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Abstract

Construction of biodegradable, three-dimensional scaffolds for tissue engineering has been previously described using a variety of

molding and rapid prototyping techniques. In this study, we report and compare two methods for fabricating poly(dl-lactide-co-

glycolide) (PLGA) scaffolds with feature sizes of approximately 10–30 mm. The first technique, the pressure assisted microsyringe, is
based on the use of a microsyringe that utilizes a computer-controlled, three-axis micropositioner, which allows the control of motor

speeds and position. A PLGA solution is deposited from the needle of a syringe by the application of a constant pressure of 20–

300mm Hg, resulting in a controlled polymer deposition. The second technique is based on ‘soft lithographic’ approaches that

utilize a poly(dimethylsiloxane) mold. Three variations of the second technique are presented: polymer casting, microfluidic

perfusion, and spin coating. Polymer concentration, solvent composition, and mold dimensions influenced the resulting scaffolds as

evaluated by light and electron microscopy. As a proof-of-concept for scaffold utility in tissue engineering applications, multilayer

structures were formed by thermal lamination, and scaffolds were rendered porous by particulate leaching. These simple methods

for forming PLGA scaffolds with microscale features may serve as useful tools to explore structure/function relationships in tissue

engineering.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The fabrication of three-dimensional (3D) scaffolds
that mimic the in vivo cellular microenvironment is of
fundamental importance to the success of tissue
engineered constructs. Both scaffold chemistry and
architecture can influence the fate and function of
engrafted cells [1,25,28]. With regard to architecture,
macroscopic 3D shapes are typically defined by tradi-
tional processes such as extrusion, melt molding, and
solvent casting [2–6]. Material microstructure, in con-
trast, is often controlled by process parameters such as
the choice of solvent in phase separation, doping with
particulate leachants, gas foaming, woven fibers, and

controlled ice crystal formation and subsequent freeze-
drying to create pores [7–13]; however, these scaffolds
lack a well-defined organization that is found in most
tissues in vivo.
At the microscale, techniques to control the archi-

tecture of biodegradable polyester scaffolds, such as
poly(dl-lactide-co-glycolide) (PLGA), are being devel-
oped and described in the literature. For example, a
Fused Deposition Modelling (FDM) method can create
solid objects with B250 mm resolution using a roboti-
cally controlled miniature extruder head [14]. Biode-
gradable polymer membranes of thickness between 500
and 2000 mm cut by laser can be laminated to produce
structures with 100 mm resolution [15]. By exploiting
computer-aided design and solid free form fabrication,
both 3D-printing and lost mold methods have been
developed. 3D-Printing employs polyester particles that
are bound together by the application of chloroform
from an inkjet head with a resolution of approximately
300 mm [16,17]. Similarly, the lost mold technique uses
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stereolithography to fabricate an epoxy mold that is lost
when the surrounding ceramic is heated, with a
resolution of approximately 450 mm [18]. Although
complex objects can be created using these various
technologies, the ability to reproducibly and simply
fabricate polymer scaffolds with tissue-scale features
(i.e. 10–100 mm) for the investigation of fundamental
structure/function relationships has not been reported.
In this paper, we present two new fabrication methods

for biopolymer scaffolds using PLGA as a prototypic
polymer for tissue engineering applications. The first
technique, pressure assisted microsyringe (PAM), is an
automated system using a microsyringe and stage
controller. The second method is an adaptation of so-
called ‘soft lithography’ that utilizes elastomeric poly-
dimethylsiloxane (PDMS) replicas of microfabricated
masters [19–24]. The latter method also allows for the
introduction of porosity in the structure. Scaffolds
fabricated using both techniques were used to form
multilayer structures by membrane lamination. Finally,
we compare the advantages and limitations of each
technique with regard to resolution, cost, and process
variables.

2. Materials and methods

2.1. Polymer solution

The PLGA solution was obtained by dissolving 85/15
PLGA (Birmingham Polymers Inc., Birmingham, AL,
USA, MW 18,000) in chloroform to give the desired
concentration. This solution was used for all fabrication
techniques, except where noted.

2.2. Pressure assisted microsyringe

The first fabrication technique, developed at the
Interdepartmental Research Center ‘‘E: Piaggio’’ at the
University of Pisa, is based on the use of a microsyringe
that allowed the deposition of a wide range of polymers
[26]. PAM-based microfabrication was used to fabricate
2D and 3D scaffolds of biodegradable polymers. The
system, illustrated in Fig. 1, consists of a stainless-steel
syringe with a 10–20 mm glass capillary needle. A
solution of the polymer in a volatile solvent is placed
inside the syringe and expelled from the tip by the
application of filtered compressed air. The syringe is
mounted on the z-axis of a three-axis micropositioning
system which was designed and built in-house and has a
resolution of 0.1 mm. A supporting substrate, usually
glass, is placed on the two horizontal motors and is
moved relative to the syringe. The lateral dimensions of
the structures deposited is between 5 and 600 mm,
depending on the pressure applied to the syringe, the
viscosity of the solution, the motor speed, and the

dimensions of the syringe tip. The system has been
characterized, optimized, and a simple model simulating
the fluid-dynamics of the deposition process has been
developed [26]. The entire system including valves,
pressure regulators, sensors and position controllers, is
interfaced to and controlled by an IRIS card (Eclypse,
Pisa, Italy) which enables the control of motor speeds
(up to 10 cm/s in both x and y directions) and position.
The control software was developed in C with a user-
friendly graphic interface that allows a wide range of
patterns with a well-defined geometry to be designed
and deposited. After the first layer has been deposited,
subsequent layers are deposited by moving the syringe
up along the z-axis by an amount corresponding to the
height of each layer. In theory, each layer can consist of
a different polymer or pattern, thus allowing a wide
range of 3D structures to be fabricated.

2.3. Soft lithographic techniques

Three variations of a technique for creating PLGA
membranes from a PDMS mold were developed at the
Microscale Tissue Engineering Laboratory, University
of California, San Diego. The PDMS mold was cast
from a microfabricated silicon master using methods
previously described [32]. Briefly, silicon 100 wafers were
spin-coated with EPON-SU8 photoresist (Microchem
Co., Newton, MA), baked to drive away the solvent,
and then exposed to UV light in a Bottom Side Mask
Aligner (Karl Suss, Waterbury Center, VT) through a
mask. The mask was created using Coreldraw 9.0 and
printed on a transparency using a commercial Lino-
tronic-Hercules 3300 dpi high-resolution line printer.
Exposed photoresist was then developed (SU8 devel-
oper, Microchem Co.) and subsequently the wafers were
baked. PDMS prepolymer was prepared by mixing the
commercially available prepolymer and catalyzer (Syl-
gard 184 kit, Dow Corning) in a 10:1 w/w ratio. The
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Fig. 1. Schematic of microsyringe method.
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mixture was degassed under vacuum to eliminate
bubbles created during mixing. The prepolymer solution
was cast on the master and placed under vacuum once
again to remove any bubbles that may have been
introduced. PDMS was cured by baking for 2 h at 65�C.
After cooling to room temperature, the PDMS was
peeled from the silicon master. The mold was then
washed with 70% ethanol and sonicated for 5min prior
to use.

2.3.1. Micromolding method

In this method, the PLGA solution was deposited on
the PDMS mold and placed under vacuum for 2min.
During this time the polymer filled the microchannels
present in the mold and displaced any air present. Once
the polymer had filled the mold, excess PLGA was
removed by dragging the edge of a glass slide across the
top of the mold. The filled mold was baked for 30min at
60�C. When cooled, the PLGA pattern was easily

removed with a pair of tweezers. The steps in this
method are summarized in Fig. 2a.

2.3.2. Microfluidic method

The second technique relied on the microfluidic
channels that were created when a PDMS mold was
sealed against a flat substrate. In our case, the PLGA
solution was forced to flow through the channels by
applying a negative pressure using a vacuum pump.
When the polymer had completely filled the mold, the
whole assembly (mold, polymer and support substrate)
was baked for 30min at 40�C. When cooled, the mold
was peeled from the substrate leaving a thin membrane
firmly attached to the substrate. The steps involved in
this microfabrication method are summarized in Fig. 2b.

2.3.3. Spin coating

In the third variation of the method, a PLGA solution
was spin-coated using a photoresist spinner at 2000 rpm

Fig. 2. Schematic of soft lithography methods. Photolithography is used to generate a polydimethylsulfoxide (PDMS) mold. (a) PDMS mold is used

for solvent casting of PLGA. (b) PDMS mold is sealed against a solid surface to form a network of microfluidic channels. PLGA solution is perfused

through the network and cured in place. (c) PDMS mold is spin-coated with PLGA solution to rapidly drive off the solvent and produce a scaffold.
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onto a PDMS mold with B30 mm feature heights. The
mold was kept at room temperature for 1 h to allow for
complete evaporation of the solvent. The scaffolds were
then removed with tweezers. The steps involved in this
method are summarized in Fig. 2c.

2.4. Application to tissue engineering

2.4.1. Multilayer lamination

Once several PLGA membranes had been fabricated,
it was possible to construct multilayer structures by
laminating them together. This was accomplished by
clamping the edges of the patterns and heating for
10min at 40�C.

2.4.2. Introduction of porosity by particulate leaching

In conjunction with the membrane fabrication tech-
niques described above, it is also possible to create
scaffolds with an internal microstructure. This was
accomplished by mixing 20–65 mm glucose grains, which
had been previously minced and sieved, with the
polymer solution in a 1:1 weight ratio. To ensure that
the polymer solution with glucose completely filled the
mold, it was important that the solution not be too
viscous. The optimum concentration of the polymer
solution for this application was found to be around 5–
10%. After the membrane was fabricated, the glucose
particulates were removed by leaching in deionized
water overnight.

3. Results and discussion

We have presented and characterized two new
microfabrication techniques that address the need for
creating biopolymer scaffolds with organized microscale
architecture for tissue engineering applications. The first
is based on a PAM, and the second is based on soft
lithography, of which three variations are described.
Regardless of the technique used, the possibility of

generating scaffolds with a well-defined geometry at
the micron scale enables the study of the influence
of topology on cellular activity, and can lead to the
development of methods of engineering complex
tissues.

3.1. Microsyringe

We sought to characterize the fluidic polymer deposi-
tion of the microsyringe system. Our model predictions
[26] indicate that the width of the pattern can be
controlled by a number of factors which include the
diameter of the tip, the viscosity of the polymer solution,
the applied pressure, and the motor speed. Fig. 3a is an
example of the measured relationship between the width
of the pattern and the applied pressure for a fixed
concentration of PLGA (20%), and a motor speed of
2.5mm/s. Highly viscous solutions result in the highest
pattern resolutions. However, solution viscosities great-
er than about 400 cp demand high driving pressures to
extrude the liquid which may break the tip. Further-
more, highly concentrated solutions evaporate rapidly
and plug the tip. For this study, 10 mm structures were
deposited at 200mm Hg using a 20% PLGA solution.
Under these optimal conditions, the vertical resolution
was found to be about 5–10 mm as shown by SEM
analysis. The profile of the structures, which was also
measured with an atomic force microscope [26], is not
uniform but resembles an elliptical arc with a high
aspect ratio. Multilayer structures were fabricated by
depositing polymer in successive layers. Figs. 3b and c
show a single layer and multilayer structure, respec-
tively.
Microsyringe techniques have been reported else-

where for use in manufacturing and microelectronics.
For example, biocompatible polymers have been depos-
ited using a PAM to realise 3D scaffolds with a
resolution of 50 mm [29]. In comparison, our technique,
has an improved resolution and can be utilized for
biomaterial deposition. The ability to resolve biomate-

-50

0

50

100

150

200

250

300

0 50 100 150 200 250 300

Pressure (mmmHg)

W
id

th
 (

m
ic

ro
n

)

500 µm (a) (b) (c)

Fig. 3. PAM process parameters and scaffolds: (a) dependence of line width on syringe pressure, (b) 2D PLGA scaffold, and (c) 3D PLGA scaffold.
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rial structures on the same length scale as cell and tissue
features should enable fundamental studies on the role
of the scaffold architecture on tissue function over
physiologically relevant parameters. The microsyringe
system developed in this study was envisaged as an
automated CAD/CAM device, where the operator needs
only to input the desired geometry of the scaffold and
the machine initiates the microfabrication process. Key
advantages of the system are the automated interface,
the rapid process time (Bminutes) the ease of operation,
and the ability to dynamically alter the scaffold (by
interrupting the process, altering polymer composition,
etc.). The main limitations of this technique arise from
the infrastructure investment, the narrow range of
viscosities that can be employed to obtain high-
resolution structures, and the inability to incorporate
particulates for leaching due to plugging of the syringe
tip.

3.2. Soft lithography

The soft-lithographic PLGA molding techniques
presented in this study were adapted from existing
methods to form PDMS replicas. In the literature,
PDMS has been used as a stencil [20,23,30], stamp
[21,31,32], and microfluidic network [23,27,33–36] to
produce patterns of proteins or adhesive ligands. Our
innovation was to use PDMS replicas as molds to
secondarily microfabricate polymer scaffolds. The ad-
vantage of this approach is that a single microfabricated
master can be used to produce many PDMS molds that
are inexpensive, robust, aseptic, and reusable. The
elastomeric properties of PDMS also enable new
techniques such as microfluidic molding. One disadvan-
tage of soft lithographic methods is the requirement that
scaffolds be continuous structures (i.e. no free-standing
structures can be fabricated). In this study, we examined
three methods to form biodegradable polymeric scaf-
folds from PDMS molds.

3.2.1. Micromolding

The micromolding technique is essentially solvent
casting on a PDMS mold. Many PLGA scaffolds can be
produced with a single PDMS mold. The thickness of
the resulting PLGA scaffold is determined by the height
of the features on the photolithographic master
(B30 mm for this paper) and by the concentration of
polymer in the solution. The feature height on the
master can in principle be a few microns. However, thin
membranes are fragile and are difficult to manipulate
manually. We empirically noted that scaffold heights of
greater than B30 mm yielded a scaffold with sufficient
integrity to manipulate. The optimal PLGA concentra-
tion for use with this method was found to be around
10–15%. At this concentration, the viscosity is high
enough (around 100 cp) to allow the polymer solution to
permeate the trenches of the PDMS mold when placed
under vacuum. It was also observed that the solvent
caused the PDMS mold to swell slightly. This limited the
lateral resolution to a practical minimum of about 20–
30 mm. Finally, we observed that the polymer solution
created menisci around each feature resulting in a
surface that was not entirely flat. Fig. 4a shows an
example of a micromolded PLGA membrane with a line
width of 50 mm and the size of the open square region
being 300 mm on a side.
Molding of PLGA networks directly from micro-

fabricated masters has been previously reported [24];
however, the technique was not extensively character-
ized with regard to polymer concentration, mold release
conditions, and other process parameters. Furthermore,
use of PDMS as an intermediate mold has some
advantages that were exploited in this study (see
Microfluidic Molding below).

3.2.2. Microfluidic molding

The second variation was based on microfluidic flow.
This technique took advantage of the microchannels
created when a PDMS mold was reversibly sealed to a
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holesh l

Fig. 4. Scaffolds produced by soft lithography: (a) Micromolding, (b) microfluidics, and (c) spin coating.
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substrate. Microchannels were filled with a PLGA
solution by application of negative pressure. In theory,
the resolution of this technique is only limited by the
resolution of the PDMS mold and hence the master.
Practically, we found it difficult to mold patterns with
small channel dimensions because the negative pressure
that must be applied to fill the channels was excessive.
Once the PLGA was cured, the PDMS was carefully
removed to avoid damaging the thin structures. The
average height of the scaffolds we fabricated was 10 mm.
A typical scaffold obtained using this technique is
shown in Fig. 4b. Unlike the other methods, micro-
fluidic patterning could not be used to fabricate 3D
structures because the polymer solution adhered
strongly to the underlying substrate and could not be
peeled off.

3.2.3. Spin coating

This method utilized a photoresist spin-coater to
create a polymer layer that was thinner than the features
on the master. We found that a 5% PLGA solution was
optimal for this method because the time required to fill
the mold was compatible with the spinning time (B30 s).
Highly viscous solutions would not completely fill the
mold because the solvent evaporated during spinning
before the polymer solution could permeate the PDMS
structure. With a fixed polymer concentration, the
height of the scaffold could be regulated by varying
the spinning speed. Typically, a speed of 2000 rpm
yielded membranes with an average height of 7 mm. A
typical scaffold produced using this method is shown in
Fig. 4c. We observed meniscus effects in regions where
the polymer was in contact with the hydrophobic PDMS
mold, producing non-uniform scaffold heights. We also
observed small holes on the membrane surfaces and
hypothesize that bubbles were introduced through rapid
solvent escape. We observed a practical minimum lateral
feature size of 100 mm. Smaller line widths could not be
achieved because the polymer solution was not able to
fill the narrow microchannels during the spinning
process. We also found it difficult to remove membranes
composed of large open areas from the mold.

3.3. Comparison of techniques and application to tissue

engineering

3.3.1. Comparison of techniques

Table 1 summarizes the features of each technique in
terms of resolution, cost and polymer concentration.
From this table, we see that the methods differ a number
of ways: in lateral resolution where resolution is higher
for the PAM system (B10 mm) microns than the soft-
lithographic techniques (B25 mm), in vertical resolution
(B10 mm) for all methods except micromolding which
gives rise to thicker structures, in polymer concentration
where the soft-lithographic techniques require only a
small volume of polymer with low viscosity, whereas
PAM requires a larger volume and high viscosities to
obtain high-resolution patterns. In cost the PAM system
has substantial infrastructure investment while the soft
lithography techniques require the support of a photo-
lithography facility or access to out-sourcing this work
to obtain PDMS molds. Both techniques provide the
ability to fabricate relatively high-resolution (10–30 mm
features) polymer scaffolds for use in tissue engineering
research.

3.3.2. Lamination of multiple layers and solvent casting

and particulate leaching

Once the membranes were fabricated, 3D structures
were assembled by stacking the layers together under an
optical microscope using a pair of tweezers and then
laminating them. An example of one such structure is
shown in Fig. 5a. Porous PLGA molded membranes
were easily obtained using all of the soft lithographic
methods. The only requirement was that the solution
viscosity be low enough so that it can fill the mold
evenly, and that the glucose grains be homogeneously
mixed. An example of a microporous pattern obtained
using micromolding is shown in Fig. 5b.
In summary, our objective was to develop simple,

robust microfabrication techniques for the construction
of model 2D and 3D biomaterial scaffolds to enable
fundamental tissue engineering studies. In this work we
have described two methods—one, PAM deposition and

Table 1

Method Lateral

resolution

(mm)

Vertical

resolution

(mm)

Optimal PLGA

concentration

(%)

Advantages Limitations

Microsyringe 10 5 20 Dynamic control of scaffold Infrastructure

Automated, ease of operation Narrow range of viscosities

Can be used for multilayers Cannot use particulates

Soft-lithography Inexpensive, robust, reusable Structures must be continuous

Micromolding 20–30 30 10–15 Can be used for multilayers Uneven surface, manipulation limited

Microfluidic 20–30 10 5–10 Minimal manipulation, flat surface Limited geometry due to pressure drop

Spin coating 100 7 5 Requires less polymer, thin scaffolds Small bubbles, uneven surface
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the other that utilizes PDMS molding—that have
various advantages and disadvantages. PLGA scaffolds
were fabricated as a prototypic biomaterial scaffold for
tissue engineering. Applications of this technology in
tissue engineering were explored by forming multilayer
scaffolds and porous scaffolds. In the future, these
techniques can be used to study the effect of scaffold
architecture on cellular activities such as proliferation,
differentiation and motility.
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