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Polymeric tissue engineering scaffolds prepared by conventional techniques like salt leaching and phase sepa-
ration are greatly limited by their poor biomolecule-delivery abilities. Conventional methods of incorporation of
various growth factors, proteins, and=or peptides on or in scaffold materials via different crosslinking and
conjugation techniques are often tedious and may affect scaffold’s physical, chemical, and mechanical properties.
To overcome such deficiencies, a novel two-step porous scaffold fabrication procedure has been created in which
bovine serum albumin microbubbles (henceforth MB) were used as porogen and growth factor carriers. Polymer
solution mixed with MB was phase separated and then lyophilized to create porous scaffold. MB scaffold
triggered substantially lesser inflammatory responses than salt-leached and conventional phase-separated
scaffolds in vivo. Most importantly, the same technique was used to produce insulin-like growth factor-1 (IGF-1)–
eluting porous scaffolds, simply by incorporating IGF-1–loaded MB (MB-IGF-1) with polymer solution before
phase separation. In vitro such MB-IGF-1 scaffolds were able to promote cell growth to a much greater extent
than scaffold soaked in IGF-1, confirming the bioactivity of the released IGF-1. Further, such MB-IGF-1 scaffolds
elicited IGF-1–specific collagen production in the surrounding tissue in vivo. This novel growth factor–eluting
scaffold fabrication procedure can be used to deliver a range of single or combination of bioactive biomolecules
to substantially promote cell growth and function in degradable scaffold.

Introduction

Tissue engineering scaffolds play a critical role in tissue
engineering by acting as a temporary tissue construct or

building block for cell accommodation, proliferation, and
differentiated function as well as serving as three-dimensional
templates for neotissue=organ formation.1 To create such a
temporary structure for cell growth, degradable polymeric
materials, such as poly (L-lactic acid) and poly (L-lactic-co-
glycolic acid) (PLGA), are commonly used and have been
extensively researched.2,3 In addition, many procedures have
been developed for the preparation of porous matrices such
as solvent casting=particulate leaching, emulsion freeze dry-
ing, gas foaming, and thermally induced phase separation.4–16

These methods allow us to produce a series of scaffolds with
desired porosity and different physical=mechanical proper-
ties. However, most scaffolds fail to attract and grow a large
number of cells mostly due to the lack of a suitable growth
environment. To improve cell seeding and growth, substan-
tial progress has been made in recent years by either coating
the scaffold with different adhesive proteins like laminin, fi-
bronectin, fibrin, collagen, and vitronectin,17–20 or soaking the
scaffold with various growth factors like insulin-like growth
factor (IGF), transforming growth factor-b, platelet-derived

growth factor, and fibroblast growth factor via spontaneous
adsorption or covalent linking.20–22 These additional treat-
ments improved cell growth, although such enhancements
were often limited and short lived. It is also possible that
common growth factor–scaffold conjugation processes may
alter the morphological and physical strength of the scaffold.
Thus, there is an urgent need to develop a new scaffold fab-
rication technique in which a variety of growth factors can be
embedded and released for a prolonged period of time.

Quite a few studies have reported that growth factor–
loaded nanoparticles are able to release a variety of growth
factors for a long period of time.23,24 Despite impressive re-
search progress, such growth factor–eluting particles may not
be adopted as part of the porous scaffold fabrication pro-
cesses. The main hurdle is that growth factors can be easily
denatured or inactivated by organic solvents used for scaffold
fabrication.25,26 Studies have also shown that scaffolds soaked
in growth factors have a characteristic high burst release in the
first 1–2 days. This occurs since most of the growth factor is
bound to the surface, instead of being embedded inside the
scaffold.27 To reduce the direct contact between growth factor
and solvent used in scaffold fabrication, our recent stud-
ies uncovered that albumin microbubbles (MB) can shield
the encapsulated growth factors from solvent denaturation.
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It should be noted that protein MB, especially albumin MB,
have been widely used in the field of ultrasound imaging as a
contrast agent,28–31 and gene delivery vehicles.32–35

In this work, we tested the hypothesis that growth factor–
releasing scaffolds can be fabricated by incorporating growth
factor–releasing bovine serum albumin (BSA) MB in the
scaffold-manufacturing processes. To test this hypothesis, we
first determined whether albumin MB can be used as a new
porogen to produce albumin-coated cell-friendly surfaces.
For that, a series of studies were carried out to determine the
ratios of albumin MB and PLGA polymer, quenching tem-
peratures, and processing conditions to finally arrive at the
best combination to synthesize scaffolds with optimal pore
sizes. MB scaffolds were evaluated on the basis of their sur-
face morphology, internal structure, and mechanical strength.
The in vitro cell proliferation studies were conducted, and
the in vivo performance of such scaffolds was compared
with salt-leached and conventional phase-separated scaffolds.
Second, a series of studies were carried out to evaluate the
ability of MB porogens in preserving the bioactivity of a loaded
growth factor. IGF-1 was chosen as model growth factor,
since it stimulates fibroblastic 3T3 cell proliferation.36–38 The
bioactivity of the IGF-1 released from the scaffolds was de-
termined in both an in vitro cell culture system and in vivo
animal implantation model.

Materials and Methods

Materials

Poly (D,L-lactic-co-glycolic acid) (75:25) with a molecular
weight of 113 kDa was purchased from Medisorb (Lakeshore
Biomaterials, Birmingham, AL). The solvent 1,4-dioxane and
Coomassie blue was obtained from Aldrich (Milwaukee, WI)
and EMD Biosciences (Darmstadt, Germany), respectively.
Masson’s trichrome kit and BSA were bought from Sigma
(St. Louis, MO).

Preparation of BSA MB and IGF-loaded MB

BSA MB were produced based on an established proce-
dure.28–31 Briefly, 5% w=v solution of BSA was overlaid with
nitrogen gas. The mixture was sonicated using a probe so-
nicator (Ultrasonix, Bothell, WA) at 20 kHz for 10 s. This
procedure resulted in the formation of nitrogen gas–filled
MB that were surrounded by a BSA protein shell. The MB
were transferred to glass tubes and kept at 48C. To observe
the physical structure of MB, a small droplet of the MB was
placed on a glass slide and then imaged under a microscope
(Leica Microsystems, Wetzlar, Germany). The MB size distri-
bution was determined using the images and NIH ImageJ.39

To synthesize IGF-1–loaded MB (labeled as MB-IGF-1), IGF-1
(500 ng=mL) solution was mixed with BSA solution before
sonication under nitrogen gas as described earlier.

Fabrication of MB-embedded porous scaffolds

BSA MB–embedded porous scaffold (labeled as MB scaf-
fold) was produced based on a modified phase separation
procedure. In our pilot studies, different concentrations of
BSA (5% w=v, 10% w=v, 20% w=v, and 50% w=v) were used
to synthesize the MB and different loading amounts (1:1 and
1:2) of MB were added into various concentrations of poly-
mer solution (5% w=v, 7.5% w=v, and 10% w=v). Such MB–

polymer mixtures were phase separated at various temper-
atures (08C, �208C, and �1968C). The technique was opti-
mized based on the information obtained from these studies
and in this work. Briefly, 7.5% w=v PLGA was dissolved in
1,4-dioxane by vortexing for about 20 min till the polymer
completely dissolved in the solvent. The polymer solution
was then mixed with the BSA MB (5% w=v BSA) or water (as
negative control) in a ratio of 1:1. After gentle agitation for
3 min at room temperature, the polymer–solution mixtures
in glass Petri dishes (5 cm diameter) were then quenched in
liquid nitrogen to induce phase separation. The solidified
scaffolds were then lyophilized for 48 h at 0.03 mbar vac-
uum in a Freezone 12 lyophilizer (Labconco, Kansas City,
MO). As comparison, conventional phase-separated scaf-
folds and salt-leached scaffolds were also synthesized as de-
scribed earlier.2,40

For producing IGF-1–loaded, MB-embedded scaffolds, IGF-
1–loaded MB (MB-IGF-1, MB manufactured in the presence of
500 ng=mL IGF-1) were used as porogens. To directly test the
influence of MB on IGF-1 release, some phase-separated
scaffolds were soaked in 500 ng=mL IGF-1 at 48C overnight,
and these IGF-1–soaked scaffolds were used in some studies
as controls.

Scaffolds characterization

To determine the potential contribution of BSA MB in
creating porosity in scaffold, a staining method was devel-
oped to view the location of BSA bubbles after scaffold
fabrication procedure. For that, variously manufactured
scaffolds were immersed with freezing medium Tissue-Tek
OCT (Sakura FineTek, Torrance, CA) and then placed under
vacuum at �70 kPa, for 15 min to facilitate the perfusion of
the freezing medium through the pores of the scaffold. After
freezing overnight, the scaffolds were sectioned in a cryostat
(Leica CM1850; Leica Microsystems) and collected on poly
(L-lysine)–treated slides. To view MB distribution, 10mm
scaffold sections were obtained and then stained with Coo-
massie brilliant blue solution (0.1% w=v of Coomassie blue
dye, 45% w=v methanol, 45% w=v water, and 10% w=v acetic
acid) for 4 min. Destaining to remove unbounded dye was
accomplished by dipping the sections in destaining solution
(10% w=v methanol, 10% w=v acetic acid, and 80% w=v
water).2 The slides were observed under a Leica microscope
(Leica Microsystems) equipped with a CCD camera (Retiga
EXi; Qimaging, Surrey BC, Canada). Surface morphology of
the cross sections of the scaffolds (60mm thickness) was also
observed using a Hitachi 3000N scanning electron micro-
scope (Hitachi High Tech, Tokyo, Japan).

The porosity of the scaffolds was determined by ethanol
displacement method based on a published procedure.41

Mechanical testing was conducted with an MTS Insight 2
machine fitted with a 500 N load cell. The samples were cut
into square discs (6.3 mm width �6.5 mm thickness). The
deflection rate was adjusted to 2 mm=min. Samples were
compressed to 10% strain. The Young’s modulus was cal-
culated from the initial slope of the curve.42

Evaluation of scaffolds suitability for in vitro cell culture

For in vitro cell growth study, square sections (1�1�1 cm)
of both phase-separated scaffold and the protein MB scaf-
folds were soaked in ethanol for few minutes followed by
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multiple washes with sterile PBS. Scaffolds were seeded with
3T3 cells (5�105=sample in Dulbecco’s modified Eagle’s med-
ium (DMEM) with 10% fetal calf serum and 1% antibiotics)
using a dynamic cell seeding technique (n¼ 4).40 The cell-
seeded discs were then supplemented with DMEM and placed
in a new culture well in an incubator under 378C and 5% CO2.
After culturing for 7 days, the cell viability and proliferation on
the scaffolds was determined using an MTS assay.40

Measurements of IGF-1 bioactivity

The ability of BSA MB to protect the bioactivity of growth
factor was determined using an IGF-1 bioactivity assay. First,
an IGF bioactivity assay was established using a 3T3 cell
proliferation assay. Specifically, different concentrations (50,
200, and 500 ng=mL) of IGF-1 were added to 3T3 cells plated
at a density of 10,000 cells=well in 24-well tissue culture
dishes and incubated for 4 days. After 4 days MTS cell
proliferation assay was performed to determine the linear
relationship between IGF-1 concentrations and cell numbers.

To determine the protective function of MB on IGF-1 ac-
tivity, IGF-1–loaded MB, MB alone, and IGF alone (as neg-
ative) were exposed to 1,4-dioxane and lyophilized. The dry
residuals were resuspended in 1 mL DMEM. The residual
IGF-1 bioactivity was then determined as described above.

To assess the release of bioactive IGF-1 from scaffold, MB-
IGF-1 scaffolds and IGF-1–soaked phase-separated scaffolds
were incubated at 378C with 1 mL DMEM that served as a
release medium. At various time intervals (12 h and 1, 2, 3, 4,
5, and 6 days), the incubated medium was collected for
bioactivity assay, and a fresh medium was then added. At
the end of the study, the extent of IGF-1 bioactivity in the
medium was determined using IGF-1 bioactivity assay.

In vivo evaluation of scaffolds

To evaluate the in vivo biocompatibility, square sections
(1 cm length�1 cm breadth�1 cm thickness) of salt-leached,
phase-separated control, and MB scaffolds were implanted
in the dorsal subcutaneous region of BALB=c mice (25 g body
weight) from Harlan (Indianapolis, IN). After implantation
for 7 days, the animals were sacrificed and the tissue was
explanted. The tissue responses to scaffold implants were
then analyzed histologically. Animals were cared for in
compliance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at the University
of Texas at Arlington.

Histological analyses

All tissue samples were frozen and sectioned into 10-mm-
thick sections using a Leica Cryostat (CM1850) (Leica
Microsystems). To assess the extent of gross inflammatory
responses to the implants, some of the tissue sections were
stained with hematoxylin and eosin. Microscopic images of
hematoxylin and eosin–stained slides were used to assess the
extent of implant-mediated fibrotic responses by measuring
the extent of fibrotic tissue thickness. To assess the bioac-
tivity of the released IGF-1, some of the tissue sections were
stained with Masson’s Trichrome blue in which nuclei stains
blue-black and collagen stains blue.43 The relative intensity
of trichrome blue was determined using the Measure RGB
feature in NIH ImageJ and was expressed in arbitrary units
per square mm.39

Statistical analysis

Data are expressed as mean� standard deviation. The
statistical significance between two sets of data was calcu-
lated using two-tailed Student’s t-test. Data were considered
significant when p< 0.05 or p< 0.01 was obtained.

Results

BSA MB characterization

BSA MB were synthesized and then used as growth factor
carrier and tissue scaffold porogen. After sonication, 1 mL of
BSA solution usually generated 0.8 mL of MB. The synthe-
sized MB observed under the microscope revealed a core-
shell structure (Fig. 1a) and had a size range of 100–150 mm
(Fig. 1b). The protein shell coupled with the low diffusivity
nitrogen gas ensured that the MB are stable at room tem-
perature and can be stored at 48C for up to 2 h. The sup-
plement of IGF-1 in the process allowed the production of
IGF-loaded MB. IGF-loaded MB exhibited similar morphol-
ogy and size distribution as control BSA MB.

Synthesis and characterization of MB-embedded
tissue scaffolds

By observing the cross sections of the MB-embedded PLGA
scaffolds under the scanning electron microscope, we found
that, without the addition of MB, phase-separated scaffold
shows typical ladder-like porous structure with pore sizes
ranging 10–30 mm (Fig. 2a, b). On the other hand, MB-
embedded scaffolds have open porous structure similar to
salt-leached scaffolds. In addition, the pore sizes of MB scaf-
fold were much larger ranging from 100 to 150 mm (Fig. 2c, d).

Under the scanning electron microscope, consistent with
surface morphology, control phase-separated scaffolds
showed an internal microporous structure in the range of 10–
20mm (Fig. 3a), and BSA MB–embedded scaffold showed the
presence of large pores, almost 10 times greater than con-
ventional phase-separated scaffolds, measuring around 100–
200mm in diameter (Fig. 3b). To further determine the role of
MB in scaffold porosity, the distribution of MB in scaffolds
was viewed using Coomassie blue stain, which labels the
protein with dark blue color. Indeed, almost all of the walls of
large pores stained positive with Coomassie blue stain (Fig.
3d). As expected, such localized Coomassie blue stain could
not be found in control scaffold as no protein was added
during the fabrication (Fig. 3c). These results support our idea
that BSA MB can be used as porogens to create homogenous
large-sized pore distribution throughout tissue scaffold.

Porosity and mechanical strength of MB-embedded
scaffolds

To allow cell growth and tissue transplantation, it is crit-
ical that the MB-embedded scaffold have high porosity and
good mechanical strength. We found that the porosity of the
MB-loaded scaffolds was comparable to that of the control
phase-separated scaffolds (almost 92%) (Fig. 4a). These re-
sults suggest that the increase of pore size does not affect the
overall porosity of the scaffold. However, large pore size
may weaken the mechanical strength of the scaffold as seen
in the compressive strength analysis of MB-embedded scaf-
folds compared to controls (Fig. 4b).
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In vitro cell toxicity of MB-embedded scaffolds

Although BSA MB have been shown to be very biocom-
patible and have low cell cytotoxicity, it is not clear whether
scaffold fabrication procedure would affect the biocompati-

bility and cell compatibility of BSA MB. To find the answer,
both phase-separated scaffolds and MB-embedded scaffolds
were seeded with 5�105 3T3 cells=scaffold, and the prolif-
eration of seeded cells on different scaffold was then deter-
mined. Surprisingly, we found that the incorporation of BSA

FIG. 1. Microbubbles (MB) were placed on glass slides and observed under a light microscope. Optical images of the
protein MB (a) was used to determine the size range distribution of the MB (b) (magnification, 100�; scale bar¼ 200 mm).
Color images available online at www.liebertonline.com=ten.

FIG. 2. Scanning electron microscopy analysis shows the porous structures of control phase-separated scaffold with small
pores in lower (a) and higher magnifications (b). On the other hand, bovine serum albumin (BSA) MB scaffold showed large
pores and honeycomb-like pore-wall structure in lower (c) and higher (d) magnifications (scale bars¼ 100mm).
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FIG. 3. The cross-sectional images of phase-separated scaffold in the presence or absence of BSA MB. The morphology of
control phase-separated scaffolds (a) and BSA MB scaffolds (b) was observed under the scanning electron microscope. To
view the distribution of the MB in scaffold, scaffold sections were stained with Coomassie blue and observed under an optical
microscope. Control phase-separated scaffolds (c) and MB-embedded scaffolds (d) (magnification, 200�). Color images
available online at www.liebertonline.com=ten.

FIG. 4. Physical and mechanical characterization of MB-embedded scaffolds. The porosity of the scaffolds was determined
by ethanol displacement method and compared with control phase-separated scaffolds (a). Mechanical strength of MB-
embedded scaffolds was compared with control phase-separated scaffolds using an MTS mechanical tester (b). *p< 0.05.
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MB in fact enhanced the cell proliferation by almost three
times as compared with the control scaffolds (Fig. 5).

In vivo tissue compatibility of MB-embedded scaffolds

Using mouse subcutaneous implantation model, we com-
pared the tissue compatibility of MB-embedded scaffolds
with two commonly used scaffolds—salt-leached scaffolds
and phase-separated scaffolds made of the same materials.
Salt-leached scaffolds (average pore size of 250mm), phase-
separated controls (pore size range, 10–20 mm), and MB-
embedded scaffolds (pore size range, 100–120 mm) had
comparable porosity (90–94%). In agreement with earlier

observations, prominent fibrotic tissue formation was found
surrounding salt-leached (Fig. 6a) and phase-separated scaf-
folds (Fig. 6b). However, there was a significant reduction in
the fibrotic tissue reaction elicited by the MB-embedded
scaffolds (Fig. 6c). The statistical analyses confirmed our
observations (Fig. 6d).

Retention of IGF-1 bioactivity by BSA MB

MB have been used to sheath growth factors and genetic
materials from the inactivation of host enzymes and protein
antagonists. We thus assumed that MB may be able to
embed growth factors in scaffold and also protect their bio-
activity from solvent denaturation during scaffold fabrica-
tion process. To test this hypothesis, IGF-1 was used as a
model protein and a cell culture bioassay was established to
determine the bioactivity of IGF-1. The results from our pilot
studies have found that 500 ng=mL is the optimum concen-
tration of IGF-1 for triggering maximum cell proliferation.
We then determined whether MB can shield the growth
factor from organic solvent inactivation. For that, solutions of
IGF-1, BSA MB, and BSA MB loaded with IGF-1 (MB-IGF-1)
(500 ng=mL) were added to organic solvent 1,4-dioxane,
frozen, and lyophilized. Postlyophilization, DMEM was ad-
ded to each group and then used in IGF-1 bioassays. As
expected, IGF-1 alone lost almost all its bioactivity after be-
ing exposed to solvent. Solvent-incubated MB exerted mini-
mal cell proliferation activity (Fig. 7a). Most importantly,
IGF-1 shelled in MB was found to retain most of its bioac-
tivity (before vs. after solvent exposure: 500� 5 ng=mL vs.
150� 10 ng=mL). These results support our hypothesis that
MB shield loaded growth factors from solvent inactivation.

We further determined whether growth factor–releasing
scaffold can be made using MB-embedded scaffold fabrica-

FIG. 5. Growth rate of 3T3 cells on phase-separated scaf-
fold and MB-embedded scaffold (MB scaffold). Cells were
grown on phase-separated scaffolds (control) and MB scaf-
folds for 7 days, and percentage cell growth rates were de-
termined relative to control. *p< 0.05.

FIG. 6. In vivo histological analysis of fibrotic tissue reactions surrounding MB scaffolds (a) compared to salt-leached (b) and
phase-separated scaffolds (c). All images were taken at 200�magnification with scaffold toward the right edge of the tissues.
Fibrotic capsule thickness measured using NIH ImageJ was quantified to reflect the extent of implant-mediated tissue
responses (d). *p< 0.05. Color images available online at www.liebertonline.com=ten.
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tion technique. IGF-1–coated phase-separated scaffolds were
used as negative controls. Both groups of scaffolds were in-
cubated with DMEM with daily changes of fresh medium.
The bioactivity of IGF-1 in the collected medium was then
determined based on cell proliferation assay (Fig. 7b). In the
case of IGF-1–coated scaffold, most of IGF-1 release occurred
before day 1 and then dropped sharply. By day 3, there was
almost no bioactive IGF-1 release from scaffold. On the other
hand, MB-IGF-1–embedded scaffold showed a prolonged
release of IGF-1 for at least 6 days. These results demonstrate
that MB can be used to fabricate growth factor–releasing
scaffold.

In vivo bioactivity of IGF-1 and biocompatibility
evaluation of scaffolds

Further studies were carried out to assess the effect of
MB-IGF-1–embedded scaffold on tissue responses using a
mouse subcutaneous implant model. Since IGF-1 has been
shown to enhance fibroblast proliferation and collagen pro-
duction, the in vivo bioactivity of IGF-1 was assessed by
histologically analyzing the extent of collagen production
surrounding scaffold implants. The capsule region around the
salt-leached (Fig. 8a) and phase-separated scaffold (Fig. 8b)
showed sparse collagen formation after implantation for 1
week, while low degree of collagen was found surrounding
the MB scaffolds (Fig. 8c). However, as anticipated, the MB-
IGF-1 scaffolds (Fig. 8d) showed a well-formed band of colla-
gen around the implants. The quantitative analysis of the col-
lagen deposition (based on intensity of collagen blue stain)
confirmed the visual observations (Fig. 8e). These results
clearly demonstrated the ability of MB-IGF-1 scaffold to release
bioactive IGF-1 and to affect the surrounding tissue responses.

Discussion

Ensuring the bioactivity of growth factors and other bio-
molecules delivered by scaffolds is one of the major hurdles

in tissue engineering.44–47 This challenge arises primarily due
to the incompatibility between proteins and organic solvents
used in fabricating scaffolds. Using nitrogen gas–filled BSA
MB as porogen, a novel scaffold fabrication technique has
been established here to produce porous and growth factor–
releasing scaffold.

For fabricating MB-embedded scaffold, phase separation
technique was used since the technique yields scaffolds with
high porosity and interconnectivity albeit with small pores.2

MB were found to be stable at low temperature and could be
lyophilized and then resuspended.28 Our studies have shown
that MB are easy to synthesize and incorporate in scaffold. It
should be noted that MB are stable at room temperature
possibly due to the superior stability of protein coating
around the bubble as suggested by earlier studies.28 In ad-
dition, earlier studies have shown that nitrogen gas with low
diffusivity has been used commercially (such as Imagent,
AF0150) to stabilize the MB.48 The stability of MB may be
further improved using lower diffusivity gases like sulfur
hexafluoride and perfluorocarbons.49

The porosity of MB-embedded scaffold was found to be
easily engineered by altering the polymer concentration and
volume ratio between polymer solution and MB. Interest-
ingly, the overall porosity of MB-embedded scaffold is very
comparable to phase-separated and salt-leached scaffolds,
which are in agreement with earlier studies.2,10,16 Despite
similar porosity, the cross sections of MB scaffolds showed a
honeycomb-like open pore wall structure with large pores
(100–150 mm) differing from smaller, ladder-like pores (10–
20mm) found in the control phase-separated scaffold as
shown in many previous work.16,50,51 The small, ladder-like
pores are formed by dioxane crystals formed during the
quenching process.16 The larger, honeycomb-like opened
pores can possibly be attributed to the protein MB based on
several lines of evidence. First, the large pore size and MB
have a similar size range (100–150mm). Second, large pores
coincide with Coomassie blue protein staining,2,52 indicating

FIG. 7. Insulin-like growth factor-1 (IGF-1) bioactivities of variously treated samples were measured based on cell prolif-
eration assay. The effect of solvent on IGF-1 bioactivity was determined using solvent-preexposed IGF-1 alone, MB alone, and
MB-IGF-1 as explained in methods (significance vs. MB control; **p< 0.01) (a). The bioactivity of released IGF-1 from MB-
IGF-1 scaffolds and IGF-1–soaked scaffolds at different time points was assessed as shown in (b).
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that large pores are co-located with MB. Third, BSA MB–
embedded scaffolds possess high cell seeding affinity, which
is a typical property found on BSA-coated scaffolds.53 This
structural difference between phase-separated, salt-leached,
and MB-embedded scaffolds may contribute to the visual
perception of the vast dissimilarity in scaffold porosity. We
have also noticed that the mechanical strength of the MB
scaffolds is slightly weaker than control scaffolds. Although
the main cause of such mechanical property change has yet
to be determined, the large pores created by MB are likely to
be the reason.

Using an in vivo implantation model, MB scaffolds were
found to be more tissue compatible than salt-leached and
phase-separated scaffolds with similar porosities. The im-
proved tissue compatibility is likely to be associated to the
presence of MB for the following reasons. First, BSA has been
shown to block or limit unfavorable protein adsorption=
denaturation, which is thought to be a major initiating step in
the inflammatory response.54 Second, albumin coating has
been shown to reduce inflammatory responses to tissue
scaffolds and polymeric materials.54–56

Further studies have revealed that MB cannot only be
used as porogen but also as a growth factor carrier. Although
MB have been shown to protect proteins and activity of ge-
netic material,33 the ability of MB to protect the bioactivity of

growth factors during scaffold fabrication procedure had not
been determined. In fact, our in vitro studies have shown that
the bioactivity of IGF-1 was preserved when embedded in
MB. Further, growth factor–releasing scaffold can be made
following similar scaffold fabrication process with growth
factor–loaded MB. This two-step process enables fabrication
of a variety of growth factor–eluting scaffolds that is sub-
stantially simple and versatile compared to commonly used
loading methods.20–22

This MB scaffold fabrication technique provides a unique
opportunity to explore the effect of a wide variety of growth
factors in different tissue engineering application, tissue re-
generation, and wound healing processes. Specifically, the
slow release of VEGF57 and b-FGF58 has been shown to en-
hance angiogenesis. Such growth factor–loaded scaffolds can
also be used for bone tissue engineering (requires pore sizes
of 100–150 mm).59 Similar techniques can be used to make
scaffolds that could deliver neurotrophic factors and guide
nerve regeneration.60 Since it has been shown that protein
MB could preserve the activity of loaded genetic material,33 it
is possible that scaffolds loaded with such MB can bring
about the desired genetic modification in the seeded cells.
We believe that further studies and developments of this
novel fabrication technique may lead to the development of
more cell and histocompatible tissue engineering products.

FIG. 8. In vivo bioactivity of IGF-1 was determined based on collagen production. Tissue sections were histologically
analyzed using Masson’s trichrome blue staining (collagen stain), where the blue coloration indicates presence of collagen
(scaffold is to the right of fibrotic tissue). The fibrotic capsules around salt-leached (a), phase-separated (b), and MB scaffolds
(c) were compared with MB-IGF-1 scaffolds (d). All images were taken at a magnification of 200�. The quantitative analysis of
collagen deposition was done based on intensity of blue color using NIH ImageJ (e). **p< 0.01. Color images available online
at www.liebertonline.com=ten.

8 NAIR ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.tec.2009.0094&iName=master.img-007.jpg&w=396&h=304


Conclusion

A novel and simple technique has been developed to load a
variety of growth factors into tissue engineering scaffolds and
deliver them in a bioactive form over time. This technique
provides two distinct advantages. First, albumin MB are
made of biological materials that have no toxicity and provide
biocompatible coating along the pores throughout the scaf-
folds. Second, apart from having produced scaffolds with
larger pores compared to conventional methods, our method
permits the production of a wide variety of growth factor
without the requirement of tedious fabrication processes.
Such scaffold fabrication techniques could provide powerful
tool for a whole range of tissue engineering applications.
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