CHAPTER VI

VITAMIN-LOADED ELECTROSPUN CELLULOSE ACETATE
NANOFIBER MATS AS TRANSDERMAL AND DERMAL THERAPEUTIC
AGENTS OF VITAMIN A ACID AND VITAMIN E

6.1 Abstract

The present contribution reports the use of mats of electrospun cellulose
acetate (CA; acetyl content = 39.8% - Mw = 30 000 Da) nanofibers as carriers for
delivery of the model vitamins, all-trans retinoic acid or vitamin A acid (Retin-A)
and a-tocopherol orvitamin £ (Vit-E). The amounts of Vit-E and Retin-A loaded in
the base CA solution [L7% wlvin 2:0 viv acetone/AMV-dimethylacetamide (DM Ac)
werg 5oand 0.5 wt% (based on the weight of CA) respectively, Cross-sectionally
round and smooth fibers were obtained. The average diameters of these fibers
ranged between 247 and 265 nm. The totalimmersion ofthe vitamin-loaded as-spun
CA fiber matsin the acetate buffer solutions containing either 0.5 vol.% Tween 80 or

5 vol% Tween 80 and 10 vol% methanol was used to arrive at the cum ulative
release of the vitamins from the fiber mat samples. The same was also conducted on
the vitamin-loaded solution-cast CA films for comparison. In most cases, the
vitamin-loaded as-spun fiber mats exhibited a gradual and monotonous increase in
the cumulative release of the vitamins over the test periods (ie., 24 0 for Vit-E-
loaded samples and 6 h for Retin-A-foaded ones), while the corresponding as-cast
films exhibited a burst refease ofthe vitamins,

(Key-words: electrospinning; nanofibers; cellulose acetate; transdermal drug
delivery; dermal drug delivery)
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6.2 Introduction

Electrospinning is an interesting process for fabricating ultrafine fibers with
average diameters in sub-micrometer down to nanometer range. In this process, a
continuous strand of a polymer liguid (i.e., solution or melt) was drawn through a
spinneret by a high electrostatic force to deposit randomly on a grounded collector as
g onon-woven mat.  These fibers exhibit several interesting characteristics, for
examoples, a high surface area to massorvolume ratio, a small inter-fibrous pore size
Wwith high porosity, vast possibilities for surface functionalization, etc. (D oshi, 1995
Deitzel, 2001).,  These advantages render electrospun polymeric fibers good
candidates for a wide variety of applications, including filters (Gibson, 1999),
composite reinforcements (Bergshoef, 1999 Kim, 1999), drug carriers (Kenawy,
2000; Zong, 2002; Zeng, 2005, Taepaiboon, 2006; lgnatious, 2006), and tissue-
engineered scaffolds (W utticharoenmongkol 2006; Yuan, 2006; M eechaisue, 2006).
Additionally, a method for preparing twisted ultra-fine fiber from electrospun fiber
mathas recently been introduced (L1, 2003).

Cellulose acetate (CA) is the acetate ester of cellulose, the primary
stroctural component of the cellwallofgreen plants and s one ofthe mostcommaon
biopolymers on earth (Anonymous, 2006).  CA has been fabricated as semi-
permeable membranes for separation processes and fibers and films for biom ¢dical
applications, Eflectrospinning of 5 and 8 wt% CA solutions in acetone produced
short and Dbeaded fibers with diameters being ~1 pm (Jaeger, L998). An
improvement in the electrospinning of CA was achieved when 2:1 vy
acetone/dim ethylacetamide (DM Ac) was used as the solvent system (Liv, 2002).
This mixture allowed the resulting 12.5-20 wt% CA solutions to be continuously
spun into fibers with diameters ranging between ~L00 nm and ~L pm. CA solutions
& mixture of acetone/water with the water content in the range of 10-15 wt%
could also be spun into ultrafine fibers (Son, 2004), Furthermore, electrospinning of
2 CA solution in acetonefwater in an acidic condition produced larger fibers, while
that of the solution in a basic condition produced much finer ones (Son, 2004). In
addition, ;0L viviv o acetonel/dim ethylformamide (DM F)/trifluoroethylene (TFE)
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could beused to prepare a CA solution that resulted in the electrospun fibers with
diameters ranging from -200 nm to -1 pm (Ma, 2005).

So far electrospun CA fiber matshave been explored as affinity (Ma, 2005)
and antimicrobial (Son, 2004; Son, 2008) membranes, The affinity CA fibrous
membranes (Ma, 2005) were prepared from 0.16 g mI"LCA (acetyl content = 40% ;
My o= 29 000 Da) solution in 3:01:1 viviv acetone/DM FITFE by electrospinning
(applied electrical potential = 25 kV; collection distance = L5 cm; polarity of
emitting electrode = positive; solution flow rate = & mlh'l). The membranes were
heat-treated at 208°c for L h and later treated with 0.LM NaOH solution in 4:1 vlv
waterfethanol for 24 b to obtain regenerated cellulose (RC) membranes. Cibacron
Blue F3GA, a sulfonated triazing dye, was then covalently coupled onto the surface
of RC membranes.,  The capture capacity of the membranes for bovine serum
albumin (BSA) was reported to be L3 mg g'L On the other hand, the antimicrobial
CA fibrous membranes (Son, 2004, Son, 2000) were prepared from 10 wt% CA
(acetyl content = 39.8% ; Mw = 30 000 Da) solution in 80:20 | acetonelwater
containing AgNCossin the amount of 0.01-0.5% (based on the weight of CA) by
electrospinning (applied electrical potential = 17 kV; collection distance = 10 cm;
polarity of emitting electrode = positive; solution flow rate = 3 mlh'l). Agt dons
Were photo-reduced into Ag nanoparticles, an active antimicrobial agent by
irradiating the as-spun fibers (average digmeters = §10-1910 am) with v v light (the
maximum wavelength = 245 or 365 nm) that resulted in the Ag nanoparticles with
the average diametersranging between 3 and 2L nm,

As mentioned, many of the electrospun polymeric fiber mats have been
developed as carriers for delivery of drugs (Kenawy, 2002; Zong, 2002; Zeng, 2005,
Taepaiboon, 2006; Ignatious, 2006). Recently, we reported the preparation of
poly(vinyl alcohol) (PVA; degree ofpolymerization « 1600; degree of hydrolysis =
97.5-99.5% ) nanofiber mats containing four different types of model drugs (it
sodium  salicylate, diclofenac sodium, naproxen, and indomethacin) Dby
electrospinning (applied electrical potential = 15 kV; collection distance = 15 ¢m;
polarity ofemitting electrode = positive; solution flow rate = L mlIh'l) (Taepaiboon,
2006). The refease characteristics ofthe drugs from the drug-loaded fiber matswere
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compared to those of the corresponding solution-cast films and the results indicated
that the drug-loaded as-spun fiber mats showed much better refease characteristics of
the model drugs than the drug-loaded as-cast films. CA in the form of solution-cast
membranes has been explored as carriers for transdermal delivery of scopolamine
base (Wang, 2002), which is structurally similar to the neurotransm itter acetylcholine
and acts by blocking the muscarinic acetylcholine receptors (Anonymous, 2008), but
no known reports related to the use of CA in the form of electrospun fiber mats as
carrigrs for delivery of drugs or other related substances have yet been available in
the open literature,

[tisofourinterest to develop matsofelectrospun CA nanofibers as carriers
for delivery of some vitamins to the skin. Usually, vitamins are applied to the skin in
the form of topical creams, lotions, or ointments. Here, vitamin E or a-tocopherol
(Vit-E; see Figure 6.1) and all-trans retinoic acid or vitamin A acid (Retin-A; see
Figure 6.1), a vitamin A or retinol derivative, were selected as the model vitamins,
due to their benefits in cosmetics,  Retin-A, & naturally-occurring derivative of
vitamin A s a lipid-soluble substance, known to be used for the treatment of acute
promyelocytic leukemia, acne, and other skin disorders, and it is believed to help
slow skin aging, remove wrinkles, or reduce hyper-pigmentation due to photo-aging
(Anonymous, 2006; Cho, 2005), Vit-E, also a lipid-soluble vitamin, is known for its
potent antioxidant ability, owing to the presence of a hydroxyl group on its
chromanol ring which can readily donate a proton to reduce free radicals (viz. free
radicals can cause cell damage that may contribute to the development of
cardiovascular disease and cancer) (Anonymous, 2006, Wolf, 1998; Shapiro, 2001;
Lin, 2003).

Based on the above-mentioned reasons, the main objectives of the present
contribution were to fabricate mats of electrospun CA nanofibers that contained
pither Retin-A or Vit-E, and to investigate the in vitro refease characteristics ofthese
substances from the vitamin-loaded as-spun CA fiber mats in comparison with those
from the corresponding solution-cast CA films,
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6.3 Experimental

6.3.L M aterials

Cellulose acetate (CA; white powder; Mv=30,0000Da; acetyl content
30T wt% ;o degree of acetyl substitution « 2.4) was purchased from Sigma-Aldrich
(Switzerfand). All-trans retinoic acid or vitamin A acid (Retin-A; purity = 9% ), a
derivative of vitamin A or retinol, was purchased from Roche (Switzerland).
Vitamin E ora-tocopherol (Vit-E; purity = 98% Jwas purchased from Sigma-Aldrich
(Switzerfand). Chemical structures of Vit-E and Retin-A were shown in Figure 6.1,
Acetone (Carlo Erba, Italy), AIV-dimethylacetamide [DMAc, Labscan (Asia),
Thailand], sodium acetate (Ajax Chemicals, Australia), and glacial acetic acid (Carlo
Erba, Italy) were ofanalytical reagentgrade and used without further purification,

6.3.2 Preparation ofneat and vitamin-loaded CA fiber matsand films

A weighed amount of CA powder was dissolved in 2:1 vy
acetone/DM Ac to obtain @ CA solution at a concentration of 17% wlv. Vitamin-
loaded CA solutions were prepared by dissolving the same amount of CA powder
and Retin-A or Vit-E in the amount of 0.5 or 5 wt% based on the weight of CA
powder, respectively, in the acetone/DM Ac micture. The initial amounts of R etin-A
and Vit-E in the drug-containing CA solutionswere based on the amounts of 0.1 and
Lwt% stated in the literature (Lin, 2003; Kligman, 1986). These mixtures were
stirred into clear solutions under constant stirring for 3 b Prior to electrospinning,
the as-prepared solutions were measured for their viscosity and conductivity using a
Brookfigld DV-IT1 programmable viscometer and a Orion 160 conductivity mete
respectively. The measurements were carried out at 25°¢c and average values for
each solution was calculated from atfleast 3 measurements,

Electrospinning of the as-prepared solutions was carried out by
connecting the emitting electrode of positive polarity from a Gamma High-Voltage
Research ESIOPNIM 692 high voltage DC power supply to the solutions contained in

standard 50-m | syringe, the open end of which was attached to a blunt gavge-20
stainless steel needle (0D = 091 mm), used as the nozzle, and the grounding
electrode to a home-made rotating metal drum (0D = 9 cm), used as the fiber
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collection device. A fixed electrical potential of LT.5 kv was applied across a fixed
distance of 15 cm between the tip of the nozzle and the outer surface of the drum
(i.e. the electrostatic field strength of 17.5 kV/L5 cm) and the rotational speed of the
rotating drum was 60 £ 5rpm. The feed rate of the solutionswas controlled at~1 ml
h'Lby means of a Kd Scientific syringe pump. Electrospinning was carried out in
room conditions (i.e., temperature = 26 ¢ L°C; relative humidity = 71 ¢ 3% ). For
morphological observation of the as-spun products, the collection time was =5 min,
while, for the restofthe experiments, itwas~9h,
For comparison, both the neat and the vitamin-loaded CA films were
prepared by solvent-casting technique from 4% wilv CA solution in 2:1 vl
acetong/DM Ac and the same solution that contained either 0.5 wt% of Retin-A or )
wt% of Vit-E, respectively, The thicknesses of both the as-spun CA fiber mats
(collection time» 9 h)and the as-cast CA filmswere between 20 and 30 pm,
6.3.3 Characterization ofneatand vitamin-loaded CA fiber mats and films
Morphological appearance ofboth the neat and the vitamin-loaded as-
spun CA fiber mats and as-cast CA films was observed by a JEOL JSM -5200
scanning electron microscope (SEM ). Each ofthe fiber mat and the film samples
Was sputtered with a thin layer of gold prior to SEM observation. Diameters of the
individual fibers in the as-spun fiber mats were measured directly from the SEM
images using a SemAphore 4.0 software ( > 50). The mechanical integrity in term s
of the tensile strength and the strain at maximum of both the neat and the vitamin-
loaded as-spun CA fiber mats and as-cast CA films was investigated using a Lloyd
LRX wniversal testing machine at room conditions. Each specimen was cut into a
rectangular shape (L0 mm « 100 mm). The crosshead speed and the gauge length
were 20 mm omin'land 50 mm, respectively., The results were reported as average
values [ = 7).
6.3 4 Release ofvitamins from vitamin-loaded CA fiber mats and films
6.3.4.1 Adualvitamin content
The actual amount of vitamins in the vitamin-loaded as-spun
CA fiber mats and as-cast CA films (cut into circular discs of ~2.8 ¢m in diameter)
Was quantified by dissolving each sample in 10 mlof ;1 viv acetone/DM Ac. Each
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of the obtained solutions was measured for the amount of the dissolved vitamins
using a high performance liquid chromatography (HPLC) (see later). The amountof
vitamins originally present in the as-spun CA fiber mats and the as-cast CA films
shack-calculated from the obtained data against a predetermined calibration curve
foreach vitamin, The results were reported asaverage values ( = 5).
6.3.4.2 Preparation ofacetate buffer
Acetate buffer was chosen to simulate the human skin pH
condition of 5.5, To prepare 1000 mlofthe acetate buffer solution, 150 ¢ of sodium
acetate was dissolved in about 250 mlof distilled water. Exactly 15 mlof glacial
acetic acid was then added very slowly into the sodium acetate agueous solution,
Finally, distilled water was added into the solution to the volume.
6.3.4.3 Preparation ofreleasing media
Due to the solubility limits of both vitamins in the acetate
buffer solution, two types of releasing media were prepared. The first releasing
medium was prepared by adding 0.5 vol% ofanon-ionic surfactant, polysorbate
(hereafter, Tween 80), to the acetate buffer solution to help solubilize vitaming from
the vitamin-loaded samples. This medium is hereafter referred to BIT. The other
releasing medium was prepared by adding 0.5 vol% of Tween 80 and 10 vol% of
ethanol in the acetate buffer solution. This medium ishereafter referred to BIT/M .
6.3.4.4 Stability ofvitamins
Stability of Retin-A and Vit-E in the BIT/M medium was
evaluated at 37°c by varying the aging period of each vitamin in the medium. The
solution was prepared by dissolving an amount of either Retin-A or Vit-E in a
measured quantity of the BJT/M medium. At a specified period ranging between {
and 24 0 (1440 min), 0.5 mlofthe test solution waswithdrawn (i.e., sample solution)
and the amount of the vitamin that remained detectable in the sample solution was
determined using HPLC (see later) against the predetermined calibration curve for
each vitamin, The experiments were carried out in duplicate and the results were
reported as average values.
6.3.4.5 Vitamin-release assay
Total immersion method was used to study the cumulative
release profiles of vitamins from vitamin-loaded as-spun CA fiber mats and as-cast
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CA films. Based on this technique, each of the vitamin-loaded as-spun fiber mat or
as-cast film samples (cutinto circular discs of~2.8 cm in diameter) was immersed in
20 mlofeither BIT or BITIM releasing medium at 37°c. Ata specified immersion
period between 0 and 24 0 (1440 min) for Vit-E and 0 and 6 h {360 min) for Retin-A,
0.3 mlofthe testmedium waswithdrawn (i.e., sample solution) and an equal amount
ofthe fresh medium was refilled. The amountofvitamingin the sample solution was
determined using HPLC (see later) against the predetermined calibration curve for
each vitamin, These data were carefully calculated to determine the cumulative
amount of vitamins refeased from the samoples at each specified immersion period.
The experiments were carried out in triplicate and the results were reported as
average values,
6.3.4.6 HPLC analysis

A Perkin Elmer Series 2000 HPLC was used to quantify the
amountofvitamin in a samople solution. Chromatographic separation of each vitamin
Was achigved using a water symmetry® Cg column (particle size = 5 pm; column
dimension = 3.9 x 150 mm) operating at I mimin'l The mobile phases for Vit-E
and Retin-A separations Were 25:15:1 and 15:45:10 VIVIv
acetonitrile/methanolldistilled water, respectively., The injection volume was 100 pi.
Auv detector for VIt-E and Retin-A was set at «mao 295 200 325 am, respectively,
ALl ofthe sample solutions were filtered through a polytetrafluoroethylene (PTFE)
filter (average pore size = 045 pm ) prior to injection. After injection, Vit-E and
Retin-A were separated out at elution periods of 4.8-53 and L.6-1.8 min,
espectively. The calibration curve was conducted separately for each vitamin-
releasing medium. The calibration curve for Vit-E and Retin-A was in the range of
5-20 and 0.3-L.4 pygmI'L respectively,

6.4 Results and discussion
6.4.0 Morphology ofneat and vitamin-loaded CA fiber mats and films

The as-prepared L7% wiv CA solution in 2:L viv acetone/DM Ac was
electrospun under an applied electrostatic field strength of 175 kVIL5 cem. A



selected SEM image of the obtained fibers is shown in Figure 6.2a.  Cross-
sectionally round fiberswith smooth surface were obtained. The average diameter of
these fibers (> 50) was determined to be 265 + 39 nm. Due tothe smoothness of
the resulting fibers, the 17% wiv CA solution was used as the base solution, into
Which Vit-E and Retin-A were individually added. For Vit-E, about 5 wt.% based on
the weight of CA powder was added, while, for Retin-A about 0.5 wt% was added.
These values were about 5 times the amount of the substances generally used in
commercial cosmetic products (Lin, 2003; Kligman, 198§).

After complete dissolution of vitamins, the obtained solutions were
measured for their viscosity and conductivity, as summarized in Table 6.1, The
property values for the neat CA solution are also [listed for comparison. The
conductivity values of the vitamin-containing solutionswere not much different from
that of the neat solution, which could be attributed to the fact that both vitamins
contained no ionizable groups (see Figure 6.1). 0n the other hand, the addition of
these small molecular weight substances caused the viscosity of the resulting
solutions to decrease from that of the neat solution, especially for the solution
containing Vit-E that showed the larger decrease (viz. a direct result of the greater
amountofsuch asubstance in the solution), fikely a result ofthe drag-reducing effect
of these substances in the solution. Electrospinning of the vitamin-containing
solutions was straight-forward. Selected SEM images ofthe fibersobtained from the
solutions containing Vit-E and Retin-A are shown in Figure 6.20 and 6.2¢,
respectively,  Again, cross-sectionally round fibers with smooth surface were
obtained. Theaverage diameters for these vitamin-loaded fibers ( = 50)were 253 ¢

£ and 247 + 31 am, respectively.

oth the neat and the vitamin-containing CA solutions were also
fabricated into films by solvent-casting technigue. The surface morphology of the
obtained films is shown in Figure 6.3, Films having rather rough surfaces, with the
roughness dimensionality being inthe vicinity of~1 pm were obtained from the neat
solution and the solution containing 0.5 wt% of Retin-A (see Figure §.3a.c)
[nterestingly, a bumopy structure was observed on the surface of the film obtained
from the solution containing 5 wt.% of Vit-E (see Figure 6.30), which is believed to
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bearesultofthe phase separation of the three components during the “drying’ ofthe

film and it was further postulated that the Vit-E-rich phase was the cause for the

formation ofthese bumps, The sizes ofthese bumps ranged from -2 to -15 [jm.
6.4.2 Tensile propertiesofvitamin-loaded CA fiber mats and film s

Themechanical integrity intermsofthe tensile strength and the strain

at maximum of the neat and the vitamin-loaded as-spun CA fiber mats and as-cast

A films was investigated and the results are graphically shown in Figure 6.4, The
thicknesses of these fiber mats and films ranged between 20 and 30 pm. The tensile
strength for all the as-spun fiber mats was in the range of 15.4-15.6 MPa, with the
average value being 155 MPa, while that for all ofthe as-cast filmswas inthe range
0f20.2-20.2 M Pa, with the average value being 20,5 MPa. The much greater tensile

strength of the as-cast films i comparison with that of the as-spun fiber mats was
also reflected in the observed lower strain at maximum of the films in comparison
with that of the fiber mats, Specifically, the strain at maximum for all the as-cast
films was in therange of 1.6-2.2% , with the average value being 2.0% , while that for
all of the as-spun fiber mats was in the range of 18.5-20.2%  with the average value
being 19.68% .

Theresults demonstrated that the presence ofvitamins had no obvious
effect on the tensile properties ofboth the as-spun CA fiber mats and the as-cast CA
films. Morgover, the as-cast films showed slightly greater tensile § rength than the
as-spun fiber mats, while the strain at maximum of the as-spun fiber matswas about
L0 times as much as that of the as-cast films,  This finding suggests that, if the
vitamin-loaded as-spun fiber mats are to be developed as transdermal or dermal
patches, there is an advantage over the corresponding as-cast films on the dram atic
improvementin the flexibility ofthe obtamed patches

6.4.3 Actual vitamin content in vitamin-loaded CA fiber mats and film s

The actual amount of the vitamins incorporated in the vitamin-loaded
as-spun CA fiber mats and as-cast CA filmswas determined prior to the investigation
on their release characteristics. Table §.2 summarizes the actual amount of the
vitamins in these samples (reported as the percentage of the initial content of the
vitamins contained in both the spinning and the casting solutions). Evidently, the
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actual amount of Vit-E in the Vit-E-loaded as-spun fiber mat and as-cast film
samples was determined to be ~83 and -78%, respectively. On the other hand, the
actual amount of Retin-A in the Retin-A-loaded as-spun fiber mat and as-cast film
samples was much lower at -45 and -53%, respectively. The much less amount of
Retin-A incorporated in hoth the fiber mat and the film samples, in comparison with
the relative amount of Vit-E in the Vit-E-loaded samples, could be due partly to the
poor stability of Retin-A (Kligman, 1986; Gatti, 2000) as there is a possibility for
Retin-A to lose its characteristics during the electrospinning, due to the high
electrical potential that was applied to the solution. Additionally, due to the
smoothness of the surface of the vitamin-loaded as-spun CA fibers (see Figure
6.2b,c), it is postulated that both vitamins were encapsulated well within the fibers.
6.4.4 Stability of vitamins in releasing medium

Prior to the release studies, the stability of the vitamins in the
releasing conditions was investigated. The B/T/M medium was chosen as the model
releasing medium. Vit-E and Retin-A powder in an exact amount were separately
added in the B/T/M medium to prepare the test solutions of known concentrations
(i.e., 0.052 mg ml'1for Vit-E-containing solution and 0.023 mg ml'Lfor Retin-A-
containing solution). The test solutions were incubated at 3/°C for 24 h. At a
certain period of time between 0 and 24 h (1440 min), 0.5 ml of the test solutions
was taken out (i.e., sample solutions) and the amount of the vitamins in the sample
solutions was determined. Figure 6.5 shows the amount of vitamins, reported as the
percentage of the initial amount of the vitamins, in the test solutions. Apparently, the
amount of Vit-E in the sample solutions remained close to its initial value in the test
solution, with the lowest average value was -97% (see Figure 6.5a). On the other
hand, the amount of Retin-A in the sample solutions remained close to its initial
value during the first 6 h (360 min), after which time the amount of Retin-A started
to decrease from -94% at 8 h (480 min) to -71% at 24 h (1440 min) (see Figure
6.50). Evidently, Vit-E remained stable in the B/T/M medium throughout the 24 h
period, while Retin-A only did so during the first 6 h period. Even though the
stability of Retin-A in the releasing medium was poor, the results did not imply the
poor instability of Retin-A when it is incorporated within the CA matrix.
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6.4.5 Release ofvitamins from vitamin-loaded CA fiber mats and films

The release characteristics of the vitamins from the vitamin-loaded as-
spun CA fiber mats and as-cast CA films were carried out by the total immersion
method.  The experiments were carried out in the acetate buffer solution that
contained either 0.5 vol.% Tween 80 (i.e., the BIT releasing medium) or 0.5 vol.%
Tween 80 and 10 vol.% methanol (i, the B/T/M releasing medium) at the
physiological temperature of 37°C. The cumulative amount of the vitamins released
(reported as the percentage of the actual amount of vitamins present in the vitamin-
loaded samples; see Table 6.2) from the vitamin-loaded samples is illustrated in
Figure 6.6. 1t should be noted the cumulative amount of the vitamins released from
the vitamin-loaded samples at the skin temperature of 32°C was practically similar to
that shown in Figure 6.

In the B/T medium, it is obvious from Figure 6.6a that Vit-E released
from the Vit-E-loaded as-cast film samples exhibited a burst release, while that from
the as-spun fiber mat ones did not. Specifically, Vit-E released from the as-cast film
samples showed the burst release during the first 20 min and reached a plateau at the
maximum release of-20% with further increase in the immersion time. On the other
hand, the Vit-E-loaded as-spun fiber mat samples showed a gradual increase in the
cumulative release of Vit-E over the 24 h testing period. At 24 h, the maximum
amount of Vit-E released from the as-spun fiber mat samples was -52%. After the
immersion in the B/T medium for 24 h, the morphology of the Vit-E-loaded as-cast
film (see Figure 6.7a) was roughly the same as that of the film prior to the drug
release assay (see Figure 6.3h). As mentioned previously that the formation of the
bumpy structure on the surface of the Vit-E-loaded as-cast CA films was likely a
result of the formation of the Vit-E-rich phase, the burst release of VVit-E from the as-
cast film could be a result of the quick release of Vit-E from these bumps. Similarly,
the morphology of the Vit-E-loaded as-spun fiber mat (See Figure 6.8a), after the
immersion in the B/T medium for 24 h, was essentially the same as that of the fiber
mat prior to the drug release assay (see Figure 6.20).

With regards to Retin-A, the Retin-A-loaded as-cast film samples
exhibited a smoother burst release than the Vit-E-loaded as-cast film samples, while
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the Retin-A-loaded as-spun fiber mat samples showed a gradually-increasing release
profile in @ manner similar to the Vit-E-loaded as-spun fiber mat samples.
Specifically, Retin-A released from the as-cast film samples increased rather rapidly
during the first 30 min and reached a plateau at the maximum release of -57% with
further increase in the immersion time. On the other hand, the Retin-A-loaded as-
spun fiber mat samples exhibited a gradual increase in the cumulative release of
Retin-A over the 6 h testing period, with the maximum amount of Retin-A released
at 6 h being -34%. The fact that the Retin-A-loaded as-cast film samples exhibited a
burst release, while the as-spun fiber mat samples did not, could be a result of the
phase separation that caused Retin-A to locate close to the surface of the films (viz
the “drying” of the film was much slower than that of the fiber mat) and the fact that
the Retin-A-loaded as-cast film samples exhibited the much greater release of Retin-
A than the as-spun fiber mat samples could be a result of the greater initial content of
Retin-A in the films (i.e., -53% in Retin-A-loaded as-cast films versus -45% in
Retin-A-loaded as-spun fiber mats), hence the greater driving force for diffusion. In
addition, the morphology of the Retin-A-loaded fiber mat (see Figure 6.8¢) and the
corresponding film (not shown), after the immersion in the B/T medium for 6 h, was
practically the same as that of the samples prior to the drug release assay (See Figure
6.2¢ and Figure 6.3c, respectively).

In the B/T/M medium, it 1s apparent from Figure 6.6 that Vit-E
released from the Vit-E-loaded as-cast film samples exhibited a burst release, while
that from the as-spun fiber mat ones did not. Specifically, Vit-E released from the
as-cast film samples also showed the burst release during the first 20 min and
reached a plateau at the maximum release of -45% with further increase in the
immersion time. On the other hand, Vit-E released from the Vit-E-loaded as-spun
fiber mat samples increased gradually and monotonously with increasing the
immersion time to reach a maximum value 0f-95% at 24 h. After the immersion in
the B/T/M medium for 24 h, the morphology of the Vit-E-loaded as-cast film (see
Figure 6.7h) was roughly similar to that of the film prior to the drug release assay
(see Figure 6.30). Again, the bumpy structure on the surface of the Vit-E-loaded as-
cast films could be the cause for the burst release of Vit-E from the films. On the
other hand, while it was not obvious in the case of the Vit-E-loaded as-cast film (See
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Figure 6.7h), it is obvious that the V/it-E-loaded as-spun fiber mat partially lost it
fibrous structure (see Figure 6.8b), most likely a result of the partial dissolution of
the fibers in methanol, which is likely the reason for the observed greater release of
Vit-E from both types of the samples in this medium in comparison with that of the
samples in the B/T medium (see Figure 6.6a).

With regards to Retin-A, it is evident from Figure 6.6b that Retin-A
released from the Retin-A-loaded as-cast film samples exhibited a burst release
during the first 5 min of immersion in the medium and gradually increased with
further increase in the immersion time to reach a maximum value of -80% at 6 h.
On the other hand, Retin-A released from the Retin-A-loaded as-spun fiber mat
samples showed a steady increase in the release characteristic with increasing
immersion time. At 6h, the maximum release of Retin-A from the fiber mat samples
was close to 100% (i.e., -96%). Interestingly, in the B/T medium, Retin-A released
from the Retin-A-loaded as-cast film samples was greater than that from the
corresponding as-spun fiber mat ones at any given immersion time. In the B/T/M
medium, Retin-A released from the Retin-A-loaded as-cast film samples was also
greater than that from the corresponding as-spun fiber mat samples at an immersion
time lower than about 150 min, after which time Retin-A released from the Retin-A-
loaded as-spun fiber mat samples became greater. The likely reason for such
observation is the partial dissolution of both types of samples in the B/T/M medium.
Since the Retin-A-loaded as-cast fiber mat exhibited a much greater surface area than
the corresponding as-cast film, the dissolution should occur in a greater extent (see
Figure 6.8d), causing Retin-A to leash out more readily at a long immersion time
(i.e., >-150 min),

6.4.6 Release kinetics of vitamins from vitamin-loaded CA fiber mats and
films
The release kinetics of a drug from a carrier is often characterized
using an equation of the following form (Ritger, 1987; Peppas, 1993; Verreck, 2003).

(6.)

where Mis the accumulative amount of drugs released at an arbitrary time t, Miis
the accumulation amount of drugs released at an infinite time, is an exponent
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characterizing the mechanism with which the release kinetics can be described, and k
i the rate of release of the drugs that incorporates physical characteristics of the
matrix/drug system as well as some physical contributions from the measurement
method,

For =05, the release mechanism can be described as Fickian
diffusion (Verreck, 2003). For Fickian diffusion, a straight line is expected when the
fractional accumulative amount of drug released (i.e. M\Ma) is plotted as a function
of /5. Due to the initial burst release of the vitamins from vitamin-loaded as-cast
CA films, only the release of the vitamins from vitamin-loaded as-spun CA fiber
mats could be analyzed for their release kinetics using Equation (1), indicating the
Fickian diffusion type of the release mechanism of these vitamins from the vitamin-
|oaded as-spun CA fiber mats in both types of the releasing media. The results from
the analyses (i.e. parameter k and r2 which signifies the goodness of the fit) are
summarized in Table 6.3. Apparently, the rate parameter k for Vit-E-loaded as-spun
CA fiber mat samples was 0.0039 and 0.0049 '%6 in B/T and B/T/M media,
respectively, while that for Retin-A-loaded as-spun CA fiber mat samples was
0.0128 and 0.0061 '05in B/T and B/T/M media, respectively.

6.5 Conclusions

N

Vitamin-loaded cellulose acetate (CA; acetyl content = 39.8%; A =30 000
Da) mats of electrospun nanofibers were successfully fabricated by electrospinning.
All-trans retinoic acid or vitamin A acid (Retin-A), a derivative of vitamin A or
retinol, and a-tocopherol or vitamin E (Vit-E), were used as the model vitamins.
17% wiv CA solution in 2.1 viv acetone/V.iV-dimethylacetamide (DMAc) was used
as the base spinning solution, into which Vit-E or Retin-A in an amount of 5 or 0.5
wt.% (based on the weight of CA) was added to prepare the vitamin-loaded spinning
solutions. The as-spun fibers from these solutions were found to be cross-sectionally
round with smooth surface, with their average diameters ranging between 247 and
265 nm.  The mechanical integrity in terms of the tensile strength and the strain at
maximum of these as-spun fiber mats was evaluated in comparison with that of the
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corresponding solution-cast films. It was observed that the as-cast films exhibited
slightly greater tensile strength than the as-spun fiber mats, while the strain at
maximum of the as-spun fiber mats was about 10 times as much as that of the as-cast
films.

The actual contents of Vit-E and Retin-A loaded within the as-spun fiber
mats were ~83 and -45%, respectively, while those within the as-cast films were -78
and -53%, respectively. The stability of both vitamins in the acetate buffer solution
containing 0.5 vol.% Tween 80 and 10 vol.% methanol (i.e., the B/T/M medium) was
evaluated and the results showed that Vit-E was stable in the B/T/M medium
throughout the 24 h period, while Retin-A only did so during the first 6 h period. In
the B/T medium, the Vit-E-loaded and the Retin-A-loaded as-cast films exhibited a
burst release during the first 20 and 30 min, respectively, to reach a plateau at the
maximum release of Vit-E and Retin-A at -20 and -57%, respectively, with further
increase in the immersion time, while the Vit-E-loaded and the Retin-A-loaded as-
spun fiber mats exhibited a gradual increase in the cumulative release during the 24 h
and the 6 h testing period, respectively, to reach the maximum release of Vit-E and
Retin-A at -52 and -34%, respectively. On the other hand, in the B/T/M medium,
the Vit-E-loaded as-cast films exhibited a burst release during the first 20 min,
respectively, to reach a plateau at the maximum release of Vit-E at -45, while Retin-
A released from the Retin-A-loaded as-cast films exhibited a burst release during the
first 5 min and increased gradually to reach the maximum value of-80%. Again, a
gradual and monotonous increase in the amount of Vit-E and Retin-A was observed
from the vitamin-loaded as-spun fiber mats, with the maximum release of Vit-E and
Retin-A at 24 hand 6 h, respectively, being -95 and -96%, respectively.
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Table 6.1 Some properties of neat and vitamin-containing CA solutions

Type of CA solution

Neat
with 5wt.% vitamin E (Vit-E)
With 0.5 wt.% retinoic acid (Retin-A)

Viscosity
('Pa )
465 £2.6
43115
460 £3.0

Conductivity
(mScm
401 £0.04

3.92+0.04
403 +0.02
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Table 6.2 Actual amount of vitamins incorporated in vitamin-loaded as-spun CA
fiber mats and corresponding as-cast CA films.  The initial amounts of Vit-E and
Retin-A loaded in the spinning and the casting solutions were 5 and 0.5% (based on
the weight of PVA), respectively

Actual amount of vitamin based on the initial amount of the

Type of vitamin loaded (%
vitamin Vitamin-loaded as-spun CA ~ Vitamin-loded as-cast CA
Vitamin E mats films
itamin
VitE) 82912.2 184114
Retinoic acid M5+ 11 52,7 2.1

(Retin-A)



Table 6.3 Analyses of the release kinetics of vitamins from vitamin-loaded as-spun
CA fiber mats based on the Fickian diffusion type of release mechanism

Type of sample Rate parameter k

| | (09
Vit E-loaded as-spun CA fiber mat;
In BIT medium 0.0039 0.98
In B/T/M medium 0.0049 0.99
Vit A-loaded as-spun CA fiber mat;
In BIT medium 0.0128 0.98
In B/T/M medium 0.0061 0.98
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Figure 6.1 Chemical structures of (a) vitamin E or a-tocopherol (Vit-E) and (b) all-
tran retinoic acid or vitamin A acid (Retin-A).
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(©)

Figure 6.2 Selected scanning electron micrographs (10 OO0K) of as-spun CA fiber
mats from (a) neat 17% wiv CA solution in 2.1 v/v acetone/DMAC and from the CA
solutions that contained () 5 wt.% of Vit-E and (c) 0.5 wt.% of Retin-A. The
electrostatic field strength was 175 kV/15 cm and the collection time was 5 min,
The average diameters for these as-spun fibers (= 50) were 265 £ 39, 253 £ 41, and

247 £31 nm, respectively.
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Figure 6.3 Selected scanning electron micrographs (2000x) of as-cast CA films
from (a) neat 4% /V CA solution in 2.1 viv acetone/DMAc and from the CA
solutions that contained (b) 5 wt.% of Vit-E and (c) 0.5 wt.% of Retin-A.
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Figure 6.4 Mechanical properties of vitamin-loaded as-spun CA fiber mats and

corresponding as-cast CA films: (a) tensile strength (MPa) and (b) strain at
maximum (%).
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Figure 6.5 Stability of (a) Vit-E and (b) Retin-A in the acetate buffer solution
containing 0.5 vol.% of Tween 80 and 10 vol.% of methanol at 37°c (i.e,, BIT/M

medium).
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Figure 6.6 Profiles of (a) Vit-E (immersion period = 0-1440 min) or (b) Retin-A
(immersion period = 0-360 min) released from () vitamin-loaded as-spun CA fiber
mats and (O) corresponding as-cast CA films in B/T medium and (1 ) vitamin-
loaded as-spun CA fiber mats and (0 ) corresponding as-cast CA films in B/T/M
medium.
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(o)

Figure 6.7 Selected scanning electron micrographs (I000x) of Vit-E-loaded as-cast
CA films after immersion in (a) B/T or (b) B/T/M medium for 24 h.
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Figure 6.8 Selected scanning electron micrographs (5000x) of Vit-E-loaded as-spun
CA fiber mats after immersion in () B/T or (b) B/T/M medium for 24 h and Retin-A-
loaded as-spun CA fiber mats after immersion in (c) B/T or (d) B/T/M medium for 6 h.
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