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Spontaneous extrusion of porous amphiphilic triblock
copolymeric microfibers under microfluidic conditions

Polymer Journal (2010) 42, 100–102; doi:10.1038/pj.2009.301

During the last decade, nano- and micro-
fibers obtained from biodegradable polymers
have received much attention in medical
applications, such as tissue engineering and
drug delivery systems.1,2 A variety of applica-
tions could be possible if the fibers contained
porous structures; for example, in the case of
drug/protein-loaded fibers, porous surface
features are required for controlled release
to maintain bioavailability or specific tissue
regeneration. Furthermore, microporous
fibers can provide more anchoring points
for cell accommodation, maintain cell survi-
val and facilitate the diffusion of nutrients in
tissue regeneration.
The release of drugs from fibrous carriers

can be designed to be rapid or delayed,
depending on the polymer carrier used.
Therefore, amphiphilic copolymers have
received increasing attention in medical
applications as they possess hydrophilic and
hydrophobic segments, which facilitate either
water-soluble or lipid-soluble drug release.
Even though amphiphilic copolymers have a
wide range of applications, to the best of our
knowledge, there are no reports in the litera-
ture on fabricating microfibers made of
amphiphilic triblock copolymers using
microfluidic phenomena. For the first time,
we have synthesized and used the amphiphilic
triblock copolymer poly (p-dioxanone-co-
caprolactone)-block-poly (ethylene oxide)-
block-poly (p-dioxanone-co-caprolactone)
(PPDO-co-PCL-b-PEG-b-PPDO-co-PCL) for
continuous porous microfiber fabrication
using a microfluidic device. This copolymeric
carrier has a hydrophilic PEG segment and a
hydrophobic PPDO/PCL segment, and
researchers have already suggested that it
has good drug encapsulation ability.4 The
microfluidic device used has a wide range
of advantages: microfibers can be produced
continuously in a simple, cost-effective

manner, and the process is carried out
under ambient conditions without the use
of high temperatures and pressures. There-
fore, sensitive biomaterials, such as proteins,
DNA or cells, can be easily immobilized
or entrapped in the microfibers for use in
sensing, drug delivery and tissue-engine-
ering applications. The scaffold was charac-
terized in terms of its morphological porous
structure, capability for drug release and
hydrophilicity to determine cell adhesion
ability.

EXPERIMENTAL PROCEDURE

PPDO-co-PCL-b-PEG-b-PPDO-co-PCL am-
phiphilic triblock copolymer was synthesized
according to the procedure developed by
Bahadur et al.3 The composition, average

molecular weights (Mw), polydispersity index
(Mw/Mn), melting temperature (Tm) and
glass transition temperature (Tg) of the
copolymer are 25:55:20 (PEG:PCL:PPDO),
45.9�103 gmol�1, 1.5, 48.58 1C and �58.16 1C,
respectively. A microfluidic-based device was
constructed using the established methods of
pipette pulling and polydimethylsiloxane
molding,4 with slight modifications as sche-
matically explained in Figure 1. In our micro-
fluidic system, the inner diameter of the core
inlet micropipette (50 and 25mm in diameter
at the outer end and at the pulled end,
respectively) was two times larger than that
of the outlet micropipette (25mm at both
ends). The core solution (10% PPDO-co-
PCL-b-PEG-b-PPDO-co-PCL copolymer in
CH2Cl2 or in dimethylsulfoxide (DMSO))
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Figure 1 Schematic illustration of the microfluidic device for extrusion of microfibers (inset: optical

micrograph of fiber from capillary outlet).
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and sheath solution (DI water) were injected
through the micropipette inlet with a 12-
gauge needle inlet with infusion pumps,
and their flow rates were maintained at
40mlmin�1 and 50ml h�1, respectively. The
extruded porous fibers were collected in a
precleaned Petri dish.

RESULTS AND DISCUSSION

Figure 2 shows the field electron scanning
electron microscopy images of microfibers
obtained using CH2Cl2 (a) and DMSO (b)
as solvent systems, which clearly show the
porous nature of microfibers. In this paper,
we report that the capillary dimension of the

microfluidic device and surface chemistry
profoundly affect the porosity of microfibers.
The radius of the polymer stream within the
sheath flow can be described as a function of
the volume flow rates of the polymer and
sheath streams. The coaxial flow of appro-
priate parameters (for example, viscosity,
flow rate and channel dimension) produces
a laminar flow profile.5 The linear velocity,
V(r), for laminar flow in a circular outlet tube
is given as a function of the distance to the
stream center, r, where R is the tube radius.

VðrÞ ¼ 2Q

pR2
1� r2

R2

� �
ð1Þ

The total volume flow rate, Qtotal, is given by
the sum of the polymer volume flow rate,
Qpolymer, and sheath volume flow rate, Qsheath.
As the polymer stream is circular and cen-
tered in the tube, the polymer stream volume
flow rate must equal the integral of Equation
(1) over the area of the polymer stream.
Performing the integration and solution for
the polymer radius, Rs yields the following
equation for the radius of the polymer flow as
a function of the polymer stream and total
volume flow rates:

Rs ¼ R 1� Qsheath

Qpolymer+Qsheath

� �1=2
" #1=2

ð2Þ
In the case of our phase-separating multi-
component polymer (triblock copolymer)
with various dimensions for confined micro-
fluidic geometry, the preferential wetting of
surfaces by one component strongly influ-
ences phase-separation behavior. This wetting
phenomenon induces ‘surface-directed spino-
dal decomposition’, which results in porous
structures. We hypothesize that porosity
could result from wall effects related to the
interplay between wall-surface wetting and
polymer–particle interfacial tension and the
relative dynamics of diffusion-based trans-
port. In contrast, experimental results indi-
cate that microfibers of DMSO show less
porosity than those of CH2Cl2, which could
be due to the higher evaporation rate under
spatial restriction for CH2Cl2. Where liquid–
liquid demixing occurs, the polymer solution
yields polymer-rich and polymer-lean phases.
Further evaporation of the solvent leads to an
increase in the concentration and vitrification
of the polymer, which results in porosity.6

The lower porosity of fibers obtained using
DMSO as the solvent system could be a result
of its nonvolatile nature; however, the con-
fined geometry of the outlet pipette had a
significant impact on porosity as a result of
spatial restriction.
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Figure 2 Field electron scanning electron microscopy images of porous microfibers extruded using

CH2Cl2 (20mm in diameter (a)) and dimethylsulfoxide (5–10mm in diameter (b)) as solvents.
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Figure 3 Cumulative release profiles of drug and dye from microfibers.

Table 1 Surface roughness and hydrophilicity of the fibers

Properties Microfibera Microfiberb

Roughness 1.801mm 1.099mm

Contact angle (degree)

Sterilized H2O 28 30

Cell suspension (mouse fibroblast cells

with 2�105 cells ml�1)

32 35

aCH2Cl2 solvent system.
bDimethylsulfoxide solvent system.
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It is well known that cell adhesion and
proliferation not only depend on scaffold
design and structure but also relate to other
scaffold surface factors; thus, the evaluation
of surface roughness and hydrophilicity
is significant in our discussions. Here, we
used three-dimensional morphology atomic
force microscopy images to calculate fiber
surface roughness and contact angle mea-
surements to elucidate the degree of
hydrophilicity. Data are given in Table 1.
The higher degree of surface roughness for
fibers obtained with CH2Cl2 could be due
to the higher porous structures, and these
characteristics are of great interest for
various biomedical applications. The values
of contact angle measurements reflect the
higher degree of hydrophilicity of the scaffold
with respect to the cell medium. From this
result, we believe that our scaffold could
potentially favor cell adhesion and proli-
feration. Furthermore, we encapsulated
bovine serum albumin and methylene blue
in porous fibers to demonstrate their

controlled release (Figure 3). Both show a
burst release profile within 1 h and a con-
trolled/sustained release until 48 h. It is anti-
cipated that porous structures can be used
as reservoirs for proteins/drugs that promote
cell adhesion and proliferation.
The continuous fiber fabrication using the

PDMS based microfluidic device is shown in
the supporting movie file (Supplementary
Movie). The spontaneously extruded poly-
meric microfibers with wavy motion coming
out from outlet micropipette are clearly
shown in the video.
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