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In this work, poly(methyl methacrylate) (PMMA)-CdSe/ZnS quantum dots (QDs) nanocomposite fibers
were fabricated via a simple electrospinning method. The parameters including concentration of PMMA,
feed rate, applied voltage and working distance between the needle tip and the fiber collecting electrode
were investigated and optimized to acquire large quantity, uniform and defect-free PMMA and its QD
nanocomposite fibers. The surface morphology of the fibers was characterized by scanning electron
microscopy (SEM), while the fluorescence emission characteristics of the polymer nanocomposite (PNC)
fibers were analyzed with fluorescence microscopy. The thermal properties of the PMMA-QDs PNC fibers
were explored by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). In
comparison to the pristine PMMA fibers, the PNC fibers with only 0.1 wt% QD loading showed an
improved thermal stability by 15 �C for the midpoint and onset degradation temperature. Surface
chemical structure and functionalities were probed by a combination of attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). New
vibration bands were observed in the PNC fibers in the ATR-FTIR spectra, while the binding energy for
both high resolution C 1s and O 1s spectra in the PNC fibers showed an apparent shift toward lower field.
Rheological studies revealed a pseudoplastic behavior of both pristine PMMA and PMMA-QDs solutions.
Moreover, the formed nanoporous PMMA-QDs fiber media exhibited an excellent biocompatibility as
evidenced by the model Chinese hamster ovary (CHO) cell culturing test. The CHO cells demonstrated
good adhesion, growth and viability in the reported testing.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Poly (methyl methacrylate) (PMMA), a transparent thermo-
plastic, has beenwidely used in many commercial applications. For
example, PMMA has been one of the most popular substrate
materials in making polymer-basedmicrofluidic devices to perform
chemical and biological assays due to its excellent chemical,
physical, biological, mechanical, optical and thermal properties
[1e3]. In addition, PMMA is nondegradable and biocompatible
which render it to be an excellent candidate in tissue engineering
with typical applications such as fracture fixation, intraocular len-
ses and dentures [4,5]. PMMA has been traditionally used to fix
All rights reserved.
bone fracture, and PMMA modified with N-methyl-pyrrolidone
(NMP) has proved to be more mechanically amenable to bone
repair and augment [6,7]. PMMA based hybrid structures have
found great potentials in a variety of areas [8]. Development of
PMMA based biocomposites such as PMMA-bovine serum albumin
(BSA) nanoparticles (NPs) [9] may serve as a module for protein
drug delivery, while cyclodextrin included PMMA nanostructures
may be a potential choice of filtering media for organic pollutants
remediation [10,11]. As quite a few PMMA based materials have
received US Food and Drug Administration (U.S. FDA) approval and
been applied in different areas since 1950s, it will be relatively
easier to investigate PMMA based structures and explore the
possibility to extend the laboratory results to clinical trial [12].

For the aforementioned tissue engineering application, it is very
often desired to visualize the response of the surrounding cells and/
or tissue to the implanted synthetic materials. Practically the

mailto:suying.wei@lamar.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.10.012
http://dx.doi.org/10.1016/j.polymer.2011.10.012
http://dx.doi.org/10.1016/j.polymer.2011.10.012


S. Wei et al. / Polymer 52 (2011) 5817e58295818
semiconductor NPs, i.e. quantum dots (QDs) become one of the
most favorite choices. CdSe/ZnS QDs are especially popular due to
the uniqueness of core-shell structure and the less-toxicity of the
shell, which can be made bioactive, with biomolecules such as
protein or peptide coated on the shell surface. Water soluble QDs
are novel tools in biomedical applications owing to their superior
photoemission and photostability characteristics. Their unique
Fig. 1. SEM images of the pristine PMMA fibers electrospun from chloroform solution
with a PMMA loading of (a) 10, (b) 12 and (c) 14 wt%. Other electrospinning opera-
tional parameters: 10 kV, 20 mL/min and 15 cm.
fluorescence properties and diverse surface coatings with specific
surface functionalities make it possible to use QDs to determine the
cellular uptake pathways of small particles, tracking the cell
imaging, immunohistochemistry and cancer cell targeting [13].

The electrospinning technology has been known for more than
a century but real research work was boosted since the 1990s when
Reneker and co-workers reintroduced this technique as a way to
make submicron fibers [14,15]. Recently, electrospinning has
Fig. 2. SEM images of the pristine PMMA fibers electrospun at an applied voltage of (a)
10, (b) 20 and (c) 30 kV. Other electrospinning operational parameters: 20 mL/min,
15 cm and 14 wt% of PMMA.
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become a versatile technique that enables the production of
a variety offibers bearing various desired functionalities fromawide
range of materials, including polymers [16,17], polymer blends [18],
solegels [19,20], composites [21e25], and ceramics [26,27]. Elec-
trospun fibers have demonstrated some innovative applications,
such as three-dimensional tissue scaffolds [28e30], energy devices
Fig. 3. SEM images of the pristine PMMA fibers electrospun with a working distance of
(a) 10, (b) 15 and (c) 25 cm. Other electrospinning operational parameters are: feed
rate 20 mL/min, polymer loading 14 wt% and voltage 20 kV.
and materials [31e34], sensors [35], and lightweight composites
[21e25]. The incorporation of unique fillers into the fiber matrix
either through inclusion in the pre-spinning solution or post-
spinning treatment will integrate multi-functionalities and intro-
duce unique synergistic properties into one targeted material unity
and thus expand its corresponding applications.

Surface chemical functionality and topography are significant
parameters that affect the performance of biomaterials in general,
Fig. 4. SEM images of the pristine PMMA fibers electrospun at a flow rate of (a) 10, (b)
20 and (c) 30 mL/min. Other electrospinning operational parameters: 20 kV, 10 cm and
PMMA loading of 14 wt%.
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as they will determine the cell fate that comes in contact with the
biomaterial. Furthermore, the mechanical and thermal perfor-
mances also determine the fate of the polymer and polymer
nanocomposites (PNCs) as biomaterials. However, very little work
has been reported on a systematic exploration of the electro-
spinning production and characterization of PMMA and its QDs
nanocomposite fibers. Here in this paper, pristine PMMA and its
QDs composites fibers with different QD concentrations have been
fabricated via a high voltage electrospinning process. By optimizing
the process conditions (feed rate, applied electric voltage and
working distance), bead-free and uniform fibers with complex
nanopores were obtained at relatively lower concentrations of
PMMA and 0.1 wt% QDs. The surface morphology and intermolec-
ular interactions between the polymer backbone and the included
QDs were characterized by scanning electron microscopy (SEM),
attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR), and X-ray photoelectron spectroscopy (XPS). The
thermal stabilities and thermal behaviors of the PNC fibers were
Fig. 5. SEM images of the PMMA-QD nanocomposite fibers electrospun with a PMMA loa
electrospinning operational parameters: 20 kV, 10 mL/min, and 15 cm.
explored by thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The rheological behaviors of both
polymer and its QD solutions were studied by rheometer. The
Chinese hamster ovary (CHO) cells were used as a model epithelia
cell type to explore the biocompatibility of the PMMA-QD fibers.
The surface morphology effects on the cell adhesion, viability and
growth characteristics were also investigated and detailed here.

2. Experimental

2.1. Materials

Poly(methyl methacrylate) (PMMA) (MW ¼ 540,000) was
purchased from Scientific Polymer Products and chloroform (99%)
was purchased from Fisher Scientific. Core-shell CdSe/ZnS quantum
dots (QDs; QSO-620-200) were kind gifts supplied by Ocean Nano-
tech, LLC. The QDs are supplied in chloroform with a concentration
of 13.33mg/mL. The surface group of the QDs is octadecylamine and
ding of (a) 8, (b) 10, (c) 12, (d) 14 and (e) 22 wt%. The QD loading is 0.1 wt%. Other
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the length of the surface ligand for the core/shell QDs is about 2 nm.
The size of the QDs is about 10 nm, the full width half maximum
(FWHM) of the usedQDs is<35nm, and themaximumfluorescence
emission is at 620 nm. The Dulbecco’s modified Eagle’s medium
(DMEM) and penicillin-streptomycin are purchased from Invi-
trogen, while the 10% fetal bovine serum (FBS) is from Atlanta Bio-
logicals. Trypan blue and methylene blue are from Sigma while the
8-well chambered slides are purchased from BD Biosciences. All the
materials were used as received without any further treatment.

2.2. Electrospinning of PMMA and PMMA-QDs nanocomposite
fibers

The polymer chloroform solutions with different polymer
concentrations of 10, 12 and 14 wt% were prepared by dissolving
PMMA pellets in chloroform. The PMMA fibers were fabricated by
the electrospinning process. A 5-mL syringewith an inner diameter
of 0.6 mmwas used for the electrospinning facilitated by a syringe
Fig. 6. High resolution SEM images of PMMA-QD nanocomposite fibers electrospun from so
The QD loading is 0.1 wt%. Other electrospinning operational parameters: 20 kV, 10 mL/min
pump (NE-300) from New Era Pump Systems, Inc. and a high
voltage power supply (Model No. ES3UP-5w/DAM) purchased from
Gamma High Voltage Research. The PMMA-QDs nanocomposite
fibers were fabricated from the PMMA solutions with a PMMA
concentration of 8, 10, 12, 18 and 22 wt% and QD concentration of
0.04, 0.06, 0.08 and 0.1 wt% (against the neat polymer). Other
electrospinning parameters including the feed rate, applied high
voltage and distance from the receiving substrate to the syringe
needle tip were explored and optimized to obtain desired fibers.

2.3. Characterization of electrospun PMMA and PMMA-QDs
nanocomposite fibers

Surface morphology of the electrospun fibers was characterized
by scanning electron microscopy (Hitachi S-3400 SEM), while the
molecular interactions between the polymer and the QDs were
probed via surface analysis techniques including attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR;
lutions with a PMMA loading of (a) 8, (b) 10, (c) 12, (d) 14 and (e) 22 wt%, respectively.
, and 15 cm.
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Bruker Alpha) and X-ray photoelectron spectroscopy (XPS). XPS
measurements were carried out by a Kratos Axis Ultra Imaging X-
ray photoelectron spectrometer with pass energy of 40 eV for high
resolution spectra. The thermal stability was studied by thermo
gravimetric analysis (TGA; TA instruments Q-500) from room
temperature to 700 �C at a heating rate of 10 �C/min under 60 mL/
min air atmosphere. Differential scanning calorimetry (DSC; TA
instruments Q20) analysis was done under the nitrogen purge at
a flow rate of 50 mL/min. Each sample was first heated from room
temperature to 240 �C with a heating rate of 10 �C/min to remove
thermal history, followed by cooling down to 40 �C at a rate of
10 �C/min to record re-crystallization temperature, and then
reheating to 240 �C at the same rate to determine the glass tran-
sition temperature and melt temperature. The sample weight was
normally between 6 and 9 mg. The glass transition temperature is
recorded according to the most commonly accepted way in litera-
ture, i.e., the midpoint of the heat flow (capacity) step transition
between the glass and rubbery states. The rheological behaviors of
solution samples were determined using TA instruments AR2000ex
Rheometer in the shear rate range of 1e1000 rad/s at 25 �C. The
optical properties of the PMMA-QDs composite fibers were studied
by measuring UVevis absorption (Varian Spectra AA 220) and the
fluorescence emission (Varian Cary Eclipse Fluorescence Spectro-
photometer). The unique fluorescence images of the composite
fibers were demonstrated by fluorescence microscopy (Olympus
BX41 Epifluorescence microscope equipped with Olympus DP-71
camera and cellsem software). The time exposure used was
20.0 ms and magnification was 10�.

2.4. The Chinese hamster ovary (CHO) cell biocompatibility study

CHO cells obtained from American Type Culture Collection
(ATCC) were cultured under standard conditions, with DMEM
Fig. 7. SEM images of the PMMA nanocomposite fibers electrospun at a distance of (a) 5, (b)
QD loading of 0.1 wt% and the PMMA loading of 8 wt%.
containing 10% FBS and 100 U/mL penicillin-streptomycin in a 37 �C
tissue culture incubator with 5% CO2. CHO cells were trypsinized
upon reaching confluence, enumerated using hemocytometer. For
co-culture, fibers were sterilized by incubating in 70% ethanol for
2 h, followed by 20 min exposure to UV light [35]. Fibers were then
washed with plain DMEM and air dried before immobilizing onto
wells on 8-well chambered slides (BD Biosciences). Each well had
equal amounts of fibers, and CHO cells were introduced into these
wells at 1 �104 cells/well. The slides were incubated for 24, 48 and
72 h.

2.4.1. Cell viability assay
Trypan blue dye exclusion assay [36] was used to determine the

viability of the CHO cells, following incubation with the fibers.
Following incubation for different time periods, the culture
mediumwas removed and the cells were stained with 0.2% Trypan
Blue for 10 min. The dye was washed off and cells were trypsinized
and counted under microscope using hemocytometer to detect any
dead cells. Microscopic observation of the CHO cells growth
pattern: CHO cells grown on chambered slides co-cultured with
electrospun fibers were stained with 0.25% methylene blue for
20 min. Stain was washed with 1� phosphate buffered saline (PBS)
and the slides were viewed under BX41 Olympus microscope, and
images were captured using CellSens software.

3. Results and discussion

3.1. Morphological analysis of electrospun PMMA fibers

To obtain fine, uniform and beads free fibers in a relatively large
quantity necessary toward the desired applications, the electro-
spinning parameters were explored theoretically and experimen-
tally [37]. The optimum set of the operational parameters were
10, (c) 15 and (d) 25 cm. Other electrospinning operational parameters: 20 kV, 2 mL/min,
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obtained by studying the morphological features with SEM. In
general, the PMMA fibers electrospun from the chloroform solu-
tion are ribbon like with a range of different sized nanopores along
the fiber surface, which is probably due to the fast evaporation of
solvent and the cooling effect on the fiber surface during the
electrospinning process, causing the so-called thermally induced
phase separation (TIPS), thus pores formation on the fiber surfaces
[38]. Fig. 1 shows the SEM microstructures of the pristine PMMA
fibers electrospun from chloroform solutions with a PMMA loading
of 10, 12 and 14 wt%, respectively. The feed rate, working distance
and applied voltage are maintained constant at 10 kV, 20 mL/min
and 15 cm, respectively. Defect-free fibers are observed with
increasing the PMMA loading in chloroform. The formation of
beads is the result of surface tension of the solution, which is
related to the polymer entanglements, at higher polymer loading,
i.e. higher viscosity, the solvent molecules get distributed over the
entangled polymer molecules thus avoiding beads formation. The
polymer loading is observed to have a significant effect on the fiber
Fig. 8. SEM images of PMMA nanocomposite fibers electrospun at a feed rate of (a) 2, (b) 10
20 kV and 10 cm. The QD loading is 0.1 wt% and the PMMA loading is 8 wt%.
diameter. The diameter is 2.38 � 0.36, 5.40 � 0.93 and
22.55 � 4.45 mm for the fibers electrospun from the polymer
solution with a PMMA loading of 10, 12 and 14%, respectively.
Optimization of the applied voltage was demonstrated in Fig. 2, in
which SEM images of the pristine PMMA fibers prepared at 10, 20
and 30 kV with other operational parameters fixed at 20 mL/min
feed rate, 15 cm working distance and 14 wt% concentration of
PMMA. In most cases, a higher voltage will lead to greater
stretching of the solution due to the greater columbic forces and
thus causes a reduced diameter of the fibers. A longer flight time
will allow more time for the fibers to be stretched and elongated
before they are deposited on the collection plate. The reduced
acceleration of the jet and the weaker electric field due to lower
voltage increases the flight time of the electrospinning jet, which
favors the formation of finer fibers. In Fig. 2, the diameter
(23.21 � 7.48 mm) of fibers produced from 10 kV is much bigger
than that (7.02 � 1.39 mm) from 20 kV, while the SEM image of
PMMA fibers from 30 kV shows an increased diameter
, (c) 30, (d) 40, (e) 50 and (f) 70 mL/min. Other electrospinning operational parameters:
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(9.43 � 3.10 mm) again and also some broken fibers are observed.
Therefore, 20 kV is used as the optimum applied voltage in this
case while the mass percentage was kept at 14 wt%. Fig. 3 shows
the variation in fibers formation when working distance is varied.
The other parameters were maintained constant with an applied
constant voltage of 20 kV, PMMA concentration at 14 wt% and
a feed rate of 20 mL/min. At an increased distance, thicker fibers
(11.02 � 1.85 mm) were observed at 15 cm compared to those
(6.30 � 1.00 mm) electrospun at 10 cm and beads were also
observed at longer distances due to the decrease in electric field
strength and less stretching of the fibers. Slightly thicker fibers
(11.32 � 2.43 mm) are observed while electrospun at 25 cm. From
this set of study 10 cm was adopted for later preparation of PMMA
fibers. Fig. 4 shows the effect of feed rate on electrospun PMMA
fibers. As the feed rate was increased, more uniform and relatively
shorter fibers were produced as the broken ends started to appear
at higher feed rate with 14 wt% PMMA concentration, 10 cm
distance and 20 kV applied voltage. No beads were observed along
the fibers due to the varied feed rate. The diameter is 7.53 � 2.48,
14.11 � 2.51 and 7.98 � 1.27 mm for the fibers electrospun at a flow
rate of 10, 20 and 30 mL/min, respectively. In summary, the
optimum set of the electrospinning parameters from the series of
studies is 14 wt%, 20 kV, 10 cm and 20 mL/min, and the produced
fibers have a diameter from 10 to 15 mm with nanopores between
100 and 250 nm.

3.2. PMMA-QDs electrospun nanocomposite fibers

PMMA-QDs composite solutions were electrospun and opti-
mized to obtain defect-free fibers. Figs. 5e8 show the SEM images
of each step of manipulation resulted from different operational
parameters. The electrospun nanocomposite fibers were made
from PMMA loading of 8, 10, 12, 14 and 22 wt% with 0.1 wt% QDs in
chloroform. The other parameters were maintained at 10 mL/min
feed rate, 20 kV applied voltage and 15 cmworking distance. As the
PMMA concentration of the solution increases, the diameter of the
fibers increases, Figs. 5 and 6. The diameter of the fibers obtained
from 8wt% PMMA-QDs nanocomposite fibers is around 5 mm. Fig. 7
shows the working distance effect on the electrospun PMMA-QDs
nanocomposite fibers at 5, 10, 15 and 25 cm while keeping
constant 8 wt% PMMA-0.1 wt% QDs, 2 mL/min feed rate and 20 kV
applied voltage. An increase in the distance is observed to result in
less uniform fibers, and even beads are observed in fibers electro-
spun at too large distance. Fig. 8 shows the effect of feed rate on the
electrospun PNC fibers fabricated at 8 wt% PMMA-0.1 wt% QDs,
10 cm distance and 20 kV applied voltage. Diameter of the fibers
starts to increase as the feed rate increases and also the web like
structures are observed with increasing the feed rate further. Fine,
uniform and individual fibers are produced at 2 and 10 mL/min feed
rate. The diameter of the fibers obtained from the above parameters
is 5e20 mm.

3.3. Surface chemical structure and functionality analysis

Fig. 9 shows the ATR-FTIR spectra of the electrospun fibers
prepared from 8 wt% pristine PMMA, 8 wt% PMMA with 0.06 wt%
QDs, 8 wt% PMMA with 0.08 wt% QDs and 8 wt% PMMA with
0.1 wt% QDs. The peak at 2950 cm�1, which is not observed in the
pristine PMMA fibers while present in all the composite fibers [1],
corresponds to the CeH stretching arising from the organic
coating layer on the QD surface. As the weight percentage of QDs
increases, the peak becomes more intense. The peak observed at
1145 cm�1 is attributed to the HeCeH stretching, and the
1437cm�1 peak is from the CH3 bending. The peak at 1725 cm�1 is
due to the C]O stretching and the peaks at 991 cm�1 and
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751 cm�1 correspond to CeH out of plane bending, and the peaks
are intensified with the addition of the QDs. The peak at 553 cm�1

corresponds to the sulfone stretching which is not observed in the
8 wt% PMMA fibers without QDs. By the addition of QDs to PMMA
polymer, the peaks get intensified as the weight percentage of the
QDs is increased. Two distinct peaks are observed in the PMMA/
QDs liquid sample (spectrum not shown), one at 3026 cm�1 and
the other at 1215 cm�1. The band at 3026 cm�1 is due to the NeH
stretch of amines and 1215 cm�1 corresponds to the CeN stretch
of aliphatic amines due to the octadecylamine surface coating on
the QDs [39]. Neither peak is visible in the ATR-FTIR nano-
composite fiber spectra due to the rigidity of the solid state
materials.

As a powerful surface analysis technique, XPS provides infor-
mation on the elemental composition and oxidation states of the
element within 10 nm range of the surface. Fig. 10 shows the C 1s
and O 1s high resolution spectra of pristine PMMA and PMMA-QDs
PNC fibers with different PMMA mass percentage. Both C 1s and O
1s high resolution spectra are observed shifted about 0.3 eV toward
higher binding energy in the samples with higher mass percentage
of PMMA, i.e., 18 and 22 wt%, which is attributed to the organic
coating layer on the surface of QDs. For the PMMA-QDs composite
fibers with higher loading of QDs showed larger energy shift
compared to that of pristine PMMA fibers.
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3.4. Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

In order to study the thermal properties of neat PMMA and its
QDs nanocomposite fibers, both thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were per-
formed. Fig. 11(a) shows the TGA curves of the samples. Both
PMMA and PMMA-QDs exhibit two distinct slopes: the first
weight loss from room temperature to 265 �C results from the
evaporation of residual moisture and solvent, and the removal of
low molecular weight molecules, while the second weight loss
which plateaus around 440 �C is due to the complete decompo-
sition of PMMA [33]. In comparison, the PMMA-QDs nano-
composite fibers show an improved thermal stability at both TGA
T0.5 (50% weight loss region in the TGA thermogram) and TGA T0.1
(onset degradation temperature i.e., 10% weight loss region in the
TGA thermogram) as reported previously [40]; PMMA-QDs
nanocomposite fibers with 12 wt% PMMA loading show an
increment of 15 �C for both onset and midpoint regions, PMMA-
QDs nanocomposite fibers with 10 wt% PMMA loading show
increased 5 �C at midpoint while 12 �C at the onset point, and
PMMA-QDs nanocomposite fibers with 8 wt% PMMA loading are
improved 8 �C at midpoint but only 1 �C at the onset. This
enhanced thermal stability is significant for only 0.1 wt% QD
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loading in the PNC fibers. It may be due to the free radical
absorption by the QDs during the thermal decomposition of
PMMA and hence retards the polymer mobility, similar to other
reported polymer nanocomposite systems [41e44].

The phase behavior of the PNCs affected by inclusion of a small
fraction of QDs was exploited in a differential scanning calorimetry
(DSC) by checking the glass transition temperature (Tg) change. DSC
Fig. 13. (a) Fluorescence emission spectra of PMMA and PMMA-QDs solutions; fluorescence
PMMA-QD nanocomposite fibers in (d) bright field and (e) dark field. (scale bar: 5 mm).
was performed under nitrogen purge in which two heating cycles
and one cooling cycle were used so that the previous heating
history was removed during the first heating cycle, while the
second heating cycle and the cooling cycle were used for data
analysis. From Fig. 11(b), the as-received pristine PMMA showed
a Tg of 124 �C, while PMMA and its QDs nanocomposite fibers
showed a relatively lower Tg of 121 and 119 �C respectively. The
microscopic images of pristine PMMA fibers in (b) bright field and (c) dark field; and



Fig. 14. (a) Methylene blue stained CHO cells after 24 h of seeding in the presence of fibers (8 wt% PMMA with 0.1 wt% QDs); (b) Cells at 48 h of growth; (c) and (d) show the cell
growth on fibers that were separated from the previous well with cells at 48 h growth and resuspended with fresh medium on a new well for another 24 h, to determine if the cells
that were attached to the fibers were able to grow and proliferate further.

Fig. 15. (a) The growth of CHO cells after 24 h on fibers (12 wt% PMMAwith 0.1 wt% QDs); (b) growth of cells after 48 h; (c) The cell shape and morphology after 48 h growth under
higher magnification and (d) The fluorescence of quantum dots on the fiber in (c). Scale bar: 10 mm.

S. Wei et al. / Polymer 52 (2011) 5817e5829 5827
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lower Tg is attributed to the interaction between the QDs and the
PMMA backbone.

3.5. Solution rheological study of the pristine PMMA and PMMA/QD

Fig.12(a and b) shows the viscosity and shear stress as a function
of the shear rate for the PMMA and PMMA/QD solutions. The
viscosity increases with increasing the PMMA loading, Fig. 12(a).
With the addition of QDs to the PMMA, the viscosity decreases
when compared with that of the neat PMMA solution. The shear
stress versus shear rate plot does not follow a linear relationship,
Fig. 12(b), in the PMMA and PMMA/QD solutions, which is the
characteristic of Newtonian fluids. The curve obtained shows the
pseudoplastic nature of the polymer solution, in which viscosity
decreases with increased stress [45e49].

3.6. Fluorescence analysis of the PMMA-QDs nanocomposite fibers

Fig. 13(a) shows the fluorescence emission profiles of the pris-
tine PMMA and PMMA/QDs in chloroform. Fig. 13(bee) shows the
electrospun pristine PMMA and PMMA-QDs nanocomposite fibers.
A strong fluorescence peak at 614 nm, which resembles that of the
as-received QDs solution in the same chloroform solvent, is
observed. As the concentration of the QDs increases in the PMMA/
QDs solution, the intensity of fluorescence peak increases, Fig.13(a).
Pristine PMMA is transparent in the visible and near infrared range
as expected, and shows no fluorescence emissionwhen excited. The
pristine PMMA fibers show no background fluorescence emission,
Fig. 13(c), while the PMMA-QDs nanocomposite fibers show
distinct red color along the fiber uniformly Fig. 13(e).

3.7. Cell growth and viability study on the PMMA-QDs
nanocomposite fibers

Figs. 14 and 15 summarized the typical cell culture data in the
presence of two sets of PMMA-QDs nanocomposite fibers; fibers in
Fig.14 has an 8wt% PMMA loading plus 0.1 wt% QDs inclusionwhile
fibers in Fig. 15 has a 12 wt% PMMA loading and 0.1 wt% QDs
inclusion. In general, the two sets of nanocomposite fibers show
similar effects on the CHO cell behavior over the span of culture
time: at the beginning, the cells tended to avoid immediate contact
with the fiber, but when the culture timewas continued further the
cells started to adhere to the fibers and grew surrounding the fibers.
It indicated that the CHO cells adjusted themselves over time and
showed good adhesion and growth in the presence of the PMMA-
QDs nanocomposite fibers. Cell proliferation assays showed that
different fibers used for co-culture with CHO cells supported the
growth and proliferation of CHO cells very well as compared with
the control cell growth. Cell growth measured by the increased cell
numbers was not significantly different between the control cells
and the cells that were grown in the presence of the fibers.
Microscopic observations using methylene blue stained cells
showed no difference in the cell morphology and proliferation.
Cells were growing on and around the individual fibers and over
prolonged growth period, there was formation of confluent
monolayers as seen on control cells without fibers. Cell viability
assay using Tryphan blue dye exclusion showed that there was no
cell death due to the chemical composition of the fibers (data not
shown).

4. Conclusion

Electrospun PMMA-QDs nanocomposite fibers were success-
fully prepared by incorporating QDs in the pre-electrospinning
polymer solution. Monitored by SEM morphological analysis and
the theoretical guidance, large quantity of fine, uniform and defect-
free fibers were obtained at lowconcentrations of PMMA and 0.1wt
% QDs. Surface analysis by the ATR-FTIR and XPS techniques indi-
cate that the QDs are incorporated onto the electrospun polymer
fibers, which shifted the binding energy of both C 1s and O 1s to
higher field. The nanocomposite fibers showed higher thermal
stability than the pristine PMMA fibers especially for the higher
polymer concentrations, which is demonstrated from the TGA
analysis. This improved thermal stability favors retaining the
structural integrity of the materials when served as tissue scaffold.
Both pristine PMMA and PMMA/QDs solutions showed a non-
Newtonian behavior, while the electrospun fibers for both pris-
tine and the nanocomposite demonstrated a pseudoplastic nature.
Our preliminary data on the CHO cell culture study in the presence
of PMMA-QDs nanocomposite fibers proved that the PMMA-QDs
nanocomposite fibers have good biocompatibility with the CHO
cells from the adhesion, viability and proliferation characteristics of
the cell, while the sharp fluorescence signal from the fiber provided
additional visual advantage toward future bioapplications.
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