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�Modified cluster analysis for material spatial study within matrix of composite electrospun nanofibers.
� Polysaccharide electrospun composite development for medical application.
� Non-destructive technique was used to enable fast and low-cost product optimization.
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Electrospun nanofibers between starch and polyethylene oxide were successfully prepared to be used as
a template for wound healing application. Material blending ratios and fabrication conditions were opti-
mized to determine the ability to control material spatial for further development. A fourier Transform
Infrared (FT-IR) mapping system and purposed modified image clustering analysis were adopted to
evaluate the material homogeneity of a sheet of homogeneous composite nanofibers. The fabrication
conditions and material blending ratios both have an influence on the material distribution and optimum
points were observed from this technique. This study showed the possibility of using a quick and
non-destructive technique and a modified image cluster analysis technique to evaluate the homogeneity
of the electrospun nanofiber sheet.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The electrospinning process has been greatly utilized for mak-
ing sheets of polymeric nanofibers [1–3] due to its simplicity and
the ability to create nanofibers of various sizes and characteristics
and consequently many polymers were reported to have been suc-
cessfully electrospun [4]. Because of the many variations in fiber
features, electrospun nanofibers have been exploited by various
applications including for filtration, protective clothing, and medi-
cal use. Electrospun nanofibers have been employed in medical
applications because they have large surface area, high porosity,
and interconnecting pore feature. Electrospun starch composite
nanofibers have been developed for skin tissue scaffold application
[5]. Starch has great potential to be mixed with other materials to
promote cell growth [6]. Nevertheless, the development of materi-
als with a better surface response is required to improve the over-
all product efficiency [7].

Material control in electrospinning technology is an important
developmental aspect as it introduces new functions for electro-
spun nanofibers such as the fabrication of hollow nanofibers
which impart material separation during article preparation.
Polylactic acid and chitosan hollow nanofiber sheet were fabri-
cated for antibacterial application [8]. This study reported that
the optimum efficiency could be obtained within various hollow
fiber structures through material spatial control. Another exam-
ple that achieved benefits through material control is the fabrica-
tion of metal nanoparticles embedded in electrospun nanofibers
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which was tailored by material blending and the fabrication con-
ditions [9]. It appears that in the case of nanofibers with homo-
geneous appearance, the performance could be determined from
a product specific testing protocol such as the antibacterial test.
It is of interest to have other types of rapid evaluation method
that can detect material distribution for the purpose of optimiza-
tion. Another use of material control is in the field of material
controlled release or encapsulation application. It was reported
that the material release mechanism consists of two primary
steps [10]. First step is the release of material on the surface
while the second step is the release of material according to tem-
plate matrix degradation. This concept requires the ability to con-
trol the material’s position and concentration provides great
potential to reveal material spatial control.

FTIR spectroscopy combined with a microscope is known as
FTIR microspectroscopy and has been used to identify and spa-
tially resolve the chemical make-up at a high spatial resolution
for two or more components [11,12]. By plotting the absorbance
of a specific vibrational mode over the area in the x–y stage (2D)
dimensions, a map of the chemical species relative concentration
can be obtained. There are many publications using this tech-
nique to study the blend uniformity and potency of the blend
mixture. With the use of IR images, the results have demon-
strated that the quality of extruded–blend can be visualized by
measuring the band ratio of OH stretching/C@O stretching. In
addition, this technique can evaluate the blend homogeneity of
drug-excipient mixtures and solid-state blended polymers
[13,14]. Along with technique development and implementation
in various applications, there has been no report on the determi-
nation of material blending within homogenous composite
nanofibers.

This paper aimed to evaluate the starch distribution within
Polyethylene oxide (PEO) nanofiber sheet by introducing FT-IR
microspectroscopic imaging technique and taking statistical analy-
sis into account. Optimum conditions will be used for further
development of a skin tissue scaffold with a combination of nutri-
ents and growth factors blending within starch matrix.
2. Experimental part

2.1. Material

Polyethylene oxide MW 1,000,000 (Sigma Aldrich, Singapore),
commercial cassava starch in a form of fine powder was donated
(Cholcharoen Group, Chonburi, Thailand), with distilled water
being utilized as the solvent for both solutions in this study.
Table 1
Material conditions and fabrication conditions.

Factors Condition number

1 2 3

Mixing ratioa 4 4 4
Starch in solid content (%) 11.37 11.37 11.37
Applied voltage (kV) 12 15 18
Average fiber diameter (nanometer) 273 ± 45 328 ± 70 342 ± 49

Calculated valuesb

Replicate 1 2.24 1.22 0.71
Replicate 2 2.07 1.39 0.74
Replicate 3 2.07 1.31 0.66
Qn 2.13 1.13 0.70
Qn deviation 0.10 0.09 0.04
Ql 4.62 6.65 6.07

a Mixing ratio = volume of PEO solution/volume of starch paste solution.
b Each calculated value was number average from multiplication between cluster ind
2.2. Sample preparation

Polyethylene oxide (5 g) was dissolved in distilled water
(100 cc) and shaken at room temperature for 12 h. Cassava starch
(2.5 g) was dissolved in distilled water (100 cc) in a hot bath at
90 �C. PEO solution and starch paste solution were shaken at room
temperature for 12 h. The mixed solution was prepared according
to Table 1 by shaking at room temperature for 1 h. The overall solid
content of each mixed solution was adjusted by adding distilled
water to achieve 3.50% solid content for fabrication purpose.

A single nozzle electrospinning setup was used to prepare elec-
trospun nanofibers. A high voltage power supply (ES60P-10 W,
Gamma High Voltage, Florida, USA) was attached to a metal nozzle
to create a voltage difference between the metal nozzle and a
grounded collector of 12–18 kV. A charged metal nozzle with
0.57 mm outer diameter was placed 20 cm directly above the cen-
ter of the 20 � 20 cm aluminum flat grounded collector which was
suspended on a frame of polyvinylchloride (PVC) pipe. A mechan-
ical pump (NE-4000, Multi-Phaser, New York, USA) was used to
deliver the solution from a plastic syringe to the metal nozzle at
a rate of 20.0 ll/min.

Other fabrication conditions were fixed to avoid complexity in
the study. The polymer solution pumping rate and the distance
between nozzle and collector were proven in a preliminary study
to have less influence in material distribution.
2.3. Scanning electron microscope

Scanning electron microscope (SEM) (JSM-6400, JEOL Ltd.,
Tokyo, Japan) was used to characterize electrospun fibers charac-
teristic and size. Image J software (www.imagej.nih.gov) was used
for measuring fiber diameter. The average fiber diameter and stan-
dard deviation (SD) were determined.
2.4. Microscopic FT-IR mapping and data processing

Measurements were performed at the IR end station, Synchro-
tron Light Research Institute (Public Organization), Thailand. The
Bruker Hyperion 2000 microscope (Bruker Optics Inc., Ettlingen,
Germany) equipped with a nitrogen cooled MCT (HgCdTe) detector
coupled to the Bruker Tensor 27 spectrophotometer was used for
IR data acquisition. Spectral acquisition and instrument control
was performed using OPUS 6.5 software (Bruker Optics Ltd, Ettlin-
gen, Germany) and analyzed by CytoSpec software (Bruker Optics
Ltd, Ettlingen, Germany).

Spectra were collected from 36 square grids and detector area
for each measurement was about 70 � 70 lm thus covering
4 5 6 7 8 9

1.5 1.5 1.5 0.85 0.85 0.85
25.49 25.49 25.49 37.64 37.64 37.64
12 15 18 12 15 18
273 ± 86 303 ± 51 346 ± 53 337 ± 71 343 ± 67 377 ± 73

1.81 2.23 1.49 2.41 2.74 1.94
1.76 2.33 1.51 1.86 2.50 1.17
1.91 2.22 1.42 2.25 2.46 1.08
1.83 2.26 1.47 2.17 2.49 1.40
0.07 0.06 0.05 0.28 0.25 0.47
3.99 2.69 3.12 13.08 9.91 33.71

exes and amount of color grid, and then averaged statistically for each replicate.
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Fig. 2. FTIR spectra of the cassava starch (A), pure PEO (B), and Electrospun
nanofibers PEO-starch (C).
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sample area of 420 � 420 lm2 for each sample. To make an inte-
gral area ratio, from integral area of the OAH band (3666–
2996 cm�1) for starch was divided by the integral area of the
CAH band (2995–2692 cm�1) for PEO at each square grid, IR scans
were taken at 64 scans at 4 resolution (cm�1) and then averaged to
one spectrum per each area which represented the material ratio
for selected measuring area. These ratios were then coded by color
and used for construction of chemical image of spectra as shown in
Fig. 1. Similar integral area ratio values were grouped into cluster
index and resulted in cluster image.

To study material distribution, quantitative material distribu-
tion index (Qn) was introduced. Cluster index was multiplied by
the corresponding number of color grids and statistically number
averaged, then averaged again for all replicates to a Qn value for
each condition. Qn deviation represents relative standard deviation
of Qn value. The key parameter to determine material distribution
is qualitative material distribution index (Ql). This value is a rela-
tive standard deviation which is a percentage of standard devia-
tion, Qn deviation, in relation to the mean value, Qn. According to
this purposed formula, high Ql value represents poor material dis-
tribution because it is relative standard deviation of material
ratios.

Ql ¼ ½100 � Qn deviation�=Qn
Fig. 1. FTIR microspectroscopy mapping with cluster analysis for studying material dis
shown and use data from condition 6.
2.5. Statistical analysis

Three replicates of each condition were used for FT-IR mapping
measurement. ANOVA statistics were used to evaluate factor effect.
tribution of composite electrospun fibers sheet. Sample of Qn and Ql calculation is



Fig. 3. Electron micrographs of electrospun nanofibers from polyethylene oxide (PEO) and cassava starch composite at different ratios prepared under different fabrication
conditions.
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The test adopted null hypothesis, H0: li = lj with confidence level
a = 0.050.

3. Results and discussion

Fig. 2 shows IR spectra of material component of electrospun
nanofibers composite between starch and PEO. Due to the nature
of material preparation and IR result, physical blending was
assumed to represent material blending behavior. Further analysis
with gas chromatography may reveal more accurate character of
material blending which can be considered by future work.

3.1. Effect of fiber characteristics

Fabrication conditions in this study were selected to obtain con-
dition suitable for statistical analysis and yield smooth fibers.
Fibers from all fabrication conditions were smooth fiber as shown
in Fig. 3 to avoid effect of material segregation that might occur
from non-smooth fiber. Applied voltage and starch content were
factors that significantly affected fiber diameter as confirmed by
a Two-way ANOVA. P-value of both factors was 0.002 and 0.015,
respectively. P-value less than 0.050 in this study indicated signif-
icant influence of factor to response. Similar fabrication condition
effects were observed in other works [5,15].

3.2. Effect of material distribution

Effect of fabrication conditions and material blending ratio of
these composites to material distribution were evaluated from
both quantitative and qualitative material distribution indexes in
Table 1. Statistical analysis reported distinguishable different
between Qn indices as influenced by applied voltage and material
blending proportion which yielded P-value = 0.000 < 0.050 for both
factors. This indicates that two primary studied factors have signif-
icant influence on material distribution but did not contribute to
the optimization of material spreading.

Ql values were introduced as a potential tool to identify mate-
rial distribution for homogenous fibrous matrix. It revealed that
at conditions (7–9) not only starch content is high based on Qn val-
ues, poor starch distribution was also detected according to high Ql
values. Starch retrogradation was suspected to be the cause of poor
starch distribution. This phenomenon initiated hydrogen bonding
and expels water from the starch solution and thus forming gel
structure [16]. Due to nature of electrospinning, solvent will be
evaporated and dried fibers are final product as confirm by SEM
images. This bonding is believed to promote starch segregation
within fiber matrix during fiber forming thus yielded poor starch
distribution that explained high Ql values. Starch segregation, poor
starch distribution, increases possibility to detect PEO and decrease
Qn value which explained condition 9. Optimum points between
applied voltage and starch content to achieve optimal material dis-
tribution were observed. Current technology of FT-IR microspec-
troscopy technique and cluster image analysis technique allow
assessment of material distribution at smallest area of
70 � 70 lm2 but this purposed technique shows promising poten-
tial for further characterization analytical routine in the field of
nanofibers product.
4. Conclusion

Material distribution between two materials within sheet of
nanofibers was examined by applying FT-IR microspectroscopy
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technique and modified cluster analysis technique for the purpose
of improving product surface response. Results indicated optimum
conditions of material concentration, starch, and fabrication condi-
tion, applied voltage, which promoted better starch distribution
and these were recorded for further optimization. This non-
destructive technique can be applied to evaluate blending effi-
ciency nanofiber sheet with two or more components.
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