tip-to-collector distance were 20 kV and

20 cm. Insets show the statistical distribution diagrams of the

respective fibers.
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could preserve their rounded nanofiber morphology.

The mean nanofiber diameter after water treatment

was determined to be 840 ± 290 nm (Fig. 7d, inset).

However, upon a long-time exposure to water, the

dissolution of the nanofibers was observed. This

might be attributed to their polymer-free nature and,

therefore, the lack of entangled chains to prevent the

fiber dissolution.

Conclusion

Hydrophobic CD nanofibers were successfully pro-

duced by the electrospinning of the Pac-b-CD mole-

cules from DMF solutions. The PAc-b-CD was

synthesized by the reaction of b-CD and acetic

anhydride by the conversion of hydroxyl groups into

acetyl groups, which was confirmed by 1H-NMR.

TGA analyses showed enhanced thermal stability of

the CD after the acetyl modification. The variations in

the electrospinning process variable affected the

nanofiber morphology and diameter and led to the

formation of the ultrafine nanofibers by optimization

of the electrospinning process variables. At the high

flow rates (C 0.5 mL h-1), the resultant fibers were

formed in micron diameter, whereas nanofibers were

formed at lower flow rates. The nanofibers remained

stable in water and showed no significant morpho-

logical change after 24-h water treatment. Owing to

the freestanding material structure, PAc-b-CD nano-

fibers can be exploited as functional materials for

water-based applications, such as water treatment.
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