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a b s t r a c t

Uniform and beads free fibers of pristine syndiotactic PMMA (s-PMMA), isotactic PMMA (i-PMMA), and
their blends in the ratio of s:i ¼ 3:1, 1:1 and 1:3 were successfully prepared using the electrospinning
technique. The tactic PMMA blend fibers showed unique thermal stability and glass transition temper-
atures compared to their pristine counterparts. An interesting endotherm peak was observed for the
s:i ¼ 1:3 electrospun fibers, which might indicate a complex formation between the two tactic PMMAs.
Systematic surface functionalities study by attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) revealed the interactions between these two tactic PMMAs. Biocompatibility of
tactic PMMA and their blend fibers was first time comparably investigated using HeLa as the model
mammalian cell line; an intriguing observance was first revealed that the blend fibers showed better
biocompatibility than both pristine ones, though the behind mechanism is not well understood yet.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(methyl methacrylate) (PMMA), a member of acrylics, has
found many applications in various fields owing to its excellent
physicochemical properties, such as fire retardants [1], humidity
sensors [2], and energy absorptive materials [3]. PMMA is non-
degradable and generally considered biocompatible, thus pristine
PMMA as well as PMMA-based derivatives has served biological
functions clinically including dental fillings [4,5] and bone cements
[6], used as substrates in biological devices such as the so-called
BioMEMS [7e9], and explored as drug delivery vehicles [10,11]
and functional wound healing construct [12]. So far most biocom-
patibility studies of PMMA based biomaterials focus on chemical
compositions [12,13], porosity of the structure [12], surface func-
tionalization [14,15] and size range of the polymeric nanoparticles
[10,11], while the effect of stereochemical variations has rarely been
discussed though it may play a significant role in the physico-
chemical and biological behaviors of the polymeric biomaterials
[16]. PMMA has a vinyl backbone and two pendant groups of
methyl and ester groups attached. As seen in Fig. 1, structure wise
syndiotactic and isotactic PMMA differ in the arrangement of
pendant groups. In syndiotactic PMMA, similar groups are arranged
alternately along the polymer chain backbone, whereas in isotactic
PMMA they are arranged on the same side.

Tactic PMMAwas first reported by Fox [17] several decades ago,
and since then there have been extensive explorations on the
preparation of tacticity-controlled PMMA [18e22], and also of ef-
fects on the respective physicochemical properties of PMMA and
PMMA-based composites/blends, such as miscibility of tactic
PMMA with other polymers [23e26], adsorption and permeation
behaviors of different PMMAs [27e29], and surface activity [30,31],
to name a few. Tacticity greatly affects glass transition temperatures
and chain stiffness in PMMA. In polymers where tacticity effects are
predominantly observed, the Tg observed for different tactic forms
is in the following order Tg (syndiotactic) > Tg (atactic) > Tg (isotactic) [32].
Chain Stiffness differs in syndiotactic and isotactic PMMA, and they
show a characteristic ratio of C∞ of 7.2 and 10.2 Å2 for s- and i-
PMMA respectively [33-35].

PMMA in bulk has high compressive strength but low tensile
modulus. The applications of PMMA in regenerative medicine
many times require it to be highly flexible and porous in order for
the targeting tissue to have better access to air as well as nutrients
and therapeutic drugs [36]. Among various physical forms (parti-
cles, films, fibers etc.), fibrous materials especially at the micro-
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Fig. 1. Structures of (Top) s- and (Bottom) i-PMMA (where R is CH3).

J. Sharma et al. / Polymer 55 (2014) 3261e32693262
and nano- diameter scale behave differently [37e39], and have
great potential to render high porosity and large density of func-
tional groups [40], as they have increased surface area-to-volume
ratios [41] and this contributes to their unusual properties. Thus,
as the diameter of fiber decreases, the surface area increases
which in turn leads to an increase in the availability of surface
functional groups. The percentage of surface functional groups of a
polymer fiber can be estimated as 100 pd/D where d is the
diameter of polymer chain and D is the diameter of the fiber [42].
There have been various techniques to prepare polymeric fibers,
among which electrospinning is a simple and inexpensive process
used in making large scale and long continuous fibers. It was first
patented by Formhals in 1934 [43] and re-invigorated by Reneker
in the 90s [44]. Electrospinning can produce ultrafine fibers on
industrial scale with specific orientation and desired pore size,
properties which are favorable for in vitro and in vivo cell growth
on scaffolds [45]. Electrospinning is a well suited processing
technique not only for natural biomaterials but also synthetic
biocompatible or bioabsorbable polymers [13,46,47]. The fabrica-
tion process depends on both extrinsic and intrinsic factors such
as viscosity, surface tension, solution conductivity, solubility of the
polymer in the solvent and other factors like the distance between
the nozzle tip and the collector, the applied high voltage and the
flow rate. In addition, atmospheric factors which could affect the
fabrication are humidity and temperature. Successful electro-
spinning of amorphous atactic PMMA pristine polymer and its
composites or blends was very well explored [13,48e54], while
little was reported on electrospinning of tactic PMMA or PMMA
blends fibers [55,56].

The unique association between i- and s-PMMA forms the
stereocomplex, a structure similar to DNA double strands, which
was first introduced by Watanabe and Liquori decades ago [57,58].
Since then, it has arouse enormous interests among polymer
chemists as well as biochemists as it may be used as an excellent
model for bio-macromolecule association [59]. There have been
extensive studies of stereocomplex formation and the subsequent
characterization of its structure and physical properties, from
experimental methods such as calorimetry and dynamic me-
chanical analysis [59e61], X-ray diffraction [62,63], light scattering
and gel permeation chromatography [64], temperature dependent
IR studies [65], to theoretical models including small fringed
micellar and better structured lamellar crystallites [66,67]. How-
ever, the studies have predominantly focused on solutions
[60e64,67], bulk [59,62,63,66], or thin films [65,68,69], very little
has been reported on the electrospun tactic PMMA blend fibers,
and their corresponding physicochemical structure and properties,
and possible stereocomplex formation [56]. In the present
research, isotactic and syndiotactic fibers of pristine PMMA and
their blends fibers in different weight proportions were made by
the electrospinning process from the chloroform solvent. Proper-
ties of fiber blends in comparison to pristine counterparts were
evaluated. Effects of tacticity on the thermal properties of fiber
blends and on structural conformation in blends were clearly
shown. Differential scanning calorimetry was used to study the
phase behaviors of the blend fibers, and indication of crystalline
stereocomplex formation was observed for one specific ratio
which showed an extra melting endothermic peak at a relatively
high temperature. Furthermore, the biocompatibility and effects
on cell adhesion and growth behavior are explored using a model
mammalian HeLa cell line.
2. Experimental

2.1. Materials

Two stereoregular forms of PMMA were used: isotactic and
syndiotactic. They were purchased from Scientific Polymer Prod-
ucts (Ontario, NY, USA). 95% isotactic PMMA had a molecular
weight of 300,000 g/mol. 85% syndiotactic PMMA had a molecular
weight of 50,000 g/mol. The two tactic PMMAs were chosen as
such that both got high tacticity to ensure possible stereocomplex
assembly [70] but different molecular weight, as the ratio of mo-
lecular weight is not a factor that will affect the possible stereo-
complex formation [62]. Chloroform (HPLC grade) was purchased
from EM Science. Dulbecco's Modified Eagle Media (DMEM), fetal
bovine serum (FBS), 100 U/mL Penicillin-Streptomycin antibiotics
were purchased from Invitrogen. HeLa cells with chemokine
ligand 2 (CCL-2) were obtained from American Type Culture
Collection (ATCC). Methylene blue was purchased from Sigma
Aldrich and eight-well chambered slides made up of polystyrene
over a glass slide were purchased from BD Falcon™. Ethanol was
purchased from Fischer Scientific. A 70% ethanol solution was
made by dilution with distilled water. All chemicals and materials
were used as received without any further treatment.
2.2. Fabrication of PMMA/PMMA blend fibers via electrospinning

At a constant weight percentage, pristine forms of both isotactic,
syndiotactic and blend fibers of both tactic PMMAs were aimed to
be made. Factors including applied high voltage and feed rate were
varied to obtain desirable fibers. Thewhole experimental apparatus
was placed in a chamber to obtain uniform fiber deposition on the
collector without any disturbance by air turbulence [71]. From the
previous research experience it was seen that 10 cm distance be-
tween the syringe and the substrate worked well for the desired
kinds of fibers [13]. The polymer solution was made by directly
dissolving the corresponding amount of polymer in chloroform and
vortexing (Vortex genie 2; scientific industries) it until the polymer
dissolves completely in the solvent. For blends, 10 wt% polymer
solutions were made at different weight ratios of 1:3, 1:1 and 3:1 of
isotactic and syndiotactic PMMAs. The polymer solution was fed in
a 5 mL syringe with inner diameter of 0.6 mm and electrospunwith
the help of a syringe pump (NE-300, New Era Pump Systems, Inc.)
under a high voltage supply (Gamma High Voltage Research,
Product HV power supply, Model No. ES3UP-5w/DAM) of 20 kV.
10 wt% pristine isotactic PMMA fibers were made by electro-
spinning technique at 20 kV applied voltage, 10 cm distance and
2 mL/min flow rate. Owing to the viscosity, at a same weight per-
centage, uniform fibers could not be made for syndiotactic PMMA.
Pristine syndiotactic PMMA fibers were prepared at 22 wt% using
parameters of 20 kV applied voltage, 10 cm distance and 1 mL/min
flow rate. PMMA blend fibers were made at optimized conditions
using 20 kV applied voltage, 10 cm distance, and 1e4 mL/min flow
rate. After the fibers were electrospun, theywere thermal treated to
remove the residual solvent in the fibers.
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2.3. Characterization and property analysis

Morphologies of the fibers such as fiber diameter and porosity
were analyzed by scanning electron microscopy (SEM). PMMA fi-
bers were observed under Hitachi S-3400N scanning electron mi-
croscope. Since PMMA is a non conducting polymer, the fibers were
coatedwith a thin gold film prior to SEM imaging in a sputter coater
(Denton Desk IV).

Attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) is a well established nondestructive method
for determining chemical structure and functionalities on the sur-
face ofmaterials [72,73]. To study the possible interactions between
different tactic forms, the surface characterization of PMMA fibers
was carried out by ATR-FTIR (Bruker Alpha coupled with an ATR
accessory) in the range of 4000e500 cm�1 at 32 scans. Thermog-
ravimetric analysis measures the amount and rate of weight
changes in a material as a function of temperature or time in a
controlled atmosphere. Thermal stability for PMMA fibers was
studied by thermogravimetric analysis (TGA; TA instruments Q-
500) from room temperature to 700 �C at the rate of 10 �C/min
under 60 mL/min air atmosphere. About 3e6 mg of samples was
used for this test. DSC (TA instruments Q2000) tests were carried
out in an inert atmosphere by using a nitrogen purge at 50 mL/min
6e8 mg samples was used for the test. To remove the previous
thermal history, the samples were first heated to 240 �C and then
cooled to 40 �C at a heating/cooling rate of 10 �C/min. During the
cooling process, the recrystallization temperature was determined.
Another stage of heating was done to record the glass transition
temperatures and the melting temperatures. The samples were
reheated to 240 �C at 10 �C/min rate.
2.4. HeLa cell biocompatibility testing

HeLa cells were cultured in Dulbecco's Modified Eagle Media
(DMEM) containing 10% Fetal Bovine Serum (FBS) and 100 U/mL
penicillin-streptomycin, under standard conditions of 37 �C in a
tissue culture incubator with 5% CO2. No growth promoting agents
were added to this medium. The cells were then trypsinized upon
reaching confluence, enumerated using hemocytometer. Prior to
co-culture with cells, the fibers were sterilized by soaking them in
70% ethanol for about 30 min in petri dishes. After decanting the
ethanol, the fibers were exposed to UV light for an hour. The
Fig. 2. SEM images of neat s-PMMA fibers electrospun from
process was carried out in a laminar air flow hood to maintain
aseptic conditions. Fibers were then washed with plain DMEM and
air dried before immobilizing onto wells on 8-well chambered
slides. Two control wells were maintained with only cell culture
and no fibers. Equal amounts of fibers were taken in each well and
duplicatewells weremaintained for each fiber sample.1�104 cells/
well were introduced and the slides were incubated for 48 h.

Basic dye methylene blue was used to stain cells for cell viability
assay. After 48-h incubation time, the culture media was pipetted
out of the wells and 200 mL 1x phosphate buffered saline (PBS) was
added in each of the wells. The cells were then stained with
methylene blue for 10min. The stainwas washedwith 1x PBS. Later
the co-cultured fibers were transferred to newglass slides andwere
viewed under BX41 Olympus microscope and the images were
captured using CellSens software.
3. Results and discussion

3.1. Morphological analysis of the neat tactic PMMA fibers

Electrospinnability of a polymer solution depends on its vis-
cosity. A high molecular weight polymer when dissolved in a sol-
vent may have a higher viscosity compared to a polymer of low
molecular weight. Polymer chain entanglement makes the jet
continuous even when it stretches during electrospinning. An in-
crease in molecular weight promotes an increase in the chain
entanglement. Even if the molecular weight of a polymer is low,
entanglement of chains can be improved by increasing the con-
centration of the polymer in a solution. When the viscosity is low,
there is less chain entanglement causing an unstable jet and thus
the solution merely sprays from the needle causing beads to form.
Uniform and defect free i-PMMA fibers were successfully prepared
at 10.0 wt% by adjusting other electrospinning parameters
including applied high voltage, flow rate, and distance between the
needle tip and the fiber receiving substrate. However, at 10.0 wt%
no fibers were formed for s-PMMA due to the relatively low mo-
lecular weight of 50, 000. The viscosity of polymer solutionwas low
so the jet was unstable. During the electrospinning, the polymer
solution got sprayed through the syringe onto the collector and
beads were formed, Fig. 2 (a). The morphologies of the s-PMMA
fibers attempted at different concentrations of 8.0, 16.0, 22.0 and
30.0 wt% were demonstrated in Fig. 2. When the concentrationwas
(a) 8 (b) 16 (c)&(d) 30, and (e)&(f) 22 wt% solutions.
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doubled (16.0 wt%), the viscosity was increased but still not suffi-
cient to form uniform fibers, Fig. 2(b). Only spindle like structures
were formed at 16.0 wt %; when surface tension of the polymer
solution was higher than the viscosity of the solution, it limits the
stretching of polymer jet into fine fibers. At 30.0 wt%, s-PMMA fi-
bers were formed but the fibers were thick with average diameter
of 30 mm, Fig. 2(c) and (d). To prepare fibers with smaller diameter,
22.0 wt% polymer solutions were subjected to electrospinning. As
seen in Fig. 2(e) and (f), the fibers were flat ribbon like, defect free
and uniform in appearance. The diameter was about 7 mm. Fibers at
22.0 wt% were considered for further tests.
3.2. Morphological analysis of the tactic PMMA blend fibers in
various ratios

Uniform and beads free fibers were obtained for these compo-
sitions PMMA blends by optimizing the parameters. Fig. 3 shows
the effect of flow rate on the fiber morphology of PMMA s:i 1:3
blend fibers. It was seen that at higher flow rates, the fibers formed
are more brittle and discontinuous, Fig. 3(b) and (d). However, at
relatively lower flow rate, Fig 3(a), the fibers obtained at parame-
ters 20 kV, 10 cm, 1 mL/min are much more continuous as demon-
strated even at a much larger scale compared to that in Fig. 3(b) at a
smaller scale. Fibers tend to be broken when they are not strong
enough to support the high molecular weight of constituent poly-
mers and also because of charge repulsion caused by other fibers on
the collector during electrospinning [74]. The porosity of fibers is
due to factors like humidity and uneven solvent evaporation during
the formation of fibers from the syringe jet [13]. Fibers made at
20 kV, 10 cm and 1 mL/min were used for further tests.

Fig. 4 shows the effects of voltage on PMMA s:i 1:1 blend fibers.
Fig 4 (a)e(c) are SEM images of the same fibers at different scale
electrospun from 10 wt%, 20 kV, 10 cm and 1.5 mL/min. Fig. 4 (d)e(f)
are another set of fibers prepared from 10 wt%, 25 kV, 10 cm and
1.5 mL/min. It is observed that at lower applied voltages, the fibers
were flat ribbon like and showed rugged surface. However, at
higher voltages, they seemed to be thinner in comparison to fibers
Fig. 3. SEM image of fibers fabricated from 10 wt% solution of syndiotactic and isotactic PMM
1 mL/min (d) 25 kV, 10 cm, 2 mL/min.
at lower applied voltages. The fibers at 25 kV are discontinuous.
Fibers at 20 kV, 10 cm and 1.5 mL/min were used for further tests.

PMMA s:i 3:1 blend fibers were fabricated at different flow rates
of 2, 3 and 4 mL/min. At higher applied voltage, the fibers are
discontinuous. As seen in Fig. 5, the diameter of fibers increases
with increasing in the flow rate. All the fibers are flat and ribbon
like. They are more continuous when compared to other blends and
pristine forms of PMMA fibers.
3.3. Surface chemical structure and functionality analysis

Pristine and blend forms of PMMA showed a common peak at
2998 cm�1. The peak intensities were adjusted for the blends and
pristine forms of PMMA by considering a ratio of absorbance
measured to the absorbance at 2998 cm�1 to plot the FTIR graphs,
[75] Fig. 6.

The FT-IR spectra in pristine PMMA fibers and blends show two
peaks around 2998 and 2949 cm�1 indicating alkyl CeH asym-
metric stretch. A peak at 1721 cm�1 corresponds to the C]O
stretch. The peaks at 1442 and 1383 cm�1 are due to HeCeH bend
[76]. CH3 deformation peak is observed at 1478 cm�1. The peaks
around 989 and 949 cm�1 are for CeC stretching. The peak at
810 cm�1 is due to the C]O in plane bending. The peak at 756 cm�1

is for the C]O out of plane bending [77].
Conformational characteristics of ester side groups differ in

isotactic and syndiotactic PMMA. These can be seen in the regions
1050e1300 cm�1. Thin films of i- and s-PMMA have been exten-
sively studied by Tretinnikov and Ohta [78]. For the as-received i-
PMMA, pristine i-PMMA fibers and PMMA s:i 1:3 fibers, the pat-
terns of peaks are similar. Two peaks are observed at 1260 and
1238 cm�1, respectively. Whereas in the as-received s-PMMA, as
well as the s-PMMA fiber, two peaks are observed at 1271 and
1236 cm�1, and for the rest of the blends, two peaks are observed at
1271 and 1240 cm�1. These peaks are due to the CeO vibrations and
the shifts are due to mutual cis or trans orientation arising from the
internal rotation about CeCO bonds. The peaks at 1188 and
1161 cm�1 in the as received i-PMMA, i-PMMA fibers and PMMA s:i
A blends 1:3 at (a) 20 kV, 10 cm, 1 mL/min (b) 20 kV, 10 cm, 4 mL/min (c) 25 kV, 10 cm,



Fig. 4. SEM images of fibers fabricated from 10 wt% solution of syndiotactic and isotactic PMMA blends 1:1 at 10 cm distance, 1.5 mL/min and different voltages (a), (c) and (d) 20 kV
(b), (d) and (f) 25 kV.
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1:3 blend fibers are due to the cis and trans conformation of the
methoxy group about O]CeOeC skeleton. A peak at 1139 cm�1 is
observed in the as received i-PMMA, i-PMMA fibers and the same
peak is shifted to 1145 cm�1 in the as received s-PMMA, s-PMMA
fibers and blends fibers. These peaks could be due to CeO
stretching and skeletal CeC stretching related to transetrans and
trans-gauche conformation of backbone. For the as received i-
PMMA, i-PMMA fibers, and s:i 1:3 blend fibers, a minor peak at
1101 cm�1 is observed, which is related to i-PMMA structure;
whereas for the as-received s-PMMA, s-PMMA fibers, and other
blends fibers, an additional intense peak at 1060 cm�1 is observed
apparently associated with the s-PMMA structure. Although the
fibers are prepared at different parameters, they all show common
surface functional groups. However, the peak intensities and peak
positions vary, may indicating the conformational variations and
various degrees of interactions between the two tactic PMMAs.

3.4. Differential scanning calorimetry (DSC)

After eliminating the previous thermal history, the endothermic
peaks were assessed, Fig. 7. i-PMMA shows a Tg of 55.97 �C whereas
s-PMMA shows a Tg of 126.09 �C. The blends fibers of s:i 3:1, 1:1 and
1:3 show intermediate values between isotactic and syndiotactic
forms. The s:i 3:1 PMMA blend shows a Tg of 108.26 �C, which is
much higher than the theoretically calculated value of 96.02 ac-
cording to Fox equation [79]. This is attributed to the strong in-
teractions between the two tactic components in the PMMA blend.
As for the s:i 1:3 blend, it shows a Tg of 64.95 �Cwhich is close to the
Tg of 65.01 �C calculated by Fox equation. However, the s:i 1:3 blend
Fig. 5. SEM image of fibers fabricated from 10 wt% solution of syndiotactic and
also shows a minor endothermic melting peak at 145.72 �C, sug-
gesting its semi crystalline nature, which is consistent with the
relatively much sharper peak in the XRD (Supporting Information).
The s:i 1:1 blend shows a Tg of 79.03 �C, a little higher than the
calculated value of 77.53 �C.

Except for the s:i 1:3 blend, none of other blends or pristine
forms of PMMA shows any endothermic peaks. A slight shift in Tg
is observed for the s-PMMA fibers when compared to the as-
received PMMA. The Tg for the s-PMMA fibers is decreased by
about 2 �C when compared to the as-received s-PMMA. Beyond a
certain point, the applied voltage can decrease the time of flight of
fibers, leading to an insufficient time for the fibers to align
themselves before they are collected on the collector. This results
in a reduced crystallinity [80], which is demonstrated by the fact
that the electrospun i-PMMA fibers show much lower crystallinity
compared to the as received i-PMMA (XRD in the Supporting
Information). This possibly suggests that the orientation of
chains for the high molecular weight PMMA was affected more
than that for the low molecular weight PMMA by the applied high
voltage in the electrospinning process. The absence of major
melting peaks shows that the arrangement between isotactic and
syndiotactic forms in blends is not in an ordered fashion. It can be
inferred that by adjusting the composition of stereoregular forms
in a blend the glass transition temperatures can be tuned. Higher
glass transition temperatures for s:i PMMA blends are obtained as
the amount of syndiotactic forms in the proportion is increased.
Since the blends do not show multiple glass transition tempera-
tures, it is clear that the polymers in blends are completely
miscible, Fig. 7.
isotactic PMMA blends 3:1 at 20 kV, 10 cm (a) 2, (b) 3 and (c) 4 mL/min.



Fig. 6. FTIR spectra of pristine i-, s-PMMA, their blends fibers, and as-received i- and s-PMMA in the range of 1320e1000 cm�1(A through C), and D stacked FT-IR spectra of (a) as-
received i-PMMA (b) as-received s-PMMA and electrospun fibers of (c) s-PMMA (d) PMMA s:i 3:1 (e) PMMA s:i 1:3 (f) PMMA s:i 1:1 and (g) i-PMMA.
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3.5. Thermogravimetric analysis (TGA)/derivative
thermogravimetric analysis (DTG)

As shown in Fig. 8, TGA curves of tactic pristine PMMAs and
their blends showa two-stageweight loss process, first being initial
decline in the slopes from room temperature to different temper-
atures for respective blends and pristine forms, followed by a steep
weight loss due to the complete decomposition of PMMA. Themore
detailed and accurate thermal degradation process of PMMA is
Fig. 7. DSC curves of (a) pristine i- and s-PMMA and their blends fibers,
further analyzed by the derivative thermal gravimetric analysis
(DTG), which reflects the more distinct stages during the thermal
decomposition process. From the DTG data, the PMMA fibers
exhibit a typical three-stage thermal degradation, namely head-to-
head (HeH) breakage at the lowest temperature, terminal CeC
scission at the intermediate temperature, and random chain CeC
scission at the highest temperature [81]. In comparison to the as-
received s-PMMA, the s-PMMA electrospun fibers show a signifi-
cantly enhanced thermal stability in the random chain scission
(b) as-received pristines- and i-PMMA and their electrospun fibers.



Fig. 8. TGA and derivative curve of (a) pristine i- and s-PMMA fibers and their blends fibers, (b) as received i- and s-PMMA.

J. Sharma et al. / Polymer 55 (2014) 3261e3269 3267
temperature, with an increase about 50 �C (from 324 to 375 �C).
This enhancement may be attributed to the alignment and better
packing of the polymer chains during the electrospinning process
in contrast to the powder form for the as-received s-PMMA. The i-
PMMA fibers however do not show much change in this temper-
ature compared to the as-received i-PMMA pellets (from 359 to
362 �C), while the head-to-head breakage temperature is observed
to be decreased to 124 �C. The behind mechanism is still not well
understood yet. The fibers are degraded completely by 420 �C. In
addition, the as-received s-PMMA (powder) only shows a big
envelop peak in the DTG curve while the as-received i-PMMA
(pellet) shows the distinctive three-stage decomposition, which
may be resulted from the different physical forms and the degrees
of crystallinity. Among the three tactic PMMA fibers, the s:i 1:1
shows the highest stability indicating a more compact structure.
PMMA s:i 1:3 and s:i 3:1 blends show the least thermal stabilities at
351 �C. Further studies are underway to understand the detailed
mechanisms for the variations in thermal stability of various forms
and various ratios of tactic PMMA blend fibers.

3.6. HeLa cell compatibility studies

Cell proliferation assays show that the pristine isotactic and
syndiotactic PMMA fibers and their blends used for the co-culture
Fig. 9. Optical images of growth profiles of HeLa cells after co-culturing with fibers for 48 h
PMMA.
test are all biocompatible to the HeLa cells, which has been
confirmed by trypan blue staining assay to check for dead cells
following the same procedure as in the previous study [13]. The
fibers after 48 h of incubation with the cells show no negative ef-
fects on the growth of cells, as seen in the methylene blue assay,
Fig. 9 to check for behaviors of living cells. The images in Fig. 9
demonstrate the interactions of cells with fibers in terms of adhe-
sion and proliferation. In general, cells show an increased tendency
to attach to the isolated fibers. It is observed that the cells attach to
the surface of the fiber, elongate along the fiber axial direction and
grow surrounding the fibers. Cell growth is, however, not the same
in all the fibers. Cells in i-PMMA show the least attachment and
growth. Good adhesion and growth is observed in the PMMA
blends when compared to pristine PMMAs. Among the blends s:i
3:1 shows better cell growth compared to other blends, which is in
interesting consistency with the fact that this ratio of blend fibers
exhibits the strongest interactions between the two tactic polymer
components [82], which is also verified by the mostly enhanced
glass transition temperature for this blend compared to the theo-
retically calculated value according to Fox equation. To summarize,
no cell death is observed among all fibers during their co-culturing
with the HeLa cells for the 48 h, indicating that all PMMA fibers are
biocompatible, but different fibers demonstrate different levels of
support for the cell proliferation. Further systematic investigations
(a) control slide (b) s-PMMA (c) PMMA s:i 3:1 (d) PMMA s:i 1:1 (e) PMMA s:i 1:3 (f) i-



J. Sharma et al. / Polymer 55 (2014) 3261e32693268
will be carried out to determine the factors that underline the cell
behavior differences, which include the stereochemistry of the
polymers [16], and the interactions between the two tactic poly-
mers in the blend.

4. Conclusions

Pristine isotactic and syndiotactic fibers and their blends were
fabricated using electrospinning technique. The proportions used
for the blends were in the ratio s:i 3:1, 1:1 and 1:3. Different pa-
rameters like voltage, concentration and flow rate were adjusted to
make fine fibers. Fibers of pristine i-PMMA and its blends with
syndiotactic PMMA could be prepared at 10.0 wt% but for s-PMMA
defect free fibers were made at a higher concentration (22.0 wt%).
Because of lowmolecular weight of s-PMMA, the s-PMMA polymer
solution was not viscous to be electrospun at the same concen-
tration. The fibers were uniform and bead free and it also showed
that the surface was porous. ATR-FTIR analysis showed that apart
from the pristine and blend fibers having common functional
groups, there were shifts in peaks. This clearly indicates the dif-
ferences in conformations caused by internal chain rotations and
rotations around the ester groups, as well as the interactions be-
tween the two tactic polymers. TGA results showed the s:i 1:1
blend was the most stable among all the fibers. An improved sta-
bility of s-PMMA fibers in comparison to as received s-PMMA was
seen because of the effect of processing conditions on the chains of
s-PMMA, which is also in agreement with the DSC results of s-
PMMA fibers showing a decreased glass transition temperature
compared to the as received. DSC results showed that the glass
transition temperatures varied with the composition of fibers.
Blends showed an intermediate glass transition temperature of i
and s-PMMA. The presence of single glass transition temperatures
in the blends suggests the i- and s-PMMA were completely
miscible. DSC of s:i 1:3 blend showed a minor melting peak sug-
gesting its semi crystalline nature. Bioapplication of these fibers
was studied via co-culture of these fibers with HeLa cells. The fibers
did not inhibit cell growth, and the cells grew predominantly in less
dense areas of fibers. Blends exhibit better cell attachment and
proliferation when compared to pristine PMMA fibers, however,
the behind mechanisms are still not clear yet.
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