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In this study, arbutin (AR)-loaded cellulose acetate (CA) electrospun nanofibers were fabricated by
electrospinning process. The morphological, physical, chemical and mechanical properties of obtained nanofibers
were studied. The effect of the speed of drum collector that affected on the arrangement of nanofibers, degree of
swelling (%), weight loss (%), AR loading efficiency (%) and AR release were investigated. The results indicated that
the increasing rotation speed of drum collector from 350 to 2000 and 6000 rpm resulted in the nanofibers with
random, semi-aligned and mostly aligned orientation, respectively. The diameters of AR-loaded nanofibers were in
the range of 616 - 624 nm without the AR crystals in the structure. The layer thickness of the nanofibers slightly
decreased as increasing alignment. The mostly aligned nanofiber mats had the lowest tensile strengths when they
were stretched in the direction perpendicular to the fiber alignment. On the contrary, if the mats were pulled along the
fiber alignment direction, it showed the highest tensile strength.value. No difference of tensile strength was observed
for the random nanofibers even they were pulled in the different directions. For semi-aligned nanofibers, this
mechanical behavior was in between those of. the random and mostly aligned nanofibers. At 24 h, the degree of
swelling of random, semi-aligned and mostly aligned nanofibers was 381%,. 270%.and 202%, respectively. The
random nanofibers were much fluffier than other types whereas the mostly aligned nanofibers well remained its
appearance as the intact sheet. The percent weight loss was about 8 %w/w and not significantly different among the
types of differently aligned nanofibers. The drug loading efficiencies were found to be more than 90 %, demonstrating
that most AR was successfully loaded into the nanofibers: In term of drug release, all types of nanofibers rapidly
released AR and reached 80% of drug release in 1.7, 4.2 and 9.4 min for.the mostly aligned, semi-aligned and
random nanofibers, respectively. From-these results, it can be concluded that the fastest- AR release can be obtained
by fabricating CA nanofibers in highly-aligned orientation. This-finding indicates the feasibility to use highly aligned
nanofibers for delivery of  certain: drugs.. in fast-releasing formulations. For the comparison of thin-layer
chromatographic (TLC) performance,-CA nanofibers with different degree of alignment were fabricated by using
different collector rotation speeds. Chromatographic separation ability. of CA nanofibers, appearance and detectability
level of spots on CA nanofibers, migration rate of solutes on CA nanofibers-were evaluated and application of CA
nanofibers to screening of adulterated. substances in cosmetics was  investigated. The average diameters of
nanofibers ranged from 500 - 730 nm. Tested by using 3 analytes i.e. hydroquinone (HQ), retinoic acid (RA) and
vitamin C (VC) and methanol/water/acetic acid (65:35:2.5) as.the-mobile phase, good resolution was obtained from
mostly aligned and random nanofibers electrospun for. 6.h and 4 h, respectively. The initial spots of samples on the
mostly aligned nanofibers were more elliptical than those on random ones. After the separation, the spots appearing
on the mostly aligned nanofibers were twice smaller and darker compared to those on the random ones. The masses
of HQ and RA which could be visually detected on the mostly aligned CA nanofiber plates were twice lower than
those on the random nanofibers. Moreover, the masses of both compounds which could be detected on the mostly
aligned CA nanofibers were five times lower than those on typical silica plates. The solvent migration on the mostly
aligned nanofibers was more rapid than that on the random ones. The applicability of the mostly aligned CA
nanofibers was evaluated by the analysis of cosmetic creams. HQ and RA were efficiently separated from the
substances which could form colored spots with phosphomolybdic acid. Also, it was found that the screening
performed by using the mostly aligned CA nanofibers gave results in agreement with the confirmatory HPLC method
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CHAPTER 1
INTRODUCTION

1.1 Statement and significance of the research problem

Electrospinning is used to produce nanofibers because it is a simple and easy
way to control the morphology of ultrafine fibers. In electrospinning process, high
voltage is applied to a capillary containing a polymer solution. A droplet of the
polymer solution then forms at the tip of the capillary, creating a point known as the
“Taylor cone.” As electrostatic forces overcome the surface tension of the polymer
solution, the solution is ejected from the nozzle tip towards the grounded collector,
solvent rapidly evaporates and nonwoven. fiber: mat is collected [1, 2]. This
phenomenon results in the formation of extremely small fibers with high surface area,
high porosity and controllable compositions-and- size. -Because there are many
advantages, electrospun nanofibers.-are -popular in-a variety of fields, for example,
medical wound dressings, tissue engineering, thin layer chromatography (TLC) and
drug loading into nanofibers for delivery to the drug target [3] e.g. Wei Quin et al.
prepared core-shell.nanofibers that provided in_vitro dual drug release profiles of
acetaminophen [4] and Nagy et al. prepared Donepezil HCI loaded nanofibers as a
potential orally dissolving dosage form for producing acceptable and effective dosage
forms for children, older people-and patients with dysphagia [5]. From the examples
of research mentioned above, displays-the-advantages of nanofibers for drug delivery.
Our particular interest is to study-how do the nanofibers with different arrangement
affect the drug release.

Electrospinning technique has become a new technique to prepare the
stationary phase for TLC. There have been some reports about the fabrication and use
of electrospun nanofibers as TLC stationary phase for the separation of amino acids,
laser dyes, steroidal compounds and food preservatives. However, the polymers used
for the fabrication are limited to glassy carbon [6], silica [7], polyacrylonitrile (P AN)
[8-10], polyvinyl alcohol (PVA) [11] and cellulose acetate (CA) [12]. Nanofibers are

1



prepared by conventional method, nonwoven layers can be oriented with randomly
aligned structures. Later, uniaxially aligned electrospun nanofibers have increasingly
attracted attention. The method used to control the alignment of fibers is divided into
three major categories i.e. mechanical, electrostatic, and magnetic methods [13].
Furthermore, uniaxially aligned nanofibrous mats can be applied in a variety of fields
e.g. cell scaffolds because fiber orientation imitates the parallel structure of fibrous
tissues, so it can direct the migration and extension of cells [14, 15]. In addition,
uniaxially aligned electrospun nanofibers have been currently applied to analytical
chemistry e.g. electrochemical/optical based detection systems, solid phase extraction
and membrane separation [14]. In the recent times, Olesik and co-workers reported
the potential of aligned PAN electrospun nanofibers as an alternative membrane
material to separate a mixture of B-blockers and steroidal compounds. Compared to
those with random orientation, the aligned nanofibers improved reproducibility and
separation efficiency as well as shortened run time [9]. After that, Kampalanonwat et
al. firstly optimized the rotation speeds of drum collector to control the alignment of
PAN nanofibers [10]. From these researches, it shows the performance enhancements
motivated further pursuit of new electrospun TLC materials. It is hypothesized that
TLC with uniaxially aligned electrospun nanofibers may increase chromatographic
performance when compared with randomly aligned electrospun TLC plates.

CA is an environmentally degradable material made from cellulose that is the
most abundant. biopolymer on earth. [15]. It is_much cheaper than some synthetic
polymers such as PAN, and nanofibers.made from CA can be readily used for TLC
after the electrospinning. process without additional steps such as pyrolysis or
chemical crosslinking. Lately, TLC plates made from randomly aligned CA
nanofibers have been prepared for screening of steroidal adulterants in traditional
medicines and nutraceutical products and have been used with eco-friendlier hydro-
alcoholic mobile phases [10].

The purpose of this study is to prepare randomly and uniaxially aligned
electrospun nanofibers and to compare them in 2 aspects i.e. drug release and TLC
performance. In this study, we optimized the parameters of the electrospinning
process to find the optimal point of each of the factors used to produce uniaxially



aligned CA nanofibers, including drum collector rotation speed and spin time. The
effects of each parameter on the morphology of CA nanofiber mats were evaluated.
The morphology of nanofibers was characterized by Scanning electron microscopy
(SEM). To evaluate TLC performance of nanofibers, uniaxially aligned fibers were
compared to that randomly aligned ones for the ability to separate hydroquinone
(HQ), retinoic acid (RA) and vitamin C (VC). To date, there are many studies about
drug release from nanofibers. Drug-incorporated electrospun nanofibers have been
used for treatment of various diseases. The nanofiber mats are applied as topical,
implanted drug delivery systems or oral administration. Some of the unique features
of electrospun fibers as drug delivery vehicles relate to their ability to incorporate a
wide range of drugs, their high surface area leading to an efficient drug release, their
interconnecting porous structure with-high permeability and the ease of fabricating the
delivery vehicle in the required form. But the study to compare release of the drug
from the nanofibers with different arrangement does not appear. So in the present
study, Arbutin was loaded into CA electrospun. nanofibers with 3 different types of
nanofibers including randemly aligned, semi-aligned and uniaxially aligned. The

release behavior in‘the aqueous medium was investigated.

1.2 Objective of this-research
1. To prepare uniaxially ~aligned and randomly aligned CA electrospun
nanofibers and optimize the electrospinning parameters.
2. To compare. the drug release. behaviors-between uniaxially aligned versus
randomly aligned CA electrospun nanofibers.
3. To compare the TLC performances between uniaxially aligned versus

randomly aligned CA electrospun nanofibers.

1.3 The research of hypothesis
1. Speed rotating mandrel influences on the arrangement of CA electrospun
nanofibers.
2. The release of arbutin from uniaxially aligned CA electrospun nanofibers is
different from that of randomly aligned CA electrospun nanofibers.
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3. Uniaxially aligned CA electrospun nanofibers can be potentially used as a
stationary phase for TLC with shorter run time than randomly aligned CA
electrospun nanofibers.
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2.1 Electrospinning of nanofibers
2.1.1 History

Electrospinning is a remarkably simple and versatile method for generating
ultrathin fibers from a rich variety of materials that include polymers, composites and
ceramics. To date it has been successfully applied to more than 200 different types of
polymers from both natural and synthetic origins [3, 18-20]. Although the term
electrospinning (derived from ‘electrostatic” and “spinning”) has come into use
relatively recently (since around 1994), .its fundamental idea dates back more than 60
years earlier. The crucial patent.in which the electrospinning of plastics was described
for the first time appeared in 1934 by Anton Formhals. From 1934 to 1944, Formhals
published a series of patents describing ‘an-experimental setup for the production of
polymer filaments using an' electrostatic -force- [21]. The-polymer filaments were
formed from a CA solution introduced into an electric field between two electrodes
bearing electrical charges of ‘opposite polarity. One of the electrodes was placed into
the solution and the otheronto a collector. Once ejected out.of a metal spinneret with
a small hole, the charged solution. jets evaporated to become fibers which were
collected on an electrically grounded ' collector. Despite its early discovery, the
procedure was not utilized commercially and was overshadowed by other fiber
producing techniques. In 1971, Baumgarten made an apparatus to electrospin acrylic
fibers with diameters in. the .range of 0.05-1.1 pm [22]. In this ‘process, a polymer
solution droplet was suspended. from a stainless steel-capillary tube and maintained
constant in size by adjusting the feed.rate by an-infusion pump. A high-voltage DC
current was connected to the capillary tube whereas the fibers were collected on a
grounded metal screen at a specified distance. However, this work which was
followed by other patents also remained fairly unnoticed. Since the 1990s and
especially in recent years, the electrospinning process essentially similar to that
described by Baumgarten has regained considerably more attention. Probably due in
part to a surging interest in nanotechnology, as ultrafine fibers or fibrous structures of
various polymers can be easily fabricated with a rudimentary setup in the laboratory

and have viable industrial scale application.



Recent articles found on electrospinning focused on various spinnable
polymeric materials, processing techniques for fabricating nanofiber assemblies,
effects of processing parameters on fiber diameter and morphology and characteristics
of the fibers and their applications. Some of the many reviews published on the many
developments of electrospinning are cited in references [1, 23-29]. Also a good
summary of the various studies on electrospinning, its nanofibers and their references
can be found in the book by Ramakrishna et al. (2005) [18].

2.1.2 The electrospinning setup

At first glance, electrospinning gives the impression of being a very simple
and, therefore, easily controlled technique for the production of nanofibers. A typical
modern apparatus for electrospinning-is-shown in Figure 2.1, which consists of three
major components: a high-voltage power supply, a spinneret, and an electrically
conductive collector [30, 31]. An ordinary hypodermic needle and a piece of
aluminum foil serve well as the spinneret-and collector._respectively. The polymer to
be electrospun may be'in-the form of a solution or melt that is-typically loaded in a
syringe and fed into the spinneret at a specific rate by a modulating syringe pump.
The high voltage source /is utilized to inject electric charge of a certain polarity into
the polymer solution or melt, which is then.accelerated towards-the collector which is
grounded or of opposite polarity and is used for the collection of both random and
aligned fibers [32, 33]. Electrospinning is generally conducted at room temperature
with atmosphere conditions but in-some cases-a Well-controlled” environment (e.g.
with suitable humidity, temperature and atmosphere) may. be required in which case

the electrospinning region is enclosed in atransparent encasing.



Collector

Polymer solution

Syringe pump

Figure 2.1 Schematic illustrating the electrospinning setup.

Currently there are two standard electrospinning setups, vertical and
horizontal, as can be seen-in the sketches of Figure 2.2. The various groups working
on electrospinning have adopted. different methods for the polymer feed. Some have
simply opted for placing the -syringe perpendicularly. (vertical 'setup), letting the
polymer solution drip.with the help of gravitation and laying the collector underneath.
Sometimes the syringe can-be tilted at a- defined. angle to control the flow. In the
second most common case, the syringe is horizontal and a-pump is used to initiate the
droplet, the pump being also-often used in the case of vertical feeding. The electrode
can be inserted either-directly into the polymer fluid or placed onto the metallic tip of
the capillary if a syringe with.a metal needle is used. With the expansion of this
technology, several research groups have developed more sophisticated systems that
can fabricate more complex nanofibrous structures and assemblies in a more

controlled and efficient manner which shall be the topic of a later section.
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Figure 2.2 Schematic diagram of set up of electrospinning apparatus (a) typical
vertical setup and (b) horizontal setup of electrospinning apparatus.

Source:  Bhardwaj, N., and S. C.'Kundu. (2010). -“Electrospinning: a fascinating
fiber fabrication technique.” Biotechnology Advances 28, 3 (May-June):
325-347.

2.1.3 The electrospinning process

In contrast to. .the simplicity of setup, the  detailed mechanisms of
electrospinning are-much more -complicated and.the-modeling of the fiber formation
process has been the topic of extensive research [34]. The formation of the nanofibers
is based on a uniaxial stretching of the-viscoelastic solution. by -an electrostatic force.
More specifically, a polymer solution ‘droplet held by its surface tension at the
spinneret opening (the capillary tip)-is subjected to an-electric field by applying a high
voltage. An electric_charge -is' induced _on the liquid surface due to this electric field.
As the intensity of the-electric field is increased, the repulsive electrical forces
gradually offset the droplets surface tension-forces and the droplets hemispherical
surface elongates into a conical structure known as a Taylor cone. Under an
increasing electric field, a critical voltage is attained whereby the repulsive
electrostatic force totally overcomes the solutions surface tension, allowing charged
fluid jets to be ejected from the tip of the Taylor cone. An illustration of the process is
shown in Figure 2.3. The discharged polymer solution jets undergo an unstable and
rapid whipping motion in the space between the capillary tip and collector wherein
the solvent evaporates, leaving behind an electrically charged polymer fiber which is

highly stretched and reduced in diameter as it travels towards the collector [35, 36].
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Figure 2.3 Illustration of Taylor cone formation: (A) Surface charges are induced in
the polymer solution due to the electric field. (B) Elongation of the pendant
drop. (C) Deformation of the pendant drop to the form-the Taylor cone and

jet initiation.

During its /travel, the jet-only follows a direct path towards the counter
electrode for a certain distance -but-then changes—its appearance significantly by
moving laterally and forming a-series of coils, the envelope of which has the form of a
cone opening.towards the counter electrode A schematic illustrating. the inverted
conical pathis given.in Figure 2.4. Itis-now known  that the small diameter of
electrospun fibers is.-the result of the rapid whipping motion that exerts a strong axial
force rather than the splaying of jet (the splitting of the main jet into minor jets), as
was previously believed [2,-35, 37]. It is because of this-continuous acceleration and
stretching of the jet that electrospun nanofibers are typically several orders of
magnitude thinner than those produced using conventional spinning techniques that
draw the fibers in a uniform direction. The inset in Figure 2.4 shows a snapshot of the
violent jet, which was captured with the aid of a high-speed camera. The whipping
instability is thought to originate mainly from the electrostatic interactions between
the external electric field and the charges immobilized on the surface of the jet.
Naturally, the polymer solution utilized in the electrospinning must possess the
appropriate viscoelastic properties in order to survive the whipping process that can

break the jet into individual droplets.
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Figure 2.4 Schematic illustrating the inverted conical path the jet travels before being
collected as randomly oriented fibers. The inset shows a SEM image of

randomly deposited electrospun-nylon 6,6 fibers.

Source:  Baji, A, et al. (2010). “Electrospinning of pelymer nanofibers: Effects on
oriented morphology, structure and tensile properties.” Composites
Science and Technology 70, 5 (May): 703-718.

2.1.4 Polymer Selectionin Electrospinning

Hundreds of polymers have been electrospun to. produce nanofibers for
various applications. Table-2.1 lists a few polymer _solvent systems that are widely
used in electrospinning [38]. Polymers such as polyvinyl alcohol (PVA) are widely
used in tissue engineering and.drug. delivery. There-are ' many more polymers that have
not been successfully electrospun based on their.properties and the parameters
involved in electrospinning: Properties-of.the polymer in solution are very important
in both the electrospinning process and the endapplication of the electrospun
nanofibers.

Concentration and solvent type directly impact the properties of the solution.
Highly concentrated polymer solutions are very difficult to electrospin as viscosity is
an essential parameter in electrospinning. Polymer solvent is also pertinent to
electrospinning as the polymer must be dissolved in a suitable solvent and spun from
solution. Solvent type is also important when generating nanofibers. Nanofibers in the

range of 10 to 2000 nm diameter can be achieved by choosing the appropriate
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polymer solvent system [39]. Table 2.1 lists some polymer solvent systems used in

electrospinning. Depending on the system, applications may vary.

Table 2.1 Different polymers used in electrospinning, characterization methods and

their applications.

Polymers

Applications

Poly(glycolide) (PGA)

Nonwoven tissue engineering scaffolds

Poly(lactide-co-glycolide) (PLGA)

Biomedical applications, wound healing

Poly(e-carpolactone) (PCL)

Bone tissue engineering

Poly(l-lactide) (PLLA)

3D cell substrate

Polyurethane (PU)

Nonwaoven tissue template wound healing

Poly(ethylene-co-vinyl alcohol) (PEVA)

Nonwoven tissue' engineering scaffolds

Polystyrene (PS)

Skin tissue engineering

Syndiotactic 1,2-polybutadiene

Tissue engineering applications

Fibrinogen Wound healing
Poly(vinyl alcohol)/cellulose aceate . )

Biomaterials
(PVAICA)

Cellulose acetate (CA)

Adsorptive membranes/felts

Poly(vinyl alcohol). (PVA)

Wound dressings

Silk fibroin, silk/PEO

Nanofibrous tissue engineering scaffolds

Silk Biomedical applications
Silk fibroin Nanofibrous scaffolds for wound healing
Silk/chitosan Wound dressings
_ Tissue engineering  scaffolds, drug
Chitosan/PEO ) _
delivery, wound healing
Gelatin Scaffold for wound healing

Hyaluronic acid (HA)

Medical implant

Cellulose

Affinity membrane

Gelatin/polyaniline

Tissue engineering scaffolds
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Table 2.1 Different polymers used in electrospinning, characterization methods and

their applications (continued).

Polymers Applications

Collagen/chitosan Biomaterials

Source:  Bhardwaj, N., and S. C. Kundu. (2010). “Electrospinning: a fascinating
fiber fabrication technique.” Biotechnology Advances 28, 3 (May-June):
325-347.

2.1.5 Working principle of an electrospinning machine
Electrospinning process can be explained-in 5 steps, such as:
a. Charging of the polymer fluid
b. Formation of the cone jet (Taylor cone)
c. Thinning of the jet in the presence of an electric field
d. Instability of the jet

e. Collection of the jet

a. Charging. of the polymer fluid
The syringe-is-filled with a polymer -solution, the ‘polymer solution is
charged with a very high potential around i.e.-10-30 kV. The nature of the fluid and
polarity of the applied potential free electrons,ions or ion-pairs-are generated as the
charge carriers form an electrical-double layer. This-charging induction is suitable for
conducting fluid, but for.non-conducting-fluid ‘charge directly injected into the fluid

by the application of electrostatic field:

b. Formation of the cone jet (Taylor cone)

The polarity of the fluid depends upon the voltage generator. The
repulsion between the similar charges at the free electrical double layer works against
the surface tension and fluid elasticity in the polymer solution to deform the droplet
into a conical shaped structure i.e. known as Taylor-cone. Beyond a critical charge
density Taylor-cone becomes unstable and a jet of fluid is ejected from the tip of the

cone [1].
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c¢. Thinning of the jet in the presence of an electric field
The jet travels a path to the ground, this fluid jet forms a slender
continuous liquid filament. The charged fluid is accelerated in the presence of

electrical field. This region of fluid is generally linear and thin.

d. Instability of the jet
Fluid elements accelerated under electric field and thus stretched and
succumbed to one or more fluid instabilities which distort as they grow following
many spiral and distort path before collected on the collector electrode. This region of

instability is also known as whipping region.

e. Collection of the jet
Charged electrospun fibers travel downfield until it-impact with a lower
potential collector plate. Orientation-of  the collector affects-the alignment of the
fibers. Different type of collector also affects the morphology and the properties of
produced nanofiber. Different type of collectors are used : Rotating drum collector,
moving belt collector, rotating wheel with bevelled edge, multifilament thread,

parallel bars, simple mesh collector. etc.

2.1.6 Electrospinning process parameters
In principal, nearly-all soluble or fusible polymers can be processed into
fibers by electrospinning, provided. that-the-solution” parameters and the operational
parameters are optimized [19, 20]. The-main-parameters can be divided into three

categories:

1. The intrinsic properties and parameters of the electrospun solution:

1.1. Viscosity, volatility, elasticity, conductivity, polarity and surface tension of the
solution.

1.2. Molecular weight, conformation and polymer chain entanglement of the
polymer

2. The operational parameters:

2.1. Strength and distribution of the applied electric field e.g. voltage
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2.2. Setup geometry e.g. Tip-to-collector distance
2.3. The feeding rate of the solution and spinneret (needle) diameter

2.4. Effect and design of collector

3. The environmental parameters:
3.1. Temperature and humidity in electrospinning chamber
3.2. Pressure and air velocity patterns in the electrospinning chamber

The different parameters must coincide to yield a successful electrospinning
with the desired nanofiber  qualities as they can. act either synergistically or
counterproductively with each other. For instance, the polymer solution must have a
concentration high enough to enable sufficient polymer chain entanglement during
fiber formation yet not sohigh that its viscosity-prevents polymer motion induced by
the electric field. The solution -must also-have a surface tension low enough to allow
Taylor cone formation as well as beable to carry a charge high enough to allow
stretching. Morphological changes also occur upon--changing the operational
parameters like decreasing the distance or-changing the electric field strength between
the spinneret and ' the substrate. Obviously, it—is- not possible to make general
recommendations for-particular concentrations, viscosities, electrical conductivities,
surface tensions, etc. because the values of these parameters vary considerably with
the polymer—solvent system.-As long as a polymer.can be electrospun into nanofibers,
ideal targets would be in that:

a. The diameters of the fibers be consistent.and controllable
b. The fiber surface be defect-free or defect-controllable
c. Continuous single nanofibers to be collectable.

Research so far has shown that controlling the fiber diameter and
morphology is by no means easily achievable. As mentioned earlier, the numerous
correlations between the parameters makes this difficult and system specific boundary
conditions for each parameter must be set to achieve successful electrospinning. An
often occurring problem is that the parameters adjusted to achieve a certain goal such
as a lower diameter can also lead to an adverse effect on another parameter thereby
offsetting the initial adjustment. A simple example is the increasing of the voltage to
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obtain a higher degree of electrostatic stretching (by increased whipping motion) and
assuming it will yield a reduced fiber diameter. This choice of action can be
counteracted by the reduced fiber flight time due to increased acceleration toward the
collector (leading to less stretching), and an increase in polymer solution supply in the
fibers drawn out by the electric field which ultimately can yield thicker fibers.
Extensive summaries regarding the effects of the parameters can be found in the
following review articles and in the book by Ramakrishna et al. [3, 18, 40-42]. Here
will only be discussed the most basic parameters relevant to an understanding of the
electrospinning process and to this work.

Since nanofibers are resulted from evaporation or solidification of polymer
fluid jets, the fiber diameters will depend primarily on the jet sizes as well as on the
polymer contents in the jets.. The traveling solution jet from the pipette onto the
collector may or may not split into multiple jets, resulting in_different fiber diameters.
As long as no splitting is‘involved, the major factors that control the diameter of the
fibers are deemed to be:

a. Concentration and viscosity of the solution

o

Type of solvent used

Conductivity of the solution

o o

Feeding rate of the solution

@

Applied electric voltage

=h

Tip-to-collector distance

Viscosity, concentration-and molecular weight

According to prior investigations, a higher viscosity results in a larger fiber
diameter due in part to the higher polymer supply [43]. The solution viscosity is
proportional to the polymer concentration and its solubility in solvent. Thus it is
natural to conclude that lowering the polymer concentration should also result in a
reduction in nanofiber diameters. But for fiber formation to occur a minimum solution
concentration is required as polymer chain interaction and entanglements are required
for fiber formation. It has also been found that at very low solution concentrations a
mixture of beads and fibers may be obtained. For a solution of low viscosity, surface

tension is the dominant factor and just beads or beaded fibers are formed while above
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a critical concentration a continuous fibrous structure is obtained. There is also a need
for a certain polymer molecular weight, weight distribution, and chain architecture
(e.g. linear, branched etc.) that can ensure sufficient entanglement. It has been
observed that a high molecular weight is not always essential, if sufficient
intermolecular interactions can provide a substitute for the interchain connectivity
obtained through chain entanglements. To summarize, the concentration parameter is
highly dependent on the polymer-solvent system. There is an optimum solution
concentration, as at low concentrations beads are formed instead of fibers, and at too
high of a concentration the formation of continuous fibers is prohibited because of the

inability to maintain a stable flow of the solution to the tip of the needle [44].

Surface tension

It‘s also been reported that by reducing the surface tension of a polymer
solution, fibers could be obtained without beads, [45]. Naturally, different solvents
contribute to different resultant surface tensions. Generally a high surface tension of a
solution inhibits the electrospinning process because of an.arising instability of the
jets and the generation of sprayed droplets [46]. However, not necessarily will a lower
surface tension of a solvent be more suitable for: electrospinning and it may yield
undesired morphological ‘or-fiber diameter change. Many papers promote the use of
solvent mixtures as opposed to-just a single solvent to adjust the surface tension or by
the extra addition of a surfactant [45].

Conductivity

Increasing the solution conductivity with e.g. salts can result in fibers free of
beads and with smaller diameters [41]. The argument is that the addition of salts
yields a higher charge density on the surface of the solution jet during the
electrospinning, bringing more electric charges to the jet. As the charges carried by
the jet increase, stronger elongation forces are imposed on the jet under the electrical
field, resulting in less beading and thinner smoother fiber diameters. It has been found
that with the increase of electrical conductivity of the solution there is a significant
decrease in the diameter of the electrospun nanofibers whereas with low conductivity

of the solution there results insufficient elongation. However, the highly conductive
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solutions are extremely unstable in the presence of strong electric fields, which results

in a dramatic bending instability as well as a broad diameter distribution [47].

Feed-rate

An increased feed-rate will increase the amount of polymer available and
will consequently lead to an increase in the fiber diameter but must be set to match the
applied voltage to avoid instability of the Taylor cone. A lower feed rate is usually
more desirable as the solvent will get enough time for evaporation but reduces the
output of fibers in a given time frame. High flow rates may also result in beaded
fibers due to unavailability of proper stretching and drying time prior to reaching the
collector [41, 48].

Voltage

A parameter which affects the fiber diameter to a remarkable extent is the
applied electrical voltage. In general, a higher applied voltage ejects more fluid in a
jet, resulting in a larger fiber diameter and only after attainment of a threshold voltage
does fiber formation actually-occur [41]. This threshold voltage induces the necessary
charges on the solution and initiates-the electrospinning-process. Other authors have
reported that an increase 'in-the applied voltage increases the electrostatic repulsive
force on the fluid jet which-ultimately favors the narrowing of fiber diameter. The
higher voltage causes greater stretching of the jet, due to the greater columbic forces
present in the jet as and provides a.stronger electric-field. These combined effects lead
to reduction in the fiber diameter and-also-a-more rapid evaporation of solvent from
the fibers [49].

Tip-to-collector distance

The distance between the spinneret tip and the collector has often been
examined as another approach to control the fiber diameters and morphology. Varying
the distance will have a direct influence on the flight time and the electric field
strength. A longer flight time enables the fibers to be stretched for longer periods of
time before they are deposited but weakens the strength of the electric field. It has
been found that a minimum distance is required to give the fibers sufficient time to

dry before reaching the collector, otherwise with distances that are too close wet
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fibers, beads or intermeshed fibers have been observed [41, 42]. An excessively far
distance will lessen the deposited amount of fibers on the collector. There should be
an optimum distance between the tip and collector at an applied voltage which yields
the optimal electric field strength for the evaporation of solvent from the nanofibers

and stretching of the fibers.

Temperature
At high temperature, viscosity of the solution is decreases and there is
increase in higher evaporation rate which allows greater stretching of the solution and

a uniform fiber is formed.

Diameter of pipette orifice

Orifice with small diameter reduces the clogging effect due to less exposure
of solution to the atmosphere and leads to the formation -of fibers with smaller
diameter. However, very small orifice has the disadvantage that it creates problem in

extruding droplet of solution from the tip of the orifice.
2.1.7 Electrospinning process parameter summary
A summary of ‘the-discussed jparameters-and.their-general assumed effect

withholding the above discussed intricacies-is-given-in-Table 2.2 and Figure 2.5.

Table 2.2 Electrospinning parameters and their._assumed effects on fiber morphology.

Parameter Effect on fiber morphology

Applied voltage Minimum voltage needed to induce
electrospinning. Probable increase in
fiber diameter with increase in voltage

with lesser probability of beading.

Concentration Increase in fiber diameter with increase

of concentration.

Conductivity Decrease in fiber diameter with increase
in conductivity but also increases bending

instability and diameter distribution
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Table 2.2 Electrospinning parameters and their assumed effects on fiber morphology

(continued).

Parameter

Effect on fiber morphology

Diameter of pipette orifice

Orifice with small diameter reduces the
clogging effect due to less exposure of
solution to the atmosphere and leads to
the formation of fibers with smaller
diameter. However, very small orifice
creates problem in extruding droplet of

solution from the tip of the orifice.

Feed-rate

Low feed-rate: Decrease in fiber diameter
High feed-rate: Increase in bead

generation and Taylor cone instability

Surface tension

Reduction in surface tension minimizes
beads, highsurface tension results in

instability-of jets

Temperature

At high temperature, viscosity of the
solution _is decreases and there is increase
in-higher evaporation rate which allows
greater-stretching of the solution and a

uniform fiber is formed.

Tip-to-collector distance

Minimum distance required for dry
fibers.-Excessively far distance will
lessen the deposited amount of fibers on

the collector

Viscosity

Low viscosity: Increase in bead
generation
High viscosity: Increase in fiber diameter,

disappearance of beads.
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Figure 2.5 Schematic illustration-of the effect of the concentration, flow rate, and

voltage on electrosprayed/electrospun nano/microstructures.

Source: Zamani, M., et al. (2013). “Advances in drug delivery via electrospun and
electrosprayed nanomaterials.”” International Journal of Nanomedicine

28,3:.325-341.

Notes: At very low. concentrations, fabricated particles collapse into rings,
discs, etc, by varying. the electrospraying condition. By increasing the concentration,
spherical particles can be formed with different sizes by changing the flow rate and
applied voltage. Further increase in concentration results in formation of particle-tail
structures or beaded fibers depending on the processing condition. When a critical
concentration is reached, uniform fibers are produced. Although these general
principles are applicable for most electrospinning/electrospraying conditions,

solutions with specific properties such as high conductivity may behave differently.

Increasing
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2.2 Recent developments in electrospun nanofibers and their applications

Many different methodologies have been employed to modify the electrospinning
process, Yielding a variety of pathways for controlling the final composition of
electrospun nanofibers. In addition to just varying the fundamental operational
parameters, further advanced developments have been made by altering the design of
the electrospinning setup or the final makeup of the electrospun material. Examples of
such developments, excluding to just those inherent to the process operational
parameters, are the co-processing of different polymer mixtures, chemical cross-
linking of the formed nanofibers and the production of various hierarchical nanofiber
assemblies [1, 19, 28, 42]. The electrospinning technique also provides the capacity to
lace together a variety of types of nanofillers to be encapsulated into an electrospun
nanofiber matrix. Carbon hanotubes,-ceramic nanaparticles, etc. may be dispersed in
polymer solutions, which are then electrospun to form nanoscale composites. Another
interesting aspect of using nanofibers is that it is possible to modify not only their
morphology and internal bulk content but also their surface structure to carry various
functionalities [50, 51].

As mentioned -earlier, -the main.advantage of the-electrospinning process is not
only its versatility, but also its easy setup and relatively low cost compared to that of
other nanofiber producing..methods. The. resulting nanofibers samples are often
uniform and continuous and in_most cases do not require further purification Hence,
electrospun polymer ‘nanofibers ‘are considered for use in“a variety of applications
such as nonwoven._ fabrics, filtration,. reinforcement in composite systems, drug
delivery systems, tissue engineering, fuel cells, photonics, sensorics, wound dressings,
nanocatalyst supports and fiber templates for the preparation of nanotubes or porous
materials, to name just a few [3, 18, 41, 52, 53]. Some applications in the different

sectors are given in Figure 2.6.
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Figure 2.6 Different applications of electraspun nanofibers.

Source:  Bhardwaj, N., and S. C. Kundu. (2010). “Electrospinning: a fascinating
fiber fabrication-technique.”  Biotechnology-Advances 28, 3 (May-June):
325-347.

2.3 Cellulose acetate (CA)

Cellulose acetate was first developed by Schutzenberger in 1865 by heating cotton
with acetic anhydride. Cellulose acetate fibers were first manufactured commercially
in Great Britain in 1919 (Celanese®). Cellulose acetate is prepared from cotton linters
and/or purified wood pulp that is acidified, usually with sulfuric acid, then acetylated
with acetic acid and acetic anhydride. This produces cellulose triacetate; cellulose
diacetate is obtained by partial hydrolysis to replace some of the acetyl groups with
hydroxyl groups. Cellulose diacetate (Degree of substitution about 2.45) is commonly
called acetate while the cellulose triacetate (Degree of substitution approaching 3) is
called triacetate.

Acetate fiber is the generic name of a fiber that is partially acetylated cellulose.
They are also known as cellulose acetate and triacetate fibers. While acetate and

triacetate differ only moderately in the degree of acetylation, this small difference
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accounts for differences in the physical and chemical behavior for these two fiber

materials.

2.4 Electrospinning of CA

Electrospinning of polysaccharides is not an easy task to accomplish because of
their poor solubility and the high surface tension of solutions [54]. Cellulose gives a
vivid example of it. Solvents that can dissolve this polysaccharide have low volatility
and high melting temperature, which makes. it hard to remove them completely from
the fibers and requires electrospinning to be performed at relatively high temperatures
[55-59].

CA is a cellulose derivative that is much easier to handle which makes it favorable
in electrospinning processes. In order-to choose a good solvent several factors should
be taken into consideration.- First of all, the solvent must have a high enough boiling
point and dipole moment in order to evaporate during the stretching of the fibers
towards the collector and not before. Otherwise clogging of the needle tip is observed.
Secondly, the resulting solution should not be too viscous, but.it should have high
conductivity and low: surface tension [60-62].- That is-why the presence of solvents
with a high dielectric’ constant ‘and--boiling point like dimethylacetamide, methanol,
dimethylformamide or-water_improves the spinnability of CA solutions. Usually they
are mixed with low-boiling solvents /(acetone, chloroform, ~dichloromethane) in
different weight ratios to-obtain-the best suitable solvent for a particular molecular
weight of CA and a target ‘structure.- After getting CA fibers they are regenerated to

cellulose by aqueous or ethanolic hydrolysis [54].

2.5 Controlling electrospun nanofiber alignment

In a typical situation, electrospun nanofibers are deposited on the collector as a
nonwoven mat, with no preferential orientation of the fibers. Yet, electrospinning is
far from limited to the production of nonwovens as various assemblies of nanofibers
can be constructed by alteration of the electrospinning process and apparatus. The
orientation of nanofibers along a preferred direction is of particular interest for many
applications e.g. for structural reinforcement in composites or in tissue engineering to

give cultivated cells a preferred growth direction. As was mentioned in a previous
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section, the nanofibers are typically deposited on the surface of a flat collector (a
piece of conductive substrate) as a randomly oriented mess due to the chaotic bending
instability of the highly charged jet. This inability to predict the final fiber placement
and orientation has been the limiting factor in producing aligned fiber mats and
numerous methods have been investigated to resolve this issue. There are generally
two main methods utilized and many other developed variants which can be
considered as combinations of these basic methods. One method is to use a dynamic
(most often rotating) collection device as oppose to just a static collector hence
introducing an element of mechanical handling to the fiber collection process. The
other is to control the flight of the electrospinning jet through the manipulation of the
macro electrostatic field, mainly by altering the build and configuration of the

collector and or the use of auxiliary. directional electrodes.

2.5.1 Alignment caused by mechanical forces

It has been suggested that by rotating a cylindrical collector at a very high
speed of up to thousands of rpm (rotations per minute), continuous electrospun
nanofibers could be oriented. circumferentially -around. the collector in an aligned
fashion. Furthermore, the diameter of the fiber can be controlled and tailored based on
the rotational speed ofthe drum [52, 63-65].- The mechanism-behind the technique has
not been fully explained in detail,-yet some intuitive conjectures in the literature are
given as follows. When the linear speed of the rotating cylinder surface, which serves
as a fiber take-up device, matches-that of evaporated jet depositions, the fibers are
taken up on the surface of-the cylinder tightly'in a circumferential manner, resulting in
a fair alignment. Such a speed can be called the alignment speed. If the surface speed
of the cylinder is slower than the alignment speed, randomly deposited fibers will be
collected, as it is the fast chaotic motions of jets that determine the final deposition
manner. On the other hand, there must be a limit rotating speed above which
continuous fibers cannot be collected since the overfast take-up speed will break the
fiber jet. Another point of concern is the aerodynamic motion resultant from the high
speed rotating drum that can ultimately repel the deposition of the fine fibers and
lessen the deposited amounts as well as their orientation.
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Figure 2.7 A rotating cylinder collector to obtain unidirectional nanofiber alignment

along the rotation direction.

Source:  Ramakrishna, S., et al. (2005). “An Introduction. to-Electrospinning and
Nanofibers.”, 'Singapore: World Scientific Publishing Co. Pte. Ltd.

2.5.2 Alignment caused by electrostatic forces

The force that stretches the solution into-a fine strand is the electrostatic
charge applied and. given to it. by-the high 'voltage power. supply. Since the
electrostatic charges are distributed along the electrospinning jet and the electrospun
fibers are charged in.flight, an external electric field can be used to control their travel
patterns until final impact with the lower potential electrode or collector. Simply put,
the fibers may be guided. by altering the electric field and their travel patterns roughly
visualized by the electric field lines [18, 52, 65, 66]. Even with a slight variation in
the electric field profile;.its effect on the-deposition of the electrospun fibers can be
seen. When a grounded wire was placed below-a-non-conducting substrate such as a
glass slide, it induced the electrospun fibers to deposit preferentially on the areas on

the glass slide just above the grounded wire as shown in Figure 2.8
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Figure 2.8 Influence of conducting wire placed below a glass slide on the deposition
of the electrospun fibers. (A) Grounded electrode placed under a glass

cover slip. (B) Electrospun fibers deposited on the glass cover slip.

Source:  Teo, W. E. (2006). "A review on electrospinning design and nanofibre

assemblies.” Nanotechnology 17, 14 (June 30): R89.

Many other similar = attempts -that utilize auxiliary electrode ring(s) for
controlled deposition can also be found. Jaeger et al. installed a single charged ring of
like voltage and polarity concentrically about the syringe needle to stop the chaotic
motion of the electrospinning jet as is'shown in Figure-2.9 [67]. Similarly, Kim and
co-workers used--a single. cylindrical auxiliary electrode. around -the.-nozzle tip to
stabilize the spinning jet [68].-In both works, the electrospinning process was studied
with different experimental. lay-outs, -electrostatic fields” were simulated and the
voltage - current characteristics of the electrospinning process-were recorded. The
advantages of this relatively-simple-set-up was that the deposition of the fibers could
be controlled over an area which is despite still being quite large was confined within
a ring area. Also worth mentioning are the works of Buttafoco et al., wherein a
guiding electrode ring was used in conjunction with a rotating uptake device to obtain
aligned fibers. A single charged ring was used to designate and reduce the deposition
area such that most of the fibers would be directed on a rotating 3.1 mm diameter tube
[69].
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Figure 2.9 Controlled deposition area using a single auxiliary ring.

Source:  Park, S., et al. (2007). “Apparatus for preparing electrospun nanofibers:
designing an electrospinning process for nanofiber fabrication.”, Polymer

International 56, 11 (November): 1361-1366.

It has been shown that a static electric field which has been properly
designed can be used to_obtain aligned or patterned fibers without the use of a
mechanical element 'to. the collector. As early ‘as 1938, Formhals patented an
electrospinning set-up where bars-were placed.in parallel with. gaps between them as
collectors to collect aligned fibers.  The setups that utilize this so called “gap” method
are basically the -same as the-conventional electrospinning method but use collectors
consisting of ‘pieces of electrically conductive substrates separated by non conductive
gaps in which the deposited fibers would span.-In a_more recent work, Li et al.
demonstrated that two electrodes placed in parallel were able to-collect aligned fibers
in the gap as shown in Figure.2.10 (A) [70, 71]. The electric-field lines in the gap near
to the electrodes are drawn towards the electrode edges as seen in the electric field
profile in Figure 2.10 (B). The jet would stretch itself across the gap as the field lines
are attracted towards the electrodes. This results in electrospun fibers aligning
themselves across the gap between the electrodes. Due to the presence of charges on
the electrospun fibers, mutual repulsion between the deposited fibers will enhance the
parallel and relatively even distribution of the fibers. This process could be repeated
and arrays of uniaxially aligned nanofibers could be collected over large areas. By
using this method, nanofibers with the length from hundreds of micrometers to

several centimeters and diameters ranging from tens of nanometers to several
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micrometers could be prepared as uniaxially aligned arrays. Their study showed that
the degree of alignment of the nanofibers increased with collection time but the
effects of width of gap and applied voltage were not studied. Other many works
however have studied the effects of residual charge in fibers and gap width analysis
on the degree of alignment [66, 72, 73]. One clear advantage of this setup over the
previous conventional setup with a flat substrate or one that utilizes a mechanical
drum is that the aligned fibers can be easily removed from the collector making it
easy to transfer the fibers onto other solid substrates for further processing steps and

applications.
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Figure 2.10 (A) Schematic illustration of a gap method setup used generate uniaxially
aligned nanofibers. The collector contained two pieces of conductive
silicon stripes separated-by a gap. (B) Calculated electric field strength
vectors in the region between the needle and the collector. The arrows
denote the direction of the electrostatic field lines. (C) Electrostatic force
analysis of a charged nanofiber spanning across the gap. The electrostatic
force (F1) resulted from the electric field and the Coulomb interactions
(F2) between the positive charges on the nanofiber and the negative image

charges on the two grounded electrodes.
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Source: Dan Li, Yuliang Wang, and Younan Xia. (2004). "Electrospinning
Nanofibers as Uniaxially Aligned Arrays and Layer-by-Layer Stacked
Films." Advance Materials 16, 4 (February): 361-366.

2.5.3 Alignment caused by magnetic forces

Alignment of electrospun nanofibers can also be achieved by applying an
external magnetic field (Figure 2.11). Magnetized poly(vinyl alcohol) (PVA) fibers
could be stretched into parallel fibers over large areas (more than 5 x 5 cm?) using a
magnetic field by Jiang et al. [74]. The polymer solution was magnetized by adding a
small amount (less than 0.5 %w/w) of magnetic nanoparticles. The solution was
electrospun into nanofibers in the ‘presence of a magnetic field generated by two
parallel-positioned permanent magnets. The magnetic field stretched the fibers across
the gap to form a uniaxially-aligned array as they landed onto the magnets. Nanofibers
of PVA were also electrospun-without magnetic nanoparticles in a magnetic field, and
they were randomly distributed without -any alignment.-The magnetic field could
assist alignment of electrospun nanofibers, ~but only 'when electrospinning a
magnetizable solution /in--a_magnetic field [74].-Yang -and = coworkers also
demonstrated that by-increasing the flow rate of the electrospun-jet, the morphology
of resultant nanofibers-would -change from-uniaxially aligned-to wavy [75]. In this
case, both PLGA and poly(vinyl-pyrrolidone) (PVP) were electrospun at different
flow rates in a.magnetic field. At.a flow rate of 0.5 mL/h, the PLGA and PVP fibers
were straight and uniaxially aligned,-while at-a-flow rate of 3.0 mL/h, the fibers
became wavy in morphology without losing the overall alignment. The generation of
aligned polymer fibers (both straight—and wavy) by magnetic field-assisted
electrospinning was independent of the solution and solvent used and did not require
the solution to be magnetically active [75]. Further efforts are needed to investigate

the mechanism of alignment for nanofibers electrospun in a magnetic field.
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& &

Figure 2.11 Magnetic forces through the use of a pair of permanent magnets (The
yellow plates are grounded conductive electrodes).

Source:  Wenying Liu, S. Thomopoulos, and Younan Xia. (2012). “Electrospun
nanofibers for regenerative medicine.” Advanced Healthcare Materials
1, 1 (January 11): 10-25.

2.6 Drug loading in/on nanofibers

Active substances can_be incorporated-inside the-nanofibers, physically adsorbed
or chemically bound to the surface (Figure 2.12). However, knowledge of the drug’s
behavior during its incorporation in-the nanofibers and-its-subsequent release from the
nanofibers is much “more limited, .compared to 'the knowledge -available for drug
incorporation and release from, for example, solid lipid nanoparticles. The loading of
many different drugs and -their-localization in the lipid matrix have been
systematically investigated. ~The results  showed that the drug Incorporation,
localization and release depend on.the physicochemical properties of the drug and the
carrier matrix. Therefore,.it-.is also expected that~ for < nanofibers the loading
mechanism will be governed by the. drug solubility in-the polymer solution and the

drug—polymer interactions in the-solid state [76].
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Figure 2.12 Scheme presenting the possibilities drug loading in/on nanofibers.

Source:  Ashjaran, A., and A. Namayi. (2014). “Survey on Nanofiber Material as
Drug Delivery Systems.” Research Journal of Pharmaceutical,
Biological and Chemical Sciences 5, 3:1262-1274.

The various loading possibilities, physical entrapment are currently the most
widespread, since the drug-in the nanofibers is protected against unfavourable
environmental conditions “and it offers good control over the drug’s release. A
typically observed release profile from-such nanofibers exhibits an initial burst effect
followed by an almost linear, sustained release. Furthermaore, the preparation of core-
shell nanofibers provides-a drug-reservoir-system with -a.shell barrier protecting the
incorporated drug-and. controlling the drug-diffusion rate. The burst effect from such
nanofibers is small and the entire release. profile is_more" sustained [76]. The
incorporation of a drug in nanofibers, either-in-the form of a matrix or as a core-shell
system, is relatively easy to-perform, since the drug is simply dissolved in the polymer
solution prior to electrospinning. The formation of an amorphous drug, which shows a
higher solubility with respect to the crystalline form, is favoured, due to a very limited
time being available for the drug’s recrystallization during the electrospinning
process. Furthermore, a reasonable question can be raised concerning the preservation
of the chemical and biological integrity of the incorporated drug due to the application
of a high voltage during the electrospinning. Various studies using H-NMR, DSC,
XRD and IR spectroscopy have proven that the electrospinning process does not
affect the structural integrity of the incorporated drug [77]. The physical adsorption of

a drug on the surface of the preformed nanofibers is achieved by dipping the
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nanofibers into a solution of the drug, which associates with the nanofibrillar surface
via electrostatic interactions. However, this technique is seldom used due to poor
control over the drug’s release and an undesirable competitive displacement of the
drug with the components of biological fluids. The third approach to drug loading is
the covalent immobilization of the drug on the nanofibrillar surface via the formation
of chemical bonds. The latter is predominately used for the modification on the
surface properties of nanofibers, since the technique is technically complex. However,
there are some reports dealing with this approach for the delivery of active substances.
The drug is released after the enzymatic or-environmental degradation of the chemical
bond [76]. However, the burst release may also be indicative of the drug being
attached only on the surface. As the drug and carrier materials can be mixed together
for electrospinning of nanofibers, the-likely modes of the drug in the resulting
nanostructed products are:
a. Drug as particles attached to the surface of the carrier which is in the form of
nanofibers,
b. Both drug and carrier are nanofiber form; hence the end. product will be the
two kinds of nanofibers. interlaced together,
c. The blend of drug'and carrier materials-integrated ‘into one kind of fibers
containing both components, and
d. The carrier material s electrospun-intoa-tubular form in which the drug

particles.are encapsulated [78].

2.7 Drug release

Drug release from nanofibers can be described through three mechanisms:
desorption from fiber surface, solid-state diffusion through fibers, and in vivo fiber
degradation. Drug release tests from nanofibers are commonly conducted in
phosphate-buffered saline (PBS) solutions. When the nanofiber drug carrier is
subjected to PBS, the fibers will be surrounded by the solution. The solution will also
penetrate the space in between individual nanofibers. When the nanofiber drug carrier
is swollen by the aqueous phase, drugs or proteins attached to the fiber surfaces can

be released. Drug release from nanofiber surface is a two-step mechanism, starting
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from desorption of drugs from the fiber surface, followed by fast diffusion into the
aqueous phase. The desorption mechanism is not limited to the outer surface of the
nanofibers but also includes drugs on the surfaces of the nanopores inside the
nanofibers. Considering the nanometer size scale of the inner pores, and that the
nanopores are most likely interconnected to some degree, the surface area would be

much larger than the fiber outer surface area [77].
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Figure 2.13 Different mechanism of drug release.

Source:  Ashjaran, A., and A..Namayi. (2014). “Survey on Nanofiber Material as
Drug Delivery Systems.”. Research Journal of Pharmaceutical,
Biological. and Chemical Sciences 5, 3. 1262-1274.

There have been some reports about the fabrication and use of electrospun
nanofibers as carriers for the drug delivery. Taeaiboon and colleagues (2007) reported
the use of mats of electrospun CA nanofibers and cast films as carriers for delivery of
the model vitamins. In most cases, the vitamin loaded fiber mats exhibited a gradual
and monotonous increase in the cumulative release of the vitamins over the test
periods, while the corresponding cast films exhibited a burst release of the vitamins
[79]. Suwantong et al. (2007) subsequently reported the fabricated ultra fine CA fiber
mats containing curcumin use for transdermal delivery. In the total immersion

method, almost all of the curcumin loaded in the curcumin loaded CA fiber mat
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specimens was released into the medium (=90 to ~95%), while considerably lower
values were obtained when the curcumin loaded CA fiber mats were placed on top of
a piece of pig skin [80]. Tungprapa et al. (2007) showed the release characteristics of
four model drugs, i.e., naproxen (NAP), indomethacin (IND), ibuprofen (IBU) and
sulindac (SUL) loaded ultra fine fiber mats and cast films of CA. At any given
immersion time point, the release of the drugs from the drug loaded e-spun CA fiber
mats was greater than that from the corresponding as-cast films. The maximum
release of the drugs from both the drug loaded fiber mats and films could be ranked as
follows: NAP > IBU > IND > SUL [81].

After so much study about production-of random and aligned nanofiber with
electrospinning technique, it was found that not so. much work has done on to see the
relationship between the arrangement of fibers with drug release.

In 2011, Meng and co-workers reported the release rate-of fenbufen (FBF) in
aligned PLGA and PLGA/gelatin nanofibrous scaffold was lower than that of
randomly oriented scaffold [82]. Later,” Meng et al. studied with PLGA/chitosan, it
was found that the aligned PLGA/chitosan nanofibrous scaffold the release rate of
FBF was lower than that of randomly. oriented PLGA/chitosan nanofibrous scaffold,
which indicated that the nanofiber arrangement would influence the release behavior
[83].

2.8 Thin layer chromatography (TL.C)
2.8.1 Theory of TLC

Chromatographic- separations take advantage -of the fact that different
substances are partitioned differently between two phases, a mobile phase and a
stationary phase. In thin layer chromatography, or TLC, the mobile phase is a liquid
and the stationary phase is a solid absorbent.

In this method, a solid phase, the adsorbent, is coated onto a solid support as
a thin layer (about 0.25 mm thick). In many cases, a small amount of a binder such as
plaster of Paris is mixed with the absorbent to facilitate the coating. Many different
solid supports are employed, including thin sheets of glass, plastic, and aluminum.
The mixture (A plus B) to be separated is dissolved in a solvent and the resulting

solution is spotted onto the thin layer plate near the bottom. A solvent, or mixture of
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solvents, called the eluant, is allowed to flow up the plate by capillary action. At all
times, the solid will adsorb a certain fraction of each component of the mixture and
the remainder will be in solution. Any one molecule will spend part of the time sitting
still on the adsorbent with the remainder moving up the plate with the solvent. A
substance that is strongly adsorbed (say, A) will have a greater fraction of its
molecules adsorbed at any one time, and thus any one molecule of A will spend more
time sitting still and less time moving. In contrast, a weakly adsorbed substance (B)
will have a smaller fraction of its molecules adsorbed at any one time, and hence any
one molecule of B will spend less time'sitting and more_time moving. Thus, the more
weakly a substance is adsorbed, the farther up the plate it will move. The more
strongly a substance is adsorbed, the closer it will stays near the origin. Several
factors determine the efficiency of-a.-chromatographic. separation. The adsorbent
should show a maximum-of selectivity toward the substances being separated so that
the differences in rate of elution will be ‘large. ‘For the separation of any given
mixture, some adsorbents may be too -strongly adsorbing or too weakly adsorbing

[84]. Table 2.3 lists a number of adsorbents in order of adsorptive. power.

Table 2.3 Chromatographic :adsorbents. The order-in the table is approximate, since it
depends upon the substance being adsorbed, and the solvent used for

elution.

Most strongly adsorbent Alumina (Al,03)

Charcoal (C)

Florisil (MgO/SiO,; anhydrous)

Least strongly adsorbent silica gel (Si0,)
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The eluting solvent should also show a maximum of selectivity in its ability
to dissolve or desorb the substances being separated. The fact that one substance is
relatively soluble in a solvent can result in its being eluted faster than another
substance. However, a more important property of the solvent is its ability to be itself
adsorbed on the adsorbent. If the solvent is more strongly adsorbed than the
substances being separated, it can take their place on the adsorbent and all the
substances will flow together. If the solvent is less strongly adsorbed than any of the
components of the mixture, its contribution to different rates of elution will be only
through its difference in solvent power toward them. If, however, it is more, strongly
adsorbed than some components of the mixture and less strongly than others, it will
greatly speed the elution of those substances that it can replace on the absorbent,
without speeding the elution -of the-others. Table 2.4.lists a number of common
solvents in approximate order. of increasing adsorbability, and hence in order of
increasing eluting power.  The order is only approximate since it depends upon the
nature of the adsorbent. Mixtures of solvents. can be used, and, since increasing
eluting power results. mostly from preferential adsorbtion of the solvent, addition of
only a little (0.5-2%uv/v) of-a more.strongly adsorbed- solvent-will result in a large
increase in the eluting power. Because water .is-among the most strongly adsorbed
solvents, the presence-of a.little water-in.a-solvent can greatly increase its eluting
power [84].

For this reason, solvents to be used in chromatography should be quite dry.
The particular combination of adsorbent and eluting solvent that will result in the

acceptable separation of a-particular mixture can be determined only by trial.
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Least eluting power (alumina as adsorbent)

Petroleum ether

Cyclohexane

Carbon tetrachloride

Benzene

Dichloromethane

Chloroform

Ether (anhydrous)

Ethyl acetate (anhydrous)

Acetone (anhydrous)

Ethanol

Methanol

Water

Pyridine

Greatest eluting power (alumina as-adsorbent)

Organic acids

If the substances. in-the mixture differ greatly in-adsorbability, it will be

much easier 'to separate them. Often, when this is so, a succession of solvents of

increasing eluting power is used. One substance may be-eluted easily while the other

stays at the top of ‘the column, and then the other can be-eluted with a solvent of

greater eluting power.-Table 2.5 indicates-an approximate order of adsorbability by

functional group.
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Table 2.5 Adsorbability of organic compounds by functional group.

Least strongly adsorbed Saturated hydrocarbons; alkyl halides

Unsaturated hydrocarbons; alkenyl halides

Aromatic hydrocarbons; aryl halides

Polyhalogenated hydrocarbons

Ethers

Esters

Aldehydes and ketones

Alcohols

Most strongly adsorbed Acids-and bases (amines)

Technique of Thin-layer Chromatography The sample-is applied to the layer
of adsorbent, near one edge, as_a small spot of a solution. After the solvent has
evaporated, the adsorbent-coated sheet is propped more or less vertically in a closed
container, with the edge to which the spot was applied down. The spot on the thin
layer plate must be-positioned above the level of ‘the solvent in the container (Figure
2.14). If it is below the level of the solvent, the spot will be washed off the plate into
the developing solvent. The solvent, which is in-the bottom of the container, creeps up
the layer of adsorbent, passes over the spot, and, -as it continues up, effects a
separation of the materials in"the-spot ("develops” the chromatogram). When the
solvent front has nearly reached nearly the top of the adsorbent, the thin layer plate is

removed from the container (Figure 2.15):



40

—— TLC plate

@ ——}—Spot origin

P Solvent level

Figure 2.14 Position of the spot on a thin layer plate.

Since the amount of adsorbent involved-is relatively small, and the ratio of
adsorbent to sample must be high, the amount of ‘sample must be very small, usually
much less than a milligram.For this reason, thin-layer chromatography (TLC) is
usually used as an analytical technique-rather than a preparative method. With thicker
layers (about 2 mm) and. large plates with a number of spots or a stripe of sample, it
can be used as a preparative method. The. separated substances. are recovered by
scraping the adsorbent off the plate (or cutting-out the spots-if the 'supporting material

can be cut) and extracting the substance from the adsorbent.
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«— [Spot
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Figure 2.15 TLC plate showing distances traveled by the spot and the solvent after

solvent front nearly reached the top of the adsorbent.
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Because the distance traveled by a substance relative to the distance traveled
by the solvent front depends upon the molecular structure of the substance, TLC can
be used to identify substances as well as to separate them. The relationship between
the distance traveled by the solvent front and the substance is usually expressed as the

R¢ value:

Rs value = distance traveled by substance

distance traveled by solvent front

The R¢ values are strongly dependent upon the nature of the adsorbent and
solvent. Therefore, experimental R values and literature values do not often agree
very well. In order to determine ‘whether an-unknown substance is the same as a
substance of known structure,.it is necessary to run the two substances side by side in
the same chromatogram, preferably at the same concentration [84].

There have been'some reports-about the fabrication and use of electrospun
nanofibers as TLC stationary phase for the ‘separation of amino acids, laser dyes,
steroidal compounds and food preservatives. However, the polymers used for the
fabrication are limited to glassy-carbon [6]; silica’ [7], PAN [8-10], PVA [11] and CA
[12]. Nanofibers are prepared by conventional method, nonwoven layers can be
oriented with randomly  aligned structures. Later, uniaxially aligned electrospun
nanofibers have increasingly -attracted - attention.. Furthermore, uniaxially aligned
nanofibrous mats can be applied in a variety of fields e.g. cell scaffolds because fiber
orientation imitates‘ the -parallel structure of fibrous-tissues, so it can direct the
migration and extension of cells [14-15]. In_addition, uniaxially aligned electrospun
nanofibers have been currently = applied to~ analytical chemistry e.g.
electrochemical/optical based detection systems, solid phase extraction and membrane
separation [14]. In the recent, Olesik and co-workers reported the potential of aligned
PAN electrospun nanofibers as alternative membrane material to separate a mixture of
B-blockers and steroidal compounds. Compared to those with random orientation, the
aligned nanofibers improved reproducibility and separation efficiency as well as
shortened run time [9]. After that, Kampalanonwat et al. examined the investigation
aimed to control the alignment of PAN nanofibers such as the optimization of rotating
speed of drum collector has not been conducted yet [10]. From these researches, it
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shows performance enhancements motivate further pursuit of new electrospun TLC
materials. It is hypothesized that TLC with uniaxially aligned electrospun nanofibers
may increase in chromatographic performance when compared with randomly aligned
electrospun TLC plates.

CA is an environmentally degradable material made from cellulose that is
the most abundant biopolymer on earth [15]. It is much cheaper than some synthetic
polymers such as PAN and nanofibers made from CA can be readily used after
electrospinning process for TLC without. additional steps such as pyrolysis or
chemical crosslinking. Lately, TLC  plates .made from randomly aligned CA
nanofibers have been prepared for screening of steroidal adulterants in traditional
medicine and nutraceutical products and used  with eco-friendlier hydro-alcoholic
mobile phases [10].
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3.1 Materials
Acetone (Carlo, Italy; purity> 99.5%)
Arbutin (AR; purity > 98.0%) (Sigma Aldrich®, St. Louis, MO, USA)
Cellulose acetate (CA; Mw= 30 kDa; degree of acetylation ~ 2.4) (Sigma
Aldrich®, St. Louis, MO, USA)
Dimethylacetamide (DMACc, 99.5%) (Sigma Aldrich®, St. Louis, MO, USA)
Distilled water
Ethanol (Merck, Germany; purity > 99.9%)
Glacial acetic acid (Merck, Germany; purity > 99.8%)
Hydrochloric acid (Scharlau Chemie S.A.; Spain; purity > 99.8%)
Hydroquinone (HQ; purity > 99.0%) (Sigma Aldrich®, St. Louis, MO, USA)
Methanol (Merck, Germany; purity =99.9%)
Phosphomolybdic acid-(Sigma Aldrich®, St. Louis, MO, USA)
Resorcinol (purity >99.0%) (Sigma Aldrich®, St. Louis, MO, USA)
Retinoic acid (RA; purity > 98.0%) (Sigma Aldrich®, St. Louis, MO, USA)
Sodium metabisulphite (purity > 99.0%) (Sigma Aldrich®, St. Louis, MO, USA)
Vitamin C (VC; purity >99.0%).(Sigma Aldrich®,-St. Louis, MO, USA)
Vitamin E (purity > 95.5%) (Sigma Aldrich®, St. Louis, MO, USA)
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The chemical structures and physicochemical properties of some chemicals are

shown in Table 3.1.

Table 3.1 Physicochemical properties of some chemicals used in this study.

Drug Structure MW pPK, Log P
(9/mol)
Arbutin OH 272.25 9 -1.35
(AR) HO Q
0]
HO- o]
HO | OH
Hydroquinone 110.11 9.9 0.59
(HQ) HO@OH
Retinoic acid 300.44 4.79 4.65
HeC. CHy  GHa CHg
(RA) MH
CHg 0~ "OH
Vitamin C HO 176.12 4.17,11.57 -2.05
i 20
HO OH

3.2 Equipments

Analytical balance (Sartorious CP224S; Scientific Promotion Co., Ltd.,
Bangkok, Thailand)

Aluminium foil

Beaker (Pyrex, USA)

Brookfield viscometer (Model DV-III ultra, Brookfield Engineering

Laboratories, Inc., MA, USA)

Centrifuge tube (Biologix Research Company, KS, USA)

Conductivity meter (Eutech Instruments Pte Ltd, Ayer Rajah Crescent,
Singapore)



Duran bottle 50, 100, 250, 500, 1,000 mL

Differential scanning calorimetry (DSC, Pyris Sapphire DSC, PerkinElmer
instrument, USA)

Electrospinning apparatus (Bangkok cryptograohy, Model rotating mandrel
collector, Thailand)

Fourier transform infrared spectrophotometer (FT-IR, Nicolet 4700, Becthai,
USA)

Glass syringe 5 mL

Hair dryer

Hot air oven (WTB Binder, Germany)

High performance liquid chromatography (HPLC) instrument (Agilent 1100
series, Agilent Technologies, USA)

HPLC column (Ascentis® €18, 5 pim, 15 cm X 4.6 mm)

High voltage power supply (Model: Gamma High Voltage Research, USA)

Incubated shaker (Model: KBLee 1001, Daiki sciences; Bio-Active, Bangkok,
Thailand)

Magnetic stirrer (Framo, Germany) and magnetic bar
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Micropipette 0.1-2.5 pL, 2-20-pL, 20-200 pL, 100-1000 pL, 1-5 mL, and

micropipette tip

Microcentrifuge (Microfuge 16, Model: A46473, Beckman Coulter Inc.,
Germany)

Microcentifuge tube (Eppendorf ®;-Corning-Incorporated, NY; USA)

Needle 20G (Nipro, Japan)

Nylon membrane filter (diameter 47 mm, pore size 0.45 pm)

Plain glass microscope slide (Sail brand, China)

Powder X-ray diffractometer (X-ray diffraction apparatus, Rigaku, model
miniflex 11, Japan)

Reagent spray bottle

Scanning electron microscope (SEM, Camscan Mx2000, England)

Sonicate Bath

Solvent filtration kit (all glass membrane filter holder, borosilicate glass (47mm)
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with sintered disc for membrane support, aluminum (duck) clamp, vacuum pump)
Syringe pump (Model: NE-300, New Era Pump Systems Inc., NY, USA)
Texture analyzer (TA.XT plus, Stable Micro Systems UK)
Thickness tester (Minitest, model 600 B, Germany)
Thin-layer chromatography (TLC) developing tank
Uninterruptible power supply (UPS)
Vortex mixer (VX100, Model: Labnet, NJ, USA)

3.3 Methods

3.3.1 Study of drug ‘release from. nanofibers with different degrees of

alignment
3.3.1.1 Electrospinning of arbutin (AR)-loaded cellulose acetate (CA)

nanofibers
CA nanofibers-with different degrees of alignment which contained
AR were fabricated by electrospinning-process. Initially, -drug-polymer solution was
prepared by dissolving CA (17 %wl/v) and AR (3 %wt to polymer) in the solvent
mixture of acetone and N,;N-dimethylacetamide  (2:1,- v/v). Before electrospinning
process, the electrospinning solution-viscosity and:conductivity were measured using
a Brookfield viscometer -and- a EUTECH- ECtestrl1+ conductivity meter. The
electrospinning process was. conducted as previously described [80]. Briefly, the
solution was then subjected to electrospinning at room temperature (Figure 3.1) by
loading into 5 mL glass syringe equipped with.a flat tip of stainless steel needle (20G,
inner diameter of 0.9 mm)._and connected. to the pasitive electrode of a high voltage
power supply. The feeding rate of the CA-solution into the tip was controlled at 0.4
mL/h using a syringe pump. The applied voltage and the distance between the needle
tip and the collector were fixed at 17.5 kV and 15 cm, respectively. The electrospun

nanofibers were collected on an aluminium foil covering the grounded collector
(diameter =~ 19 cm) of which the rotating speeds were varied at 350, 2000 and 6000

rpm in order to produce the nanofibers with different degrees of uniaxial alignment.
When using the collector at higher speed, it had partial loss of polymer that should be

deposited onto the target aluminium foil since the rotation of collector at high speed
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resulted in undesirable dispersion of polymer jets into the air during travelling
towards the collector. Thus, to obtain the nanofiber mats with comparable weight per
area for subsequent studies, the spin times were varied to 5, 8 and 12 h for the
fabrication of nanofibers collected by using drum speed of 350, 2000 and 6000 rpm,

respectively.

Collector

Polymer solution

O4mLmr | & @ . .

Syringe pump

High voltage power supply
17.5 kV

Figure 3.1 Schematic representation of the electrospinning apparatus setup.

3.3.1.2 Characterizations of AR-loaded-CA nanofibers

AR-loaded CA nanofibers were-characterized as follows;

Morphological characterizations

The morphologies, fiber-orientation, diameters of CA electrospun
nanofibers and thickness of layers were investigated using a scanning electron
microscope (SEM, Camscan Mx2000, England). For this process, a small section of
each fiber was prepared by cutting an aluminum foil covered with the CA electrospun
nanofibers and then sputtered with a thin layer of gold prior to the SEM observation.
Image analysis software (JMicroVision V.1.2.7, Switzerland) was used to measure 50
randomly chosen nanofibers to determine each diameter of these nanofibers and the

thickness of layers from the SEM image.
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The alignment of nanofibers was assessed as the number of fibers
oriented in a determine direction with respect to a vertical reference line (0°angles).
The angles from which individual fibers were deviated from this line are determined
(n = 50) by using image analysis software (JMicroVision V.1.2.7, Switzerland) and
then plotted as a function of frequency in a histogram [85]. The narrow distribution of

nanofiber angles indicates more alignment.

Chemical characterizations

The chemical structure of the nanofibers was characterized by using
a Fourier transform infrared.spectrophotometer (FT-IR) with a wave number range of
400-4000 cm™, compared with AR and neat CA. Samples were mixed and ground

with potassium bromide and punched to the disc with 1.2 mm diameter.

Mechanical characterizations

The tensile strength of nanofibers were spun at different speed of
collector was evaluated by using a texture analyzer with.5kg load cell equipped with
tensile grips holder (n ‘= 5). For this_purpose, the nanofiber mats with comparable
weight per area were used. The size-of each specimen was 6 x 35 mm in rectangular
shape. For all type of nanofibers, the stretch was-applied in pararell-and perpendicular

direction.

Physical state of AR

The powder X-ray pattern of AR, CA ‘and AR-loaded nanofibers
spun at different speeds<of collector .were. recorded by using X-ray powder
diffractometer. Samples were irradiated with monochromatized CuKa radiation after
passing through Nickel filters and then were analyzed between 5° and 50° (2theta).
The voltage and current applied were 30 kV and 15mA, respectively.

The thermal behavior of AR, CA and AR-loaded nanofibers spun at
different speeds of collector were determined by Differential scanning calorimetry
(DSC). Samples (3-5 mg) were placed in a seal aluminium pan and crimped with its
cover to provide hermetically sealed samples. The heating rate was 10 °C/min. All

measurements were obtained over 50 - 350°C under nitrogen flow at 20 mL/min.
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3.3.1.3 Study of degree of swelling and weight loss

The swelling degree and weight loss of the AR-loaded nanofibers
spun at different speeds of collector were determined in deionized water at room
temperature. The initial weight of AR-loaded nanofibers (~ 10 mg) was recorded.
Then, the AR-loaded nanofiber mats are placed in 50 mL of the deionized water that
was incubated at 30+1°C under shaking at 200 rpm for 10 min and 24 h. The swollen
nanofiber mats were weighed and recorded as the wet weight. After that the swollen
AR-loaded nanofiber mats were dry in the hot air oven at 65°C for 48 h. The dry
nanofiber mats were weighed and recorded as the dry weight [90]. The swollen
processes were recorded using a digital camera (Cannon, Japan). The degree of
swelling and weight loss of each AR-loaded nanofiber mats were calculated according

to equations (1) and (2), respectively:

. My~
Degree of swelling (%) = %100

)
Mo = M
d

Weight-loss (%) = % 100

)

where M,, and My are the wet and dry weights of each AR-loaded nanofiber mats after

submersion inthe medium and M, is the initial weight of the'samples in‘dry state.

3.3.1.4 AR content analysis

The AR-loaded nanofiber-mats-were cut into the area of 2 x 2 cm?
and weighed to determine the exact weights. The drug amount contained in CA
nanofibers was determined by placing the nanofibers in 5 mL of deionized water and
sonicated at 50 'C. After 1 h, the extraction medium was centrifuged and the
supernate was collected. The sedimented nanofibers were repeatedly extracted for
another 2 rounds in the same manner to ensure the complete release of drug and all
the supernate were pooled. By this manner, 97% of drug was extracted in the first two

rounds and no peak of AR was observed in the third round of extraction, indicating
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the acceptable extraction efficiency. The amount of drug dissolved in water was
determined by HPLC consisting of C18 column (150 x 4.60 mm, 5 pum), a mobile
phase composed of (89:10:1) water:methanol:0.1 M hydrochloric acid flowing at 1.0
mL/min and UV detector set at 222 nm. The sample injection volume was 100 pL.
The assays were run in triplicates. AR was eluted at 1.51 min (Figure 3.2). The actual
drug amount contained in the nanofiber mats were back calculated from the obtained
data against a predetermined standard curve of drugs (Figure 3.3) where the
relationship between peak area (y) and concentration of AR (x) was y = 151.7x +
100.03 (r* = 0.9999). Then, the percentage of drug loading efficiency and loading

capacity were calculated according to equations (3) and (4), respectively:

Real AR content (ug of AR/gm of nanofibers)

: : oy
Loading effiency (%) Theoretical AR content (ug of AR/gm of nanofibers) *100
©)
. : Pt
LLoading capacity (%)= M x.100
(4)

where Pt is the amount of AR embedded in-the-nanofiber mats and Mt is the weight of

nanofiber mats.

DAD1 A, Sig=222 4 Ref=360,100 (ARBUT_CA\ALISHEET.D)
mAU - o
| v
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Figure 3.2 HPLC chromatogram of AR.
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Figure 3.3 Standard curve for the quantitation of AR using HPLC-UV detector.

3.3.1.5 Drug release study

The AR-loaded nanofiber mats used. for drug release test require the
comparable weight per area. Therefore, the nanofiber mats were cut into square shape
(2 x 2 cm?), removed from the backing foil and then-weighed todetermine the exact
weights. After statistically testing the differences between means of weights obtained
from each type of nanofibers. (ANOVA at the-95% confidence  intervals), the mats
with a comparable weight per area were used for drug release comparison.

The AR-loaded nanofiber mats (2 x.2 cm?)'were weighed and placed
into the bottle containing 25 mL-.of deionized water as.a release medium that was
incubated at 30+1 °C under shaking at 200 rpm. At a given time (0.25, 0.5, 0.75, 1, 3,
5, 10, 20, 30, 45, 60 and 90 min), an-aliquot of ‘500 pul samples were withdrawn from
the medium and fresh deionized water with equal volume was added into the medium
to maintain sink conditions. The taken medium was subjected to the assay of the
amounts of AR released from the nanofibers by using HPLC. All the measurements
were conducted in triplicate.

The AR release profiles from nanofibers with different alignment
were studied by plotting the graphs of cumulative concentrations of drug released (Y-
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axis) versus times (X-axis). From the graph, the times to reach 80% of drug release

were determined and used for the comparison among different types of nanofibers.

3.3.2 Study of TLC performance of nanofibers with different degree of

alignment
3.3.2.1 Electrospinning of CA nanofibers and preparation of TLC

plates

CA nanofibers used for the study of TLC performance were
prepared in the similar manner as previously described in 3.3.1.1, except that no AR
was added into the polymer solution. The drum collector was set to rotate at different
speeds (350, 4,500, 6,000 and 7,500 rpm) to obtain the nanofibers with different
alignment. To investigate the appropriate nanofiber mat thickness for satisfactory
TLC separation, different-spin times (1, 2, -4, 6, and 8 h) were used. After
electrospinning, the aluminum foil covered with CA’ nanofiber layer was carefully
taken off from the collector and cut into rectangular shape (7.5 x 2.5 cm?) by selecting
the area with the uniform thickness. For use as TLC plates, the-cut foil was then fixed
onto the glass backing using double sided adhesive tape to produce CA nanofiber

plate which was ready to use for TLC separation.

3.3.2.2 Characterizations of CA nanofibers
CA_ nanofibers were - characterized for the morphologies and
diameters of nanofibers, thickness-of. layers and degree of alignment by using the

similar methods mentioned.in 3.3.1.2.

3.3.2.3 TLC procedures
The separation of HQ, RA and VC on electrospun nanofiber plates
was carried out by manually spotting 0.5 pL of standard solutions, prepared in
absolute ethanol, of HQ (0.125 mg/mL), RA (0.67 mg/mL) and VC (1 mg/mL) side
by side, 1 cm from the bottom edge with the aid of calibrated micropipette and tips.
The plate was then developed vertically in a closed chamber containing mobile phase
(methanol/water/acetic acid) which was previously saturated at 30°C for 30 min. The
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mobile phase was allowed to migrate for a distance of 5 cm from the starting point.
Subsequently, the plate was removed from the chamber and air dried. The spots of
HQ, RA and VC were detected by spraying the plate with 5% (w/v) phosphomolybdic
acid solution in ethanol following the ASEAN guidelines and blowing with hot air
(95°C) from hairdryer at 5 cm distance from the plate for 2.5 min. HQ, RA and VC

were directly visualized as grey spots under visible light.

3.3.2.4 Evaluation of TLC performance
The performance to separate HQ, RA and VC of aligned versus

randomly aligned nanofibers were compared in the following aspects.

Run time
The time in_which the -mobile phase used. to_migrate on different
types of CA nanofibers for a distance of 5-cm to finish TLC analysis were measured

and calculated as the migration constant.

Migration distance®
Time

Migration constant =

(4)

Spot shape and size

The shape-and tailing of spots were observed directly as appeared
on the sprayed plates. To measure the spot size, the images of the TLC plates (n = 4)
were captured by a scanner (HP-Deskjet 1050, Hewlett Packard, China) at a resolution
of 300 dpi and saved as TIF files. The image was then opened with Photoshop CS2
software (Adobe System, Mountain View, CA, USA). The mode of color was
changed to grayscale and the threshold level was adjusted to 220. The area of spot
was measured as pixels by using Magic Wand Tool and Histogram of Photoshop CS2
software (Adobe System, Mountain View, CA, USA).
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Limit of detection

Since the spot intensity may affect the ablility to visualize the spots
on the plate, limit of detection (L.O.D.) for HQ and RA spots was determined and
compared among iniaxially aligned and randomly aligned CA nanofiber as well as
commercial silica gel plates. For this purpose, series of standard solutions of HQ and
RA were spotted on the different types of plates to obtain 5, 10, 20, 40, 80 ng of HQ
and 25, 50, 100, 200, 400 ng of RA. After TLC run, L.O.D., defined as the lowest

quantity that could be visualized, were determined.

3.3.3 Statistical analysis
All experimental measurements were performed.in triplicate. The results are
expressed as mean + standard-deviation.. Statistical analysis of the data was evaluated
using one-way analysis of -variance (ANOVA). (Microsoft Excel). The significance

level was set to p < 0.05.
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4.1 Drug release from nanofibers with different degrees of alignment
4.1.1 Characteristics of AR-loaded nanofibers

In the electrospinning process, there are many of parameters that affect fiber
formation and structure. The parameter can be classified to solution parameter,
process parameter and environment parameter. The factors affecting the nanofibers
morphology were the viscosity, conductivity and surface tension of electrospinning
solution [3]. The concentration and molecular weight of polymer influence the
viscosity of solution. If the concentration of polymer increases the solution viscosity
will increase. Another way to increase ‘the solution viscosity is using the higher
molecular weight polymer. One of the  important condition necessary of
electrospinning to occur where fibers are formed is that the solution must provide the
sufficient molecular weight or concentration and the solution must be of sufficient
viscosity. When the viscosityis increased which-mean that there is the higher amount
of polymer chain entanglement in.the solution, the charges on the electrospinning jet
will be able to fully stretch the solution-with the solvent molecule distributed among
the polymer chains. With increased viscosity, the diameter of the fiber also increases.
However, when the viscosity is too-high, the solution - may dry at the tip of the needle
before electrospinning can be initialed [87]. In‘the case of ‘conductivity, it has been
found that with the-increase of electrical. conductivity of -the solution, there is a
significant decrease in the diameter of the electrospun nanofibers whereas with low
conductivity of the solution, it results in insufficient-elongation of a jet by electrical
force to produce uniform fiber, and-beads may also be observed [88]. Therefore prior
to electrospinning, shear-viscosity and electrical conductivity of CA solutions with
and without AR were measured. As summarized in Table 4.1, both properties were
not significantly different between the solutions, indicating that the drug at the

concentration used (3% w/w) did not considerably affect the viscosity and electrical
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conductivity of neat CA solution. Therefore, the AR was favorably incorporated into

the CA nanofiber mats and prepared as AR-loaded nanofiber mats.

Table 4.1 Shear viscosity and electrical conductivity of CA solution with and without

AR (n=5).
) Shear viscosity Electrical conductivity
Type of CA solution L
(cPs) (MS cm™)
Without AR 865.1+ 39.6 48+0.1
With 3% wt AR 860.7 £ 16.7 4.7+0.2

Aligned nanofibers.can be used in ‘many applications such as skeletal tissue
regeneration, neural cell seeding in scaffold, fuel cell electrolytes, electrochemical
sensing, bone and blood vessel engineering [89]. 'Resultant fiber diameter, porosity,
and other characteristics can be controlled by modifying the solution flow rate,
composition, electric’ field potential,-and distance between the needle and target.
Additionally, fiber arrangement can be altered by modifying the deposition target
geometry [52]. Among different ways of producing aligned electrospun nanofibers,
the simplicity of fast moving drum has made- it attractive-and widespread. The speed
of rotating drum is usually-known as the main.cause of alignment [90]. In the present
study different drum speeds-have been used to-see their effect on the alignment of the
fiber. In the preliminary study where the electrospinning was carried out in within
fixed 5 h, the nanofiber mats.deposited on the collector rotating at the drum speed of
6000 and the mats collected at 2000 rpm were found to be obviously thinner and had
smaller weights than those collected at 350 rpm. This effect was caused by the partial
loss of polymer that should be deposited onto the target aluminum foil since the
rotation of collector at high speed resulted in undesirable dispersion of polymer jets
into the air during travelling towards the collector. Thus, to obtain the nanofiber mats
with comparable weight per area for subsequent studies, the spin times were varied to
5, 8 and 12 h for the fabrication of nanofibers collected by using drum speed of 350,
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2000 and 6000 rpm, respectively. After electrospinning was done, the nanofibers were

characterized in the following aspects.

Morphological characteristics

Table 4.2 shows SEM images, alignment, diameters and layer
thickness of AR-loaded nanofibers. Overall, all types of them showed smooth,
uniform and bead-free morphologies. The increasing rotation speed of drum collector
from 350 to 2000 and 6000 rpm resulted in.the nanofibers with random, semi-aligned
and mostly aligned orientation, respectively. This is in accordance with early
discovery on cellulose nanofibers electrospun using a high speed rotating drum of 300
m/min as the collector [91]. The average diameters ranged from 616 - 624 nm which
were not statistically different-among the different types of nanofibers. By using the
different spin times as described earlier, the random, semi-aligned and mostly aligned
nanofibers had comparable weight per area-of about 0.0025 g/cm?. Nevertheless,
their layer thickness was slightly different. In the case of mostly aligned nanofibers
which had the thinnest layers, it was possible that they were deposited tightly onto the
collector and arranged themselves in._the highly .ordered. pattern-inside the layers as a

result of high stretching force generated by high-speed drum rotation.



Table 4.2 Effect of collector rotation speed on fiber morphology, alignment, diameters and layer thickness of AR-loaded nanofibers.

Characteristics of nanofibers

Speed of
Layer
collector SEM . Diameter SEM
Alignment . thickness
(rpm) (Top view) (nm) (Cross section)
(um)
350 624 + 40 54 + 1
ann[mmn 1
Degroe
2000 616 + 38 48 + 1
o combil
6000 620 + 43 42 +4

Degree

09
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Chemical characteristics

The FTIR spectra of AR, CA and three types of AR-loaded nanofibers are
shown in Figure 4.1. The spectrum of CA exhibited the characteristic peaks at 3500
cm ' for —OH stretching, 2960 cm™' for —C—H stretching, 1750 cm™' for —C=0
stretching and 1250 and 1040 cm ™' for —C—O- stretching. The AR showed a broad
band at 3500-3000 cm™ for —OH stretching, 2900-3000 cm™ for —-C—H asymmetrical
stretching, and 1400-1600 cm™ for —C—C— stretching in aromatic ring. When AR was
incorporated into CA nanofibers, the ‘prominent sharp peak at 1500 cm™
corresponding to —C—C- stretching in” aromatic ring was observed. This chemical

functionality is present in only AR, but absent.in CA [92].

AR

c-c stretches
in aromatic ring

\1506
’““’MWWM Random nanofiber
Semi-aligned nanofiber
Mostly aligned nanofiber 3
“‘”’“MWW‘“JI"\KM \/\/VV\/\‘\,\/\/V\/J’
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-)

Figure 4.1 FT-IR spectra of the AR, CA and three types of CA nanofibers.
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Mechanical characteristics

To compare the tensile property of the differently aligned AR-loaded
nanofibers, the nanofiber mats with comparable weight per area were used in the
study and the results are shown in Table 4.3. It was found that different types of
nanofibers possessed different tensile strengths depending on their fiber alignment as
well as the direction of pulling force applied in the experiments. Clearly, the mostly
aligned nanofiber mats had the lowest tensile strengths when they were stretched in
the direction perpendicular to the fiber alignment since the force simply separated
fibers apart from each other without tearing (Figure 4.2). In contrast, if the mats were
pulled along the fiber alignment direction, the assembly of parallel nanofibers as
bundles provided the efficient resistance to the stretch and showed the highest tensile
strength value, before the intra-fibrous-breakage occurred. No difference of tensile
strength was observed for-the randomly aligned nanofibers even they were pulled in
the different directions. For semi-aligned nanofibers, this mechanical behavior was in
between those of the random and mostly aligned nanofibers. This result was in
accordance with previous study by He et al. [91]. This resulted revealed that pulling in
the different directions largely affected the tensile strengths of aligned and semi-
aligned nanofiber mats. Subramanian and coworkers fabricated 2D random and 3D
longitudinally oriented nanofibers of poly(lactide-co-glycolide) (PLGA) by the
modified electrospinning process and revealed that the tensile strength and Young's
modulus of random._ PLGA fibers: were significantly  higher- than those of
the aligned PLGA nanofibers (p <0.05) [93]. This difference might be caused from
that they did not concern about the direction of pulling force applied in their

experiments.
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Table 4.3 Tensile strength (N/mm?) of AR-loaded nanofiber mats (n=>5).

Random Semi-aligned Mostly aligned

parallel perpendicular  parallel perpendicular  parallel  perpendicular

19.0+3.2 18.2+2.6 70.1£9.5 14.4 + 3.7 226.6 +18.0 83+1.0

* Stretching force was applied in the direction parallel or perpendicular to the fiber

alignment direction.

i

(a) @ (b)

{1 (©

Figure 4.2 Proposed illustrations of differently aligned nanofibers upon being
stretched in parallel or perpendicular directions; (a) and (b) mostly aligned,

(c) random nanofibers.

Physical state of AR in nanofibers

Since the physical state of drug may influence on its solubility, XRD and
DSC measurements were undertaken to reveal whether AR in the nanofibers was
present in crystalline or amorphous state. The XRD patterns of the AR, CA and three
types of AR loaded nanofibers are presented in Figure 4.3. The diffractogram of the
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AR displayed strong crystalline peaks, indicating its high degree of crystallinity.
However, no such peak was found in the diffractograms of all types of AR loaded
nanofibers, indicating that AR was incorporated into CA nanofibers in an amorphous

state.
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Figure 4.3 Powder X-ray diffractograms of the AR, CA and three types of CA

nanofibers.

Additionally, thermograms obtained from the DSC studies (Figure 4.4)
revealed that AR exhibited-an endothermic sharp-peak at 197.11 °C corresponding to
its melting temperature. However, AR-melting-was. not observed-in all types of drug
loaded nanofibers, confirming that AR inthe nanofibers changed from crystalline to
amorphous state. These results were corresponding to the data from X-ray pattern of

the AR in the nanofibers.
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Figure 4.4 DSC thermograms of the AR, CA and three types of CA nanofibers.

4.1.2 Degree of swelling and weight loss

The swelling behavior of the- AR loaded nanofibers was investigated by
immersing the nanofibers in water at 30°C:for several time-intervals. During the first
10 min, the uptake of water into the fiber mats was rapid to reach the degree of
swelling of 251%, 188% and 153% for random, semi-aligned and mostly aligned
nanofibers, respectively (Figure 4.5). The high amount of water uptake should
attribute to the physical adsorption of water in the-individual fibers and the retention
of water by capillary action-inthe inter-fibrous pores. The highest swelling ability of
the random nanofibers was probably due to the looser arrangement of nanofibers
compared to other types, which facilitated the penetration of water into inter-fibrous
space and provided the larger room for water retention. At this 10 min, however, the
visual appearance of all types of nanofibers was not noticeably distinct (Figure 4.7).
After the experiment was continued.to 24 h, all types of nanofibers went on swelling
to the higher degree of swelling. The degree of swelling of random, semi-aligned and
mostly aligned nanofibers was 381%, 270% and 202%, respectively (Figure 4.6). This
observation is in agreement with Suwantong et al., 2007, [80] who found that the
swelling ratio of random neat CA nanofibers was ~370% (in acetate buffer solution
containing 0.5% v/v polysorbate 80 and 3% v/v methanol at 37 °C for 48 h).
Moreover, they found that the swelling ability of the fiber mats prepared from the CA

solutions containing 5 and 10 %wt curcumin was slightly lower (340 and 355%,
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respectively), while that of the spun fiber mats prepared from the CA solutions
containing 15 and 20 %wt curcumin was essentially the same [80]. A much greater
value of 715% (in acetate buffer at 37 °C for 24 h) was reported by Tungprapa et al.
[81] (for the neat CA fiber mats that were 20-35 um in thickness with the average
diameter of the individual fibers being ~230 nm). Previously, Meng et al. reported
that the swelling ratio of aligned PLGA and PLGA/gelatin (9/1) nanofibrous scaffolds
were lower than those of corresponding randomly oriented ones [82]. As shown in
Figure 4.7, it was clearly seen that the random nanofibers were much fluffier than
other types and nearly lost their original planar shape. whereas the mostly aligned
nanofibers well remained its appearance as the intact sheet.

In terms of weight loss, the property values obtained from the 24 h
experiment were about 8% w/w and not significantly different among the types of
differently aligned nanofibers.. This result ‘implied that the erosion or dissolution of
CA nanofibers occurred at very low extent in the experimental medium. The
insignificant weight loss of nanofibers might be due to-the slight loss of nanofibers

when they were recovered from the medium for subsequent drying and weighing.
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Figure 4.5 Degree of swelling of AR loaded nanofibers within the first 10 min; (v)
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Figure 4.6 Degree of swelling and weight loss of the AR loaded nanofibers at 24 h
(n=3).
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Figure 4.7 Images of nanofibers in swelling experiments at 1-min; 10 min and 24 h.

4.1.3 Drug loading efficiency: in nanofibers

The amount of AR in-each nanofiber mats determined as the percentage
loading efficacy and loading capacity, are listed in Table 4.4. The actual amounts of
AR incorporated in the nanofibers and loading efficiency were determined prior to the
investigation of their release characteristics. In general, the amounts of AR in all types
of samples were in the range of 2.7 — 2.8 % w/w (weight of drug to weight of
nanofibers). Calculated based on the theoretical content of 3%w/w, the drug loading
efficiencies were found to be more than 90 % (Table 4.4), demonstrating that most

AR was successfully loaded into the nanofibers. In addition, the small S.D. values
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implied the uniform dispersion of drug in the different areas of nanofibers. The
discrepancy from the ideal value of 100% for the actual content could be due to the
small amount of drug which was not extracted into the medium for HPLC assay and

remained inside the fibers.

Table 4.4 Loading efficiency and loading capacity of AR in CA nanofibers (n = 3).

Random Semi-aligned Mostly aligned
Loading efficiency (%)  91.6 0.7 93.4+0.8 959+ 1.2
Loading capacity (%) Py +A & 2.7 +06 2.8+ 14

4.1.4 Drug release

The drug release from nanofibers was investigated by using water as
medium. The nanofiber mats with comparable-weight and area were used as tested
samples to ensure that the comparison was performed among the nanofibers with the
same quantities of drug and polymer-as-well as surface area. It was revealed that for
all types of nanofibers, the release of AR which is water soluble was rapid within 10
min (Figure 4.8) and reached-the maximum cumulative amounts at about 84.0 - 86.1%
(Figure 4.8). It was hypothesized that ‘the fast release happened via the rapid
dissolution of drug once water penetrated into the fiber layers, followed by the
diffusion of drug from the matrix _through the water-filled channels in the entangled
network of nanofibers into the medium. -However, the dissolution and/or erosion of
CA nanofibers should not take part-in.the drug-release since CA is water insoluble
polymer and the nanofibers were found to erode at very low extent according to the
weight loss determination results.

Interestingly, as can be seen in Figure 4.8, the fastest drug release over
the firstLO min period was obtained from the mostly aligned nanofibers, followed by
the semi-aligned and then the random ones. By the estimation, 80% of drug release
was achieved in 1.7, 4.2 and 9.4 min for the mostly aligned, semi-aligned and random

nanofibers, respectively. From these results, it can be concluded that the drug release
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patterns during the initial burst period was significantly affected by the orientation of
nanofibers. This conclusion can be explained that in the case of AR, the solubility of
drug should not be an influencing factor on drug release since AR is freely soluble
and similarly present in the amorphous state in all types of nanofibers. Also, the
differences of drug release should not be the effect of different compactness of
nanofiber layers andtheir swelling ability because even in the mostly aligned
nanofibers with the least swelling degree and the most dense fiber arrangement, the
drug release reached 75% within 1 min, compared with the random counterparts
which released only 30% of drug over the same period. From this finding, it was
assumed that the swelling in all types of hanofibers occurred at the high level which
was sufficient for the formation of ‘water-filled spaces within nanofiber mats, in
regardless of their initial compactness, and eventually led to-the free dissolution of

drug.
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Figure 4.8 Percent cumulative release of AR from nanofibers; (¥) mostly aligned, (o)

semi-aligned, (¢) random nanofibers (n = 3).



71

The alignment of nanofibers is assumed to be the key reason underlying
the distinct rate of drug release. In the nanofibers with random alignment, highly
tangled network of fibers were formed. As a result, the drug diffusing in the water-
filled inter-fibrous gaps were retarded by lengthy and tortuous paths and thereby took
longer time to reach the external medium (Figure 4.9). On the contrary, the uniaxially
aligned nanofibers arranged themselves in more ordered fashion and the entanglement
was assumed to arise at the lower degree. Therefore, the drug would be allowed to
transport to the boundary connected with the external medium at the faster rate. This
phenomenon is alike to Eddy diffusion”in chromatographic separation where the
solutes that move along the more ‘tangled paths generated by the packed beds of
stationary phase are eluted out of the column in the longer retention time than those
moving via the relatively straight shots.

In the aspect-of drug release-which is influenced by the fiber alignment,
Meng et al. reported their -investigation using PLGA, PLGA/gelatin and
PLGA/chitosan nanofibers loaded with poorly water soluble fenbufen [82, 83]. They
found that the release rate of drug from aligned nanofibrous scaffold to the aqueous
medium was lower-than that from randomly oriented nanofibers-and proposed that the
aligned nanofibers enhanced the density of nanofibers and decreased the pore size of
scaffolds compared with. the randomly-oriented ones. Then,-the outwards diffusion
rate of the drug from the scaffold- with aligned nanofibers was lower than that from
the scaffold with random nanofibers. However, since PLGA is more hydrophobic than
CA and fenbufen is much ‘less water-soluble that" AR, Meng’s proposed explanation
may not be applied to our case. In addition, in those works the release profiles of
fenbufen were slow and sustained up to 25-h whereas AR was rapidly released in our
experiments within 10 min. The mechanisms of drug release should be quite different
between these two drugs from the different nanofibers.

From these results, it is concluded that the faster drug release profile
may be achieved by the control of nanofiber alignment. However, whether random or
aligned scaffolds will give the faster rate probably depends on the properties of drug
and/or polymer used. At least from our study, it was found that very fast release of
AR can be obtained from the fabrication of CA nanofibers in highly aligned
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orientation. This finding indicates the feasibility to use highly aligned nanofibers the

delivery of certain drugs in fast-releasing or fast-acting formulations.

Figure 4.9 Model of drugrelease in mostly aligned (right) and random (left)

nanofibers.

4.2 TLC performance of nanofibers with-different degree of alignment
4.2.1 Characteristics of CA nanofibers

Of several means to control the alignment of electrospun nanofibers, a
mechanical method through the use of a drum collector rotating at a high speed was
employed in this study. CA nanofibers were characterized for. the ‘morphologies,
degree of alignment, ‘diameters of-nanofibers and thickness of layers by using the
similar methods mentioned.in"4.1.1.' As shown in Table 4.5, the drum rotation at 350
rpm was apparently too slow to orient the deposited fibers in the uniaxial direction.
By raising the collector speeds, nanofibers were found to be more aligned as indicated
by the narrower distribution of nanofiber angles. Along with the higher degree of
alignment, the average diameter of nanofibers decreased with the increasing rotation
speeds due to the higher stretch of the polymer jets wounded around the drum (Table
4.5). Compared with the AR-loaded nanofibers, the decrease of diameter of neat CA
nanofibers was more obvious since no significant difference was found among the

differently aligned nanofiber types of AR-loaded nanofibers. No evidence of fiber
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breakage was observed at all tested rotation speeds as seen under SEM. Since the
nanofibers collected at 6000 rpm showed satisfactory alignment and insignificant
morphological difference from those collected at the higher rpm, this rotation speed
was chosen for the subsequent study. To investigate the effect of spin time, the
aligned nanofibers were electrospun at times of 1, 2, 4, 6, 8 and 10 h, maintaining the
optimized collector rotation speed at 6000 rpm. Spin time is an important process
parameter because the longer time generates more fibers on the collector and the
electrical charge accumulated on the deposited fibers may interfere with the incoming
ones resulting in the fibers with less alignment [52]. In another way, too short spin
time produces insufficient thickness of fiber layers and may give rise to the poor
chromatographic performance in ‘terms of loading capacity of sample solution and
separation quality. As shown in Figure 4.10, the thickness of mostly aligned nanofiber
layers increased with the increasing spin time. Besides, the mostly aligned nanofiber
mats were thinner than the random ones which were electrospun at 350 rpm using the
equal spin time. This effect was probably-caused by the partial loss of polymer that
should be deposited onto. the target aluminum foil ‘and the mare dense deposit of
mostly aligned nanofibers with smaller diameter-size on. the aluminum backing when

the high speed rotation of collector was used.
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Table 4.5 Effect of drum-rotation speed on fiber morphology and alignment of CA

nanofibers.
Speed of Characteristics of nanofibers
collector Diameter Alignment
SEM
(rpm) (nm)
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Figure 4.10 Thickness of mostly aligned (e) and random (o) nanofiber layers as a

function of spin time (n=10).

4.2.2 Chromatographic separation ability of CA nanofibers

To select the electrospun CA nanofibers  which. were suitable for TLC,
mostly aligned and random nanofibers produced at various spin_ times were evaluated
using previously optimized 65:35:2.5 methanol/water/acetic acid as the ‘mobile phase.
Both mostly aligned and random-CA nanofibers. were able to separate HQ, RA and
VC with good performance, as illustrated in Table 4.6, compared with the silica based
plates which sometimes failed to separate the-analytes and sometimes gave too high
R¢ values closed to 1 (Figure 4.11). Good resolution without the solutes remaining at
the initial spots was obtained from mostly aligned and random nanofibers electrospun
for at least 6 h and 4 h, respectively. The nanofibers collected at the shorter time than
these periods were too thin for the efficient separation due to the inadequate

chromatographic beds.



Table 4.6 Effect of spin time on TLC separation of HQ, RA and VC.

76

Spin time (h)
Type of
nanofibers 1 2 4 6 8
Random
Run time (min) 47 +3 40+4 38+3 37+3 35+2
Migration constant
. 0.53 0.63 0.66 0.68 0.71
(cm?/min)
&
Mostly aligned
Run time (min) 34+3 18542 13+2 13+2 16+2
Migration constant
0.74 1.67 1.92 1.92 1.56

(cm?/min)

* The order of spots from bottom to top of plates was RA, HQ and VC

** Migration constant was calculated from Migration constant =

(Migration distance)2

time
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Figure 4.11 The separation of hydroquinone and retinoic acid on the (a) silica plates
(upper spot: RA and lower spot: HQ) and (b) C18 silica plates (upper
spot: HQ and lower spot: RA) using mobile phases containing different
percentages of methanol to water in the presence of 2.5% acetic acid.
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4.2.3 Appearance and detectability level of spots on CA nanofibers

In spite of the comparable separation ability, the mostly aligned and random
nanofibers were found to be different in some aspects. By visual analysis, the initial
spots of samples on the mostly aligned nanofibers were more elliptical than those on
random ones due to the preferential diffusion along the vertical direction of
nanofibers. After the separation, the spots on the mostly aligned nanofibers were
generally smaller and appeared darker compared to those on the random ones which
were more diffused in broad areas (Table 4.6). The measurement of spot dimension
by digital imaging software revealed that the spots on the random nanofiber plates
were almost twice as large as those ‘on the mostly aligned ones in pixels (Table 4.7).
This difference probably arose due to the fact that while the solutes were moving up
in the flow of mobile phase on the.random nanofibers, they were likely to disperse in
all directions due to the random arrangement of nanofiber mesh. On the other hand,
the solute migration on the mostly aligned nanofibers occurred preferentially along
the vertical channels, giving rise to the lower extent.of transverse (across-channel)
diffusion. In addition, the reduced spot diffusion” might associate with the lower

thickness and higher density-of the aligned media‘compared to the random one.

Table 4.7 Area of analyte spots on mostly-aligned and random CA nanofibers (n = 4).

Area of spot (pixel)

CA nanofibers

HQ RA
Mostly aligned 1260 + 130 1020 + 140
Random 2520 + 300 1770 + 330

For practical application, this feature offers the advantage of mostly aligned
nanofibers over the random ones in the terms of the ease of spot visualization and the
lower mass of the analyte which could be detected. Therefore, the masses of the

analytes which could be visualized on different types of plates or the detectability
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levels were investigated. Interestingly, the masses of HQ and RA which could be
visually detected on the mostly aligned CA nanofiber plates were twice lower than
those on the random nanofibers (Table 4.8) due to the darker spots on this type of
fibers as previously discussed. Moreover, the masses of both compounds which could
be detected on the mostly aligned CA nanofibers were five times lower than those on
typical silica plates which were used in the ASEAN method using the same
visualization reagent. It was probable that the thinner chromatographic bed of
electrospun nanofibers (8.5 um) compared to that of commercial silica gel plates
(200-250 um) contributed to_the better ability to visualize the analyte at the lower
mass. To the best literature review, this-is-the first report about the advantage of
nanofibrous stationary phases, especially in the mostly aligned orientation, over
conventional TLC plates in the aspect of the lower mass.of the analyte which could be
detected.

Table 4.8 Masses of HQ and RA which-could be visualized on different types of TLC

plates.
Mass (ng)
Stationary phase Mobile phase
HQ RA
Mostly aligned CA 65:35:2.5 methanol:water:acetic acid 10 25
Random CA 65:35:2.5 methanol:water:acetic acid 20 50

In all cases, 5% (w/v) phosphomolybdic acid in ethanol was used as a visualization reagent.

4.2.3 Migration rate of solutes on CA nanofibers
From Table 4.6, the thinner mats of nanofibers took longer run time,
probably related to the low capillary action to draw the solvent up the plate. More
interesting is the markedly faster separation ability of the mostly aligned nanofibers.

From the results, about two to three times reduction of developing time could be



80

achieved by using the mostly aligned nanofibers instead of the random ones (Table
4.6). In addition, the solvent migration on the mostly aligned nanofibers used in this
study (migration constant ~ 1.9 cm?/min) was more rapid than that on the random
ones reported in the previous work (migration constant =~ 1.0 ¢cm?min), using the
similar mobile phase [12]. It was hypothesized that the vertical channeling generated
from the mostly aligned nanofibers facilitated the solvent to move straight up the plate
and minimized the lengthy distracted traveling along the random paths. In another
point of view, the faster run time also reduced the chance of solute diffusion
happening in the flow of mobile phase, thereby promoting the compact size of spots.
Since fast analysis is preferred for screening tasks, uniaxially aligned CA nanofibers
with the adequate thickness were appropriate and practical for use.

4.2.3 Application of CA nanofibers to TLC screening of adulterated

substances in cosmetic samples

The applicability of the mostly aligned CA nanofibers was evaluated by the
analysis of cosmetic. creams  collected from the local- markets. In terms of the
specificity, CA nanofiber based TLC was free from the interference by the ingredients
commonly found in cosmetic-creams. As depicted-in-Figure 4.12,-HQ and RA were
efficiently separated from the substances which-.could. form colored spots with
phosphomolybdic acid i.e.-VC, RS and AR. For vitamin E and sodium metabisulfite,
they did not react with-phosphomolybdic-acid-and-thus did-not interfere with the test.

Also, it was found that the screening performed by using the mostly aligned
CA nanofibers gave results in agreement with' the confirmatory HPLC method
according to ASEAN guidelines [94, 95]. Figure 4.13 presents the TLC results of
analysis of three different samples run on the mostly aligned CA nanofiber plates. It
was found that the sample S1 contained neither HQ nor RA whereas S2 and S3 were

adulterated with HQ and RA, respectively.
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Figure 4.12 Results of interference-study forthe proposed TLC ‘screening method.
The masses of HQ, RA, VC, AR and RS are 62,-335, 500, 500 and 50 ng

per spot, respectively.
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Figure 4.13 TLC results for the analysis of three different samples on mostly aligned
CA nanofiber plates. S1 contained neither HQ nor RA whereas S2 and S3
were adulterated with HQ and RA, respectively. Standard (STD) RA, VC
and HQ are in the right lane.



CHAPTER 5
CONCLUSIONS

In this study, three types of CA electrospun nanofibers arranged in random,
semi-aligned and aligned nanofibers were fabricated and studied in two aspects i.e.
drug release and TLC performance as follow:

5.1 Drug release from nanofibers with different degree of alignment

AR-loaded CA nanofibers were successfully prepared by electrospinning. An
increasing rotation speed of -drum’ collector resulted in the nanofibers with higher
alignment. By using the different-spin.times at-5, 8 and 12 h, the random, semi-
aligned and mostly aligned -nanofibers had comparable weight per area of about
0.0025 g/lcm®. The mechanical properties of three types of nanofibers were stretched
in the perpendicular and parallel-direction. The mostly aligned nanofiber mats had the
lowest tensile strengths when they were stretched in the direction perpendicular to the
fiber alignment, but they showed the highest tensile strength if they were pulled along
the fiber alignment direction. No difference of tensile strength was observed for the
randomly aligned nanofibers even they were pulled inthe different directions. For
semi-aligned;-nanofibers, this-mechanical behavior was. in between-those of the
random and mostly aligned-nanofibers. Inthe first 10-min, the uptake of water into the
fiber mats was rapid to reach the degree of swelling of 251%, 188% and 153% for
random, semi-aligned and mostly aligned nanofibers, respectively. After 24 h, the
random nanofibers were much. fluffier than other types-and nearly lost their original
planar shape whereas the mostly aligned nanofibers well remained its appearance as
the intact sheet. The amounts of AR in all types of samples were in the range of 2.7 —
2.8 % wiw, equivalent to the drug loading efficiencies of more than 90 %,
demonstrating that most AR was successfully loaded into the nanofibers. The drug
release from all types of nanofibers was revealed that the release of AR was rapid
within 10 min and reached the maximum cumulative amounts at 84.0 - 86.1%. By the
estimation, 80% of drug release was achieved in 1.7, 4.2 and 9.4 min for the mostly

aligned, semi-aligned and random nanofibers, respectively. It can be concluded that
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the drug release patterns during the initial burst period was significantly affected by
the orientation of nanofibers.
5.2 TLC performance of nanofibers with different degree of alignment

Aligned CA electrospun nanofibers were successfully fabricated by using high
speed rotating drum collector and applied to use as TLC media. Besides the efficient
separation ability, the mostly aligned nanofibers with the appropriate layer thickness
provided 2 — 3 times shorter run time than the randomly oriented ones. Furthermore,
the masses of HQ and RA which could be detected on this material were 2 times
lower than those on the random nanofibers and 5 times lower than those on typical
silica gel plates as a result of more intense spots appearing on the nanofibers. In this
work, the applicability of the mostly aligned CA nanofibers was also demonstrated in
the screening of HQ and RA adulterated in-cosmetics. Due to the satisfactory
analytical performance as-well as facile and, inexpensive production process, mostly
aligned CA electrospun nanofiber is promising stationary phase for use in planar

chromatography.

It can be concluded that-mostly-aligned CA electrospun nanofiber is promising to
use for the delivery of certain hydrophilic drugs in fast-release dosage forms.

Moreover, it can also-be applied to use as TLC stationary phase.
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Table A.1 The diameter data of AR-loaded nanofibers (n = 50).

Random Semi-aligned Mostly aligned
nanofibers nanofibers nanofibers
667.0819 667.0819 660.3774
596.6562 596.6562 566.0377
660.3774 573.8455 667.0819
632.8494 596.6562 573.8455
596.6562 573.8455 660.3774
604.0683 660.3774 667.0819
686.8028 573.8455 667.0819
680.2927 680.2927 680.2927
573.8455 632.8494 660.3774
550.0898 566.0377 632.8494
680.2927 660.3774 566.0377
667.0819 680.2927 667.0819
667.0819 680.2927 667.0819
660.3774 596.6562 566.0377
596.6562 667.0819 596.6562
632.8494 632.8494 680.2927
660.3774 573.8455 604.0683
604.0683 596.6562 667.0819
632.849%4 596.6562 573.8455
596.6562 596.6562 660.3774
596.6562 566.0377 660.3774
596.6562 632.8494 632.8494
632.8494 604.0683 660.3774
632.8494 632.8494 573.8455
604.0683 573.8455 573.8455
680.2927 660.3774 660.3774

550.0898 604.0683 632.8494
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Table A.1 The diameter data of AR-loaded nanofibers (n = 50) (continued).

Random Semi-aligned Mostly aligned
nanofibers nanofibers nanofibers
680.2927 604.0683 596.6562
573.8455 604.0683 604.0683
667.0819 596.6562 566.0377
667.0819 667.0819 667.0819
604.0683 596.6562 573.8455
573.8455 680.2927 573.8455
632.8494 604.0683 660.3774
667.0819 596.6562 566.0377
660.3774 573.8455 632.8494
533.6655 680.2927 632.8494
660.3774 667.0819 573.8455
667.0819 566.0377 566.0377
632.8494 596.6562 667.0819
533.6655 632.8494 596.6562
604.0683 604.0683 604.0683
604.0683 632.8494 680.2927
604.0683 632.8494 573.8455
660.3774 573.8455 660.3774
573.8455 680.2927 596.6562
604.0683 566.0377 566.0377
596.6562 604.0683 596.6562
632.8494 596.6562 566.0377
632.8494 604.0683 596.6562
624.1498 616.7599 619.9277 Average

41.3979 38.0075 42.4999 Standard deviation
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Table A.2 Layer thickness data of AR-loaded nanofibers (n = 10).

Random Semi-aligned Mostly aligned

nanofibers nanofibers nanofibers

55.73 46.22 47.51

53.17 48.80 45.59

53.86 48.74 43.06

55.71 46.24 41.79

53.17 49.38 41.18

54.43 49.40 39.25

52.57 46.87 36.71

55.06 46.84 38.61

52.55 46.24 39.29

53.80 48.11 45.64

Average 54.00 47.68 41.86
Standard deviation 1.19 1.34 3.54
54.00 +1.19 47.68 + 1.34 41.86 + 3.54

54.00+1.19 pm

Figure A.1 Layer thickness of (a) random nanofibers, (b) semi-aligned nanofibers and

(c) mostly aligned nanofibers.
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Table A.3 Tensile strength (N/mm?) data of AR-loaded nanofibers (n = 5).

Tensile strength Tensile Standard

(N/mm?) average deviation

Random nanofibers 14.04 19.00 3.19

(parallel) 20.01

22.83

18.53

19.58

Random nanofibers 20.22 18.21 2.61

(perpendicular) 15.85

16.24

21.72

17.02

Semi-aligned nanofibers 72.58 70.09 9.46

(parallel) 83.47

59.89

72.37

62.14

Semi-aligned nanofibers 10.26 14.41 3.67

(perpendicular) 14.78

20.26

13.03

13.74

Mostly aligned nanofibers 209.34 226.61 18.02

(parallel) 220.12

214.84

234.61

254.11
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Table A.3 Tensile strength (N/mm?) data of AR-loaded nanofibers (n = 5) (continued).

Tensile strength Tensile Standard

(N/mm?) average deviation

Mostly aligned nanofibers 7.87 8.27 0.95
(perpendicular) 9.85
7.35
7.99

8.30
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Table A.4 The % degree of swelling data in first 10 min of AR-loaded nanofibers.

Time (min) % degree of swelling  Standard deviation

Random nanofibers 1 144.00 17.92

2 150.00 34.39

4 170.00 19.48

10 250.00 16.83

Semi-aligned nanofibers 1 122.00 17.54
2 128.00 14.11

4 133.00 12.95

10 190.00 13.50

Mostly aligned nanofibers 1 107.00 17.64
2 113.00 21.26

4 115.00 28.50

10 150.00 12.50

Table A.5 The % degree of swelling and % weight loss datain 24 h of AR-loaded

nanofibers:.
% degree of Standard % weight Standard
swelling deviation loss deviation
Random
_ 24 h 381.07 0.22 8.25 0.01
nanofibers
Semi-aligned
) 270.50 0.56 8.25 0.01
nanofibers
Mostly aligned
202.70 0.13 8.00 0.00

nanofibers
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Table A.6 Cumulative release (%) of AR release from 3%wt AR-loaded random

nanofibers.

Random nanofibers (Actual Average)
Time (min) I I o3 % Cumulative release
average
0 0 0 0 0
0.25 3.8616 8.2037 9.1999 7.0884
0.5 11.8461 23.0915 13.9104 16.2827
0.75 20.8937 29.6557 17.3237 22.6244
1 26.8353 38.3512 25.3355 30.1740
3 60.0897 61.8541 50.7853 57.5764
5 75.9275 78.7471 63.2713 72.6486
7 80.0571 82.2585 69.6117 77.3091
10 82.2421 85.1753 73.7234 80.3803
20 83.4486 85.8972 76.5322 81.9594
30 83.4222 85.7521 76.2528 81.8090
45 83.4687 85.6106 76.3020 81.7937
60 83.3542 85.7267 76.1701 81.7503
90 83.4970 85.8361 76.3372 81.8901
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Table A.7 Cumulative release (%) of AR release from 3%wt AR-loaded semi-aligned

nanofibers.
Semi-aligned nanofibers (Actual Average)

Time % Cumulative release
(min) n=1 n=2 n=3 average
0 0 0 0 0
0.25 7.4329 11.8386 10.8592 10.0436
0.5 28.5252 29.6016 28.6691 28.9320
0.75 43.6067 46.5546 45.2464 45.1359
1 52.8360 57.0490 53.8970 54.5940

3 71.9548 76.0066 77.1424 75.0346

5 81.9946 84.6436 83.5101 83.3827

7 84.8320 85.6296 85.2071 85.2229
10 85.8724 85.7779 85.7466 85.7990
20 85.8919 86.6942 85.6476 86.0779
30 85.8033 86.2920 85.8564 85.9839
45 85.4327 86.2462 85.7792 85.8194
60 86.0286 86.5185 85.7750 86.1074
90 86.1059 86.3775 85.8255 86.1030




104

Table A.8 Cumulative release (%) of AR release from 3%wt AR-loaded aligned

nanofibers.

Mostly aligned nanofibers (Actual Average)
Time (min) _— Do) o3 % Cumulative release
average
0 0 0 0 0
0.25 20.7485 21.3961 20.4706 20.8717
0.5 53.3250 53.6568 51.5330 52.8383
0.75 71.2756 70.7855 67.0845 69.7152
1 76.6461 79.6507 74.8019 77.0329
3 85.4544 87.8596 80.1635 84.4925
5 86.3085 89.6205 82.0801 86.0030
7 86.3045 89.5596 82.0974 85.9872
10 86.5250 89.3282 82.0115 85.9549
20 86.2613 88.9140 82.0143 85.7299
30 86.0834 89.9973 81.8200 85.9669
45 85.6609 89.5707 81.8189 85.6835
60 85.7990 89.4851 81.8004 85.6948
90 86.2512 89.6629 81.6094 85.8412
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Table A.9 Cumulative release (%) average of AR release from 3%wt AR-loaded

nanofibers.

Actual content

Random Semi-aligned Mostly aligned

nanofibers nanofibers nanofibers

Time % Cumulative release % Cumulative release % Cumulative release
(min) average average average
0 0 0 0
0.25 7.088403558 10.04355512 20.87170239
0.5 16.28268353 28.93196179 52.83829147
0.75 22.62437834 45.13588164 69.71517927
1 30.17400793 54.59402839 77.03289566

3 57.57637250 75.03458484 84.49250442

5 72.64864034 83.38274662 86.00303778

7 77.30909006 85.22286684 85.98717379
10 80.38026908 85.79898622 85.95489133
20 81.95935286 86.07790068 85.72987832
30 81.80900330 85.98389153 85.96687265
45 81.79374325 85.81937099 85.68347678
60 81.75033025 86.10739045 85.69482296

81.89007891

86:10297619

85.84116148
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Table A.10 Layer thickness data of nanofibers in TLC application (n=10).

Spin time (h) Line length (um)

Random 1 12.3585
15.1887
26.5094
35.0943
38.0189

4.0566
8.9623
9.6262
12.9960
20.8411

Mostly aligned

0 O BN P, 0O OO B~DN
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Uniaxially aligned cellulose acetats [CA) nanofibers were successfully fabricated by electrospinning and
applied to use as stationary phase for thin layer chromatography. The control of alignment was achieved
bry using 2 drum collector rotating at a high speed of G000 rpm. Spin time of 6h was used to produce the
fiber thickness of about 10 wm which was adequate for good separation. Without any chemical modifica-
tion afier the electrospinning process, CA nanofibers could be readily devised for screening hyd roguinons
{HO) and retinoic acd (RA) adulierated in cosmetics using the mobile phase consisting of 65:35:2.5
methano|fwaterfacetic acid. It was found that the separation run on the aligned nanofibers over a dis-
tance of 5cm took less than 15 min which was two to three times faster than that on the non-aligned
ones. On the alipned nanofibers, the masses of B0 and RA which could be visualized were 10 and 75 ng.
respectively, which were two times lower than those on the non-aligned CA fibers and fve times lower
than those on conventional silica plates due to the appearance of darker and sharper of spots on the
aligned nancfibers. Furthermore, the propossd method efficiently resobved HIQ from RA and ingredients
commeonly found in cosmetic creams. Due bo the satis&ctory analytical performance, Bcile and inexpen-
sive production process, uniaxially aligned electrospun CA nancfibers are promising altemative media

© 2014 Elzevier BV, All rights reserved.

1. Introduction

Electrospinning is a facile, robust and versatile technigue for the
fabrication of nanofibers for laboratory and industrial use. In this
process, polymer liguid, Le. solution or melt, loaded in a syringe
is charged by a high voltage. Once the electrostatic force over-
comes the surface tension on the polymer droplet, the liguid is
ejected from the noezle tip towards the grounded collector while
solvent evaporates or melt solidifies. This phenomenon results in
the formation of extremely small fibers with high surface area, high
porosity and controllable compositions and size. Taking advan-
tages of these features, electrospun nanofibers are attractive for a
wite array of applications ranging from filtratson, medical wound

* Corresponding aethor aE Department of Pharmaceutical Chemisiry and Phar-
macentical of Green Innovations Grosp (FOGG), Facalty of Pharmacy,
Siipakom University, Makhon Fathom 73000, Thailand Tel: +56 34 255800
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[E-mail nebdresnee: rihesrasalolyahoo com, teerasakiluac thi{T. Rojanarata).

hitpe s dolorg 10.107 &j.chroma 2004 05043
D02 1-067 340 2014 Beavier BW. All rights reserved.

dressings. tissue engineering, drug delivery and so on [1]. So far,
nanofibers electrospun by conventional methods are collected as
nomwoven layers with randomly arranged structures. Later, aligned
nanafibers can be produced through different means e.g. by using
high speed rotating mandrel, electrostatic metallic staple and a pair
of permanent magnets |2]. it is known that, for some applications,
anordered structure such as uniaxially or radially aligned nanofiber
is more desirable. For instance, uniaxially aligned nanofibers with
angsotropsc properties has been shown to satisfy electrical, oprical
and mechanical purposes [3-5] In addition, the aligned nanofiber
scaffolds used in cell culture and tissue engineering not only mimic
the parallel structure of fibrous tissues e.g. collagen in tendon or
nerve, but also promote the migration and extension of cells [5,7]

In analytical chemistry, electrospun nanofibers have been cur-
rently applied to electrochemical and optical based detection
systems, solid phase extraction and membrane separation [2].
Besides, electrospinning has recently become a new route to pro-
duce stationary phase for thin layer chromatography (TLC). There
hawe been the reports about the fabrication and use of electro-
spun nanofibers as TLC stationary phase for the separation of amino
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arids, laser dyes, sterpidal compounds and food preservatives.
However, the polymers used for the fabrication were limited to
glassy carbon [9). polyacrylonitrile (PAND | 10- 12, polyviny alco-
hol (Pva) [13] and cellubose acetate (CA) [14] In other aspects,
electrospun nanofiber Layers were improved for the detection of
ultraviolet-active compounds by incorporation of photoluminesce-
nce indicator and were hyphenated with electrospray-ionization
mass spectrometry [12]. Concemning the aligned electrospun
nanofibers, Olesik et al. reported the use of aligned PAN nanofibers
toseparate a mixture of B-blockers and sternidal compounds, Com-
pared to those with random orsentation, the aligned nanofibers
improwved reproducibility and separation efficiency as well as short-
ened run time [11]. The alignment of PAN nanofibers was akso
observed in the work done by Kampalanonwat et al. However, in
that study the delicate investigation aimed to control the aligment
such as the optimization of rotating speed of drum collector has
not yet been conducted | 1 2], These reported performance enhance-
ments motivate further pursuit of new electrospun TLC materials.

CA is an environmentally degradable material made from the
muost abundant biopolymer on earth ie. cellubose [15] It is much
cheaper than some synthetic polymers such as PAM. In addition,
nanofibers made from CA can be readily used after electrospinning
process fior TLC without additional steps such as pyrolysis or chem-
ical arosslinking which are usually required for the fabrication of
glassy carbon and PV A nanofibers, respectively. Recently, TLC plates
made from non-aligned CA nanofibers have been prepared and used
with eco-friendlier hydre-alcohaolic mobile phases for the analysis
of prohibited sterosds in traditional medicines |14]. However, no
reports related to the fabrication of aligned Ca nanofibers used for
TLC have been available.

The present study extends this work by optimizing drum col-
lector rotation speed and spin time to produce new reversed-phase
TLC plates with uniaxially aligned CA nanofibers. TLC performance
of the aligned nanofibers was compared to that of non-aligned ones
as well as commercially available silica based plates. Finally, their
application was demonstrated by using them for screening hydro-
quinone [HG) and retinpic acid (RA) adulterated in cosmetic creams
since both of them are prohibited substances for wse in cosmet-
ics in many countries due to the side effects including scaling of
skin, stinging, flushing and ochronosis [ 16.17]. From the study, the
aligned Ca nanofibers were proven to be the efficient TLC media
for resolbving the analytes within a shorter run time. Furthermaore,
this work reports for the first time about the advantage of aligned
nanofibers over the non-aligned ones in the term of the lower mass
of the analyte which could be visualized on the plates.

2 Materials and methods
21. Maoteriols

Cellulose acetate (CA; Mw=30kDa: degree of acetyla-
tions=2.4), hydroquinone [(HQ; purity = 99.0%), retinoic acid
(RA; purity = 38.0%), vitamin C (VC: purity = 00.0%) vitamin E
(purity = 96.0%), resorcinol (RS; purity =90.0%), a-arbutin (AR:
|purity = 98.0%), sodium metabisulfite (purity = 98.0%) and phos-
phomolybdic acid were purchased from Sigma-Aldrich, St Louis,
MO. Solvents used in this study ie. NN-dimethylacetamide
(Labscan, Thailand; purity = 99.5%), acetone {Carla, Italy; purity
=005%), glacial acetic acid (Merck, Germany; purity = 99.8%],
hexane (Merck, Germany; purity = 99.0%), methanol and ethanol
(Merck, Germany; purity =99.9%) were of analytical grade. Dis-
tilled water was used throughout the experiments. Commercial
TLC plates ie. silica gel 60 and silica gel 60 RP-1E plates (par-
ticle size of 10-12m, layer thickness of 200 wm on aluminum
backing) were purchased from Merck. Cosmetic cream samiples
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Fig. 1. Setup of electrospinning instnementation for &brication of nanofibers.

were collected from local markets in Makhon Pathom province,
Thailand, during Jamuary-March 3014,

2.2 Fobrication and charactertration of electrospun CA
nanofibers

221, Electrospirning of CA nanofibers

Initially, 17 £(w/v)CA solutionwas prepared by dissolving 1.02g
of CA powder in 6 mL of 221 (wv) acetone/NN-dimethylacetamide
at room temperature {30C). Then, 5 mLof the solution was lnaded
into a glass syringe equipped with a blunted stainless steel needle
(diameter =: 0.9 mm} attached to a pump (Fig. 1). Elecirospinning
was performed by ejecting CA sohution from the needle tip at
the feeding rate of 0.4mLh~" towands the rotating drum which
functioned as a grounded collector under the electric feld using
electrical potential of 17.5 kv from a high voltage supply. The dis-
tance between the needle tip and the aluminum foil (standard
howsehold quality with the thickness of abowt 15 pm) that was
wrapped around the drum (circumference = 19cm) was 15 om. To
fabricate vertically aligned nanofibers, the drum was set to rotate at
different high speeds {4500, 5000 and 7500 rpm) and the nanofibers
were collected at different spin times (1, 2, 4, 6, and Eh). Mon-
aligned nanofibers were prepared in a similar way except that the
drum rotatson speed was 350 rpm. After electrospinning, the alu-
minum foil containing CA nanofiber layer was removed from the
collector and cut into rectangular shape (7.5 « 25cm?) by select-
ing the area with the uniform thickness. The cut foil was then fixed
onto the glass backing using double sided adhesive tape to produce
CA nanofiber plate which was ready to use for TLC separation. It
showld be noted that this fixation is limited with regard to sohent
resistance; thereby the use of thicker foils can be an option to avoid
the tape.

222 Choractertzation of CA nanofibers

Taobserve the effect of drum rotation speed and spin time onthe
marphology and alignment, electrospun CA nanofibers fabricated
under different conditions were subjected to scanning electron
micrascopy [SEM) (Camscan, MX-2000). The specimens for SEM
‘were prepared by coating nanofibers with thin layer of gold (thick-
ness = 1504) by using sputtering device. The diameters of fibers
and the thickness of layers were measured directly from SEM
images (n=50], using the image analysis software (MicroVision
V.1.2.7, University of Geneva, Geneva, Swizerland). The alignment
of nanofibers was assessed as the number of fibers oriented in a
determined direction with respect to a vertical reference line (0¢
angles). The angles from which individual fibers were deviated from
this ling were determined (n=50) and then plotted as a function
of frequency in a histogram. The narrow distributson of nanofiber
angles indicated more alignment.
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23, TLC screening metfod for HQ and kA

231, Preporotion of stondord and sample sofutions

The standard sclutions containing 0.125mgml-! HY and
0,67 mgmL-" RA were freshly prepared in absolute ethanol. Cos-
metic creams wiere extracted prior to TLC analysis following ASEAN
guidelines | 18,10]. Briefly. 1 mL of ethanol was added to 05 g of
sample in a microcentrifuge tube. The mixture was then mixed and
somicated for 10min to improve the dissolution and the release
of HY and RA from sample matrix. Subsequently, it was put on
ice until the separation of wax ocourmed, and the clear
supernatant was finally collected for TLC. Since the adulteration
level might vary among the collected samples, some extracts were
further evaporated under nitrogen gas at room temperature to
increase the concentration of target analytes for 2-10 folds.

232 TLC procedures

For general protocol, the separation of HQ) and ®A on electrospun
CA nanofiber plate was carried out by manually spotting 0.5 L of
standard solutions of HQ) and RA and sample solutions side by side,
1 .am from the bottom edge with the aid of calibrated micropipette
and tips. The plate was then developed vertically in a closed cham-
ber containing mobile phase {methanol fwater/acetic acid) which
was previowsly saturated at 30°C for 30 min. The mobile phase was
alkowed to migrate for a distance of Scm from the start. Subse-
quently, the plate was removed from the chamber and air-dried.
The spots of HQ and RA were detected by spraying the plate with
5% (wiv) phosphomolybdic acid solution in ethanol following the
ASEAN guidelines | 18,19] and blowing with hot air {95 “C) from hair
dryer at 5 cm distance from the plate for 2.5 min. Alternatively, the
plate might be incubated in hot air oven set at 95 <C for 2.5 min. HQ
and BA were directly visualized as grey spots under visible light.
For comparison purposes, TLC was also run on two types of com-
mercial plates i.e. silica gel 60 and silica gel 60 RP-1E plates using
the same procedures, except that the volume of sohstions spotted
on the plate was increased to 2 L

To investigate the optimal mobile phase, the solvents consist-
ing of methanol and water at warious ratios in the presence of
25% acetic acid were tested. The separation quality was evalu-
ated from Ry walues, the resolution between HQ and RA spots
and the spot shape. In addition, the chromatographic performance
of aligned and non-aligned CA nanofibers was compared in the
aspects of run time, migration constant as caloulated from (migra-
tion distance)?/time and size of spot appeared on the plates. For
this purpose, the images of the TLC plates (n=4) were captured by
a scanner (HP Deskjet 1050, Hewlett Packard, China) at a resohution
of 300 dpi and saved as TIF files. The image was then opened with
Photoshop C52 software (Adobe System, Mountain View, CA, USAL
The made of color was changed to grayscale and the threshold level
was adjusted to 220 The area of spot was measured as pixels by
using Magic Wand Tool and Histogram.

233 Method validotion

The masses of HQ) and BA which could be visualized on aligned
and non-aligned CA electrospun nanofibers as well as commercial
silica-based plates were determined by spotting serses of standard
solutions of HY and BA on the plates to obtain 5, 10, 20, 40, 80ng
of HO and 25, 50, 100, 200, 400ng of RA. The specificity was val-
idated by examining the interference effects from the ingredsents
commaonly wsed in cosmetic creams e WC, RS, AR, vitamin E and
soddium metabisulfite. Finally, the analytical results obtained from
TuC method run on the aligned CA nanofiber plates were verified
by the confirmatory HPLC method according to ASEAN guidelines
[18,18]
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3. Results and discussion
3.1. Morphological charactertstics of CA nanofibers

of several means to control the alignment of electrospun
nanofibers, a mechanical method through the use of a drum collec-
tor rotating at a high speed was employed in this study. As shown
in Table 1, the drum rotation at 350rpm was apparently too slow
to orient the depaosited fibers in the uniaxial direction. By raising
the collector speeds, nanofibers were found to be more aligned as
indicated by the narrower distribution of nanofiber angles. Along
with the improved alignment, the average diameter of nanofibers
decreased with the increasing rotation speeds due to the higher
stretich of the polymer jets wounded around the drum. Monetheless,
no evidence of fiber breakage was observed at all tested rota-
tion speeds as seen under SEM. Since the nanofibers collected at
6000rpm showed satisfactory alignment and insignificant mor-
phological difference from those collected at the higher rpm, this
rotation speed was chosen for the subsequent study.

To investigate the effect of spin time, the aligned nanofibers
were electrospun at times of 1, 2, 4, 6 E and 10h, maintaining
the optimized collector rotation speed at G000 rpm. Spin time is an
important process parameter because the longer time generates
meage fibers on the collector and the electrical charge acoumu-
lated on the deposited fibers may interfere with the incoming ones
resulting in the fibers with less alignment [20]. In another way, too
short spin time produces insufficient thickness of fiber layers and
may give rise to the poor iC performance in terms
of kading capacity of sample solution and separation quality. As
showm in Fig. 2, the thickness of aligned nanofiber Layers increased
‘with the increasing spin time. Besides, the aligned nanofiber mats
‘were thinner than the non-aligned ones which were electrospun at
350rpm using the equal spin time. This effect was probably caused
by the more compact depasit of aligned nanofibers with smaller
diameter size on the aluminum backing. in this study, the align-
ment of nanofilers was not adversely affected by the increasing
spin time, up to 10h

3.2 Silica gel TLC plates incompatible with green mobile phase

The separation of two target analytes namely HQ and RA and a
possible interference VC was used for the evaluation of the chro-
matographic performance of different types of plates. HQ) and RA
are prohibited substances for use in cosmetics in many countries
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Table 1
Elfect of drum rotation speed on fiber morphology and aligrment.
Speed of drum collector (rpm) Characteristics of nanafibers
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due to their side effects and safety profiles while VCis an ingredient
commanly found in skin whitening and anti-wrinkle formulations,
Currently, the screening methods for HQ and RA on commercial TLC
plates employ organic solvents e.g toluene, ethyl acetate and hex-
ane as mobile phase [ 18,19,21,22] However, since hydro-akcoholic
mixture is considered as safer and greener solvent and is easy to
prepare and handle in the field outside laboratories, it was selected
as the mobile phase of choice in this study.

By using the mobile phase composed of methanol and water in
the presence of 2.5% acetic acid with silica gel 60 plates, the com-
pounds could not be resolved at any percentages of methanol (data
not shown). After changing to use the more expensive silica gel
60 RP-18 plates, low polar RA appeared to stick tightly to the start
spots and did not move up along the solvents containing 0-70%
methanol. The increase of elution strength by raising the content
of methanol in the mobile phase to higher than 80% resulted in the

poor resolution between HQ and VC. Because of the failed attempts
at using methanol/waterfacetic acid with silica gel TLC, organic sol-
vents i.e. n-hexane/acetone were employed with this type of plate
in the standard method | 18,19] in this study and the opportunity
of using electrospun CA nanofibers as TLC media compatible with
safer and greener solvents was investigated.

3.3. Clwomatographic performance of CA nanafibers with green
mobtle phase

To select the electrospun CA nanofibers which were suitable
for TLC, aligned and non-aligned nanofibers produced at various
spin times were evaluated using 65:35:2.5 methanol/ water/acetic
acid as the mobile phase. It was noticed that the initial spots of
samples on the aligned nanofibers were more elliptical than those
on non-aligned ones due to the preferential diffusion along the
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Table 2
Effect of spin time on TUC separation of B, RA and VO~
Type of nanofiers Spin time (1)
1 2 4 13 8
& >
Mon-aligned
}. 1
Fa 8 &
Runi time {min) 47 £3 4044 3|43 T+l 3541
Migration constant {om?min} m53 e oes OBE o7

Run time {min] _
Migration constant {om®)min

343
nT4

1532
167

132
i

132
m

161
156

" The order of spots froam botbom io bop was BA, BQand VO
~ Miigration constant was caislabed from | migration distance) time.

:r;mqnc on aligned and non-aligned CA nanofibers {n=4].
CA nanofibers Area of spot [pixel)
HIL RA
Aligned 1260 + 130 103 + 140
Mon-aligned 2570 + 300 1770 + 330

wertical direction of nanofibers. Compared with the silica based
plates, both aligned and non-aligned CA nanofibers were able to
separate HQ, RA and WC with superior performance, as illustrated
in Table 2, Good resolution without the solutes remaining at the
initial spots was obtained from aligned and non-aligned nanofibers
electrospun for at least & hand 4 h, respectively. The nanofibers col-
lected at the shorter time than these periods were too thin for the
efficient separation due to the inadequate chromatographic beds.
Additionally, they took longer rum time, probably related to the low
capillary action to draw the solvent up the plate.

In spite of the comparable separation ability, the aligned and
non-aligned nanofibers were found to be different in some aspects.
By visual analysis, the spots on the aligned nanofibers were
generally smaller and appeared darker compared to those on
the non-aligned ones which were more diffused in broad areas

(Table 2). The measurement of spot dimension by digital imag-
nanafiber

ing software revealed that the spots on the non-aligned
plates were almost twice as large as those on the aligned ones in
pixels (Table 3). This difference arose due to the fact that while the

solutes were moving up in the flow of mobile phase on the non-
aligned nanofibers, they were likely to disperse in all directions due
to the random arrangement of nanofiber mesh. On the other hand,
the solute migration on the aligned nanofibers ocourred preferen-
tially along the vertical channels, giving rise to the lower extent
of transverse (across-channel) diffusion. In addition, the reduced
spot diffusion might associate with the lower thickness and higher
density of the aligned media compared to the non-aligned one. For
practical application, this feature offered the advantage of aligned
nanofibers over the non-aligned ones in the terms of the ease of
spot viswalization and the lower mass of the analyte which could
be detected.

Abso interesting is the markedly faster separation ability of the
aligned nanofibers. From the results, about two to three times
reduction of developing time could be achieved by using the aligned
nanofibers instead of the random ones (Table 2). In addition, the
solvent migration on the ali nanofibers used in this study
{migration constant = 1.9 cm®/min) was more rapsd than that on
the non-aligned ones reported in the previous work (migration
Constant = 1.0an?/min), using the similar mobile phase [14]. 1t
‘was hypothesized that the vertical channeling generated from the
aligned nanofibers facilitated the solvent to move straight up the
plate and minimized the lengthy distracted traveling along the
randiom paths. in another point of view, the faster run time also
lowered the chance of solute diffusion happening in the flow of
meobile phase, thereby promoting the compact size of spots. In
overall, since easy visual detection of spots and fast analysis are
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Table 4
Naszes of HO) and BA whichi could be visualized on different fypes of TLC plabes.
Stationary phase  Mobile phase Mas ()
HQL A
Aligmed CA B5:35:25 methanol:water-aoetic acd 1 15
Mon-aligned CA B5:35:25 methanob-water-aoeiic acd F.o] 50
Silica ged &0 BI40 n-hexane-acsione s 125

In all cases, 5T(w) v) phosphomaolybdic acd in ethanol was used a5 2 vismalization
reagent.

preferred for screening tasks, umiaxially alipned CA nanofibers
with the adequate thickness were appropriate and practical for
WSE.

34. Optimal conditions for TLC and method validmton results

After the aligned CA nanofibers collected at the drum speed of
G000 rpm over & h of spin time were selected as the suitable station-
ary phase, the optimal mobile phase was investigated by varying
the ratio of methanol to water. For reversed-phase separation, 2.5%
acetic acid was added in the mobile phase to render the analytes
nan-ioniz ed, The results showed that all solutes were eluted from
the original application spots (Ry> 0] and well separated by using
the mobile phase containing G0-70% methanol (Fig. 3). Therefore,
65:35:2.5 methanol waberjacetic acid was chosen as the optimized
maobile phase.

To ascertain the analytical performance, TLC method was stud-
ied in the aspect of the masses of the analytes which could
be visualized on the plates and the specificity. Interestingly. the
masses of HY) and RA which could be visually detected on the
aligned CA nanofiber plates were twice lower than those on the
non-aligned nanofibers (Table 4) due to the darker spots on this
type of fibers as previously discussed. Moreover, the masses of bath
compounds which could be detected on the aligned CA nanofibers
were five times lower than those on typical silica plates which were
wsed in the ASEAN method using the same visualization reagent.
It was probable that the thinner chromatographic bed of electro-
spun nanofibers (8.5 wm) compared to that of commercial silica
gel plates (200~ 250 pm) coniributed to the better ability to visu-
alize the analyte at the lower mass. To the best literature review,
this is the first report about the advantage of nanofibrous station-
ary phases, especially in the aligned orientation, over conventional
TLC plates in the aspect of the lower mass of the analyte which

Fig- 4 Results of interference: study for the proposed TLC screening method The
mazzses of HE, A, VIC, AR and RS are £2, 335, 500, 500and 50 mg per spot, respectively.

§ wvc
8 ¥ HQ
RA
1 gz 4% BTD
Fig-5 TLC fior e analysis of three different samy aligned CA nanofiber

plates. 51 contained neither HO nor RA wheneas 52 and 53 were adulterated with
HOQ and RA, respectively. Standard [STD) RA, VCand HQ are in the right lane.

could be detected. For the specificity, the proposed method was
free from the interference by the ingredients commeanly found in
cosmetic creams. As depicted in Fig. 4, HQ and RA were efficiently
separated from the substances which could form colored spots with
phosphomalybdic acid i.e. WC, RS and AR. For vitamin E and sodium
metabisulfite, they did not react with phosphomolybdic acid and
thus did not interfere with the test. Finally, the applicability of
the proposed method was evaluated by the analysis of cosmetic
creams collected from the local markets and it was found that the
screening results were in agreement with the confirmatory HPLC
method according to ASEAN guidelines [ 18.19]. Rg 5 presents the
TLL results of analysis of three different samples mn on the aligned
CA nanofiber plates. It was found that the sample 51 contained nii-
ther HY) mor RA whereas 52 and 53 were adulterated with HQ and

RA_ respectively.
4. Conclusion

Uniaxially aligned Ca nanafibers were
fabricated by using high speed rotating drum collector and applied
to use a5 TLC media. Besides the efficient separation ability, the
aligned nanofibers with the appropriate layer thickness provided
two to three times shorter run time than the randomly oriented
ones. Furthermore, the masses of HY and RA which could be
detected on this material were two times bower than those on the
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non-aligned nanofibers and five times lower than those on typi-
cal silica gel plates. In this work, the applicability of the aligned
CA nanofibers was demonstrated in the screening of HQ and ®A
adulterated in cosmetics. Due to the satisfactory analytical perfor-
mance a5 well as facile and inexpensive production process, aligned
CA electrospun nanofiber is promising stationary phase for use in
planar chromatography.
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