


Figure 2.28: Encapsulation of magnetic particles into polymeric nanofibers "’

McCann et al. "' recently introduced an approach that combines the process of melt
electrospinning with that of the co-axial electrospinning in an effort to encapsulate the phase
change materials (PCMs) into polymer or composite sheath. PCM can help stabilize the
temperature near its melting point as the material changes the state from a solid to a liquid or
vice versa and the enthalpy of fusion causes absorption or release of the thermal energy, and
therefore the nanofibers produced using such a material could be used in thermal insulation
applications "'. The researchers used three PCMs, octadecane, hexadecane and eicosane, in
melt forms as core solutions and demonstrated temperature stabilization at three different

points i.e. 17, 30 and 37°C, respectively.

Two of the most recent studies reported have shown the potential of taking the approach of
encapsulation of materials by co-axial electrospinning to the next level of success. The work
by Diaz et al. ™ described encapsulation of hydrophobic liquids in hydrophilic polymer
nanofibers for potential biomedical applications, such as in delivery of hydrophobic drugs

using hydrophilic sheaths. The concept was demonstrated using poly (vinyl pyrrolidone)
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(PVP) as the sheath and oil as the core. They obtained a beaded fiber structure with the oil

contained in the periodically separated beads (Figure 2.29).

\ ~_ A

Figure 2.29: Encapsulation of liquid into polymeric fibers "

The second study by Townsend-Nicholson & Jayasinghe ”°, gave the details of an approach
in which living organisms such as cells could be entrained into a biocompatible polymer to
construct a “biologically active scaffold”. A biosuspension of cells was used as the core and
the polymer solution of poly(dimethyl siloxane) (PDMS) was employed as the sheath.
During co-axial electrospinning, the cell suspension formed clumps along the length of the
fiber, similar to the structure obtained by Diaz et al. "> above. The cell viability assays after
the electrospinning procedure demonstrated the full functionality of the cells ™. The results
illustrate that the electric charges present on the surface of the droplet during electrospinning
did not penetrate and adversely affect the interior. Thus, the process could be used in

encapsulating biological objects for developing biologically active products.
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3. EXPERIMENTAL

3.1 Introduction

The primary task involved in this research was to design and set up an electrospinning
apparatus and evaluate the feasibility of producing uniform core-sheath fibers of desired
morphologies. In order to meet this objective, co-axial needle spinneret system was
fabricated. The first set of experiments was performed using easily available polymers and
solvents. After understanding the requirements for successful spinning, the desired
combinations of natural and synthetic polymers and solvents were then used. The polymers
selected were first electrospun individually to examine their spinnability and to form
nanofibers. Appropriate conditions were then identified and the polymers were spun
together. The effects of key material and process parameters on the fiber morphology and the
process stability were examined. The fiber structure was characterized using advanced
microscopy techniques and elemental analyses. At the end, hydrolytic degradation and cell-
culture studies were performed on the core-sheath fibers prepared from the most suitable
combination of polymers. The details of various materials used and experiments performed

in this research are given below.
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3.2 Materials

3.2.1 Polymers

The different polymers used in this research are listed in Table 3.1. Three sets of polymers
were used in spinning core-sheath structures: PVA-PEO, Gelatin-PCL, and Collagen-PCL.
For the initial studies, easily available polymers PVA and PEO were used as the sheath and
the core, respectively. The objectives were to learn about the technology, set up the device,
and determine factors producing significant effects. In the second set, a synthetic
biodegradable polymer PCL was used in the core and a natural polymer gelatin was used in
the sheath. PCL was selected because of its good mechanical properties, non-toxicity, slow
degradation rate and suitability for tissue engineering purposes ' 7. Since PCL has been
used extensively in engineering tissues, its electrospinning behavior was examined as an
auxiliary study. For this purpose, a salt had to be added to optimize the spinnability. The
primary reason for choosing gelatin was its low cost. This set was used to evaluate the
feasibility of using the combination of a natural and a synthetic polymer. In the third and the
target set, collagen was used as the sheath and PCL as the core. Collagen, being the most
abundant structural protein in the body, has been shown to be highly biocompatible > > ¢,

This combination was hypothesized to be the most suitable for tissue engineering

applications.

Table 3.1 also lists the known molecular weights of the polymers and the sources of the
materials. Although molecular weight could be a variable in electrospinning, it could not be

controlled. In this research, therefore, the polymer molecular weight was not a variable; the

47



polymers were used as received in all experiments. In the case of collagen, it should be noted
that the polymer was available and could be purchased only in small volumes. For this
reason, the collagen purchased at different times and from different sources possessed ‘batch
to batch’ variations. This is evident from the fact that the polymer obtained from different
sources needed to be prepared in different concentration range (see Table 3.2). To minimize
the effect of this variation, the polymer from the same source and the same batch was used in

any one given set of experiments.

3.2.2 Solvents

The different solvents used in this research are also listed in Table 3.1. Two sets of solvents
were used in the studies involving PVA and PEO. These were: de-ionized water and
chloroform for the sheath and the core, respectively, in one case, and the de-ionized water for
both the core and the sheath in another case. For Gelatin-PCL combination, glacial acetic
acid was used as a common solvent for both polymers. For the third set involving Collagen-

PCL, both polymers were dissolved in HFIP.
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Table 3.1: Various polymers and solvents used in the research

Polymer Source Solvent Source
Polyvinyl alcohol Sigma Aldrich, ..
(PVA) USA De-ionized water -
De-ioni t -
Polyethylene Sigma Aldrich, c-ionized water ' _
oxide (PEO) USA Chloroform (ACS Grade)  Sigma Aldrich,
(purity: 99.8+ %) USA
Polycaprolactone Sigma Aldrich,  Glacial acetic acid (ACS Fisher
(PCL) USA Grade) (purity: 99.7+ %)  Scientific, USA
Glacial acetic acid + . .
Pyridine (ACS Grade) Slgm%gidmh’
(purity: 99 + %)
1’1’3_’3’3_ Alfa Aesar,
hexafluoroisopropanol USA
(HFIP) (purity: 99 + %)
Gelatin (Type A) Sigma Aldrich, Glacial acetic acid (ACS Fisher
USA Grade) (purity: 99.7+ %)  Scientific, USA
Collagen (Type I) Sigma Aldrich,
USA and 1,1,3',3,3— Alfa Aesar,
MP hexafluoroisopropanol USA
Biomedical, (HFIP) (purity: 99 + %)
USA

3.2.3 Salt used in electrospinning of PCL

Each of the polymers were electrospun individually to examine their spinnability in a chosen
solvent before electrospinning them together. In the case of PCL, however, it was of interest
to also determine optimum conditions for producing nanofiber scaffolds for engineering
tissues directly. Spinning of PCL alone in glacial acetic acid was, however, found to be
difficult (see Results and Discussion). Therefore, small amount of pyridine was used to form
salt complexes in the solution. This was done to increase the conductivity of the solution

which enhanced spinnability.
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3.3 Methods

3.3.1 Solution preparation

To prepare a polymer solution, an exact amount of polymer was weighed out and put in a
glass vial. A predetermined volume of solvent was added into the vial using a pipette. A
magnetic stirrer was inserted into the vial to facilitate stirring. The vial was then closed and
sealed using a paraffin film. The prepared vial was placed on a hot-plate stirrer. The heat was
applied as needed depending on the type of polymer solution. The stirring was maintained at
300 rpm, which represents gentle mixing. The mixture was stirred for several hours until a
homogeneous solution, visually apparent, was formed. Various solution concentrations used

for each polymer are listed in Table 3.2.

Table 3.2: Various solution concentrations used for different polymers

Concentration %

Polymer Solvent (wt/vol)
PVA De-ionized water 15 and 20
PEO Chloroform 5
De-ionized water 10
PCL Glacial acetic acid 10, 12.5, 15, 17.5, and 20
HFIP 8,10, 12,14, 16
Gelatin (Type A) Glacial acetic acid 6,8,9,10,and 12
Collagen (Type I)* HFIP From Sigma-Aldrich: 2.5,
5,6, and 7
From MP Biomedical:
2,4,and 6

* Different concentrations were needed for collagen obtained from different sources
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To prepare PCL solutions with different conductivities, different amounts of pyridine were
added in glacial acetic acid. The amounts used were: 0.1, 0.2, 0.5, 1, 2, and 5% (vol/vol). The
desired amount of pyridine was first mixed with acetic acid in the vial and the polymer

pellets were added afterwards. These solutions were typically stirred overnight at 35 °C.

3.3.2 Characterizations

3.3.2.1 Solution conductivity
The conductivity of a solution was measured using Orion 162 Conductivity Benchtop Meter
(Thermo Electron Corporation, Waltham, MA). First the instrument was calibrated using the
standard solution (Sodium Bromide, NaBr) provided by the manufacturer. Then, the
conductive probe was dipped in the polymer solution and the conductivity values in the units

of uS/cm were read from the display.

3.3.2.2 Solution viscosity

The StressTech HR (ATS RheoSystems, Bordentown, NJ), a stress controlled rheometer, was
used to obtain the zero-shear rate viscosity (no). The parallel plate assembly was used for
this purpose. Small amount of polymer solution was poured between the plates the gap
between which was maintained at 0.300 mm. The temperature around the plates was kept
constant at 25°C £ 0.1°C. The top plate was rotated at a controlled rate to apply shear force
on the solution. The shear rate was increased gradually to obtain a plot of viscosity against

the shear rate. The value of zero-shear viscosity (cP) was then estimated from the data.
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3.3.2.3 Solution surface tension

Surface Tensiometer 20 (Fisher Scientific, Pittsburgh, PA) was used to perform surface
tension measurements of the solution. This instrument uses a Du Nouy ring and utilizes the
interaction at the interface between the platinum probe and the liquid to estimate the surface
tension of the liquid. Water was used as a standard to calibrate the instrument. A polymer
solution was then poured in a standard petri dish which was then placed on the stage. The
lever with a loosely hanging platinum ring was lowered until it submerged into the solution.
The lever was then raised gradually until the ring just broke loose from the solution. The

value of the surface tension (dynes/cm) was measured from the display at this point.

3.3.3 Electrospinning

3.3.3.1 Set-up for spinning individual polymer solutions

The polymer solution was kept in a plastic syringe obtained from B-D, USA. A metal
capillary needle (Reusable Type 304 Stainless steel, McMaster-Carr, Atlanta, GA) of desired size
was attached to the syringe. Various needle sizes used in this research are listed in Table 3.3.
The syringe was then fixed in the syringe pump (NE-500) obtained from New Era Pump
Systems, Inc., Wantagh, NY. The use of the syringe pump facilitated the dispensing of the
solution at a controlled rate. An aluminum plate of 15 cm diameter was used as a collector
for fibers. The pump was kept on a laboratory jack that allowed exact positioning of the
syringe assembly for spinning on a fixed collector. The end of the capillary was always
positioned in such a way that it was aligned with the center of the collector plate. The

distance between the end of the capillary and the collector was kept constant at 15 cm which
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produced highly acceptable performance. A high voltage power supply (ES- 30P, Gamma
High Voltage Research, Ormond Beach, FL) was connected between the metal capillary and

the collector plate. The set-up is illustrated in Figure 3.1.

Table 3.3: Specifications for the capillary needles

Length
Number Gauge OD (mm) ID (mm)
(mm)
1 20 0.9 0.6 6
2 27 0.4 0.2 51
3 27 0.4 0.2 120

The electrospinning equipment was kept in a fume hood to ensure proper exhaustion of the
hazardous chemicals used as solvents in this research. A process monitoring system
involving a monocular microscope and a video camera was set up in front of the needle. This
allowed the viewing of the Taylor cone and the jet during the process. A casing made up of
Plexiglass was used to contain the equipment and regulate the air flow in the fume hood

(Figure 3.1).
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Figure 3.1: Schematic of the electrospinning set up. A: Syringe pump, B: Plastic syringe
with polymer solution and metal capillary needle, C: Collector plate, D: High voltage power
supply, E: Plexiglass casing

3.3.3.2 Set-up for co-axial bicomponent spinning

A co-axial needle spinneret system was set up using two plastic syringes and two different
sized capillary needles. A required small hole was made in the plunger of the front syringe.
The longer (smaller diameter) needle (# 3 in Table 3.3) attached to the back syringe was
inserted through the hole as well as through the bigger needle (#1 in Table 3.3) of the front
syringe to obtain a co-axial needle configuration. The front syringe contained the sheath
solution and the back the core solution. The hole in the plunger of the front syringe was made
in such a way that it would just fit the smaller needle and no sheath solution would leak out.

The set-up prepared this way is shown in Figure 3.2.
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Figure 3.2: Co-axial needle spinneret design

A set-up involving two syringe pumps was used for conducting all co-axial electrospinning
experiments. In this set-up, the assembly shown in Figure 3.2 was used in which two syringe
pumps were employed in such a way that each syringe was on a different pump. This is
illustrated in Figure 3.3. Use of separate syringe pumps allowed a positive control on the
dispensing rate of each solution. The rest of the set-up was same as that used for spinning

individual polymer solutions.

-

N —

Co-axial Needle

Figure 3.3: Co-axial electrospinning set-up
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3.3.3.3 Spinning process

After fixing the syringe onto the pump, the pump was turned on. A predetermined value of
the flow or dispensing rate was entered. Once the polymer solution started flowing out of the
needle, the voltage was turned on. The voltage was increased until a jet of polymer solution
ejected from the solution. Viewing through the video microscope, the voltage was further

adjusted to stabilize the Taylor cone and the jet.

3.3.3.4 Parameters studied

Various co-axial spinning experiments were performed to examine the effects of material and
process parameters on the fiber morphology and dimensions. This was done by using various
levels of polymer solution concentrations, and flow rates. The levels used are shown in

Table 3.4.

Table 3.4: Levels of parameters used in the co-axial electrospinning

Concentration %

Solution (wtivol) Flow rate (ul/ hr)
PCL 10, 12, 12.5, 14, and 16 50, 150, 300, and 500
Gelatin 9 and 12 300 and 500
Collagen 2,4,and 6 300

3.3.4 Characterization of nanofibers

3.3.4.1 Scanning Electron Microscopy (SEM)

This was a primary technique used for determining and characterizing the morphology of

fibers. The samples to be viewed were sputter coated with Gold-palladium (Au-Pd) alloy
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using a sputter coater (Anatech Hummer 6.2). For this purpose, small pieces of conductive
carbon tape were mounted on the standard stubs. The samples were carefully cut (~ 5 mm X
5 mm) and placed on the tape. The stubs were then put in a chamber in which Argon gas was
used to generate the plasma. The ionized gas molecules bombarded the Au-Pd target that

caused the removal of the metal particles from the target, which deposited onto the samples.

Coated samples were subsequently viewed under the SEM (JEOL JSM- 5900 LV). To
acquire high resolution images, the electron beam spot size used was 10 nm and the
accelerating voltage used was 15 kV. The images were acquired at two magnifications: 1000
X and 5000X. The lower magnification allowed the examination of the morphology of a
larger sample of the fiber mat. The higher magnification images were used for examination

of local features and estimation of the fiber diameters.

3.3.4.2 Transmission Electron Microscopy (TEM)
To observe the cross-sectional structure of the fibers with core-sheath morphology, fibers
were embedded in the Spurr’s resin (ERL-4221, Ladd Research, USA). The resin was cured
at 70 °C and the blocks were sectioned using an ultrafine diamond knife microtome. The

thickness of each slice was approximately 100 nm. The sections were observed under TEM

(Philips 400T).
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3.3.4.3 Freeze fracturing

This technique was used as a complementary technique to confirm the presence of the core-
sheath structure in co-axially electrospun fibers. The fiber mats were immersed in liquid
nitrogen for instant freezing. While still in the liquid nitrogen bath, the specimens were
poked at various places using sharp tweezers to differentially fracture the fibers. This was
done to induce differential fibrillation between the sheath and the core. The fractured

specimens were then viewed under SEM (FESEM- JEOL 6400F) as described earlier.

3.3.4.4 Fiber diameter

Fiber diameter and its distribution were assessed using the image analysis software ‘Image J’
developed by NIH. The image pixels were calibrated using the pixel length of a
magnification bar (in nanometers) generated on the image in SEM. To measure the fiber
diameter, a line was drawn on the fiber perpendicular to its axis. The length of the line was
automatically converted into nanometers by the software. This gave a value of fiber diameter
at that point. Hundred readings were taken from each image to calculate the average value of

the fiber diameter and the standard deviation of the diameter values.

3.3.4.5 Fourier Transform Infrared Spectroscopy (FTIR)

Nicolet Nexus 470 Spectrophotometer with AVATAR Omni Sampler for Attenuated Total
Reflectance (ATR) mode was used to perform the elemental analysis of the samples. A Small
piece was cut from the sample and was fixed onto the Germanium (Ge) crystal surface in the

ATR assembly. A spectrum showing the absorbance at various wavenumbers was acquired
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using the OMNIC™ software. This technique was used to 1) confirm the absence of the
fugitive salt from the PCL fibers and 2) determine the presence/ absence of collagen in

collagen/PCL bicomponent fibers during the in vitro degradation studies.

3.3.4.6 Elemental analysis

Leco TruSpec® CHN elemental analyzer and Perkin Elmer® (Model 2400 Series 2) were
used to determine the nitrogen contents of the samples in this study. The first instrument
required larger sample size (100 mg) whereas; the second could accept smaller sizes (1mg).
CHN analysis was performed by combusting the sample at high temperature and determining
the concentrations of the elements using elemental analyzers. This was performed
specifically to check for the presence of pyridine residue in the PCL samples spun using the
polymer solution in acetic acid and pyridine as well as to estimate the residual collagen

percentage in the degraded bicomponent fiber samples.

3.3.5 Sterilization

Two procedures were used for sterilizing specimens, one for cell culture studies and the other

for the in vitro degradation studies.

For the cell culture studies, specimens were sterilized using UV sterilization technique. For
this purpose, the UV light accessory available in the biological safety hood was used. The

UV light was turned on and the specimens were placed flat on the sterile paraffin film in the
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hood. The specimens were allowed to sit under the UV light overnight. The same procedure

was used to sterilize the other side of the specimens.

For the in vitro degradation studies, the specimens were sterilized overnight using the
ethylene oxide (EtO) sterilizer model AN74ix Anprolene® (Andersen Products, Inc, NC).
The samples were kept in the open glass vials and the vials and the top were inserted into the
sterilization pouches. The pouches were then sealed and kept in the EtO chamber maintained
at 25°C. The standard procedure was followed to release the gas in the chamber. The gas
penetrated the pouches and sterilized the samples. After sterilization, the samples were

aerated for 4 hours.

3.3.6 Degradation behavior

Hydrolytic degradation studies were performed on collagen-PCL sheath-core fibers using
PBS solution (pH: 7.4, Sigma Aldrich) to examine their degradation behavior. Pure PCL
nanofibers were used as control. The degradation behavior was characterized using various
analytical techniques: change in fiber morphology, weight loss, spectrographical analysis,

and elemental analysis.
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3.3.6.1 Sample Weight

The samples to be examined were cut carefully to the desired dimensions and then weighed
using the Mettler Toledo AG245 weighing balance. The readings were recorded to the four

decimal points.

3.3.6.2 Sample preparation

Thirty specimens with dimensions 1.5 cm X 1.5 cm each were carefully cut from the
samples. The weight of each specimen was precisely recorded as mentioned above. The
specimens were then placed in glass vials and sterilized using ethylene oxide to prevent any
contamination during the degradation process. 5 ml of autoclaved phosphate buffered saline
(PBS, pH 7.4) solution was added in these vials in the sterile biological hood. The vials were
then placed in a shaker bath maintained at 37 (£ 0.2) °C. The specimens were degraded for
different time intervals: 1 hr, 6 hrs, 12 hrs, 24 hrs, and 3, 5, 7, 15, and 30 days. Three

specimens were used for each time interval.

3.3.6.3 Change in morphology

Degraded specimens were viewed under SEM to observe change in morphology. The change
in fiber diameter was determined using the image analysis software (Image J) as described

earlier.
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3.3.6.4 Weight loss

After degradation for a specified time, the samples were removed from the vials and washed
using de-ionized water to remove PBS. The specimens were dried for 24 hrs in a desiccator
and subsequently weighed to determine the weight loss. The change in weight was expressed
as percentage and the average and the standard deviation values were assessed for each time

interval.

3.3.6.5 Spectrographical analysis
Specimens for each time interval were analyzed for the change in chemical structure. Fourier
Transform Infrared Spectroscopy (FTIR) in the Attenuated Total Reflectance (ATR) mode
was used for this purpose employing the procedure described earlier. Different spectra
obtained were compared to determine the change in the chemical structure as a result of the
degradation process. Spectra of pure Collagen and PCL were also obtained for comparison

purposes.

3.3.6.6 Elemental analysis
To assess the actual loss of collagen due to degradation, elemental analysis was performed
using the CHN analyzer (Perkin Elmer® 2400). In this technique, the nitrogen content of pure
collagen was assessed. Fifteen samples weighing between 0.5 mg to 5 mg were arbitrarily
selected for the analysis and the average value of nitrogen percentage in the polymer was
calculated. Similarly, the control and degraded collagen-PCL bicomponent fiber samples

were subjected to the analysis. Three specimens were used for each sample. Based on the
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nitrogen content in pure collagen and the nitrogen content in the fiber samples, the actual

collagen percentages in the control and degraded samples were determined.

3.3.7 Cell-culture studies

The cell culture studies were performed as a part of the joint project with the Biomedical
Engineering Department (BME) by Ms. Carla Haslauer (Graduate student) under the

guidance of Dr. Elizabeth Loboa (Assistant Professor, BME).

In these studies, human adipose derived adult stem cells (hADASCs) were used. This type of
cells was selected due to its ease of availability. The cells were seeded onto collagen-PCL
sheath-core nanofiber samples produced as a part of the doctoral work of the writer. The
samples are referred to as “scaffolds” in this section. For this, special scaffolds were
produced for which, the details are given in section A below. Cell behavior onto the scaffolds
was characterized using three assays: cell viability, cell proliferation and cell differentiation.
Pure PCL scaffolds were used as the control. All experiments were performed in the clean

room using sterile conditions.

3.3.7.1 Scaffold fabrication

Two types of scaffolds were prepared for this study: pure PCL and collagen-PCL

bicomponent. The details are given in Table 3.5.
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Table 3.5: Details of the scaffolds used in cell-culture studies

Solution Duration of Sample Fiber
Scaffold concentration Solvent .. thickness Diameter
(%) PIMRE  (um) (nm)
Glacial acetic
Pure PCL 12.5 acid +2.75% 10 Hrs 200 280 + 51
pyridine
C"Il)lgien' C;g;g_eff HFIP 8 Hrs 180 442 + 45

3.3.7.2 Sample Preparation and Cell seeding

Three cell lines were used in these studies. Each cell line corresponded to the cells derived
from the excess human adipose tissues donated by three donors. The cells obtained were
passaged only once. This means that the cells were only plated one time on the plastic
surface for the expansion purposes. This was done because of the fact that multiple passaging
tended to reduce the differentiation potential of the cells. The cells obtained from the tissues
were suspended in the growth media at a concentration of 1000 cells/ pl. The growth media
consisted of minimum essential media (a-MEM) with L-glutamine, 10% fetal bovine serum
(Premium Select, Atlanta Biologicals, Lawrenceville, GA), 10,000 I.U. Penicillin / 10,000

pg/mL Streptomycin, 200 mM L-glutamine (Mediatech ,Inc.).

Seventy two scaffolds 1 cm X 1 cm each were carefully cut from each sample shown in
Table 3.5. The samples were stored in a vacuum desiccator for 1 week prior to cutting in an
effort to extract the residual solvent in the fibers. The scaffolds were UV sterilized as
described earlier. In a sterile biological hood, the required number of scaffolds was

transferred to the 24-well plate. 20 pl solution from the above mentioned suspension was
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added onto each scaffold carefully. It was ensured that the solution was only poured onto the
scaffold and not onto the plastic surface. This resulted in a cell density of 20,000 cells/ cm”.
The cells were allowed to settle for 5 minutes before their being flooded with the growth
media. This was done to ensure that the cells stayed on the scaffold without being washed off
to the plate immediately. The well plate was covered with the lid and then transferred to the

incubator which was maintained at 37 (£ 0.1) °C.

3.3.7.3 Cell-viability

The cell viability was assessed at 24, 48, and 72 hrs, and 1, and 2 weeks after seeding using
the Live/Dead ® Viability/ Cytotoxicity Kit from Molecular Probes (Eugene, OR). Three
scaffolds were used for each time period. Each scaffold was washed twice in PBS and
incubated in a 4uM solution of Calcein AM and 4uM solution of ethidium homodimer-1
(EthD-1) for 15 minutes in the dark. These solutions were used to stain the live and dead
cells separately. Calcein AM stained live cells green and Eth-D-1 stained the dead cells red.
A fluorescence microscope (Leica Microsystems Inc., Bannockburn, IL) was used to image
the 24, 48, and 72 h time points with a 10x objective. SimplePCI image analysis software
(Compix Inc. Imaging systems, Cranberry Township, PA) was used to acquire the images. A
laser scanning confocal microscope was used to image the 1 and 2 week time period samples.
Confocal microscope was used to acquire a composite image of the scaffold by scanning it at
various depth levels up to 60 um. This was done to get an idea of the cell growth into the
scaffold. It was expected that at these time periods, the cells would infiltrate the scaffold at

various levels.
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3.3.7.4 Proliferation

Cellular proliferation was assessed using AlamarBlue ™ dye (AbD Serotec, Raleigh, NC) at
24, 48, 72 hrs, and 1, and 2 weeks after seeding. This assay gives the estimation of the
proliferating cells on a scaffold. Proliferating cells reduce the dye causing the color change
from blue to pinkish purple. The amount of the fluorescence of this color as read by the

microplate reader gives an estimation of the cell proliferation.

Three scaffolds were used for each time period. Four hours before performing the assay for
each sample, a solution consisting of growth medium with a 10% volume of AlamarBlue™
was added to the well containing the scaffold. Following the 4h incubation period, the media
was sampled in triplicate and the absorbance was read at 570 and 600 nm using a Tecan
GENios microplate reader (Tecan, Switzerland). Proliferation was determined by calculating
the difference in the reduction of AlamarBlue™ between treated and control wells. As this is
a non-destructive technique, the same scaffolds were used to assess cell proliferation at all
time periods. Therefore, before performing the assay each time, the scaffolds were rinsed
with 10 ml PBS solution (pH: 7.4) to ensure a complete removal of the residual dye from the

previous assessment.

3.3.7.5 Differentiation

The differentiation potential of the hADASCs onto the collage-PCL scaffolds were assessed

using the Liquicolor assay. This assay gives the extent of differentiation by estimating the
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amount of calcium deposition onto the scaffolds by the cells as they differentiate into the

osteogenic pathway.

For this, the cells were seeded as described before onto the scaffolds. The cells were grown
in complete growth media for one week. After this period, the growth media was replaced
with osteogenic medium and the cells were further cultured for 2 weeks. Osteogenic medium
consisted of growth medium, supplemented with 0.1uM dexamethasone, S0uM ascorbic
acid, and 10mM B-glycerolphosphate. Calcium deposits were quantified using the Calcium

LiquiColor assay (Stanbio, Boerne, TX).

The media was removed from each well by aspiration. The scaffolds were rinsed two times
using phosphate buffered saline (PBS). 0.5N HCI was then added to each scaffold. Scaffolds
were vortexed and frozen at -20°C. After freezing, the scaffolds were thawed and placed on
an orbital shaker at 4°C overnight. Then the scaffolds were centrifuged to separate the cell
and scaffold debris. The supernatant was collected and transferred to a new tube. The
working solution obtained with the assay kit was added. The absorbance was recorded at the
microplate reader. A standard curve was prepared using various calcium concentrations. The
absorbance recorded was used to estimate the actual calcium content in the scaffold. The

calcium content in the collagen-PCL scaffolds was compared to that found in the PCL

scaffold.
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3.3.8 Statistical Analysis

Statistical analyses were performed on the results to identify trends and generate predictive
models. ANOVA and linear regression analyses were performed using the Statistical
Analysis System (SAS) software obtained from SAS Institute Inc. (Cary, NC). All the t-tests

were performed using Microsoft Excel (Microsoft Inc., Redmond, WA).
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4. RESULTS AND DISCUSSION

A number of experiments were conducted with the aim of developing an understanding of the
electrospinning process and producing uniform core-sheath bicomponent nanofibers. This
section gives details of the results obtained and explanations of the possible reasons behind
the findings. A limited amount of cell culture studies were also conducted on the materials of
this research. Although the specific cell work was conducted primarily by a graduate student,
Carla Haslauer, in BME under the direct supervision of Dr. Loboa, the plan of the study was
devised together by the team involving Dr. Loboa and Gupta, and the graduate students
Haslauer (BME) and Moghe (FPS and BME). Special electrospun samples were produced
that particularly suited the study. The research being relevant to the current work and the
predicted outcome the goal of our project, the cell work is also included and briefly

discussed. The specific studies conducted and their objectives are listed in Table 4.1 below.
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Table 4.1: List of studies conducted and their objectives

Section R
No. Study Objectives
Understand the bicomponent electrospinning
process and produce core-sheath nanofibers.
4.1 Preliminary studies Study the effects of dissimilarity between the core
and sheath solvents.
Examine the fiber morphologies.
Obtain bead-free uniform nanofibers using the
o solvents selected.
4.2 Electrospinning of PCL ) o
Study the effects of solution conductivity and
viscosity on fiber size and uniformity.
43 Electrospinning of gelatin Obtain bead-free uniform nanofibers using the
solvents selected.
Test the feasibility of using natural and synthetic
Bicomponent polymers together in the sheath- core arrangement.
4.4 | electrospinning with gelatin | Examine the effects of applied voltage, solution
and PCL concentration, and solution flow rates on the
process stability and the fiber morphology.
45 Electrospinning of collagen Obtain bead-free uniform nanofibers using the
solvents selected.
) Prepare uniform core-sheath fibers from this target
B1comp0peqt . set of polymers.
4.6 electrospinning with . )
collagen and PCL Examine and model the effect of solution
concentration
4.7 In vitro degradation of Examine and model the hydrolytic degradation
) polymers behavior of collagen-PCL bicomponent fibers.
Study the cell growth behavior on collagen-PCL
4.8 Cell culture studies bicomponent and PCL monocomponent structures
and evaluate their viability for tissue engineering.
4.1 Preliminary studies

The preliminary studies were targeted at understanding the bicomponent electrospinning

process. For this purpose, easily workable and available synthetic polymers, PVA and PEO,
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were chosen. PVA was arbitrarily chosen as the sheath and PEO as the core. The initial task
was to find a suitable pair of solvents to spin the polymers. The different solvents were used
in this study. During the initial trials, it was observed that the dissimilarity between the
sheath and core solvents and the types of solvents used have major impact on the spinning

process.

4.1.1 Dissimilarity of the solvents in bicomponent spinning

Two solvent systems were used to dissolve the polymers. In the first set, the polymers were
dissolved using immiscible solvents to avoid the mixing at the tip of the needle. PVA was
dissolved in de-ionized water (15 % wt/ vol) and PEO (5 % wt/ vol) in chloroform. An acid
red dye (Acid Red 66, Class: Azo, CI: 26905) was added into the core solution to produce a
contrast between the sheath and the core solutions as they came out of the needle tip. The
flow rates of the sheath and the core solutions were maintained at 50 and 30 ul/ hr,
respectively. These rates were found to be optimum for this trial. The voltage applied was
12.5 kV. This value allowed the formation of a jet from the droplet at the tip of the capillary.
A detailed discussion on the effect of applied voltage on the electrospinning of bicomponent

fibers is included in section 4.4.1.

During the experiment, it was observed that the jet first formed only from the sheath solution.
The core solution accumulated inside the sheath Taylor cone without forming a co-axial jet.
A composite jet seemed to have ejected momentarily when enough core solution

accumulated inside the cone. However, the droplet could not sustain itself at this point and
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ejected due to gravity. This sequence repeated and stable composite Taylor cone did not

form.

The sample prepared this way was viewed under SEM and TEM and the images obtained are

shown in Figure 4.1.

e 0.5 pm

(B) (c)

Figure 4.1: SEM and TEM micrographs of the nanofibers prepared from PVA (sheath) and
PEO (core) dissolved in de-ionized water and chloroform, respectively. (A) SEM image, (B)
& (C) TEM cross-sections of the core-sheath nanofibers (core looks darker due to the
presence of the dye in the solution)
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It is clear from the images that the fibers formed this way were not uniform. There was a
high variability in the fiber diameter (Figure 4.1 A). Also, the core-sheath structure formed in

the fibers was not regular (Figure 4.1 B & C).

In the second set, the two polymers were dissolved in de-ionized water. 20% PVA and 10%
PEO solutions were used as the sheath and the core, respectively. The flow rates of the two

solutions were kept equal at 300 pl/ hr. The voltage used was 16.5 kV.

It was observed that a very stable Taylor cone formed and it remained stable throughout the
duration of the experiment. The fibers formed were subsequently viewed under SEM and
TEM. The images obtained are shown in Figure 4.2. TEM cross-sections show that the

majority of the fibers possessed relatively regular core-sheath morphology.

From these results it could be deduced that the solvents used played a critical role in the
process. With the first approach using immiscible solvents, the electrospinning process was
found to be overall unstable. A stable compound Taylor cone did not form which could lead
to a co-axial jet. This is attributed to the high interfacial tension between chloroform and

water (~30.5 dynes/cm at 25 °C) (see Figure 4.3) 7.
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Figure 4.2: SEM and TEM micrographs of the nanofibers prepared from PVA (sheath) and
PEO (core) dissolved in de-ionized water. (A) SEM image, (B) Set of TEM images showing
core-sheath structure in the fibers.

Figure 4.3: Illustration of the concept of interfacial tension between chloroform and water
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The compound jet formation from the sheath and the core solutions is the result of the
transfer of shearing forces from the sheath solution to the core solution through ‘viscous

> High interfacial tension between the solutions hampers

dragging’ and ‘contact friction’
this mechanism and the compound Taylor cone does not form. This phenomenon is

illustrated in Figure 4.4.

Sheath Viscous
solution drag
Core Opposing
solution interfacial
A B tension c

Figure 4.4: Illustration of the role of the high interfacial tension that prevents the formation
of composite Taylor cone. [A: Surface charges on the sheath solution, B: viscous drag
exerted on the core by the deformed sheath droplet and the opposing forces due to high

interfacial tension, C: Taylor cone and jet formed from the sheath solution and core solution

accumulating inside without forming the cone and the jet]

I. ™ that by reducing the interfacial tension between the two

It has been shown by Diaz et a
solutions, a compound Taylor cone can be formed. Therefore, to overcome the problems
encountered in the first approach, the two polymers were dissolved in the same solvent. It
was thought that the use of the same solvent would virtually eliminate the interfacial tension

between the solutions and help form a compound Taylor cone. With this approach, a stable

Taylor cone could be obtained, which also led to a regular core-sheath structure formation.
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4.1.2 Nature of the solvent

In the first set of trials described above, chloroform was used as the solvent for PEO and
water as the solvent for PVA. During the spinning process, it was observed that the multiple
jets formed frequently from the various parts of the cone (Figure 4.5 A). This affected the
stability of the process. On the other hand, when de-ionized water was used, only a single

and stable jet formed (Figure 4.5 B).

A B

Figure 4.5: Nature of the Taylor cone formed during bicomponent electrospinning. A.
Multiple jets, B. Single jet

For optimum bicomponent spinning, a single and continuous co-axial jet should be formed,
which would ensure a complete and uniform incorporation of core into the sheath. The
multiple jet formation as seen in Figure 4.5A disrupts this mechanism. The primary reason
for this is the high vapor pressure of the solvent used *. Such solvents have low boiling
points and tend to evaporate rapidly. This causes the formation of a thin solidified polymer
film at some places disrupting the release of polymer solution uniformly from the cone into

the jet.
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Chloroform having a very high vapor pressure (see Table 4.2) tended to lead to multiple jets.
This phenomenon was absent when de-ionized water was used which, as compared to
chloroform, has very low vapor pressure. The vapor pressures of various solvents used in this

research are listed in Table 4.2.

Table 4.2: Vapor pressures of the solvents

Vapor pressure (mmHg)

Solvent at 25 °C
Chloroform 194.24
Water 23.76
Glacial acetic acid 15.86
HFIP 104

Based on these observations, it was decided that in all future experiments, the solvent
selected should be the same for both the sheath and the core polymers and it should have a
relatively low vapor pressure. Glacial acetic acid was chosen as a common solvent for
Gelatin-PCL bicomponent spinning, whereas, HFIP was selected for Collagen-PCL
combination. Although HFIP possessed relatively higher vapor pressure, it was still low

enough to lead to satisfactory spinning (Table 4.2).

4.2 Electrospinning of PCL

PCL is a widely used polymer for tissue engineering studies and was chosen as one of the
components (core) of the bicomponent structures in this work. Accordingly, successful

spinning of PCL is important not only for its use in bicomponent fiber but also for its
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independent use in tissue engineering. In the current project, it was coupled with gelatin in
which glacial acetic acid was used and with collagen in which HFIP was used. The
information regarding the suitability of the selected solvents for the successful spinning of
PCL was largely absent in the published literature. Therefore, it was necessary to examine

the spinnability of PCL with both glacial acetic acid and HFIP.

The main advantages of using nanofibers for advanced applications are the increased surface
area and high porosity. The presence of beads causes a decrease in the available surface area
as well as affects the web’s uniformity, both undesirable for tissue engineering. Obtaining

uniform nanofiber structures without beads was, therefore, the aim in this work.

4.2.1 Spinning with glacial acetic acid

A number of solutions of PCL were prepared using glacial acetic acid: 15, 17.5 and 20 %
(wt/vol). This was done in order to find the appropriate concentration that produced bead-free
uniform fibers. The flow rate of the solution was maintained at 300 pl/ hr, which was found
to be generally optimum for all polymer solutions used in this research. The applied voltage

used was 10 kV, which produced a sustained jet from the solution.

The fiber morphologies obtained from the solutions are shown in Figure 4.6. These are also

summarized in Table 4.3. At 15% concentration, mostly beads were noted. An increase in
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concentration to 17.5% gave a decrease in the number of beads as more and more of these
appeared to be drawn into fibers. At 20% concentration, a mixture of elongated beads,
microfibers and nanofibers was obtained. At concentrations beyond 20%, the high viscosity
rendered the solution non-electrospinnable. Accordingly, even over such a wide range of
polymer concentrations, none of the conditions used gave satisfactory homogeneous fibers.

The reasons are given below.

Figure 4.6: SEM pictures depicting the effect of the solution concentration on the
morphology of fibers electrospun from 15 % (a), 17.5 % (b), and 20 % (c) PCL solutions in
glacial acetic acid. (magnification bar = 10um)

Table 4.3: Fiber morphologies obtained for various solution concentrations

Solution

concentration (%) Obtained fiber morphology

15 Mostly beads with incipient fibers
Reduction in beads and increase in fiber
17.5 .
diameter
20 Elongated beads, microfibers, and nanofibers

The fiber formation in electrospinning is governed by two instabilities acting on the polymer

solution jet. These are: axisymmetric varicose instability (Rayleigh instability) and non-
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3.7 The former results from the surface tension of the

axisymmetric whipping instability
solution which tends to minimize the surface area by forming individual droplets. The latter
is produced due to the presence of the electrostatic field. This causes bending and stretching
of the jet through a rapidly spiraling motion, which is required for the development of ultra
fine fibers®*. Which of these instabilities dominates depends on the factors related to solution
properties and operating conditions. These are solution viscosity, conductivity, surface

tension, and the strength of the applied electric field ** 7.

One of the most important factors is the solution viscosity. It is directly controlled by the
molecular weight and the solution concentration, or more fundamentally, by the extent of

polymer chain entanglements ***!

(see Figure 4.7). If the density of chain entanglements in a
given solution is much less than a critical value, the jet formed breaks up into droplets. In this
region, the solution viscosity is directly proportional to the polymer molecular weight or the
solution concentration. The jet break up occurs due to insufficient resistance offered to the
electrostatic field by the surface tension and causes the Rayleigh instability to set in ** *'.
This causes formation of beads. After the on-set of chain entanglements, the viscosity curve
takes an upward turn *" *. Beyond this point the fiber formation occurs. However, the
homogenous fibers only form after the critical chain entanglement density is achieved
(Figure 4.7) *!. In this region, a high resistance by the chain overlap to the jet break up
suppresses the Rayleigh instability and leads to formation of homogeneous fibers. Below this

point, the fibers formed possess beaded morphologies (Figure 4.7) **.
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Figure 4.7: Illustration of dependence of fiber morphology on the extent of chain
entanglements

For a given molecular weight, the chain entanglements are increased with polymer

40-41 Therefore, an increase in concentration generally results in the following

concentration
progression in fiber morphology *"* **®': beads only, beaded fibers, nanofibers, and globular

fibers or macrobeads. This last result is due to the entanglements being so high that in many

regions the chains are not able to slip apart adequately to form uniform fibers.

The second key parameter that affects the morphology of the fibers is the solution

3645 Fluids with high conductivity have high surface charge density. Under a

conductivity
given electric field, this causes an increase in the elongational force on the jet, as an effect of

the self-repulsion of the excess charges on the surface. This inhibits the Rayleigh instability,

enhances whipping and leads to finer and more uniform fibers .
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The results obtained in this study show that by varying the polymer concentration alone,
uniform fibers could not be obtained (see Figure 4.6). Therefore, this phenomenon was
considered to be due to the lack of conductivity of the solution, as glacial acetic acid
(Dielectric constant: 6.2 at 20 °C) and PCL are both less conductive. In order to improve the
conductivity of the solution a salt was added. The details of this approach and the results

obtained are given in section 4.2.2 that follows.

4.2.2 Electrospinning with glacial acetic acid and conducting salt

To enhance the conductivity of the PCL-acetic acid solution, an organic base ‘pyridine’ was
added. An acid-base reaction, in this case, caused the formation of weak salt complexes that
served to improve the conductivity of the solution. Additionally, the salt formed, being
fugitive in nature, evaporated with the solvent during the spinning process. This allowed the
formation of pure PCL fibers without the presence of any salt residue. The effect of the
addition of different amounts of pyridine on the fiber morphology and fiber size was studied
for a number of polymer concentrations. The results were subjected to statistical analysis in

order to generate a model to predict the fiber diameter. The details follow.

4.2.2.1 Effect of addition of pyridine on the properties of polymer solution

PCL solutions containing different amounts of pyridine were prepared. These were tested for
conductivity, viscosity and surface tension. For these measurements, the polymer

concentration was kept constant at 12.5 %. The results given in Table 4.4, show that the
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addition of even a small amount of pyridine greatly increased the conductivity of the
solution. This increase with pyridine was nonlinear as seen in Figure 4.8. Viscosity increased
with pyridine concentration (Table 4.5 and Figure 4.9), primarily due to the formation of
bigger ionic complexes between acetic acid and pyridine molecules. This increase was linear.
Addition of 0.5 % pyridine to the solution gave an increase in the surface tension from 34
dynes/cm to 36 dynes/cm (Table 4.6 and Figure 4.10). However, any further increase in the

pyridine amount (up to even as large as 5%) did not show any significant effect on this

property.

Table 4.4: Conductivity of PCL solution in acetic acid with different amounts of pyridine
(polymer concentration 12.5%)

Pyridine . Conductivity
concentration S/
(%) (vol/vol) (uS/cmy)
0 0.1
0.5 18
2 160
5 1368
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Figure 4.8: Conductivity of polymer solution due to pyridine addition (Each data point
represents a single reading)

Table 4.5: Viscosity of PCL solution in acetic acid with different amounts of pyridine
(polymer concentration 12.5%)

Pyridine
concentration Viscosity (cP)
(%) (vol/vol)

0 444

0.5 553

1 593

2 678

5 869
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Figure 4.9: Viscosity of polymer solution due to pyridine addition (Each data point
represents a single reading)

Table 4.6: Surface tension of PCL solution in acetic acid with different amounts of pyridine
(polymer concentration 12.5%)

Pyridine Surface
concentration tension
(%) (vol/vol) (dynes/ cm)

0 33.67

0.5 35.67

1 36

2 35.17

5 36
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Figure 4.10: Surface tension of polymer solution on pyridine addition (Each data point
represents a single reading)

4.2.2.2 Effect of the addition of pyridine on bead formation

Figures 4.11 to 4.14 show the effect of pyridine addition on the morphology of fibers spun
using four different polymer concentrations (10, 12.5, 15, and 17.5%). Clearly, the addition
of pyridine greatly improved the quality of PCL fibers. Addition of pyridine, in various
amounts, effectively suppressed the bead formation and led to finer size homogeneous fibers.
It was also found that the lower the PCL concentration, the higher the amount of pyridine
needed to prevent bead formation. For example, to achieve bead-free fibers, 10% PCL
solution required in excess of 2% pyridine, whereas 17.5% PCL solution required less than

0.2% pyridine.
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Figure 4.11: Reduction of beads with increasing pyridine concentration-10% PCL conc.
(magnification bar- 10um for 1000X and 1 pm for 5000X)
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Figure 4.12: Reduction of beads with increasing pyridine concentration- 12.5% PCL conc.
(magnification bar- 10um for 1000X and 1 pm for 5000X)
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0.1 % Pyridine

Figure 4.13: Reduction of beads with increasing pyridine concentration- 15% PCL conc.
(magnification bar- 10um for 1000X and 1 um for 5000X)

0.1 % Pyridine

iy

Figure 4.14: Reduction of beads with increasing pyridine concentration- 17.5% PCL conc.
(magnification bar- 10um for 1000X and 1 um for 5000X)
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As explained earlier, an increase in solution conductivity results in an increase in the
elongational force on the jet during spinning. The increased stretch in the jet suppresses bead
formation as the beads are drawn into fibers. This is the reason for the decrease in bead

content with pyridine addition.

It is interesting to note that the requirement for higher conductivity decreases with increase
in polymer concentration. This result is attributable to the increase in viscosity as a result of
more polymer chain entanglements. The increased cohesiveness among the polymer chains

further acts against the surface tension and dampens the Rayleigh instability.

These findings show that the solution conductivity and viscosity complement each other and

play major roles in suppressing presence of beads in electrospun structures.

4.2.2.3 Effect of the addition of pyridine on fiber diameter

The fiber diameters and the standard deviations obtained with various polymer and pyridine
concentrations are listed in Table 4.7and illustrated in Figure 4.15. The shaded region in
Table 4.7 indicates the mean diameters of the completely bead-free fibers. It is clear from
Figure 4.15 that after the beads are suppressed, the mean fiber diameter increased with
pyridine amount for all polymer concentrations. The extent of increase in diameter, however,

was found to be highly dependent on the amount of polymer in the solution.
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Table 4.7: Effect of pyridine concentration on average fiber diameter and standard deviation

(nm)
Polymer Pyridine Concentration (vol/vol)
Conc.
(wt/vol) 0.1 % 0.2 % 0.5 % 1% 2% 5%
99 +21 108 £ 17
10 % Mostly beads Mostly beads 141 + 28 220 + 31
(Few beads)  (Few beads)
135+22 137 +20
12.5 % Mostly beads 155 +27 163 =30 338 +58
(Few beads) (Few beads)
177 +£32 179 + 39
15 % (Few clongated  (Few elongated 171 £ 28 186 + 32 213 +£48 512+ 88
beads) beads)
215+ 58
1759, (Occasional 188 = 40 205 + 50 18637 228457  857+142
elongated beads
and thick fibers)

(Data in the shaded region are for completely bead free fibers)

Mean fiber diameter (nm)

NN

17.5 %

15 %

12.5 %

10 %

Beaded fibers

NNN_-

1 1.5 2 25 3 35 4
Amount of pyridine in solution (%)

4.5

5 6565

Figure 4.15: Effect of the pyridine amount in the solution on the mean fiber diameter for

various polymer concentrations
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Figures 4.8 and 4.9 show that the addition of pyridine caused an increase in not only the
conductivity but also the viscosity of the solution. The latter is primarily due to the presence
of greater number of salt complexes between acetic acid and the ring structures of pyridine
molecules. This enhances the flow resistance of the solution and hence increases the

viscosity.

The continued increase in the conductivity and the viscosity initially results in an effective
suppression of beads. However, after the formation of homogenous fibers, the increase in the
fiber diameter could only be attributed to the relative dominance of the effect of viscosity. It
has been mentioned in the literature that higher solution viscosity leads to higher visco-
elastic force acting on the jet. This counteracts the fiber stretching coulombic force generated
by the applied electric field and leads to an increase in fiber diameter " ** *" . Also, an
increase in solution viscosity causes an increase in the bending rigidity of the jet. This further
limits the extent of the spiraling motion during whipping and reduces the drawing of the jet

causing the diameter to be larger > *>".

Therefore, it is noted that the fiber diameter
remained relatively unaffected with increase in conductivity up to a certain value; after this,
the increase in viscosity produced a predominant effect and caused the mean fiber diameter
to increase. A consistent increase in the fiber diameter with increase in pyridine
concentration beyond about 1% (especially for 15 and 17.5% PCL concentrations) could be

attributed to an increase in viscoelastic force resulting from an increase in chain

entanglements.
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4.2.2.4 Modeling to predict the fiber diameter

The diameter values measured were subjected to statistical analysis of variance (ANOVA)
involved in the linear regression procedure. This was done to identify significant effects and
to generate a predictive model. In this exercise, the diameter values of only the bead-free
samples were included (values from the shaded region in Table 4.7). Table 4.8 shows the
effects of pyridine amount, polymer concentration and the interaction between the two on
fiber diameter. In the model, the square term of each of the parameters were also included in
order to account for the presence of any non-linear effects. For the range of polymer
concentrations used, effects of pyridine amount and polymer concentration on mean fiber
diameter are positive at the 95 % confidence level. The only insignificant term noted is the
polymer concentration (C) square term. Although the term C? was insignificant, it was
retained in the model as its interaction with the square term of pyridine concentration (Py)
was significant. Figure 4.16 gives a comparison between the measured and predicted values

of fiber diameters, which shows excellent fit.

Table 4.8: Factors affecting the mean fiber diameter as obtained with ANOVA

Factors F value p value

Pyridine amount (Py) 340.39 <0.0001
Polymer concentration (C) 183.65 <0.0001
Py’ 38.47 0.0004
C’? 0.37 0.5630
Py *C 155.11 <0.0001
Py**C? 7.53 0.0288
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The regression equation generated with R* value of 0.99 is as follows:

Fiber Diameter (nm) = 10.076 + (177.992 * Py) - (23.625 * Py®) + (5.404 * C) + (0.385 * )

-(14.204 * Py * C) + (0.203 * Py**C?)

0 100 200 300 400 500 600 700 800 900
Measured mean fiber diameter (nm)

Figure 4.16: Correlation between the measured and predicted values of the mean fiber
diameter

4.2.2.5 Confirmation of the fugitive nature of the pyridinium salt

As indicated earlier, pyridine was added to PCL- acetic acid solution to enhance its
conductivity. The increase in conductivity resulted from the salt formation in the solution.
The mechanism behind this phenomenon and the fugitive nature of the salt are discussed
below. Elemental analysis was performed to confirm the evaporation of the solvent

containing the salt during electrospinning. The results of this analysis are also given below.
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Pyridine is an organic base compound that is protonated by reaction with acids. This forms a
positively charged aromatic polyatomic ion called pyridinium cation (Figure 4.17) which
increases the conductivity of the solution. Via acid-base reaction, pyridine forms a salt
‘pyridinium acetate’ with acetic acid. This salt easily disassociates, as its respective

components are volatile. For this reason, the salt formed evaporates during the spinning.

H

=

H/, H |
| >~

- N*
H N H |
H

A B

Figure 4.17: Chemical structure of pyridine (A), and the pyridinium cation (B) that forms by
reaction with acids.

The absence of the salt pyridinium acetate from the electrospun PCL fibers was confirmed

using infrared spectroscopy (FTIR) and CHN elemental analyzer.

Figure 4.18 shows the overlapped FTIR spectra for pyridine (red) and electrospun PCL fibers
(blue) spun with the use of pyridine. Pyridine has two characteristic peaks at 1437 cm™ and
1580 cm™ representing, respectively, the C-N and C-C stretching vibrations in the plane of
the pyridine ring *. The spectrum of electrospun PCL does not show any peaks at these
frequencies (see Figure 4.18). This suggests that no residual pyridinium salt was present in

the fibers.
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Figure 4.18: Overlapped FTIR spectra of pyridine (A) and PCL nanofibers prepared using
acetic acid as a solvent with 1 % pyridine (B)

As a complementary technique, the amount of nitrogen present in the PCL samples was
measured using the CHN elemental analyzer. Since the only source of nitrogen was from
pyridine molecule, the presence of the element would have shown the presence of the salt
residue in the sample. Table 4.9 shows that a small amount of nitrogen was present in all
samples, including the control. The values did not show any correlation whatsoever with the
actual pyridine amount used. Accordingly, the small amount of nitrogen present must be due
to contaminants. These findings indicate that most of the salt had evaporated with the
solvent. However, other innovative analytical techniques are necessary to confirm the

absence of any residual salt and the solvent present in the structures.
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Table 4.9: Assessment of amount of nitrogen in PCL films using CHN elemental analyzer

Sample ID Solvent % Nitrogen

Control Glacial Acetic Acid 0.271 £0.016
PCL -1 Glacial Acetic Acid + 0.2% Pyridine  0.263 £ 0.019
PCL -2 Glacial Acetic Acid + 0.5% Pyridine  (0.254 £+ 0.027
PCL -3 Glacial Acetic Acid + 1% Pyridine  0.280 £+ 0.032

To summarize, this study shows that the solvent system involving acetic acid and pyridine
can be effectively used to produce bead-free uniform fibers from PCL. Additionally, the
findings show that by changing the pyridine amount and the polymer concentration, fibers of
desired (controlled) diameter (in the range from 150 - 850 nm) can be effectively produced.
Therefore, if PCL alone should be a material of choice for an application, this solvent system

of glacial acetic acid and pyridine can serve as an ideal solvent recipe.

4.2.3 Electrospinning of PCL with HFIP as the solvent

A second solvent, i.e. HFIP needed to be used when spinning Collagen-PCL bicomponent
fibers. Accordingly, the spinnability of PCL in HFIP was also examined. The objective
behind this study was to find the minimum polymer concentration that produced bead-free

fibers.

PCL solutions with various concentrations in HFIP (8, 10 & 12 %) were prepared. The flow

rate of the solution was maintained at 300 pl/hr. The applied voltage used was 8 kV. This

voltage produced the maximum stability of the process.
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Figure 4.19 shows the results obtained. It is clear that the concentration of 12 % produced
relatively bead-free uniform fibers. The average fiber diameter and the standard deviation

obtained with this concentration were 850 + 40 nm.

Figure 4.19: SEM images of PCL nanofibers electrospun from the solutions with different
concentrations of the polymer in HFIP

The findings show that uniform fibers can be produced from PCL using this solvent.
However, the fibers formed were not nano-sized (< 500 nm) but larger. These results can be
attributed to the lack of conductivity of the solvent. Although the conductivity value obtained
was small (1.3 uS/cm at 25 °C), it was relatively greater than that of acetic acid (0.1 uS/cm at

25 °C) and perhaps was sufficient to suppress the Rayleigh instability in the jet. This, as
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compared to the results seen in Figure 4.6 in which the results of PCL with glacial acetic acid
are shown, led to the formation of highly uniform fibers. On the other hand, the conductivity
of HFIP was much smaller as compared to that obtained when acetic acid and pyridine were
mixed (see Table 4.4). This could, thus, be expected to lead to a relatively smaller

elongational force on the jet and, therefore, to larger fiber diameter.

Additionally, knowing that the solvent is highly toxic, extra care was needed while handling
it. Because of these reasons, it is suggested that when the goal is to spin PCL alone, the

solvent system involving acetic acid and pyridine would be a much better choice.

4.3 Electrospinning of gelatin

Electrospinning of gelatin was performed using glacial acetic acid. The objective of this
study, also, was to examine the processability of the polymer in the selected solvent. Several
solution concentrations (6, 8, 9 and 10 %) of gelatin were electrospun in an effort to find the

minimum concentration that produced homogeneous fibers without beads.

During spinning, the flow rate of the solution was maintained at 300 pl/hr. The applied
voltage used was 8 kV. The samples prepared were observed under SEM and the images
obtained are shown in Figure 4.20. It was found that the concentration above 8 % produced
highly uniform bead-free fibers. A further increase in the concentration caused increase in the

fiber diameter. The values of fiber diameter obtained are listed in Table 4.10.
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Table 4.10: Effect of gelatin solution concentration on fiber diameter

Solution concentration Average fiber diameter

(%) (nm) = SD
8 163 + 30
9 235+ 44
10 322 +40

It may be recalled that the spinning of PCL with glacial acetic acid alone was difficult. This
was primarily due to the lack of conductivity of the solution. To improve the conductivity,
salt was needed to be added. In gelatin electrospinning, however, uniform bead-free
nanofibers could be obtained simply by increasing the polymer concentration without
addition of salt. This is attributable to the polar nature of the gelatin molecule itself which,

when dissolved, gives high conductivity in the solution (32.2 uS/cm at 25 °C).
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Figure 4.20: SEM images of gelatin nanofibers electrospun from solutions with different
polymer concentrations

4.4 Electrospinning of gelatin-PCL bicomponent fibers

After the successful spinning separately of gelatin and PCL with acetic acid, the two
polymers were spun together using the solvent. The objectives of this study were: 1) to test
the feasibility of using natural and synthetic polymers together in the sheath- core
arrangement, and 2) to examine the effects of various processing variables such as applied
voltage, solution concentration, and solution flow rates, on the process stability and the fiber

morphology.
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During the initial trials, it was found that the homogeneous fibers could be formed using the
combination. This was because the more conductive gelatin solution in the sheath served to
enhance the conductivity of the composite jet, which prevented the formation of beads in the
spun fibers. Also, it has been shown in the literature that the varicose instability in the core
solution is completely suppressed because of the surrounding viscous sheath *°. For these
reasons, no addition of pyridine was necessary to the PCL solution. However, the use of
pyridine in the PCL solution was experimented with, which showed no significant effect on
the fiber morphology and the diameter. The findings of various studies using the gelatin-PCL

combination are given below.

4.4.1 Effect of applied voltage

From the initial bicomponent spinning trials using the polymer solutions, it was observed that
the solutions were able to produce stable compound Taylor cone only when the applied
voltage was maintained within a particularly narrow range. This required us to study the

effect of voltage on the co-axial cone stability and the resultant fiber morphology.

In this study, 12% gelatin and 12.5 % PCL solutions were used for the sheath and the core,
respectively. The solution flow rates were maintained equal at 300 ul/hr. To examine the
effect of voltage, the latter was increased in 0.5 kV intervals and the cone shapes were
recorded. Initially, when the voltages were low, the droplet did not assume a conical shape
(Figures 4.21A and 4.22A). The droplet size increased over time and the solutions dripped

frequently. At instances, the jet only formed from the sheath solution and due to the
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increased cone size, the core solution tended to mix with the sheath (Figure 4.21A). At a
particular value, a stable co-axial cone formed (Figures 4.21B and 4.22B). This shape
sustained as long as the voltage was not changed. Increase in the voltage over this value
caused the cones to recede towards and eventually into the capillary. This resulted in the
separate jets emerging from the sheath and the core solutions (Figures 4.21C and 4.22C). The
critical voltage at which optimum spinning occurred was found to lie in a narrow range, as
small as 1 kV. Table 4.11 shows the critical range of voltage required for each pair of the

polymers used in this research.

Increasing voltage

D\D—%;l\

Mixing

A B Cc

Figure 4.21: Schematic of the voltage dependence of the core-sheath fiber formation in co-
axial electrospinning (A: Lower voltage; B: Critical voltage; C: Higher voltage)

Table 4.11: Critical voltage range observed for various polymers and flow rates

Flow rates (ul/hr) Critical voltage
Polymers
Sheath Core range
PVA/PEO 300 300 16 —17kV
Collagen/PCL 300 300 9-10kV
Gelatin/ PCL 300 300 10.5-11.5kV
150 150 9-10kV
300 50 85-9.5kV
300 150 9.5-10.5kV
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Figure 4.22: Voltage dependence of the compound Taylor cone stability in co-axial
electrospinning (A: Stable cone and composite jet at critical voltage; B: Separate cones and
jets above the critical voltage)

The samples obtained using the optimum and higher voltage conditions were characterized

for the fiber structure using SEM and TEM. The findings and the rationales are given below.

The structure formed when the cone was stable was highly uniform in terms of the fiber
diameter (Figure 4.23A&C). This suggests that the core was incorporated into the sheath
continuously and uniformly. The structure obtained at higher voltage, i.e. voltage exceeding
critical value, on the other hand, showed high variability in the fiber size (Figure 4.23B).

This indicates that because of the separate jets, separate fibers formed from the sheath and
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the core solutions. This is also evident from the bimodal distribution of the fiber diameter
(Figure 4.23D). The difference in the fiber size could be attributed to the difference in the

capillary size of the two needles.
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Figure 4.23: Effect of voltage on the morphology of the electrospun structure. A: structure
obtained within the range of critical voltage (9-10 kV), B: Structure obtained at voltage
above the critical range (10.5 kV) C: Fiber diameter distribution obtained for the critical

voltage, D: Fiber diameter distribution obtained for the voltage above critical range

The structure obtained at the optimum voltage was also tested for the evidence of core-sheath

arrangement in the fiber. This was performed using two techniques. First, the fibers were
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subjected to ultra-microtomy and cross-sections were examined under TEM. The images

obtained are shown in Figure 4.24, which clearly reveal the core-sheath morphology in the

fibers.

Figure 4.24: TEM micrographs of nanofiber cross-sections (Sheath: Gelatin, core: PCL)

An alternative technique of freeze fracturing was employed to confirm the presence of core-
sheath structure. In this technique, the fibers were frozen using liquid nitrogen and were
fractured at various places to induce differential fibrillation in the sheath and the core. The
fibers were subsequently viewed under SEM. The SEM images clearly gave the evidence of
the presence of core-sheath arrangement of the two components (Figures 4.25). This
technique exploited the differences in the elastic properties of the sheath and the core
materials in order to demonstrate their arrangement. Gelatin being more rigid became highly
fragile after freezing and could be fractured. The more elastic PCL could not be fractured

easily and remained in the structure (Figures 4.25).
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Figure 4.25: SEM of freeze-fractured nanofibers
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In electrospinning, the electrostatic force generated due to the applied voltage acts on the
solution that is being delivered at a constant rate. This force draws the solution in the form of
a slender jet. Therefore, the stability of the cone, formed at the tip of the capillary, depends
largely on the balance between the dispensing rate and the drawing rate *’. Should either of

these exceed the other, the stability of the cone can be hampered.

At low voltage, when the delivery rate exceeded the drawing rate, the solutions dripped.
Owing to the increased size of the droplet, the core solution tended to mix with the sheath.
At the critical voltage, the combined dispensing rate of the sheath and the core solutions and
the combined drawing rate of the solutions were balanced. At this point, a very stable and
sustained compound cone formed. It was also observed that this voltage was further
depended on the flow rates used. Higher combined flow rate required higher voltage in order
to balance the dispensing and drawing rates (see Table 4.7). Voltage above the critical range
caused the strength of the electric field to exceed the delivery rate of the sheath solution and
the sheath Taylor cone tended to recede into the capillary. This mechanism is similar to that
reported by Dietzel *’. Because of this backward movement, the sheath solution could not

incorporate the core and the core was exposed to form its own jet. This resulted into separate
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jets from the sheath and the core solutions and the bicomponent fiber formation could not

take place.

Based on these findings, it became clear that the applied voltage played an important role in
bicomponent spinning. Therefore, for all experiments in which bicomponent electrospinning
was involved, the applied voltage which lay in a narrow range for successful spinning had to

be found experimentally.

4.4.2 Effect of solution concentration

The effect of solution concentration on the overall fiber diameter was examined by varying
the gelatin (sheath) concentration in the solution. The core solution concentration was kept
constant at 12.5 % and the flow rates of the sheath and core solutions were maintained at 300
ul/ hr. The fiber diameter increased from 232 + 40 nm to 492 + 115 nm on increasing gelatin
concentration from 9 to 12 % (Figure 4.26). Although no specific calculations were made,
this should suggest that only the sheath thickness increased due to the increased

concentration.

It is interesting to note that for only 33% increase in the concentration, there was a two-fold
increase in the fiber diameter. This could be attributed to a nonlinear increase in the solution
viscosity with concentration after the onset of polymer chain entanglements * as mentioned

before. Increased viscosity results in higher viscoelastic force in the jet that opposes the
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. . . 1 41-4 . . . .
elongational force during spinning *"***'~**_ This causes a proportionate increase in the fiber

diameter.
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Figure 4.26: Effect of sheath solution concentration on the fiber diameter. A. 9% gelatin in
the sheath solution, B. 12% gelatin in the sheath solution, C. Fiber diameter distributions of
the samples

4.4.3 Effect of solution flow rates

4.4.3.1 Same flow rates for the sheath and the core solutions

To examine the effect of solution flow rate, the sheath and core solutions were dispensed at
the same rate. Two different solution flow rates 150 pl/ hr and 300 pl/ hr were used in two

separate experiments. Solution concentrations for these trials were kept constant (sheath:
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12%, core: 12.5%). The flow rates used showed a direct effect on the fiber diameter. The
average fiber diameter increased from 325 + 60 nm to 492 £+ 115 nm on increasing the flow
rate from 150 pl/ hr to 300 pl/ hr, respectively (Figure 4.27). This increase in diameter
implies that both the sheath thickness and the core thickness increased due to more materials

being delivered at a given time.

- C R 300 i hr

0 100 200 300 400 500 600 700 BOO
Fiber Diameter (nm)

Figure 4.27: Effect of solution flow rate on the fiber diameter. A: 150 ul/ hr, B: 300 ul/ hr,
C. Fiber diameter distributions of the samples (sheath and core solution flow rates were
equal)
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4.4.3.2 Different flow rates for sheath and core solutions

In the previous experiments, the flow rates of the sheath and core solutions were kept the
same. To examine the effect of differential flow rates between the two solutions, the core

flow rate was kept both lower and higher than that of the sheath.

Figure 4.28 shows the change in the fiber diameter when the core flow rate was increased
from 50 to 300 pl/ hr while the sheath flow rate was kept constant at 300 ul/hr. The results
show that the fiber diameter increased with increase in the core flow rate, which should be as
expected due to larger core thickness. The SEM images obtained for these samples are shown

in Figure 4.29.
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Figure 4.28: Effect of increasing core flow rate on the average fiber diameter (Sheath flow
rate: 300 ul/ hr) [Gelatin- 12%, PCL-12.5%]
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Figure 4.29: Effect of higher sheath flow rate on the fiber structure. A: 50-300 ul/ hr, B:
150-300 pl/ hr, C: 300-300 pl/ hr (Sheath- core) [Gelatin- 12%, PCL-12.5%]

It is seen from the images in Figure 4.29 that when the sheath flow rate was higher than or
equal to the core flow rate, uniform fiber structures were formed. On the other hand, when
the core dispensing rate was kept higher than that of the sheath, highly irregular fiber
structures formed. The fiber mats possessed beads, thick & thin places along the length of the
fibers, and a wide distribution of the fiber diameter (Figure 4.30) irrespective of the extent of

the difference between the rates.
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Figure 4.30: Effect of higher core flow rate on the fiber structure. A: 50-150 ul/ hr, B: 50-
300 pl/ hr, C: 150-500 pl/ hr (Sheath- core) [Gelatin- 12%, PCL-12.5%]

The results indicate that the sheath solution failed to contain the fast moving core and core
could not take-up the sheath uniformly causing the formation of irregular fiber surfaces.
Therefore, it may be suggested that the core flow rate should generally be equal to or lower

than that of the sheath.
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4.5 Electrospinning of collagen

Spinning of collagen was performed with HFIP as the solvent. The objective behind these
trials, similar to those in studies with the other polymers, was to examine the spinnability of
collagen to form nanofibers. Solutions of different concentrations of the polymer were
prepared and spun. The goal was to determine the minimum concentration that could produce

nanofibers without beads.

In these experiments, collagen obtained from Sigma-Aldrich was used. The concentrations
used were: 2.5, 5, and 7 %. It was observed that with the increase in concentration, the
solution became more and more cloudy. Therefore, it has been speculated that collagen forms

a suspension when dissolved in HFIP.

In these trials, the flow rate was maintained at 300 ul/ hr. The voltage used was 10 kV. The
samples prepared were observed under SEM and the images obtained are shown in Figure
4.31. It was found that the concentration above 5 % produced uniform bead-free fibers.
Increasing the polymer concentration from 5 to 7% resulted in an increase in diameter from

180 + 68 to 231+ 92 nm.

Although the fibers produced from collagen were nano-sized, there existed a large variability
in fiber diameter. This may be due to the observed instability of the process. During spinning,

the droplet at the capillary end did not form a stable conical shape. The tip of the droplet
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appeared to be moving back and forth rapidly. Two such instances captured during the
process are shown in Figure 4.32. This could be attributed to the nature of the collagen
solution itself. The reasons behind this behavior, however, were not investigated in this
research as the solution was found to produce stable cones when used with the core PCL

solution (see next section).

Figure 4.31: SEM images of collagen nanofibers electrospun from solutions with different
polymer concentrations
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Figure 4.32: Droplet shapes at the capillary tip observed during collagen electrospinning.
Arrows indicate the observed rapid back and forth motion of the droplet tip.

4.6 Electrospinning of collagen-PCL bicomponent fibers

Collagen- PCL was the target set of polymers in this research. After examining the
processability of both the polymers individually using the selected solvent (HFIP), they were
spun together. Initial experiments were aimed at examining the overall spinnability of the
fiber. The second set of experiments involved the study of the effect of solution
concentrations on fiber diameter. This effect was also modeled using statistical procedures.

The details are given below.

4.6.1.1 Initial trials

In the initial experiments, Collagen and PCL were electrospun together to evaluate the
feasibility of producing core-sheath nanofibers. For this purpose, the solution concentrations

were arbitrarily selected. The concentration used was 7 % for collagen and 12.5 % for PCL.

The flow rates for both the polymers were kept equal at 300 ul/ hr. Collagen from Sigma-
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Aldrich was used in this experiment. The voltage was varied to identify optimum value that

produced the most stable cone.

It was observed that a very stable Taylor cone formed when the applied voltage was 11 kV.
This cone remained stable as long as the voltage was maintained at this level. The sample
collected was analyzed under SEM to examine the overall fiber morphology. It was found
that the fiber structure was uniform with a narrow fiber diameter distribution (Figure 4.33 A).
The average fiber diameter obtained was 245 + 50 nm. The freeze-fracturing technique was
used to observe the arrangement of the two components with respect to each other. The SEM
observation of the structure subjected to this treatment showed the core-sheath morphology

in the fibers (Figure 4.33 B, C &D).
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Figure 4.33: SEM images of Collagen-PCL sheath-core nanofibers. A: Over-all fiber
morphology, B, C & D: Freeze-fractured nanofibers showing sheath and core separately
(images taken from different parts of the specimen

4.6.1.2 Effect of solution concentration

The effect of both the sheath and the core solution concentrations was studied with this pair
of polymers. Initially, three different concentrations of PCL solution were used: 12, 14 and
16 %. Sheath concentration was maintained at 4 % in these trials. In the second set, collagen
concentration was varied as 2, 4 and 6 % while the PCL concentration was maintained
constant at 14 %. In these experiments, the sheath and core solution flow rates were kept
equal at 300 pl/ hr and the voltage was adjusted as needed to obtain stable Taylor cone.

Collagen from MP Biomedical (Lot # 7333J) was used in these trials.
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Figure 4.34 and 4.35 illustrate the results. The diameter values measured using the image
analysis software are listed in Table 4.12 The results showed that the core and the sheath
solutions had a direct effect on the overall fiber diameter, suggesting that the dimensions of

the individual components increased due to the presence of more material.

Table 4.12: Average fiber diameter values (in nanometers) obtained using combinations of
collagen and PCL solution concentrations.

Collagen PCL solution concentration (% (wt/vol))
Solution
Corion
2 - 320+ 53 -
4 418 £ 45 453 +51 590 £ 60
6 - 578 £49 -

The value next to the diameter indicates standard deviation. The empty cells indicate that the experiments were
not performed.
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Figure 4.34: Effect of PCL (Core) solution concentration on the average fiber diameter.
SEM images- A: 12 % PCL, B: 14% PCL, C: 16% PCL. D: Correlation between the PCL
solution concentration and the average fiber diameter. [Collagen concentration for all the

trials was 4%, Flow rates of both the sheath and the core solutions were 300 pl/ hr]
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Figure 4.35: Effect of Collagen (Sheath) solution concentration on the average fiber
diameter. SEM images- A: 2 % collagen, B: 4% collagen, C: 6% collagen. D: Correlation
between the collagen solution concentration and the average fiber diameter. [PCL
concentration for all the trials was 14%, Flow rates of both the sheath and the core solutions
were 300 pl/ hr]
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It was observed that with the increase in PCL concentration, the fiber diameter increased
non-linearly (Figure 4.34D). This behavior could be attributed to the change in solution
viscosity. As explained before, the viscosity increases non-linearly with the increase in
concentration after the onset of the required minimum polymer chain entanglements *. This
produces a greatly increased viscoelastic force in the jet that opposes the elongational force
during spinning and results in a proportional increase in the fiber diameter *' % *= %,
Increase in collagen concentration, on the other hand, caused a linear increase in the fiber
diameter (Figure 4.35D). It was speculated that collagen when dissolved in HFIP formed a
suspension, not a solution. This speculation was based on the visual observations that the
viscosity of the mixture did not change significantly with the increase in polymer
concentration and the solution was cloudy regardless of the concentration used. However, the
actual viscosity of the collagen solution as a function of the concentration was not measured
due to the unavailability of safe equipment that would allow the use of harmful solvent HFIP.
Accordingly, the effect of increase in concentration on viscosity was not known. To explain
the linear effect of the solution concentration on the fiber diameter, it was speculated that if
the viscosity changed with concentration, the change was linear which produced linear
change in the fiber diameter. If the viscosity did not change, the change in concentration

could be expected to have a linear effect on the sheath thickness and hence the fiber

diameter.
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4.6.1.3 Estimation of sheath and core dimensions
Based on the linear relationship between collagen concentration and the fiber diameter

(Figure 4.35D), the sheath and the core thicknesses of all the samples in Table 4.12 were

estimated. This is explained below.

The linear trend in Figure 4.35D was graphically extended to meet the Y axis (see Figure
4.36). This gave the extrapolated value of the fiber diameter at collagen concentration of

zero. This hypothetically corresponded to the value of the core diameter.
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Figure 4.36: Extrapolation of the data to estimate the core diameter

The core diameter estimated using this procedure was 192 nm. Since the core solution
concentration was kept constant in these trials (14%), it was assumed that the core diameter
did not change and only the sheath thickness increased with the increase in sheath

concentration from 2 to 6%. Accordingly, the sheath thickness was estimated by subtracting
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the core radius (192 +2 = 96) from that of the bicomponent fiber. The estimated values of the

sheath thickness for different samples are given in Table 4.13.

As described earlier, in the second set, PCL concentration was varied from 12 to 16% and
collagen concentration was kept constant at 4%. Accordingly, it was assumed that the sheath
area in the fiber cross-section was same in the samples produced in this set. This area,
assuming circular cross-section of the fiber, was determined from the sheath thickness value
for 4% collagen, which was estimated as described above. The area of the core was
determined by subtracting the area of the sheath from that of the bi-component fiber cross-
section. The core diameter value was then calculated from the area. The sheath thicknesses
for all the remaining samples were also estimated from these data. The values obtained are
given in Table 4.13. The values in the shaded regions in Table 4.13 correspond to the
samples produced in this research. All other values were estimated using the same principles
mentioned here. This simple exercise illustrates the way one can roughly deduce the

dimensions of the core and sheath components of the bicomponent fiber.
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Table 4.13: Estimated values of the sheath thickness and the core diameters in nanometers (nm) for various samples produced
using different combinations of sheath and core solution concentrations.

PCL solution concentration (%)

Collagen
Solution 12 14 16
Conc. (%)
Fiber Sheath Core Fiber Sheath Core Fiber Sheath Core
Diameter | Thickness | Diameter | Diameter | Thickness | Diameter | Diameter | Thickness | Diameter

2 268 94 80 320 64 192 495 35 424
4 418 169 80 453 130 192 590 83 424
6 551 235 80 578 193 192 690 133 424

The values in the shaded regions correspond to the samples actually produced in this research.
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4.6.1.4 Modeling of the effect of solution concentration

The effect of solution concentration on the overall fiber diameter was modeled using

statistical analysis. The data shown in Table 4.13 were subjected to ANOVA and regression

analyses. These were performed to identify the significance level of the effect of the solution

concentrations on fiber dimensions and to generate regression equations. Separate models

were prepared to identify the factors that affected the fiber diameter, the sheath thickness,

and the core diameter. The results obtained are shown in Table 4.14.

Table 4.14: Results of the statistical analyses

Effect Significant Factors R? Equation

Core diameter (CD) P2 1.00  CD = 1928 — (334*P)+ (15*P7)
P

Sheath thickness C 098 ST =291+ 30*C) — (20*P)

(ST) P

Fiber diameter (FD)  Collagen conc. (C) 098 FD =2109 + (61*C) — (316*P)

PCL conc. (P) +(13* P?)

p?

From the results, it is clear that the core diameter was purely a function of the PCL solution

concentration, as one could expect. Additionally, since the increase in core diameter with

PCL concentration was non-linear (see Table 4.13) the squared term of the concentration (P%)

was significant. Also, this analysis showed a perfect fit of the model as indicated by the R

value of 1.
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Sheath thickness, on the other hand, was found to be a function of both collagen and PCL
concentrations with the R? value of 0.98. Here, the term for the core (PCL) concentration is
significant because for larger core, sheath has to distribute over a larger surface area of the

core which causes a decrease in the sheath thickness.

The effect of solution concentrations on the fiber diameter is merely the combination of their
individual effects on the sheath and core dimensions. Accordingly, the terms for sheath
concentration, core concentration, and the squared term of the core concentration are all

significant with an excellent regression coefficient of 0.98.

Using the equations obtained in this exercise, the dimensions of a bicomponent fiber
produced using different collagen and PCL solution concentrations can be effectively

predicted.

4.7  In-vitro degradation of polymers

Structures of this investigation are supposed to be differentially biodegradable with the
sheath degrading faster than the core. Biodegradable scaffold structures are needed for
developing pure tissues for implantation. Accordingly, the degradation behavior of the
collagen-PCL nanofibers was examined. Hydrolytic degradation studies of the fibers were

performed using a buffered saline solution (PBS).
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Two samples were selected for this purpose. The samples differed in terms of the overall
fiber diameter and the collagen to PCL ratio by weight in each fiber. Both the samples were
prepared using 4% collagen solution. Two different PCL concentrations (12 and 16%) giving
different fiber diameters were used. Although the collagen concentration was constant,
different core diameters could be expected to lead to different sheath thicknesses. The fiber
diameter obtained using 12 % PCL was 418 £ 54 nm and that using 16% PCL was 590 £ 70
nm. These samples were selected to examine the effect of fiber diameter on the degradation
behavior. In this section, the terms 4C12P and 4C16P are used to indicate the smaller

diameter and larger diameter samples, respectively.

The samples were kept in the buffered solution for degradation for different time periods,
ranging from 1 hour to 30 days (720 hours). Degree of degradation was characterized using
various analytical techniques namely, change in morphology, weight loss, spectrographic
analysis, and elemental analysis. The morphology of the degraded samples was viewed using
SEM to observe the manner of degradation in terms of the change in fiber diameter and any
other change that may appear in fiber shape. The weight loss of each sample was determined
to estimate the amount of material lost during degradation. It was expected that collagen,
being in the sheath, would degrade first. Therefore, spectrographic analysis using FTIR and
elemental analysis using the CHN (carbon-hydrogen-nitrogen) analyzer were performed as
complementary techniques to confirm the loss of collagen. The results of these analyses are
given below. Finally, the weight loss behaviors of the samples were modeled to generate

predictive equations.
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4.7.1 Change in morphology

Specimens collected at different time intervals were examined for changes in morphology
using SEM. The images obtained for the samples 4C12P and 4C16P at each time interval are

given in Figures 4.37 and 4.38, respectively.

For both samples, it is seen from these images that after immersion in PBS, the adjacent
fibers tended to fuse with each other and form larger bundles. This was observed to be more
prominent in the first sample (4C12P). This could be because the smaller size fibers were

more flexible and could be drawn closer together relatively easily.

The diameters of the fibers were assessed after the first hour of degradation. The average
diameter of the sample 4C12P decreased from 418 + 54 nm to 360 £ 43 nm in the first hour
whereas the decrease in the sample 4C16P for the same time period was from 590 + 60 nm to
559 £ 53. Accordingly, within the first hour the diameter of the 4C12P fibers decreased by
about 13 % whereas that of the 4C16P decreased by only about 6%. Since, collagen was in
the sheath, the decrease in the fiber diameter suggests loss of collagen owing to degradation.
To support this hypothesis, spectrographic and elemental analyzes were performed (see
sections 4.7.3 and 4.7.4). The measurement of the diameter representative of the entire
sample was difficult for the samples degraded for other time periods. This was due to fiber

fusing and higher variation in diameter along the length of the fiber.
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Figure 4.37: SEM images showing the change in morphology for different degradation
periods (Sample 4C12P)
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Figure 4.38: SEM images showing the change in morphology for different degradation
periods (Sample 4C16P)

It is noted that the web structure maintained its general morphology and mechanical integrity

even after 30 days of degradation in PBS (Figures 4.37 and 4.38).
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4.7.2 Weight loss

Specimen weight before and after the degradation was recorded to determine the weight loss.

Table 4.15 lists the value of the percent weight-loss obtained at different time intervals for

the two samples. These data are plotted in Figure 4.39.

Table 4.15: Mean weight loss of collagen-PCL samples at different time intervals

4C12P 4C16P
Time Mean Time Mean
Interval weight loss Interval weight loss
(%) £SD (%) £SD
1 Hour 15.87 £0.25 1 Hour  12.11 +£0.57
6 Hours 17.68+1.04 6 Hours 14.08 £0.37
12 Hours  1839+1.01 12Hours 15.16%0.81
1 Day 20.76 £0.29 1 Day 16.19 £0.19
3 Days 20.63 £ 0.52 3 Days  17.01 £0.35
5 Days 21.12+£0.27 5Days 17.39+0.40
7 Days 21.89£0.29 7 Days 17.49 £ 0.30
15 Days 2248 +1.69 15Days 18.67+0.71
30 Days 22.16+1.76 30 Days  20.03 +0.92
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Figure 4.39: Weight-loss behavior of the collagen-PCL samples with respect to time

It is clear from the results (Table 4.15 and Figure 4.39) that the weight loss behavior was
highly time dependent. It was highest within the first hour, after which the degradation was
slow and gradual. From these data, it can also be observed that the fibers of different sizes
degraded at different rates. The percent weight loss for 4C12P was generally greater than that

for 4C16P. To find the reasons for these behaviors, following analyses were performed.

4.7.3 Spectrographical analysis

Fourier Transform Infrared Spectroscopy (FTIR) was performed to characterize the change
in the chemical structure of the sample due to degradation. This was done to identify the
presence of polymers in the bicomponent fibers in which degradation took place during the
30 day period. It was expected that the amount of the beam energy absorbed by the material
would decrease as a result of the decrease in the material * owing to degradation. Spectra of

pure collagen and pure PCL were first obtained to find the peaks pertaining to each material.
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4.7.3.1 Spectra of collagen and PCL
Figures 4.40 and 4.41 show, respectively, the spectrum obtained for pure collagen and pure
PCL. It can be seen that collagen has two prominent characteristic peaks between 1500 to
1700 cm™ and one peak at 3300 cm™. The peak at precisely 1547 cm™ arises from the N-H
bond bending and that at 1656 cm™ can be attributed to the C=0 bond stretching of the amide
linkage *. The peak at 3300cm™ arises from N-H stretching ** *. The PCL spectrum, on the
other hand, doesn’t contain any peak in these regions. A strong peak at 1725 cm™ represents

C=0 bond stretching in PCL ®.
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Figure 4.40: FTIR spectrum of pure collagen
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Figure 4.41: FTIR spectrum of pure PCL

4.7.3.2 Changes in spectra of collagen/PCL bicomponent fibers with degradation

Figures 4.42 and 4.43 show, respectively, the composite spectra obtained for 4C12P and
4C16P samples degraded at different time intervals. From the spectra obtained in the two
samples, it is observed that the two peaks between 1500 to 1700 cm™, and the peak at 3300
cm” decreased gradually and prominently over the 30 day period of degradation. By
comparing the spectra in Figures 4.42 and 4.43 with those in Figures 4.40 and 4.41, it can be
noted that the peaks which decreased in height belong to collagen. On the other hand, such
decrease is not observed in the peak at 1725 cm™ which belongs to PCL. The absorbance
values recorded for the collagen peak at 1547 cm™ and PCL peak at 1725 cm™ for different
degradation periods are given in Table 4.16. These data are also plotted in Figures 4.44 and

4.45.
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Figure 4.42: Composite spectra obtained from collagen-PCL (4C12P) samples degraded for
different time periods
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Figure 4.43: Composite spectra obtained from collagen-PCL (4C16P) samples degraded for
different time periods
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Table 4.16: Absorbance values (energy units) for peaks obtained in materials degraded for
different time periods

Degradation Absorbance of collagen peak  Absorbance of PCL peak at
period at 1547 cm™ 1725 cm™
4C12P 4C16P 4C12P 4C16P
Control 0.013+£0.002 0.012+0.003 0.140+£0.023 0.135£0.027
1 Hr 0.006 £ 0.001  0.005+£0.001 0.132+£0.020 0.140£0.022
6 Hrs 0.005+£0.001  0.005+0.001 0.143+£0.026 0.137x0.012
12 Hrs 0.004 £0.000 0.004 £0.000 0.145+0.022 0.134+0.020
1 Day 0.004 £0.000 0.004 £0.001 0.138£0.018 0.133 £0.023
3 Days 0.004 £0.000 0.004 £0.000 0.135+0.015 0.140£0.021
5 Days 0.004 £0.001  0.004 £0.001 0.140+0.013 0.138 £0.017
7 Days 0.003 £0.000 0.004 £0.000 0.137+£0.018 0.135+0.016
15 Days 0.003 £0.001  0.003£0.000 0.139+£0.022 0.140£0.023
30 Days 0.003 £0.001  0.003+£0.001 0.134+£0.025 0.141 £0.024
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Figure 4.44: Change in IR beam energy absorbance of collagen due to degradation. The peak
at 1547 cm™ was used to obtain the absorbance values.
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Figure 4.45: Change in IR beam energy absorbance of PCL due to degradation. The peak at
1725cm™ was used to obtain the absorbance values.

The reduction in the height of the peaks belonging to collagen indicates the decrease in the
collagen content due to degradation. It can also be noticed that the decrease in the peak
height was more initially and reduced over time, a behavior similar to that seen in the weight
loss analysis. No significant change in the height of the peak belonging to PCL suggests that
there was no significant degradation of PCL. This was expected for two reasons: PCL by
itself decreases at a very low rate and when surrounded by another polymer will degrade at

even a lower rate.

4.7.4 Elemental analysis

To assess the actual loss of collagen due to degradation elemental analysis was performed
using the CHN analyzer. In this technique, nitrogen content of the sample was assessed.

Since collagen is a protein, nitrogen is an integral part of the amide linkages (-NHCO-) that
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connect the successive amino acids. On the other hand, PCL does not contain nitrogen.
Accordingly, except for the presence of impurities from the solvents, the amount of nitrogen

in the bicomponent sample directly represented the amount of collagen in the sample.

Initially, nitrogen content of pure collagen was determined. The instrument reported the
amount of the gas in percentage of the weight of the polymer and hence was independent of
the actual weight of the polymer used. Accordingly, fifteen samples weighing between 0.5
mg to 5 mg were arbitrarily selected for the analysis. The average value is reported in Table
4.17. Similarly, the samples 4C12P and 4C16P were subjected to the analysis. Three
specimens for each sample were used. Based on the nitrogen content of pure collagen, the
amount of the polymer in the bicomponent sample, expressed as the percentage of the weight

of the sample, was determined. The values are given in Table 4.17.

Table 4.17: Nitrogen content in pure collagen and collagen/PCL bicomponent fiber samples
and estimation of the distribution of two polymers in the fibers

Estimated PCL %
Nitrogen content Collagen % in the

Sample %) sample (C) in the sample (P)
(P=100-C)
Pure collagen 12.12 £0.22 100.0 0
4C12P 3.27+£0.03 27.0+£0.3 73.0
4C16P 2.76 £0.01 22.8+0.1 77.2

Degraded samples were subjected to the same analysis to assess the collagen amount

remaining in the samples. Three specimens for each degradation time period were used for
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this purpose. The data are given in Table 4.18. Figure 4.46 shows the plot of percent collagen

loss against the degradation time.
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Table 4.18: Collagen content estimated from the nitrogen content in the degraded samples

4C12P 4C16P
Degr‘adation Clzﬁs;d:;(}/ c(l}lf:“il;a(}/ % Collagen Cl:ﬁi:d:;(}/ Residual % Collagen
time N % o tghe ¢ ingthe ®  loss from N % o tghe ®  collagen % loss from
the sheath in the sheath  the sheath
sample sheath sample
Control 327+£0.03 27.0£0.3 100 0 276 +£0.01 22.8%0.1 100 0
1 Hr 1.70£0.04 14.1+£0.3 52.1+£1.2 479+12 1.52+£0.01 12.5+0.1 549103 45.1+£0.3
6 Hrs 1.37+£0.06 11.3+0.5 419+1.9 580+19 1.14+0.01 9.4+0.1 41.5+0.2 58.5+0.2
12 Hrs 1.26£0.05 104+04 384+1.5 61615 1.11+£0.03 9.1£0.3 40.1£1.2 599+1.2
1 Day 1.03 £0.02 85+0.2 314+£0.6 68.6+0.6 0.98+0.05 8.1+£0.3 357+ 1.6 643 +1.6
3 Days 0.97 £0.04 8.0+0.3 296+ 1.2 704+1.2 0.81x£0.07 6.7+0.1 29.5+2.6 709+ 2.6
5 Days 0.86 £ 0.03 7.1+£0.3 26.2+0.9 73.8+£0.9 0.72£0.06 59+0.6 26.1+2.2 73.9+2.2
7 Days 0.82+£0.03 6.8+0.2 25.1+£0.8 749+0.8 0.70£0.02 58102 253+0.6 74.7+0.5
15 Days 0.57£0.02 57+£0.2 209+ 0.6 79.1£0.6 0.55%0.01 45+0.1 199+ 0.4 80.1£0.3
30 Days 035+0.16 43+13 159+4.1 84.1+£4.1 0.43+0.04 3.7+£0.5 163+ 1.5 84.5+1.5
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Figure 4.46: Plot showing percent collagen loss against the degradation time for the two
collagen/ PCL bicomponent samples

The decrease in collagen amount in the sample with time confirms that the collagen was
degraded. The trends in the plot shown above are similar to those observed for the percent
weight loss of the samples (see Figure 4.39). It is interesting to note that the trends for the
two samples in Figure 4.46 essentially overlap. T-tests were performed to obtain the
statistical significance of the difference in the collagen mass loss behaviors of the two
samples. The results are given in Table 4.19, which show that overall there is no statistical
difference in the values except for the first hour and one day (24 hrs) time periods. This
difference could be due to the measurement error. It can, therefore, be inferred that the

degradation of collagen was independent of the fiber diameter.
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Table 4.19: Statistical significance of the difference in the percent collagen mass loss in
4C12P and 4C16P determined by the T-test at 95% confidence interval

Degradation time P-value Significance
1 Hr 0.04 Significant
6 Hrs 0.67 Not significant
12 Hrs 0.19 Not significant
1 Day 0.01 Significant
3 Days 0.93 Not significant
5 Days 0.96 Not significant
7 Days 0.73 Not significant
15 Days 0.16 Not significant
30 Days 0.62 Not significant

The difference in the percent weight loss behavior of the two samples shown in Figure 4.39
is, therefore, due to the difference in the collagen percentage in the samples. In other words,
since the amount of collagen relative to PCL in the sample 4C12P (27:73) was slightly more
(about 4%) as compared to that in the sample 4C16P (22.8: 77.2), for the same amount of

loss of collagen in the two samples, the percent weight loss of the 4C12P sample was higher.

4.7.5 Modeling of the collagen weight loss behavior

Simple mathematical approach was adopted to model the observed behavior of collagen
degradation from the nanofiber sample based on the data given in Table 4.18. As mentioned
in the previous section, the degradation rate of collagen in the collagen/PCL bicomponent

fibers decreased with respect to time. This can be described as follows:
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Eq. 4.1
7 & (Eq. 4.1)

~ | =

Where, ‘C’ is the percent weight loss of collagen in the sheath at time ‘¢’, and ‘dC / dt’ is the

degradation rate of collagen sheath. Therefore,

ac A
= Eq. 4.2
Friali: (Eq. 4.2)
Where, ‘4’ is a constant. Integrating both sides with respect to ‘dt’,
— dt = ] dt (Eq.4.3)
we can obtain,
C=Aln(t)+ B (Eq. 4.4)

This equation explains the collagen weight loss behavior as a function of time. The equation
also represents a straight line, with slope ‘4’ and intercept ‘B’. Accordingly, if the percent
weight loss of collagen is plotted against the natural logarithm of time, a straight line can be
obtained (Figure 4.47). The intercept B shows the percent weight loss of collagen during the

first hour of degradation.
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Figure 4.47: Plots of percent collagen weight loss against the natural logarithm of time for
the two nanofiber samples

These data were subjected to the regression analysis to find the slopes and the intercepts for

the two samples. The results obtained are given in Table 4.20.

Table 4.20: Results obtained by the regression analysis

Regression
Sample Slope (A) Intercept (B) coefficient (R2)
4C12P 5.284 48.69 0.987
4C16P 5.794 46.03 0.994

Very high regression coefficients indicate that the models show an excellent fit and can be
used to predict the degradation behavior of the collagen sheath in the collagen/PCL
bicomponent nanofiber samples. The above results indicate that about half of the collagen is

lost in the first hour of treatment with PBS and the loss thereafter is much slower.
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Different biodegradable polymers have different modes of degradation. Two primary modes
described in the literature are: bulk erosion and surface erosion *’. The former is common
among hydrophilic polymers and the latter among hydrophobic polymers. Water penetrates
into the bulk of a hydrophilic polymer and erodes the material throughout its entire volume.
This results into the disintegration of the bulk of a polymer. Hydrophobic polymers, on the
other hand, resist the penetration of water into the bulk. Accordingly, the erosion occurs only

at the surface and the material becomes thinner over time.

A rapid degradation of collagen within the first hour, observed in this research, indicates the
bulk erosion process. However, another mode of degradation is apparent as the rate of weight
loss of collagen decreased logarithmically over time. To explain this, it has been speculated
that there exists an increasingly stronger mechanical interaction between collagen and PCL
molecules going from the surface towards the PCL core. This may be due to the mixing of
the polymer chains of the two materials during the spinning process. Accordingly, the bulk
erosion process is increasingly hindered due to the presence of hydrophobic PCL within the
collagen bulk which, perhaps, causes the decrease in the degradation rate of collagen. A
detailed study to evaluate the macromolecular structure of the collagen-PCL bicomponent

nanofiber is, however, required to support this hypothesis.

4.8 Cell-culture studies

The cell culture studies were performed to evaluate the viability of the nanofiber structures

for cell growth and cell differentiation. It was hypothesized that the use of collagen as a
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sheath would improve the biocompatibility of the PCL nanofiber scaffolds. Therefore, to test
this hypothesis, cell growth behavior was examined using both bicomponent (collagen-PCL)
and monocomponent (PCL) scaffolds. Human adipose derived adult stem cells (hADASCs)
were used for this purpose. The cell growth behavior was characterized using three assays:
Cell viability, cell proliferation, and cell differentiation. The results obtained and the

explanations of the reasons are given below.

As a part of the joint project with the Biomedical Engineering (BME) Department, the actual
cell culture work was performed by Ms. Carla Haslauer (Graduate student, BME) under the

guidance of Dr. Elizabeth Loboa (Asst. Professor, BME).

4.8.1 Cell viability

This assay was performed, as a first approach, to assess the effectiveness of the scaffolds to
support the cell survival. This was done by using the fluorescent dyes that stain the living and
dead cells differently. After initial cell seeding, the assay was performed at different time
periods: 24, 48, and 72 hrs, and 1, and 2 weeks. The images obtained are shown in Figure
4.48, in which the green dots represent living cells and red indicate dead cells. It is seen that
the majority of the cells were alive on the scaffolds at all time periods. However, there was a
clear difference in the way the cells occupied the scaffold surface. It was observed that the
cells spread out uniformly on the bicomponent scaffolds whereas the cells existed in
localized clusters on the pure PCL scaffold. This difference in the cell distribution was

present up to 72 hours of the cell proliferation activity. However, after 1 week, there was no
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difference in the cell spreading pattern on the two scaffolds. This behavior could be
attributed to the general hydrophobic nature of the PCL polymer. Initially, after cell seeding,
it was observed that the surface of the scaffold was not wetted completely and the scaffold
tended to float in the media. After a week, however, the scaffold seemed to be wet
completely. This could be because of the adsorption of the proteins from the media onto the
scaffold surface which made the material more hydrophilic. This would result into a more
uniform spreading of the cells onto the surface. Collagen, being hydrophilic on the other

hand, supported the cell spreading from the very beginning after the cells were seeded.

After 1 and 2 week time periods, the two scaffolds were viewed using a laser scanning
confocal microscope. This allowed the assessment of cell viability at various depth levels (up
to 60 um) into the scaffold. It was expected that at these time periods, the cells would
infiltrate the scaffold at different levels. The composite images generated by merging the
individual ones acquired at various depth levels are shown in Figure 4.48 for these time
periods. It can be clearly seen that the majority of the cells were alive in various layers within
the scaffolds. This shows that both the scaffolds supported the cell growth in spite of the
material differences. The pore size and its distribution in the scaffolds are important and are
expected to affect the cell migration deep into the scaffolds. However, these parameters were

not characterized in this body of work. This may be the topic for further research.
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Figure 4.48: Cell viability images for collagen-PCL and PCL scaffolds obtained at different
time periods
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4.8.2 Cell Proliferation

After confirming the viability of the cells, cellular proliferation study was performed to
estimate the extent of the cell growth on the scaffolds. The cells were stained using the

AlamarBlue™ dye and the fluorescence was measured using the microplate reader.

Proliferating cells reduce the dye causing the color change from blue to pinkish purple.
Therefore, the amount of the fluorescence of this color directly gives an estimation of the
number of proliferating cells. The difference between the reduction of the dye by the
bicomponent scaffold and that by the monocomponent scaffold was determined by taking the
ratio of the two. The average values obtained for different time periods are given in Table

4.21.

Table 4.21: Ratios of the reduction of the AlamarBlue dye by the bicomponent (A) scaffold
to that by the monocomponent (B) scaffold.

Time A/B=x=SD
24 hrs 1.03 +£0.06
48 hrs 1.05+£0.05
72 hrs 1.06+0.14
1 week 1.06 +0.12
2 weeks 1.02+0.12

These data show that there was no statistically significant difference between the number of

proliferating cells on the collagen-PCL and the pure PCL scaffolds at any time during the
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study period. Therefore, it can be concluded that even though the cells were spread out in the
localized areas on the PCL scaffolds, they could still proliferate by the same amount as they

did on collagen-PCL.

A plausible reason for this is the difference in the surface areas of the two scaffolds. The
average fiber diameter in spinning the two scaffolds was not controlled. In case of the
bicomponent fibers, the average fiber diameter was 442 + 45 nm and that for the
monocomponent PCL was only 280 = 51 nm. This difference in surface areas (PCL >
Collagen-PCL) could be expected to have caused better adhesion of the cells on the PCL
scaffolds. It has been shown by Shih et al. that the cell proliferation is a function of fiber
diameter and the smaller the diameter, the better the proliferation *. However, although the
fiber diameter in case of the collagen-PCL bicomponent scaffolds was larger, the cell
proliferation on these was comparable. This indicates that the cell proliferation was

facilitated in these scaffolds by their improved biocompatibility for the cells.

4.8.3 Cell Differentiation

The potential of the scaffolds to support the cell differentiation in osteogenic pathway was
examined in this study. To initiate the differentiation, the cells were grown in osteogenic
medium for two weeks following culture in complete growth media for an initial 7 days.
When stem cells differentiate into osteoblasts (bone cells), they start depositing calcium to
form bone. Therefore, the amount of calcium deposition can be effectively used to estimate

the extent of cell differentiation onto the scaffold.
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Liquicolor assay was used for this purpose. The results obtained using three different cell

lines from three donors are given in Figure 4.49.
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Figure 4.49: Calcium deposition onto the scaffolds as a measure of cell differentiation

It is clear from the results that the calcium deposition was about five times higher on the
bicomponent scaffolds for all the cell lines used in this study. Considering the fact that the
number of proliferating cells on the two scaffolds after two weeks was the same (see section
4.8.2), this result clearly shows that the cell differentiation was due to the presence of

collagen.

As an explanation for the result, it has been widely accepted that by mimicking the native
environment of the cells (i.e. the extra cellular matrix, ECM), both physically and
chemically, the cell-scaffold interaction can be enhanced '*. This interaction has been shown

to be critical for the cell growth and its functioning *°. Collagen (Type I) is the most abundant
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protein in the ECM of the structural tissues such, as the bone, and is produced by the
osteoblasts. Therefore, the use of Type I collagen in the scaffold material provides the
required chemical environment to the cells in that it provides cell recognition sites such as

the RGD (arginine-glycine-aspartic acid) amino acid sequences for the cell attachment *°.
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5. SUMMARY AND CONCLUSIONS

5.1 Summary

The goal of this work was to be able to develop core-sheath nanofiber scaffolds of desired
morphologies and properties using natural and synthetic biodegradable polymers for tissue
engineering. To achieve this goal the newly emerged co-axial electrospinning technique was
used. Although, a few studies have been published that describe the process, the knowledge
about various parameters that influence the process and control the morphology was limited.
Therefore, the first objectives of the current research were to (1) develop the technology
required to produce uniform and reproducible core-sheath nanofiber structures using
combinations of natural and synthetic biodegradable polymers, (2) develop an understanding
of the effects of the process and material factors on fiber morphology, and (3) develop

criteria for engineering scaffolds with desired morphologies and properties.

Since the prepared structures were designed to be biodegradable, a second objective was to
examine and characterize the in-vitro degradation behavior of selected structures. These were
then subjected to cell culture studies to determine their cell viability potential for tissue

engineering.

Initial studies were aimed at understanding the spinning process and identifying factors that
produced significant effects. In these, PVA and PEO were used as the sheath and the core

polymers, respectively. Two sets of solvents were used to dissolve polymers. The first system
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consisted of chloroform for the core and de-ionized water for the sheath and the second
consisted of water for both the sheath and the core materials. With the first set of solvents, it
was found that the core-sheath morphology seldom developed due to two reasons: high
interfacial tension between chloroform and water (33 dynes/cm at 25 °C) which affected the
formation of stable composite Taylor cone, and the high volatility of chloroform (194.24
mmHg vapor pressure at 25 °C) that hampered the stability of the process. The use of water
as the solvent for the two polymers essentially eliminated the interfacial tension between the
solutions. Also, low vapor pressure of water (23.76 mmHg at 25 °C) allowed a stable cone
formation. With the use of water as the solvent, uniform core-sheath fiber morphology could

be obtained.

Our goal was to develop scaffolds of bicomponent fibers containing a natural polymer as the
sheath and a synthetic polymer as the core. Gelatin and collagen were selected for the former
and PCL for the latter. Each of these polymers was electrospun individually to identify
optimum conditions before combining them to produce bicomponent fibers. Glacial acetic
acid was chosen as the common solvent for gelatin and PCL and HFIP as the common

solvent for collagen and PCL.

The electrospinning behavior of PCL in glacial acetic acid was investigated in somewhat
greater depth. This was done because PCL has been used extensively for tissue engineering
purposes and its spinning behavior with the acetic acid has not been reported in the literature.

In the initial studies, it was found that homogeneous nanofibers could not be obtained from
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PCL dissolved in acetic acid due to the lack of solution conductivity. This problem was
alleviated by adding an organic base pyridine to the solvent. The acid-base reaction caused
the formation of weak salt complexes that served to enhance the solution conductivity. This
resulted in the production of uniform bead-free nanofibers from PCL. Fiber diameter as small
as 150 nm, could be obtained with this approach. Also because the salt was volatile, no traces
of it remained in the final product. Results showed that the requirement of conductivity
(amount of pyridine needed in the solution) to produce bead-free nanofibers decreased with
increase in polymer concentration. For example, for 10% polymer concentration, the required
pyridine was in excess of 2%, whereas for 17.5% polymer concentration, the pyridine
required was only 0.2%. It was also noted that with increase in pyridine amount in the
solution, the solution viscosity increased, which led to an increase in fiber diameter. The
change in fiber diameter with change in salt and polymer concentration could be predicted

with a model with a correlation coefficient (R?) value of 0.99.

Spinning behaviors of PCL in HFIP, gelatin in glacial acetic acid, and collagen in HFIP were
examined next. In these experiments, it was observed that by increasing polymer
concentration in the solution, homogeneous bead-free fibers could be obtained. This was
attributed to the increased polymer chain entanglements with concentration, which
suppressed the jet break up and prevented the bead formation. For PCL, the minimum
required concentration was 12%, whereas for gelatin and collagen, it was 8% and 5%,
respectively. With these solutions, the increase in conductivity by additional means, i.e.,
addition of a salt, was not necessary as either the solvent (HFIP) or the polymer used (gelatin

or collagen) was polar enough in nature to lead to bead free nanofibers. Fiber diameters as
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small as 163 nm in case of gelatin and 180 nm in case of collagen were obtained in these
experiments. The fibers obtained from PCL in HFIP were, however, larger in diameter (850
nm). This result indicated that although the conductivity of the PCL solution was sufficient to
suppress the formation of beads, it was not large enough to generate high elongational force

in the jet to lead to nano-sized fibers.

The polymers were then spun together to produce bicomponent fibers. In these trials, the
effects of various processing parameters, i.e. applied voltage, solution flow rates, and
polymer concentrations, on fiber morphology and dimensions were investigated. It was
observed that applied voltage played a major role in controlling the core-sheath fiber
formation. The desired stable composite Taylor cone, which led to bicomponent fibers,
formed only when the voltage was maintained within a specific narrow range. This range
primarily depended on the solution flow rates in that the higher rates required higher voltage
to obtain the maximum cone stability. At the optimum voltage, uniform core-sheath fibers
with narrow fiber diameter distribution were obtained from gelatin-PCL and collagen-PCL

combinations.

The effects of polymer concentrations and flow rates were investigated. Sheath and core
polymer concentrations showed significant effects on fiber diameter and morphology. For
example, by varying collagen solution concentration in the sheath from 2 to 6%, while
keeping PCL concentration in the core constant (14%), the overall fiber diameter changed
from 320 £ 53 to 578 + 49 nm, presumably due to increase in the sheath thickness. Similarly,

by increasing PCL concentration in the core from 12 to 16%, while maintaining collagen
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concentration at 4%, the overall fiber diameter increased from 418 + 45 to 590 + 60 nm,
presumably due to increase in the core diameter. However, the trends observed in the two
cases were different in that the effect of PCL concentration on fiber diameter was non-linear
whereas that of collagen concentration on fiber diameter was linear. The non-linear effect of
PCL concentration on fiber diameter was attributed to the expected non-linear increase in
solution viscosity with concentration. In the case of collagen, it appeared that the polymer
formed a suspension, not a solution, when dissolved in HFIP. What impact this has on
viscosity is not known. If viscosity changed with concentration, it is speculated that the
change would be linear and this would produce a linear change in diameter. Even if the
viscosity did not change with the concentration, it is expected that the sheath thickness will

change linearly with concentration.

Solution flow rates were also observed to have a direct impact on fiber diameter and
morphology. For example, in case of gelatin-PCL spinning, an increase in the solution flow
rates from 150 pl/ hr to 300 ul/ hr (sheath and core rates equal) caused an increase in fiber
diameter from 325 nm to 492 nm. Detailed studies on the effect of flow rates also indicated
that uniform sheath-core morphologies were obtained only if the core flow rate was less than

or equal to that of the sheath.

Prepared collagen-PCL structures were subsequently examined for their in vitro hydrolytic
degradation behavior in PBS solution. Two different samples, 4C12P and 4C16P, with
different average fiber diameters, 418 + 45 nm and 590 + 60, respectively, were selected for

this purpose. The degradation behavior was characterized using morphological, weight loss,
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spectrographical, and elemental analyses. Owing to degradation, the fiber diameters for the
two samples decreased significantly within the first hour. For 4C12P, the average diameter
decreased by 13%, from 418 nm to 360 nm, and for 4C16P, it decreased by 6%, from 590 nm
to 559 nm. The degradation only appeared to take place in the collagen sheath and not in the
PCL core. The decrease in collagen mass was almost about 50% in the first hour. The
degradation continued after the first hour but at a continuously decreasing rate. At the end of
the thirty day period of observation, although collagen had lost most of its mass and

morphology, the sample retained its structural integrity.

The degradation behavior of collagen could be modeled using a simple mathematical
approach. It was shown that the mass loss of collagen was proportional to the natural
logarithm of degradation time. The models developed showed an excellent fit as deduced
from very high values of regression coefficients (R?), 0.98 and 0.99 for 4C12P and 4C16P,

respectively.

Collagen-PCL bicomponent fibers were characterized for their ability to support cell growth
for use in tissue engineering applications. Human adipose derived adult stem cells
(hADASCs) were used for this purpose. The cell growth behavior on the scaffolds was
characterized at different time intervals (24, 48, 72 hrs, 1week, and 2 weeks) using three

assays: cell viability, cell proliferation, and cell differentiation.

Cell viability assessed the effectiveness of the collagen-PCL and PCL (control) scaffolds to

support the cell survival. In this assay, it was found that the majority of the cells were alive

159



on both scaffolds, but during the first week of culture, the cells spread out differently on the
scaffold surfaces. On collagen-PCL scaffolds, cells occupied the entire surface uniformly; on
PCL control, in contrast, the cells were concentrated in segregated areas. This behavior was
attributed to the hydrophobicity of PCL which prevented the surface from wetting by the
culture media and, therefore, led to cells being present nonuniformly over the surface. After 1
week, however, the cells spread out evenly on the PCL scaffold surfaces as a result of
increased hydrophilicity. This can be explained by the assumed adsorption of the proteins

from the culture media during the first week of culture.

Cell proliferation assay was performed to assess the extent of cell growth on the two
scaffolds. This was done by measuring and comparing the amount of fluorescence emitted by
the stained proliferating cells on the two scaffolds. The results showed no statistical
difference between the cell growth behaviors on the collagen-PCL and the PCL scaffolds.
This was ascribed to the differences in the average fiber diameters of the scaffold structures
(442 £ 45 nm for the bicomponent and 280 &= 51 nm for the monocomponent scaffold) and in
the biocompatibilities of the two. The smaller fiber diameter in PCL (control) scaffolds
provided larger surface area for the cell attachment and proliferation. However, although the
fiber diameter was larger in the collagen-PCL bicomponent scaffolds, the improved
biocompatibility due to collagen caused the cell proliferation to occur by about the same

amount.

The potential of the scaffolds to support cell differentiation in osteogenic pathway was

characterized using the cell differentiation assay. This was done by measuring and comparing
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the amount of calcium deposited by the differentiating cells on the two scaffolds after two
weeks of culturing in the osteogenic media. It was discovered that the calcium deposition
was about five times higher on bicomponent scaffolds than that on the PCL control. This
clearly indicated that the higher cell differentiation was due to the improved biocompatibility

of the scaffolds due to the presence of some collagen remaining as the sheath.

5.2 Conclusions

The major conclusions derived from this investigation are as follows:

e For the preparation of uniform nanofibers from collagen, gelatin, and PCL, a certain
minimum solution concentration of the polymer was required. This ensured a sufficient
degree of chain entanglements in the solution to form homogeneous fibers. The near
minimum concentration required was 5 % for collagen, 6 % for gelatin, and 12 % for

PCL (dissolved in HFIP).

e To electrospin homogeneous bead-free nanofibers from the PCL solution in glacial acetic
acid, improvement of solution conductivity was required. This was done by adding an
organic base pyridine in the solutions. Only a small amount of pyridine (0.2 to 5%) in the
solution helped form uniform bead-free nanofibers. The amount of pyridine needed
depended directly on the polymer concentration in the solution. Higher polymer

concentration required smaller amount of the conducting compound and vice versa. The
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results also showed that by changing the pyridine amount and PCL concentration in

acetic acid, fibers of desired diameter, in the range 150 to 850 nm, could be produced.

For developing sheath-core bi-component fibers from electro-spinning, it was necessary
that a stable compound Taylor cone formed that ensured a continuous incorporation of

the core into the sheath.

High interfacial tension between the sheath and the core solutions and high solvent
volatility affected the stability of the compound Taylor cone. It is, therefore, concluded
that a common solvent should be used to dissolve the two polymers in order to eliminate
the interfacial tension between the solutions. Also, it is suggested that the solvents used
should possess low vapor pressure. The solvents used, i.e. water, glacial acetic acid and

HFIP, all have satisfactorily low vapor pressure for use in electo-spinning.

For developing uniform core-sheath bi-component structures, it was observed that the
applied voltage used was critical and generally should lie in a very narrow range. The
value of the optimum voltage depended primarily on the solution flow rates wherein the

higher rates required higher value and vice versa.

Sheath and core polymer concentrations were found to directly affect the sizes of the
individual components and through them the diameter of the fiber. Increase in PCL
(core) concentration increased the fiber diameter indicating that the core diameter

increased with concentration. The change was non-linear which was ascribed to the non-
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linear increase in solution viscosity with concentration. With the increase in collagen
(sheath) concentration, fiber diameter increased linearly suggesting an increase in the

sheath thickness.

Sheath and core solution flow rates were noted to have a direct impact on fiber
dimensions and morphology. An increase in flow rate of a component caused an increase
in the size of that component in the fiber. For uniform formation of core-sheath fibers, it
was found necessary that the flow rate of the core solution was less than or equal to that

of the sheath.

Collagen- PCL bicomponent structures were characterized for their in vitro degradation
behavior. FTIR and elemental analyses showed that only collagen from the sheath
degraded within the observed period of degradation. The degradation rate was found to
be highly time dependent in that the rate decreased continuously over time. The mass loss
behavior of collagen was modeled using a mathematical approach. The model
characterized by R* > 0.98 suggested that the degradation rate of collagen was

proportional to the natural logarithm of time.

Cell culture studies using Collagen-PCL bicomponent scaffolds showed that the use of
collagen in the sheath improved the hydrophilicity and initial biocompatibility of the
structure. Bicomponent scaffolds provided more uniform cell seeding on the scaffold
surface during the first week of culture, and offered higher potential for the stem cell

differentiation as compared to the PCL controls.

163



As a general conclusion based on the results of this investigation, it can be stated that
differentially biodegradable sheath-core nanofiber structures of predictable morphologies can
be produced using the electro-spinning technology if each of the material and spinning
conditions used is studied and optimum value identified. These structures, as had been
visualized prior to the start of this work, show superior cell growth and differentiation
behavior than found on the mono-component PCL control, which had been used extensively

in tissue engineering heretofore.
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6. RECOMMENDATIONS FOR FURTHER RESEARCH

The current research demonstrated the efficacy of producing core-sheath bicomponent
nanofibers using different polymers. Such structures show great potential for variety of
applications many of which will no doubt require high mechanical integrity and stability.
The mechanical behavior of such hybrid structures has not been investigated and modeled
thus far. It is suggested that the mechanical properties of these structures be measured,

understood and modeled.

For tissue engineering applications, the degradation rate of the structure is critical. In this
work, the degradation behavior of collagen-PCL was examined. It was observed that the
initial degradation rate of the collagen sheath was very high. It is suggested that the
degradation rate be examined more in depth and ways and means of varying and controlling
it be discovered. This approach may include the optimal cross linking of the polymer by the
use of biocompatible cross-linking agents. The effect of such cross-linking on the mechanical

properties of the structure should also be investigated.

Collagen was used in this study with the hypothesis that it, being a part of the native extra-
cellular matrix (ECM), will improve the cell growth behavior on the scaffold. The ECM also
contains other compounds that play critical roles to maintain cellular functions. Such
compounds include elastin, laminin, vitronectin, fibronectin, glycosaminoglycans (GAGs)
etc. The inclusion of such materials in the sheath along with collagen may further improve

the cell growth behavior on the scaffold. This should be investigated.
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The goal of tissue engineering is to be able to generate a substitute tissue or organ that can be
implanted into the body. For this purpose, a three-dimensional scaffold that resembles the
shape of the tissue (e.g. liver, kidney, bone etc.) is required. A suitable collector design that
will enable the preparation of 3-D scaffolds of different sizes and shapes should be

developed.
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Appendix A: The use of a grid cage in electrospinning set-up

In separate experiments pertaining to the single solution electrospinning, a stainless steel grid
cage to surround the entire electrospinning set up was used. The cage was developed in an

effort to achieve a focused deposition of the fibers on the collector.

The set-up is illustrated in Figure 8.1. The cage was connected to a separate high voltage
power supply (PO12HP2.5, Acopian, Easton, PA) and was kept at the same polarity (positive)
as the capillary needle. The same polarity caused the jet to travel primarily to the grounded
collector plate. The cage was charged to different potentials (zero to capillary needle voltage)

to find an optimum voltage that gave the most focused fiber deposition on the collector plate.

Figure 8.1: Electrospinning set up with a grid cage , A: Syringe pump, B: Plastic syringe
with polymer solution and metal capillary needle, C: Collector plate, D: Stainless steel grid
cage, E: Whipping polymer jet, F: High voltage power supply to the needle, G: High voltage
power supply to the cage
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Solutions prepared by dissolving 17.5% PCL in acetic acid were used in this study. Various
cage voltages were used in order to find an optimum one that offered the most focused fiber
deposition. For this purpose, cage voltages were varied from zero to the value that exceeded
the needle voltage. Cage voltages higher or equal to that of the needle resulted in no jet
formation from the pendant droplet of the solution at the tip of the capillary. Cage voltage of
zero caused the fiber deposition on the cage itself. Also, in this case, the collector was
completely covered with the fibers and no focused fiber deposition was observed. The
highest focused fiber deposition occurred when the cage voltage was half as much as that of

the needle. This caused about 40 % decrease in the area of the fiber deposition (see Figure

8.2).
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Figure 8.2: Diameter of the fiber deposition area on the collector plate with and without the
use of charged grid cage. The tests were performed with a 15 cm tip-to-collector distance.

These results show that such a set-up can be effectively used to reduce the fiber deposition

area in order to obtain a thicker nanofiber web in a shorter period of time.
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Appendix B: The use of stainless steel disc fixed onto the capillary needle

Specialized uses of electrospun nanofiber structures demand uniformity in terms of fiber
diameter and the homogeneity of the fiber morphology, which could be hampered by an
unstable process. In the conventional electrospinning set up, the electric field is not
uniformly distributed between the capillary and the collector. The charge density is highest at
the tip of the capillary and it decreases gradually towards the collector. This causes
disturbances at the tip of the capillary at some situations, which may affect the overall
stability of the process and consequently the uniformity of the fibers. A stable process is the
one in which the jet emerging from the capillary is sustained and the Taylor cone is
maintained over time without changing the shape. Particularly, a stable process is essential
when a co-axial set up is used to produce core-sheath nanofibers. In this case, in order to
generate a co-axial jet of core and sheath polymer solutions, a stabilized compound Taylor
cone is required. In an effort to obtain such stability, a capillary needle with a stainless steel

disc (diameter: 1 cm, thickness: 5 mm) was used. This is illustrated in Figure 8.3.

Figure 8.3: Schematic of the capillary with the annular cylinder A: Capillary needle, B:
Stainless steel disc
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It was hypothesized that the increased annular cross-sectional area of the capillary would
help distribute the electric charge over a wider area of the tip and would locally align the

electric field near the tip. This would stabilize the Taylor cone.

Different sets of images in Figures 8.4 and 8.5 show the effect of using the disc on the
stability of the Taylor cone. Figure 8.4 shows the use of a smaller capillary needle (0.2 mm
ID) and Figure 8.5 shows the use of a bigger capillary (0.5 mm ID) needle. PCL solution in
glacial acetic acid and pyridine was used in this study. It was observed that the use of the disc

helped stabilize the Taylor cone.
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Figure 8.4: Illustration of the effect of the disc on the stability of the Taylor cone. Group A:
no disc, Group B: disc fixed onto the needle. Needle ID- 0.2mm.
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Figure 8.5: Illustration of the effect of the disc on the stability of the Taylor cone. Group A:
no disc, Group B: disc fixed onto the needle. Needle ID- 0.5mm.

180



The effect of the use of the disc on the uniformity of resultant fiber structure was not
investigated. Also, a detailed study to examine the effect of the dimensions (diameter and
thickness) of the disc on the cone stability and the morphology of the fiber structure was not

performed.
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Appendix C: Initial set-up for the co-axial electrospinning

Initially, the co-axial spinneret assembly devised using two syringes and the two capillary
needles (see Figure 3.2) was fixed onto a single syringe pump. This is illustrated in Figure

8.6.

Figure 8.6: Dual syringe set-up on the syringe pump, A: Front syringe, B: Back syringe, C:
Dowel rod, D: Pusher block, E: Stationary box to hold front syringe, F: Clamps to hold back
syringe

The plunger of the back syringe (B) was fixed in the pusher block (D). A forward movement
of the block caused the constant delivery of the core solution held in the back syringe. A
piece of dowel rod (C) was inserted in between the block and the plunger of the front syringe
to transfer the motion to the syringe (A) holding the sheath solution. This mechanism
allowed dispensing of the solutions from both the syringes simultaneously without using two
different syringe pumps. To set different dispensing rates (flow rates) for front and back

syringes, different sized syringes were used.
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