
SYMPOSIUM: NEW APPROACHES TO ALLOGRAFT TRANSPLANTATION

The Effects of GDF-5 and Uniaxial Strain on Mesenchymal Stem
Cells in 3-D Culture

Eugene Farng MD, Alfonso R. Urdaneta BS,

David Barba BS, Sean Esmende BS, David R. McAllister MD

Published online: 6 June 2008

� The Association of Bone and Joint Surgeons 2008

Abstract Recent endeavors in tissue engineering have

attempted to identify the optimal parameters to create an

artificial ligament. Both mechanical and biochemical

stimulation have been used by others to independently

modulate growth and differentiation, although few studies

have explored their interactions. We applied previously

described fabrication techniques to create a highly porous

(90%–95% porosity, 212–300 lm), 3-D, bioabsorbable

polymer scaffold (polycaprolactone). Scaffolds were

coated with bovine collagen, and growth and differentia-

tion factor 5 (GDF-5) was added to half of the scaffolds.

Scaffolds were seeded with mesenchymal stem cells and

cultured in a custom bioreactor under static or cyclic strain

(10% strain, 0.33 Hz) conditions. After 48 hours, both

mechanical stimulation and GDF-5 increased mRNA pro-

duction of collagen I, II, and scleraxis compared to control;

tenascin C production was not increased. Combining

stimuli did not change gene expression; however, cellular

metabolism was 1.7 times higher in scaffolds treated with

both stimuli. We successfully grew a line of mesenchymal

stem cells in 3-D culture, and our initial data indicate

mechanical stimulation and GDF-5 influenced cellular

activity and mRNA production; we did not, however,

observe additive synergism with the mechanical and

biological stimuli.

Introduction

The anterior cruciate ligament (ACL) is one of the most

frequently injured ligaments in the knee, with over 100,000

reconstructions performed annually [40]. Poor results with

nonoperative management [26], particularly in those who

wish to remain active [4], has led to increased numbers of

surgical reconstruction. Today, surgical reconstruction can

restore function and prevent instability and early cartilage

deterioration in the knee with 90% success reported in one

study [49]. There are, however, limitations to autografts

(donor site morbidity such as muscle weakness, patellar

fracture, and anterior knee pain) [49] and allografts (donor

availability, fear of disease transmission) [16, 49]. As a

result, artificially engineered ligaments suitable for ACL

reconstruction have emerged as one promising alternative.

Current approaches to ligament and tissue engineering

are aimed at optimizing the growth of an autologous popu-

lation of cells grown on a biocompatible scaffold. First, an

appropriate cell source with high proliferative potential that

can be easily harvested and cultured must be identified.

These cells are then grown on a platform that enables cell

adhesion, proliferation, and the bulk production of orga-

nized collagen matrix. However, the ideal growth conditions

for ligamentogenesis must be still identified, and the inter-

play between different stimuli is largely unknown. The

growth conditions are selected based on their ability to

enhance proliferation, direct differentiation, and promote
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the production of an organized extracellular matrix.

Ligaments and tendons have a specific alignment of their

collagen fibrils and serve to transmit forces, and therefore, it

is anticipated mechanical strain in the external environment

can upregulate or direct ligamentogenesis. Indeed, cyclic

strain is promising since it upregulates fibroblast markers

[2, 41]. Another category of promising stimuli is growth

factors, including members of the TGF-B superfamily such

as bone morphogenic protein (BMP) and growth and

differentiation factor (GDF). GDF-5, in particular, shows

great promise in ligament- and tendon-specific differentia-

tion [44, 50].

Using such an ex vivo ACL substitute we addressed three

questions regarding this ligament engineering approach: (1)

if a biopolymer scaffold would support the adherence and

proliferation of a stem cell line; (2) whether mechanical

stimulation and/or GDF-5 would influence cellular prolif-

eration; and (3) whether mechanical stimulation and/or

GDF-5 would influence cellular differentiation.

Materials and Methods

We fabricated bioabsorbable polymer scaffolds that we

seeded with a multipotent bone marrow stromal cell line,

cultured under experimental conditions for 48 hours, then

removed for analysis. Four experimental groups were cre-

ated. In group one (control), no mechanical strain or

exogenous growth factor was used. In group two, cyclic

uniaxial 10% strain at 0.33 Hz was applied to the scaffolds.

In group three, GDF-5 (1600 ng/scaffold) was adminis-

tered by adding it to the collagen coating of the scaffold. In

group 4, both mechanical stimulation and exogenous

growth factor were used. Two scaffolds from each group

were randomly selected for qualitative histologic analysis

in order to confirm the presence of cells and to observe the

pattern of growth. Two scaffolds from each group were

randomly selected for an MTS-based cellular proliferation

assay (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

phenyl)-2-(4-sulfophenyl)-2H-tetrazolium—see below) to

estimate the size of the live cell population. Two scaffolds

from each group were randomly selected for RNA

extraction and RT-PCR analysis for specific genes of

interest (collagen I, collagen III, tenascin C, and scleraxis)

to identify potential cellular differentiation and ECM pro-

duction. The experiment was repeated for a total n = 3.

A multipotent mouse bone marrow stromal cell (BMSC)

line was obtained from ATCC (Manassas, VA; Designation

D1 ORL UVA). Cells were cultured in medium consisting

of Dulbecco’s modified Eagle’s medium (DMEM) with

high glucose, L-glutamine, and sodium pyruvate (Invitro-

gen, San Diego, CA). The medium was supplemented with

10% fetal bovine serum (Omega Scientific, Tarzana, CA)

and Gibco 1% antibiotic-antimycotic solution (Invitrogen).

Cells were cultured on standard cell-culture-treated plastic,

and culture plates were maintained in a humidified incu-

bator at 37�C and 5% CO2. The medium was changed

every 3 to 4 days, and cells were split 5:1 when plates

reached 70% to 80% confluence. At passages 4 and 6, cells

were cryopreserved in 10% (v/v) dimethyl sulfoxide. All

experiments were performed with cells from passages 8

and 9.

We prepared racetrack-shaped scaffolds according to

previously reported techniques [41, 42]. Briefly, a 20%

(w/w) solution was created by dissolving polycaprolactone

(Birmingham Polymers, Birmingham, AL) in chloroform

and stirring on an orbital shaker. Methanol was then added

to create a 30% (w/w) methanol concentration, again

mixed on an orbital shaker. Sucrose with grain sizes 212–

300 lm was mixed in to provide a 90% to 95% porosity

scaffold. This mixture was packed into machined Teflon1

molds to create racetrack-shaped scaffolds. Scaffolds were

then placed in a vacuum freeze-drier overnight and stored

in a dessicator until use. Before seeding, sucrose particles

were leached in deionized water for 24 hours. Scaffolds

were then sterilized in 70% ethanol for 30 minutes, fol-

lowed by five washes in sterile phosphate-buffered saline

(PBS).

Cell adhesion and proliferation were enhanced by the

noncovalent coating of bovine collagen and GDF-5 to the

scaffolds as previously described [41]. Briefly, purified

bovine dermal collagen (Cohesion Technologies, Palo

Alto, CA) was neutralized to pH 7.4 with 10X PBS and

NaOH in an 8:1:1 ratio. This was then diluted with sterile

water to a final concentration of 0.25 mg/mL. For half the

scaffolds, GDF-5 (R&D Systems, Minneapolis, MN) was

then added. Under sterile conditions, 100 lL of the

appropriate solution was then serially added to each arm of

the scaffold, with 30 minutes of drying time between coats

to allow for collagen and growth factor adhesion. A total of

0.125 mg collagen and 0 versus 800 ng GDF-5 was added

to each scaffold arm.

After the final coat was dry, 1 9 106 BMSCs in 100 lL

medium were applied to each scaffold arm, and scaffolds

were incubated for 2 hours at 37�C. The scaffolds were

then rotated 180� and the process was repeated for the other

side of each scaffold arm. A total of 4 9 106 cells were

seeded onto each scaffold.

Under sterile conditions, we then mounted scaffolds in

a custom bioreactor. Each chamber of the bioreactor

houses up to six scaffolds, and linear strain was applied to

each chamber by a programmable linear stepper motor

(Arrick Robotics, Tyler, TX). Ten percent strain was

applied in a triangular waveform at 0.33 Hz. The biore-

actor was maintained in a humidified incubator at 37�C

and 5% CO2.
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After incubation in the custom bioreactor for 48 hours,

two scaffolds from each chamber were randomly selected

for histologic sectioning, and they were fixed with 10%

formalin for 24 hours. Individual scaffold arms were then

excised en bloc using a sterile No. 15 scalpel, and samples

were embedded using a gelatin embedding technique

developed previously [8]. Briefly, scaffolds were placed in

a 5% (w/w) porcine gelatin (G1890; Sigma-Aldrich, St.

Louis, MO) with 5% (w/w) sucrose solution in disposable

plastic molds and heated in a rocking convection oven at

45�C overnight. Samples were then immersed in an acetone

and dry ice bath for rapid freezing and stored at -80�C

until sectioned. Samples were taken from four areas

throughout the depth of the scaffold. Each area was spaced

2.5 mm apart, and 10 sections were taken from each area.

Samples were sectioned at 10 lm on a cryotome, mounted

on Superfrost1 Plus slides (VWR Scientific, West Chester,

PA), and stained with hematoxylin (Fisherbrand Gill #3;

Fisher Scientific, Pittsburgh, PA) and eosin (Sigma-

Aldrich) by the primary author. We qualitatively examined

slides with standard light microscopy.

To quantify relative cell number and metabolism, a

modification of Promega’s MTS-based assay was used

(Promega, Madison, WI). 3-(4,5-Dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,

also known as MTS, is a tetrazolium compound that

undergoes colorimetric change when reduced. In the

presence of reducing agents such as NADH and NADPH,

MTS turns deep purple with a peak absorbance at 490 nm.

Thus, this assay measures cellular reductive capacity as a

surrogate for overall cellular metabolism and cell number.

Individual scaffold arms were placed into each well of a

12-well plate. Scaffolds were then incubated in 1000 lL

culture medium and 100 lL MTS at 37�C and 5% CO2 for

10 minutes. Media was then transferred into a 96-well

plate, and absorbance at 490 nm was measured using a

Tecan F-200 multiwell plate reader (Tecan Inc, San Jose,

CA).

Scaffolds were randomly selected for RT-PCR analysis

and immediately frozen in a liquid nitrogen vapor-phase

storage tank. Frozen scaffolds were then excised and cru-

shed, and RNA was extracted using an RNeasy1 Mini Kit

(Qiagen, Valencia, CA). Briefly, cells from crushed scaf-

folds were lysed and homogenized using the Qiashredder1

(Qiagen) protocol, and the resulting lysate was serially

processed and washed using the RNeasy1 protocol. To

prevent DNA contamination, we included the optional use

of RNase-free DNase (Qiagen). Real-time RT-PCR was

performed with a QuantiTect1 RT-PCR kit (Qiagen) in a

96-well plate configuration. mRNA probes for Mus mus-

culus genes of interest, including procollagen Type I,

procollagen Type III, tenascin C, and scleraxis were

obtained from Applied Biosystems (Foster City, CA).

Internal control was performed with TaqMan1 GAPDH

rodent control reagents (Applied Biosystems). Quantitative

real-time PCR was performed with an ABI Prism1 7900

Sequence Detection System (Applied Biosystems) at

UCLA’s Sequencing and Genotyping Core facility.

Initial data analysis was performed with Microsoft Excel

(Microsoft, Redmond, WA), and statistical analysis was

performed with STATA (Stata Corp, College Station, TX).

MTS results are reported as mean ± standard deviation

relative to control, and one-way ANOVA was performed to

assess for differences between treatment groups. Similarly,

gene expression is reported as mean ± standard deviation

relative to control, and one-way ANOVA was used to

assess for differences. When a difference between groups

was identified by ANOVA, a comparison of group means

was performed using a Student’s t test.

Results

Histologic examination (Fig. 1) of the scaffolds demon-

strated successful attachment and proliferation of cells in

all groups. Qualitative observation suggested cell colonies

tended to form along the surface of the scaffold, growing in

large clusters. These clusters were noted in all treatment

groups (Fig. 1A–B). Individual cells and small groups of

cells were occasionally found throughout the scaffolds,

including deep within the center of the scaffolds (Fig. 1C–

D). Scaffolds treated with both GDF-5 and cyclic strain

seemed to form the largest cell colonies, although quanti-

tative analysis was not performed. Cell growth on the

internal surfaces of scaffolds was most increased in the

combined stimulus group, with groups of cells spanning

between scaffold struts (Fig. 1C–D), although most of the

cell growth remained confined to the superficial layers of

the scaffold. At this early 48-hour time point, no obvious

phenotypic changes were noted suggesting differentiation

to a known cell or tissue type, and visible extracellular

matrix production was essentially nonexistent.

Incubation of MTS in the presence of multiple cell

populations of known size confirmed the linear response of

MTS to cell number. Reduction of MTS assay in the

presence of cultured scaffolds confirmed the presence of

live cells in the all scaffold groups but with differences

(p = 0.02) between groups. Scaffolds treated by either

cyclic strain or GDF-5 independently showed no increase

(p [ 0.05) in cellular activity compared to control (Fig. 2).

However, scaffolds treated with both GDF-5 and cyclic

strain demonstrated 1.7 times (p = 0.017) the reductive

capacity as untreated controls.

Production of mRNA was increased by both mechanical

stimulation and GDF-5 when compared to unstimulated

scaffolds (Fig. 3). Between the four groups we observed
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differences in collagen I (p = 0.0494), collagen III (p =

0.0009), and scleraxis production (p = 0.0096) but not

tenascin C production (p = 0.07). Mechanical stimulation

increased collagen I (15.3 ± 2.3; p = 0.012), collagen III

(81.7 ± 5.2; p = 0.002), and scleraxis (27.8 ± 7; p =

0.03) mRNA production compared to control. GDF-5

increased collagen I (15.7 ± 4.4; p = 0.04), collagen III

(59.1 ± 10.3; p = 0.01), and scleraxis (13 ± 3.8; p =

0.045) mRNA production. Combining the stimuli produced

an increase (p = 0.004) only in the expression of collagen III

(66.9 ± 4.6).

Fig. 1A–D The cultured scaffolds demonstrated successful cell

adhesion and growth (Stain, hematoxylin and eosin). (A) A low-

power (910) view of a scaffold treated with only mechanical stimulus

shows a large cell colony on the surface of the scaffold. (B) A

medium-power (9100) view of a scaffold treated with only GDF-5

also demonstrates a large cell colony on the surface of the scaffold.

(C) High-power view (9500) of a scaffold treated with both cyclic

strain and GDF-5 shows cell colonies within the substance of the

scaffold, spanning scaffold struts. (D) Higher-power view (91000) of

a scaffold treated with both cyclic strain and GDF-5 shows a cell

colony within the substance of the scaffold.
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Fig. 2 Cellular proliferation was quantified by MTS reduction.

Cultured scaffolds were incubated in the presence of MTS, which

undergoes colorimetric change in the presence of cellular reductive

agents. Scaffolds treated with both cyclic strain and GDF-5 demon-

strated a 70% increase in cellular activity (p = 0.017). Values

reported represent increases compared to nonstimulated controls.

Error bars indicate 95% confidence interval of the mean.
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Fig. 3 RT-PCR analysis of mRNA gene expression was performed

on scaffolds that were either unstimulated or stimulated with uniaxial

10% cyclic strain at 0.33 Hz, GDF-5, or both. Either mechanical

stimulation or GDF-5 increased gene expression of collagen I,

collagen III, and scleraxis (p \ 0.05), without increasing tenascin C

(p [ 0.05). Combined stimuli only increased expression of collagen

III (p \ 0.05). We observed no synergy. Values reported represent

increases compared to nonstimulated controls. Error bars indicate

standard deviation of the mean.
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Discussion

The field of bioengineering may ultimately be able to

supply artificially engineered tissues for use in humans;

however, substantial challenges must be met before clinical

use can be considered. Currently, there is no consensus

regarding the ideal cell source, growth matrix, or growth

conditions for ligament engineering. This study was

undertaken to present the results of a novel technique using

a pluripotent cell population, bioabsorbable scaffold, and

promising combination of stimuli. Specifically, we wanted

to evaluate the ability of cells to adhere to and survive on

our 3-D matrix. Furthermore, we wanted to evaluate the

influence of mechanical stretch and growth factor stimu-

lation on cellular proliferation, as well as its ability to

direct differentiation.

There are a number of limitations to our study that bear

mentioning. First, the nature of the cell line selected for

this study must be considered. As described below, the

bone marrow stromal cell line used in this study is pri-

marily osteogenic, though it has been used in adipogenic

applications as well. We are not aware of any studies

evaluating the tenocyte or fibroblast potential of this cell

line. Indeed, one of the aims of our study is to identify the

appropriate conditions for directing ligamentogenesis.

Furthermore, the transformed nature of a cell line may limit

the general applicability of any conclusions from this

study, as a different cell population (such as harvested

nonimmortalized cells) may respond differently to the

stimuli used in this experiment. Still, the easy availability,

relative robustness, and short doubling time of these cells

compared to harvested cells makes them ideal for use in

these types of investigative studies. Second, the conclu-

sions we are able to draw from the histology are based on

qualitative description only. The degree of cell clustering

makes quantitative evaluation of cell area, aspect ratio, or

cell number impossible. Third, the experimental design

does not allow for any insight into the mechanism of action

for these stimuli. For example, mechanical stimulation may

upregulate growth by improving nutrient diffusion in the

surrounding media rather than by direct stimulation of

the cells. From the perspective of study design, however,

the presence of a treatment effect must be established

before the mechanism of action can be investigated; further

research into the mechanism of action may be warranted in

the future. Fourth, the experiment was limited to 48 hours

of culture. Within this time frame, some cellular prolifer-

ation and early markers of lineage-specific differentiation

may be present. Unfortunately, these early markers of

tenocyte differentiation are not well-defined. Conclusive

evidence of tenocyte formation and ligamentogenesis, such

as the production of an organized collagen matrix, would

not be expected at this early time point; longer culture

periods are necessary. Naturally, we would like to observe

these cells at multiple time points over extended culture;

however, an exhaustive multivariable experiment is not

technically feasible. Therefore, we chose to examine an

early time point to ensure our selected stimuli did indeed

have an effect on our cell population before moving to

extended culture. Finally, for the purpose of these initial

investigations, the number of genes assayed using RT-PCR

technique used was limited. A complete panel could

include other markers of differentiation (eg, bone specific

markers); therefore, the ultimate differentiation pathway of

these cells cannot be conclusively determined based on this

gene profile. Future areas of investigation should be aimed

at addressing these issues, including extended culture

periods, evaluations of multiple time and doses, and addi-

tional genes of interest.

Because engineering an ACL substitute is one of the

goals of ligament- and tendon-engineering projects, the

ACL seems like a natural source for cells. However, in

comparison to patellar tendon-derived fibroblasts [25],

skin-derived fibroblasts [5], and MCL-derived fibroblasts

[34], ACL-derived fibroblasts have limited proliferative

capacity [5, 25, 34]. In fact, BMSCs may be superior to

these candidates as targets for tissue-engineering applica-

tions, as BMSCs had higher collagen production and DNA

content after seeding on polylactide/glycolide (PLGA)

suture material than ACL or skin fibroblasts [47]. Simi-

larly, others [28] have reported bone marrow mesenchymal

stem cells had higher proliferation rate, collagen excretion,

and durability in the knee when compared to ACL or MCL

fibroblasts.

Therefore, most approaches have shifted to the use of

mesenchymal stem cells, which can be harvested from the

bone marrow. Mesenchymal stem cells have been used in

multiple tissue-engineering applications, and they differ-

entiate into multiple lineages, including osteoblasts,

chondrocytes, adipocytes, and muscle/tendon forming cells

[9–11, 23]. The multipotent, immortalized BMSC line used

here is primarily osteogenic [24] and has been used in

models of spinal fusion [19] and in the femur [22]. These

cells also differentiate into adipocytes under the influence

of steroids [20, 21] or alcohol [22]. The immortalized cell

line used in this study was selected for its relative ease of

use, rapid doubling time, and multilineage potential. We

are not aware of any studies describing tenocyte differen-

tiation of this cell line; indeed, one goal of ligament

engineering as a field is to identify the necessary conditions

to induce ligamentogenesis and tenocytic differentiation.

A multitude of different scaffold technologies have been

investigated for use in tissue engineering. Some approaches

involve materials currently used as suture material,

including processed silk fibers [1, 12] and bioabsorbable

polymers [7, 34]. Biologic substrates, including collagen
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gels [2, 6, 27], hyaluronan [17], and alginate/chitosan

polymers [36] have also been used.

Our current scaffold structure is based on prior work in

our laboratory [41, 42], which provides a platform for cell

growth using a biodegradable material. Using these fabri-

cation techniques, a wide variety of scaffold structures can

be created using appropriately shaped molds. Unlike PLGA,

polycaprolactone (PCL) has a low glass transition temper-

ature of -60�C, and it is an amorphous solid at biologic

temperatures. Therefore, it is capable of withstanding long-

term cyclic strain. Furthermore, it is already an FDA-

approved bioabsorbable polymer, sold under the brand

name Monocryl1 (Ethicon, Somerville, NJ). Our particle

leaching technology provides 95% porous scaffold with

known pore sizes, providing a high degree of interconnec-

tivity to allow high uniform cell seeding and cell-cell

interactions. The high porosity also helps with mass trans-

port of nutrient and waste. Pilot studies have demonstrated

our technique has 80% to 90% seeding efficiency using

bone marrow stromal cells harvested from rats [41, 42].

Multiple growth factors have been used in tissue-engi-

neering applications to stimulate proliferation and

differentiation of cells, including FGF, TGF, platelet-

derived growth factor (PDGF), EGF, and GDF [29, 30, 41].

However, it may be that a complicated sequence of growth

factor administration is necessary to recapitulate the heal-

ing or embryogenesis of tendons and ligaments. One

approach to addressing this multivariable problem has been

fractional factorial design [39], which helps to identify the

ideal media formulations and growth factor combinations

for cell growth. Based on these results, a smaller group of

growth factor combinations can be targeted for sequential

administration to BMSCs; results from silk fiber matrices

indicate mitogen/TGF-b-treated groups generally demon-

strated both increased proliferation and collagen deposition

in extended culture [38, 39].

Of the many proteins known to have mitogenic activity

on mesenchymal tissue, the GDF-5, -6, and -7 (also known

as BMP-14, -13, and -12, respectively) subfamily of pro-

teins may be the most promising for applications involving

tissue and ligament healing, regeneration, and engineering.

As members of the TGF- b superfamily, these proteins

induce tenocyte differentiation of bone marrow mesen-

chymal cells [48]. Receptor binding triggers members of

the Smad family of nuclear transcription factors, including

Smad-1, -5, and -8. Smad-8, in particular, promotes teno-

cyte differentiation of mesenchymal stem cells [32]. This

family of proteins plays a clear role in the embryogenesis

and differentiation of collagenous tissue, as GDF-deficient

mice have abnormal tissue structure in the Achilles tendon

[37] and in the tail [14]. More notably, decreased collagen

content and tensile strength [37], as well as delayed

healing, have been reported in the Achilles tendon of

GDF-deficient mice [13]. Conversely, exogenous GDF

protein delivered by carrier [3, 46], suture coating [43], or

adenoviral transfection [44] improves tendon healing and

tensile strength of transected tendons.

Even more promising, in vivo experiments of ectopic

injection of GDF-5, -6, and -7 induces neotendon and

ligament formation, suggesting GDFs act as signaling

molecules during embryonic tendon and ligament forma-

tion [50]. Histologic examination of the induced tissue

demonstrated organized collagen with regular periodicity,

resembling neonatal tendon and ligament. Similar results

have been reported with BMP-13 delivered via adenoviral

transfection into athymic nude rats [31].

GDF-5 has been used recently for tissue engineering

applications [33]. BMSCs treated with recombinant human

TGF-b1 and GDF-5 were cultured on woven 3-D PLGA

scaffolds over a period of 12 days. Both growth factors

promoted cellular proliferation; however, only TGF-b1

increased collagen production.

Mechanical strain has been evaluated as a potential

stimulus for cell proliferation and differentiation [2].

BMSCs seeded on collagen gels subjected to 10% longi-

tudinal strain and 25% rotational strain at 0.0167 Hz for

21 days demonstrated an upregulation of ligament fibro-

blast markers, including collagen I, collagen III, and

tenascin C. In these studies, there was no evidence of

osteogenic or chondrogenic differentiation, with no

upregulation of bone sialoprotein, collagen II, osteocalcin,

or osteopontin. Similarly, dermal fibroblasts seeded on

collagen gel constructs subjected to uniaxial cyclic tensile

strain (10% strain, 1 Hz) had improved cell viability with

cyclic strain; constructs preloaded at 2 mN also had

increased collagen production [6].

As true ligament and tendon embryogenesis occurs in a

complex environment with an array of external signals and

stimuli, it is unlikely ligament engineering will depend on a

single external influence. Rather, it will be necessary to

identify the appropriate sequence of culture conditions, as

well as the timing and nature of growth factors and nutri-

ents. While some have examined growth factor

combinations in 2-D systems [6], we are not aware of

studies examining the interaction between mechanical

stimulation and growth factor administration in a 3-D

system. Previous work by our group [41, 42] has demon-

strated both stimuli can independently enhance cellular

differentiation and these independent effects can be

maintained when both stimuli are used in concert.

The field of tissue and ligament engineering is still

relatively young, and current techniques have yet to pro-

duce a suitable candidate for clinical ACL reconstruction.

One problem has been the lack of clear, specific markers of

tenocyte differentiation, although scleraxis [18] and teno-

modulin appear promising candidates [45]. Future work
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must be performed to examine the effects of these stimuli

in extended culture conditions, as the production of an

organized collagen matrix will likely require longer culture

periods.

We have developed a novel system allowing for the

delivery of mechanical and biochemical stimuli to a 3-D

construct seeded with candidate cells. This system has been

successfully used to demonstrate the adhesion and prolif-

eration of a multipotent mesenchymal cell line onto a

bioabsorbable 3-D construct, with cellular viability

throughout the scaffold. Furthermore, both mechanical

stimulation and biochemical stimuli can be applied. Pre-

liminary results suggest that, while mechanical stimulation

and GDF-5 alone does not increase cellular proliferation,

the combination of these factors can increase cell number

after 48 hours of culture. Either mechanical stimuli or

GDF-5 can increase expression of collagen I, collagen III,

and scleraxis, although the combination of these stimuli

does not appear to have any increased effect on the pattern

of gene expression.
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The Effects of Local bFGF Release and Uniaxial Strain

on Cellular Adaptation and Gene Expression in a

3D Environment: Implications for Ligament Tissue Engineering

FRANK A. PETRIGLIANO, M.D.,1 CHRISTOPHER S. ENGLISH, B.S.,2

DAVID BARBA, B.S.,2 SEAN ESMENDE, B.S.,2 BENJAMIN M. WU, D.D.S., Ph.D.,3

and DAVID R. MCALLISTER, M.D.1

ABSTRACT

The objectives of this investigation were (1) to characterize the growth factor release profile of a basic
fibroblast growth factor (bFGF)-coated three-dimensional (3D) polymer scaffold under static and cycli-
cally strained conditions, and (2) to delineate the individual and collective contributions of locally released
bFGF andmechanical strain on cellular morphology and gene expression in this 3D system. Scaffolds were
treated with I125-bFGF and subjected to mechanical strain or maintained in a static environment and the
media sampled for factor release over a period of 6 days. Over the first 10 hours, a burst release of 25% of
the incorporated growth factor into the surrounding media was noted. At 24 hours, approximately 40% of
the bFGF was released into the media, after which steady state was achieved and minimal subsequent
release was noted. Mechanical stimulation had no effect on growth factor release from the scaffold in this
system. To test the concerted effects of bFGF and mechanical stimulation on bone marrow stromal cells
(BMSCs), scaffolds were loaded with 0, 100, or 500 ng of bFGF, seeded with cells, and subjected to me-
chanical strain or maintained in a static environment. Scaffolds were harvested at 1, 7, and 21 days for
RT-PCR and histomorphometry. All scaffolds subjected to growth factor and/or mechanical stimulation
demonstrated cellular adherence and spreading at 21 days. Conversely, in the absence of both bFGF and
mechanical stimulation, cells demonstrated minimal cytoplasmic spread. Moreover, at 21 days, cells sub-
jected to both mechanical stimulation and bFGF (500 ng) demonstrated the highest upregulation of stress-
resistive (collagen I, III) and stress-responsive proteins (tenascin-C). The effect of growth factor may be
dose sensitive, however, as unstrained scaffolds treated with 100 ng of bFGF demonstrated upregulation of
gene expression comparable to strained scaffolds treated with lower doses of bFGF (0 or 100 ng). In
conclusion, results from this study suggest that the stimulatory effects of bFGF are dose sensitive and
appear to be influenced by the addition of mechanical strain. The concurrent application of biochemical
and mechanical stimuli may be important in promoting the adaptation of BMSCs and driving the tran-
scription of genes essential for synthesis of a functional ligament replacement tissue.
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INTRODUCTION

RUPTURE OF THE ANTERIOR CRUCIATE LIGAMENT (ACL) is

one of the most common ligament injuries of the knee.

Current surgical treatments for ACL ruptures require the use

of grafts for reconstruction as the injured ACL has little ca-

pacity for healing. Present graft options include autografts

and allografts. Although good clinical results have been ob-

tained with these replacement options, there are also many

limitations and disadvantages. Thus, there is a need for a

tissue engineering approach to this problem.

The development of a competent tissue-engineered liga-

ment requires a system that incorporates (1) an appropriate

reparative cell source with a robust capacity for prolifera-

tion and differentiation, (2) a biocompatible scaffold that

facilitates cellular adaptation, and (3) regulatory stimuli that

drive cellular differentiation down a fibroblast pathway and

result in the elaboration of organized collagen. Defining the

appropriate constituents of this system and the temporal reg-

ulatory cues that initiate and direct ligament synthesis rep-

resents the core objective of current research efforts. Under

the appropriate stimuli, bone marrow stromal cells (BMSCs)

have demonstrated the capacity for in vitro proliferation and

expression of stress-resistive and stress-responsive proteins

essential in soft tissue and ligament development and re-

pair.1–7 BMSCs are superior in this regard, when compared

to mature ligament or skin fibroblasts, which appear to have

a diminished capacity for division and collagen synthesis

in vitro.7 The work of other investigators has proven instru-

mental in defining the individual contributions of mechani-

cal and biochemical stimulation in modulating BMSC gene

expression. Specifically, Altman et al.4 applied translational

and rotational stress to undifferentiated BMSCs seeded in a

collagen sponge and demonstrated upregulation of ligament

fibroblast-associatedgeneexpressionincludingcollagentypes

I and III and tenascin-C, without the concurrent upregula-

tion of bone- or cartilage-specific genes. Hankemeier et al.

demonstrated the effects of growth factor on BMSC prolif-

eration and gene expression in a two-dimensional (2D) cul-

ture.8 In that study, low-dose basic fibroblast growth factor

(bFGF) triggered a biphasic response: on day 7 cell prolif-

eration reached its maximum, and on days 14 or 28 collagen

I, collagen III, fibronectin, and smooth muscle actin mRNA

expressions were significantly enhanced in the presence of

low-dose bFGF as compared to high-dose bFGF and control

groups.8 More recently, Moreau et al.3 described the influ-

ence of multiple growth factors andmedia constituents on the

gene expression of BMSCs on a 2D construct and identified

bFGF, epidermal growth factor, and transforming growth

factor-beta as effective mediators of fibroblast differentia-

tion. Further, the sequential addition of different combina-

tions of these growth factors to the media of BMSCs seeded

on 3D silk matrices resulted in a greater mitogenic and syn-

thetic response as compared to the application of a single

growth factor or mechanical stimulation alone.1 Collectively,

these data suggest that either mechanical stimulation alone or

the application of growth factor alone may upregulate the

expression of stress-resistive (collagen I and III) and stress-

responsive genes (tenascin-C) in BMSCs. These findings

represent the most elemental steps toward the realization of

a tissue-engineered ligament replacement.

While the aforementioned studies have evaluated the sole

influence of either biochemical or mechanical stimuli on the

behavior of BMSCs in vitro, we are unaware of any published

investigations describing their combined effects on promot-

ing cellular adaptation or gene expression for the purpose of

ligament engineering. The aim of the present investigation is

twofold: (1) to describe the release profile of noncovalently

bound bFGF from a collagen-coated 3D porous scaffold

in the absence and presence of mechanical stimulation, and

(2) to determine the collective contributions of locally re-

leased bFGF and uniaxial cyclical strain on BMSC gene

expression andmorphological characteristics in a 3D system.

We hypothesized that locally released bFGF would act in

concert with mechanical strain to augment upregulation of

fibroblast-related collagen I, collagen III, and tenascin-Cgene

expression in BMSCs and enhance cellular adaptation on a

3D scaffold as compared to untreated scaffolds or scaffolds

treated with growth factor or mechanical stimulation alone.

MATERIALS AND METHODS

Experimental design

To describe the release profile of bFGF from 3D e-
polycaprolactone (PCL) scaffolds, two experimental groups

were established. Scaffolds were treated with I125-labeled

bFGF and seeded with BMSCs. Scaffolds were transferred

into a bioreactor chamber and either subjected to uniaxial

cyclical mechanical strain (n¼ 4) or maintained in a static

culture environment (n¼ 4) in a custom bioreactor. Media

was sampled from the bioreactor at specified intervals for

quantification of radioactivity and subsequent determina-

tion of growth factor release rate and bFGF retention on the

polymer scaffold.

To characterize the effects of bFGF and uniaxial stimu-

lation on BMSC cellular morphology and fibroblast-related

gene expression, six experimental groups were established

(Table 1). Scaffolds were treated with 0, 100, or 500 ng

of bFGF, and seeded with BMSCs. All scaffolds were

TABLE 1. EXPERIMENTAL GROUP DESIGNATIONS

Group Designation

Mechanical

stimulation bFGF

I S0 None 0 ng

II S100 None 100 ng

III S500 None 500 ng

IV D0 0.6% strain, 0.125Hz 0 ng

V D100 0.6% strain, 0.125Hz 100 ng

VI D500 0.6% strain, 0.125Hz 500 ng
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maintained in static culture conditions for 24 hours. Subse-

quently, media from each group was collected for evaluating

cell seeding efficiency (n¼ 4) and scaffolds were transferred

into a custom bioreactor chamber and either subjected to

uniaxial cyclical mechanical strain or maintained in a static

culture environment. Scaffold arms were harvested at 24

hours, 7 days, and 21 days for histomorphometric evaluation

(n¼ 4) or RT-PCR (n¼ 4).

Porous scaffold preparation

Scaffolds were prepared by mixing PCL (100,000MW;

i.v. 1.1 dL/g in chloroform (CHCl3) at 308C; Lactel, Pelham,

AL) in CHCl3 (w/w) and adding crystalline sucrose with a

grain size of 212–300mm diameter to achieve 95% porosity

(v/v) (Fig. 1). Forty percent methanol (w/w) was added to the

polymer solution to promote phase separation between the

sugar and polymer following extraction of the solvents. This

mixture was added to a machined Teflon mold (26.5�15�
5mm)with a removable center (16.5�5�5mm) as described

previously9 and allowed to freeze dry overnight. Once re-

moved from the molds, the scaffolds were stored in a des-

iccator for further use. Pore size and interconnectivity were

confirmed by scanning electron microscopy. Average pore

size was measured as 262� 59mm. Before cell seeding, scaf-

folds were placed in deionized, distilled water for 24 hours to

leach the crystalline sucrose, disinfected with 70% ethanol

for 20minutes, and finally rinsed with 1� phosphate buff-

ered saline (PBS) prior to collagen coating.

Growth factor incorporation

A noncovalent collagen and growth factor coating method

was used for treating porous PCL scaffolds prior to cell seed-

ing. Purified bovine dermal collagen (Cohesion Technolo-

gies, Palo Alto, CA) was neutralized to pH 7.4 with 10�PBS

and sodium hydroxide in an 8:1:1 ratio at 48C. This solution
was further diluted with sterile water to a final concentration

of 0.25mg/mL. The bFGF (Sigma, St. Louis, MO) was then

added to establish the final concentrations that would yield 0,

100, or 500 ng of bFGF per scaffold arm. Aliquots of this

solution were then serially added to each arm of the scaffold,

with 30 minutes of drying time between applications to allow

for collagen and growth factor adhesion. A total of 500mL of

solution, or 0.125mg collagen, was added to each scaffold

arm. A final drying period of 30 minutes was allowed to

elapse prior to cell seeding.

BMSC culture expansion

BMSCs were obtained from the iliac crest and hind limbs

of 6-week-old Lewis rats sacrificed for other medical re-

search purposes. Cells were cultured in Iscove’s modified

Dulbecco’s media (IMDM; Invitrogen, Carlsbad, CA) con-

taining 15% fetal bovine serum (FBS), 100 IU/mL penicil-

lin, 100 IU/mL streptomycin, and 0.25 mg/mL Fungizone

(antibiotic-antimycotic, ABAM) at 378C in an atmosphere of

5% carbon dioxide (CO2). Cells were maintained for 5 days

prior to the first media change, at which time nonadherent

cells were removed with culture media. Subsequently, the

media was changed every 2–3 days until cells were * 80–

90% confluent, at which time they were detached with 0.5%

trypsin–1mM ethylenediaminetetraacetate (Invitrogen) and

plated at a density of 5�106 cells per plate. Second passage

(P2) BMSCs near 90% confluence were trypsinized and used

for all experiments described hereafter.

Cell seeding

Porous PCL scaffolds were seeded with a total of 4�106

cells. Specifically, the top and bottom surfaces of both long

arms of the scaffold (a total of four surfaces) were seeded

with *1 million cells per 50mL IMDM with 15% FBSþ
ABAM. Scaffolds were first seeded with 1 million cells on

both long arms and placed in an incubator at 378C and 5%

CO2 for 4 hours. The scaffolds were then inverted and an

additional 1 million cells were seeded onto the opposing

surfaces of both long arms. We attempted to minimize the

influence of strain gradients by seeding cells along the mid-

portion of the scaffolds, which is linear in geometry and

likely to be subjected to the most uniform strain. After 1 hour

of incubation, fresh IMDM with 15% FBSþABAM was

added until the scaffolds were completely submerged. After

incubating the cell-seeded scaffolds for 24 hours, the culture

medium was collected from the scaffolds and cell count per-

formed using a hemocytometer. The cell seeding efficiency

was expressed as the number of cells attached to the scaffolds

as a percentage of the number of cells seeded. This was de-

termined by subtracting the number of cells counted in the

culture medium from 4�106 and dividing by 4�106.

Application of uniaxial cyclical strain

Using a strict sterile technique, scaffolds were loaded into

a custom bioreactor as previously described. Details of our

FIG. 1. (A) Racetrack-shaped PCL scaffold (26.5�15�5mm)

with a removable center (16.5�5�5mm). X indicates the top two

cell-seeding surfaces. Black rectangle represents a small sample that

was examined under scanning electronmicroscope (SEM). (B) SEM

of the internal structure of the PCL scaffold matrix, demonstrating

extensive porosity. Reproduced with permission from Puk et al.9

Color images available online at www.liebertpub.com/ten.
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bioreactor can be found in a previous publication from our

group.9 Cell-seeded scaffolds were secured in a media cham-

ber and submerged in fresh IMDMwith 15% FBSþABAM.

Scaffolds designated to undergo mechanical stimulation

were subjected to 6% uniaxial cyclical strain at a frequency

of 0.125Hz for 23 hours/day. These parameters were se-

lected based on the results of previous work demonstrating

cellular phenotypic adaptation and upregulation of our genes

of interest at this strain magnitude and frequency.9 Strain was

initiated 24 hours following initial seeding and was applied

and modulated via a MD-2 stepper motor with a customized

motion program (Arrick Robotics, Tyler, TX). Those scaf-

folds not designated to receive strain were loaded into iden-

tical media chambers but were not attached to the motor. The

media was changed every third day.

bFGF release kinetics

The bFGF was labeled with the radioisotope I125 (MP

Biomedicals, Irvine, CA). The iodination procedure was per-

formed using IODO-BEADS (Pierce, Rockford, IL), yielding

I125-labeled bFGF with a specific activity of 137,989 cpm/ng

at a concentration of 6.45 ng/mL. I125-labeled bFGF was ad-

ded to 3D porous scaffolds to yield a concentration of 100 ng

per scaffold arm. Scaffolds (n¼ 4) were then seeded with

1�106 BMSCs on each side of each scaffold arm (a total of

4�106 cells/scaffold) and either subjected to uniaxial cycli-

cal strain as previously described or maintained at static cul-

ture conditions under a humidified atmosphere of 378C and

5% CO2. The culture media was sampled using a syringe

attached to a siphon port on the lid of the sample chamber.

The radioactivity of the collected sample was measured with

a Packard Cobra Auto GammaModel B5002 (GMI, Ramsey,

MN) to determine the burst release of bFGF into the sur-

rounding media. During the first 24 hours, samples were col-

lected every 15 to 60 minutes. Samples were collected every

4 to 6 hours thereafter. After 3 days, the culture media was

changed and media was interrogated every hour for 10 hours

and then 4–6 hours thereafter. The release profile of bFGF

was assessed over time by measuring the radioactivity of the

peptide released into the surrounding medium. At the final

time point, the scaffolds were morselized and rinsed, and the

total growth factor retained on the scaffolds was measured

using the aforementioned radioactivity assay.

Histology

At 24 hours, 7 days, or 21 days, scaffolds were removed

from the bioreactor and prepared for histological analysis as

previously described.9 Briefly, scaffolds were rinsed gently

in 1� PBS and immersed in 3.7% paraformaldehyde over-

night. After fixation, the scaffold arms were gently rinsed in

1�PBS and then immersed in a solution of 5% (w/w) porcine-

derived gelatin (Sigma) and 5% (w/w) sucrose in deionized

water and stored in a convection shaker at 458C for 24 hours

to facilitate gelatin infiltration.10 Prior to cryosectioning,

embedded samples were frozen in an acetone-dry ice bath

and stored at �808C. Samples were sectioned at 10mm and

mounted on acid-treated Superfrost Plus glass slides (VWR

Scientific, West Chester, PA) and allowed to air dry. Slides

were rinsed with 1�PBS and stained with hematoxylin and

eosin (H&E) for further analysis.

Image analysis and aspect ratio

The aspect ratio of a cell is used as a surrogate measure of

cellular adaptation.9,11 To quantify changes in cellular mor-

phology and adaptation to experimental variables in this sys-

tem, six to twelve digital images were captured per sample

section with a color digital camera (Optronics, Goleta, CA)

with a Leica DM IRB inverted microscope (McBain In-

struments, Chatsworth, CA). From the central portion of each

H&E section, two images were obtained using the digital

setup as described above. Thirty sections were obtained from

each scaffold, yielding approximately 180 sample images.

The cell area and the length of the longest cytoplasmic pro-

cess were measured for two randomly selected cells in each

of these images using Bioquant Nova v. 5.01.8 (R&M Bio-

metrics, Nashville, TN). Using the cell area (A) and the

longitudinal length (L) of each cell and the ellipse equation

(A ¼ � · r1 · r1), the relative height of the cell (H) could

be determined. Using both the height and length of the cell,

the aspect ratio, H
L
, could be calculated. A lower aspect ratio

was indicative of greater cell spreading and suggested greater

morphologic cellular adaptation to the 3D environment.

Real-time polymerase chain reaction

At 24 hours, 7 days, or 21 days, scaffolds were harvested

and snap frozen in liquid nitrogen. A tissue homogenizer was

then used to pulverize the scaffolds, and total RNA was ex-

tracted using an RNEasy Mini Prep Kit (Qiagen, Valencia,

CA). RNase-Free DNase was used to eliminate DNA con-

tamination in RNA samples. RNA samples were eluted in

100 mL of water and, using a standard spectrophotometer,

concentration and puritywere determined at 260 and 280 nm,

respectively. Purified RNA was stored at �808C in water

prior to RT-PCR. cDNA was synthesized from*0.03 ng of

total RNA for a 18.75mL reverse transcriptase reaction vol-

ume using QuantiTect Probe RT-PCR reagents. cDNA was

amplified in the presence of primer probe oligonucleotide

sets (Applied Biosystems, Foster City, CA) for collagen type

I (Assay ID: Rn01428781_m1), collagen type III (Assay ID:

Rn01437683_m1), tenascin-C (Assay ID: Rn01454950_m1),

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

rodent endogenous control in an ABI PRISM 7700 Sequence

Detection System (Applied Biosystems). After an initial de-

naturation step at 958C for 15 minutes, cDNA products were

amplified through 40 cycles, each consisting of a denatur-

ation step at 948C for 15 seconds and an extension step at

608C for 60 seconds. All samples were assessed at a cycle

threshold of 1.0. Expression levels of collagen I, collagen III,
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and tenascin-C mRNA were quantified using the compara-

tive threshold cycle method, with relative expression of each

target gene normalized to GAPDH.

Statistical analyses

Comparisons of independent variables were made using

a two-way ANOVA. Univariate comparisons between me-

chanical stimulation, growth factor stimulation, and time

points were performed with a Bonferroni correction. For

pair-wise comparisons, two-tailed, unpaired Student’s t-tests

were used and p< 0.05 was accepted as significant. Data

was presented as the mean� standard deviation.

RESULTS

Growth factor release

Release of bFGFwas quantified bymeasuring radioactivity

from I125-labeled bFGF on either strained or static scaffolds.

The initial loading efficiency of bFGF was approximately

60% (60 ng bFGF) across all experimental groups. After

10 hours, approximately 30% (18 ng) of the bFGF that had

been successfully loaded onto the scaffold was burst released,

and an additional 10% (6 ng) was released after 6 days, with

approximately 60% (36 ng) remaining on the scaffolds at

steady state. Mechanical stimulation did not affect the release

of bFGF within this complex biological environment (Fig. 2).

Cell seeding efficiency

Cell seeding efficiency was evaluated for each experi-

mental group at 24 hours. The mean seeding efficiency was

81.2� 13.2% for control scaffolds, 83.8� 9.2% for scaf-

folds treated with 100 ng of bFGF, and 85.0� 6.9% for

scaffolds treated with 500 ng bFGF. Uniform cell seeding

was noted throughout the experimental scaffolds on bright

field microscopy as assessed on multiple sections obtained

through the peripheral and central portions of the scaffold.

No significant difference in seeding efficiency was noted

between experimental controls and treatment groups.

Effects of uniaxial cyclical strain and local

growth factor release on cellular morphology

Histomorphometry was used to assess cellular morphol-

ogy in control and experimental groups and was quantified

via aspect ratio at 24 hours, 7 days, and 21 days. At 24 hours

following seeding, cells showed uniform adherence to the

PCL scaffold in all groups, with a high aspect ratio (Fig. 3)

and minimal cytoplasmic spread noted on H&E sections

(Fig. 4A–C). At 7 days, cells subjected to growth factor

stimulation in the absence of mechanical stimulation demon-

strated cellular spreading with a significant decrease in aspect

ratio ( p< 0.05) from the 24-hour time point (Fig. 3). More-

over, at 7 days, cells subjected to mechanical stimulation in

the presence or absence of growth factor stimulation demon-

strated cellular spreading (Fig. 3), with a significant decrease

in aspect ratio ( p< 0.05) from the initial 24-hour time point.

It is important to note that at the 7-day time point, phenotypic

change was noted in all treatment groups despite the mode of

stimulation and that there was no significant change in aspect

ratio among treatment groups between 7 and 21 days (Fig. 3).

This phenotypic adaptation persisted at 21 days (Figs. 3 and

4E–I), and the aspect ratio for each of the treated groups

remained significantly lower than that of untreated controls at

this time point ( p< 0.05). Cells not treated with mechanical

FIG. 2. bFGF release kinetics from a 3D PCL porous scaffold

in the presence or absence of mechanical strain. bFGF release was

monitored by assaying the bioreactor culture medium for the tracer

I125-bFGF with a gamma counter. Each point represents a collec-

tion period. During the first 24 hours, samples were collected every

15–60 minutes and 4–6 hours thereafter. After 3 days, the culture

media were changed and interrogated every hour for 10 hours and

then 4–6 hours thereafter. After 10 hours, approximately 30% of the

bFGF that had been successfully loaded onto the scaffold was burst

released, and an additional 10% was released after 6 days, with

approximately 60% remaining on the scaffolds at steady state.

FIG. 3. Aspect ratio (cell spreading) of BMSCs on PCL scaffolds

at 24 hours, 7 days, and 21 days as assessed via histomorphometry.

A significant decrease in aspect ratio is noted over time in all groups

that received growth factor and/or dynamic stimulation (*p< 0.05).

Most of this change is noted in the time interval from 24 hours to

7 days. A minimal decrease in aspect ratio is noted in all groups

between days 7 and 21. Importantly, there was minimal decrease in

aspect ratio over time in the absence of both mechanical and growth

factor stimulation (Static, 0 ng bFGF).
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or biochemical stimulation demonstrated little cellular adap-

tation to the scaffold (Figs. 3 and 4D).

Effects of uniaxial cyclical strain and local growth

factor release on mRNA expression

With regard to collagen I, dynamic scaffolds treated with

500 ng of bFGF demonstrated significantly higher mRNA

expression than all other groups at the 21-day time point

( p< 0.05) (Fig. 5A). Static scaffolds treated with 100 ng

bFGF and dynamic scaffolds treated with either 0 or 100 ng

of bFGF demonstrated comparable collagen I mRNA ex-

pression, which was significantly higher than for static

scaffolds treated with either 0 or 500 ng of bFGF. This ap-

pears to demonstrate nominal downregulation of collagen I

at the final time point. At 21 days, dynamic scaffolds treated

with either 0 or 500 ng of bFGF demonstrated a statisti-

cally greater expression of collagen III mRNA than all other

groups ( p< 0.05) (Fig. 5B). Again, static scaffolds treated

with either 0 or 500 ng of bFGF appeared to demonstrate

minimal downregulation of collagen III. With regard to

tenascin-C, dynamic scaffolds treated with 0 or 500 ng

of bFGF demonstrated significantly higher mRNA expres-

sion than all other groups at the 21-day time point ( p< 0.05)

(Fig. 5C). Strikingly, static 500 ng bFGF scaffolds yielded

very low levels for all three genes, while mechanical stim-

ulation of the 500 ng bFGF scaffolds produced the highest

levels for all three genes among all experimental groups at

day 21. (Fig. 5A–C).

DISCUSSION

Current investigations addressing the development of an ex

vivo ligament replacement have focused on defining the op-

timal constituents of a ligament tissue engineering platform.

BMSCs have demonstrated considerable potential in this re-

gard, as these cells have been shown to adhere and prolifer-

ate on a variety of synthetic and natural scaffolds, providing

great flexibility in construct design.3,5,6,12–20 Moreover, they

represent a cell source that is responsive to both mechan-

ical and biochemical stimuli and can be induced to express

FIG. 4. Histological evaluation of PCL scaffolds seeded with BMSCs. The left column (A, B, C) represents scaffolds with 0, 100, and

500 ng bFGF at 24 hours prior to mechanical stimulation. Note the round shape of the cells with minimal cytoplasmic spreading. The

middle column (D, E, F) represents scaffolds at 21 days in the absence of mechanical stimulation. Note that in panel (D) (0 ng bFGF, no

stimulation), there is minimal change in the morphology of the cells as compared to 24 hours. However, those cells subjected to bFGF

(100 or 500 ng) demonstrate cellular spread. The right column (G, H, I) represents scaffolds at 21 days in the presence of mechanical

stimulation. Note that there is cytoplasmic spread noted in all groups (0, 100, and 500 ng bFGF) (Bar¼ 100 mm). Color images available

online at www.liebertpub.com/ten.
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upregulation of stress-resistive and stress-responsive pro-

tiens.1,4,5,7,8,13,17,21,22 Our current investigation sought to

describe the individual and collective contributions of me-

chanical and chemical stimulation to BMSCmorphology and

mRNA expression on a 3D porous PCL scaffold capable of

providing local release of bFGF.

Release profile of bFGF from a collagen-coated

PCL scaffold

Most contemporary tissue engineering platforms neces-

sitate the addition of growth factor directly to culture media,

and subsequently depend on diffusion to deliver the growth

factor to cells. Our team has developed a protocol to pro-

vide direct local delivery of growth factor to cells seeded on

3D scaffolds for various tissue engineering applications. We

have used a noncovalent collagen and growth factor coat-

ing method for priming our PCL scaffolds prior to cellular

seeding. This method allows for an initial burst of growth

factor directly into the cellular environment, followed by

gradual growth factor release from the collagen framework

that is established within the scaffold pores. Cells can use the

bFGF as it is released from the scaffold or it may diffuse into

the surrounding media. Our technique relies on protein ad-

sorption onto natural polymers or biodegradable synthetic

polymers; therefore, protein-polymer interactions (electro-

static, hydrophobic, hydrophilic, and Van der Waals) play a

critical role in protein release kinetics. Accordingly, protein

adsorption can depend somewhat on the net charges of the

proteins themselves. Proteins with isoelectric points above 7
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FIG. 5. Relative mRNA expression of collagen type I (A), collagen type III (B), and tenascin-C (C) at 24 hours, 7 days, and 21 days. All

mRNA expression is normalized to GAPDH transcript levels. The mean comparison for the 21-day time point is annotated on each figure.
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are positively charged at pH 7.4, and are therefore expected

to interact electrostatically and bind strongly to collagen,

which is negatively charged at pH 7.4. In contrast, proteins

with isoelectric points below 7 are negatively charged at

pH 7.4, and therefore bind loosely to negatively charged col-

lagen at pH 7.4. The current investigation studied the release

of bFGF (isoelectric point 9.6) and its influence on cellular

phenotype and gene expression. Our results demonstrate that

bFGF exhibits a burst release in the first 10 hours, and that at

steady state approximately 60% of the bFGF remains bound

to the scaffold with minimal release noted for the remaining

6 days. This impressive retention of bFGF to the scaffold can

be attributed to the strong electrostatic bond formed between

the positively charged bFGF and the negatively charged

collagen. Heparin-immobilized biodegradable poly(lactic-

co-glycolic acid) scaffolds and photoresponsive hydrogel

scaffolds have demonstrated similar bFGF release pro-

files.23,24 We believe that this early burst exposure may be

important in initiating the cellular pathways that lead to

cellular adaptation and upregulation of collagen I, III, and

tenascin-C. It is well described that appropriate temporal

exposure of progenitor cells to bonemorphogenetic protein is

crucial in driving cells down an osteoblast pathway.25,26 It

may be the case that early temporal exposure of bFGF plays

an important role in driving the cellular upregulation of the

genes of interest. A recent investigation by Moreau et al.1

demonstrated the importance of appropriate temporal appli-

cation of growth factors, including bFGF, in promoting col-

lagen I production and cellular ingrowth in a 3D system.

Future experiments may be designed to test the short- and

long-term influences of bFGF by modulating its release

profile by altering the pH of the media and its constituents. It

should be mentioned that the bFGF that escapes the scaffold

and diffuses into the media may also remain available to cells

albeit at a much lower concentration. It may also prove useful

to examine the effects of the retained surface-bound bFGF

on gene expression or cellular adaptation in this system.

Finally, it was noted that mechanical stimulation did not

affect the release of bFGF within this complex biological

environment. Given that the release kinetics of bFGF is not

influenced by uniaxial cyclical strain, this system allows us to

uncouple the effects of mechanical stimulation and growth

factor delivery in the current experimental design.

Effect of local bFGF release and cyclic uniaxial

strain on cellular morphology

In a previous study, our laboratory characterized the ef-

fects of uniaxial cyclical strain on fibroblast morphology in a

3D system, demonstrating that thismode ofmechanical strain

induced fibroblast spreading as measured by aspect ratio.9 In

the current investigation, locally released bFGF and uniax-

ial mechanical strain, alone and together, resulted in BMSC

elongation and spreading on a 3D porous scaffold. No sig-

nificant difference was noted between low-dose and high-

dose bFGF groups, nor was there an additive or synergistic

response noted in those scaffolds subjected to simultaneous

mechanical and chemical stimulation. Of note, BMSCs see-

ded on control scaffolds, which were not subjected to either

method of stimulation, demonstrated little change in cellular

morphology, remaining round, with minimal scaffold con-

formity noted at 21 days. These findings may indicate that, in

this 3D system, macroscopic changes in cellular morphol-

ogy as assessed via bright field microscopy do not neces-

sarily correlate with cellular expression of collagen I, III, and

tenascin-C mRNA. However, it is clear that in the absence of

chemical or mechanical stimulation BMSCs show minimal

macroscopic adaptation to our 3D porous scaffold. Further

investigations evaluating the deposition of cell-derived ex-

tracellular matrix (ECM) via histology at later time points

are needed to delineate the functional implications of these

findings.

Effect of local bFGF release and cyclic uniaxial

strain on mRNA expression

At 21 days, scaffolds either treated with 100 ng of bFGF in

the absence of mechanical stimulation or subjected to uni-

axial cyclic strain alone demonstrated greater stress-resistive

(collagen types I and III) and stress-responsive (tenascin-C)

mRNA expression than control scaffolds, which did not re-

ceive chemical ormechanical stimulation. These findings are

consistent with previous studies evaluating the individual

contributions of mechanical and chemical factors, in which

low-dose bFGF or uniaxial strain alone resulted in upregu-

lation of these genes.4,8,21 Interestingly, scaffolds subjected

to both uniaxial cyclic strain and 500 ng of bFGF demon-

strated the greatest expression of collagen types I and III

and tenascin-C mRNA. However, scaffolds treated with 0

or 500 ng of bFGF in the absence of mechanical strain dem-

onstrated a nominal downregulation of collagen I and III

mRNA.

We believe that the fluctuations in gene expression dem-

onstrated in the static group are a result of the inherent fluc-

tuations in gene expression that are manifest during cellular

maturation and adaptation to the scaffold. In the static situ-

ation, treatment with 100 ng of bFGF appears to promote a

dose-sensitive upregulation of the genes of interest, which

is not seen at other concentrations (0 and 500 ng). In the

dynamic situation, the combination of bFGF (500 ng) and

mechanical stimulation leads to a robust dose-sensitive up-

regulation of the genes of interest, which is greater than

that observed in any of the static groups. Another important

question is, why did stimulation with 100 ng bFGF under

dynamic conditions enhance mRNA levels of collagen III

and tenascin-C to an amount less than that by 0 or 500 ng

bFGF at the final time point? This is more difficult to fully

explain, but, as stated previously, the response of cells in the

dynamic situation may be altered by the concomitant ap-

plication of strain. Accordingly, in the dynamic situation,
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low-dose bFGF (100 ng) may have a dose-sensitive inhibi-

tory effect on collagen III and tenascin-C expression, while

high-dose bFGF (500 ng) gives a profound upregulation of

collagen I, III, and tenascin-C. It is this complex modulation

of the cellular response to bFGF by mechanical stimulation

that, in our opinion, makes this data provocative.

Previous investigations have sought to describe the rela-

tionship between mechanotransduction and bFGF-mediated

cell proliferation and activation of signal transduction cas-

cades.27–31 Sudhir et al.29 examined the effect of cyclic me-

chanical strain and growth factor addition on mitogenic

response in ovine coronary artery smooth muscle cells, and

observed an increase in tritiated thymidine incorporation

and DNA synthesis in response to strain with a temporal

response identical to that observed in response to bFGF. This

mitogenic response was abolished by monoclonal antibodies

to bFGF. Shin et al.31 investigated bFGF signaling as a pu-

tative mechanotransduction pathway involved in the prolif-

erative responses of human umbilical vein endothelial cells

(HUVECs) to cyclic pressure. Under dynamic conditions,

the enhanced proliferative response of these HUVECs was

not associated with an increased synthesis of bFGF, but in-

volved rapid tyrosine phosphorylation of the bFGF recep-

tor, fibroblast growth factor receptor 2 (FGFR-2). Further,

monoclonal antibodies to either bFGF or FGFR-2 attenuated

the increased proliferation of HUVECs exposed to cyclic

pressure. Vincent et al.28 demonstrated rapid activation of

the extracellular signal-regulated kinase (ERK) mitogen-

activated protein (MAP) kinase pathway with cyclical load-

ing of articular cartilage. Activation of this pathway was

restricted by introduction of a bFGF receptor inhibitor.

Strain parameters may also have a substantial effect on

cellular response in this system. Our parameters (6% strain,

0.125Hz) were predicated on the results of previous inves-

tigations performed both in our laboratory and by other au-

thors evaluating the effects of mechanical stimulation on cell

differentiation. Thus, the rationale behind our selection of

this range of strain and frequency was twofold: (1) previous

authors have demonstrated upregulation of stress-resistive

proteins such as collagen in response to similar parame-

ters,4,21,32,33 and (2) these strain parameters have been shown

to induce phenotypic cell changes in our system.9 However,

it should be emphasized that the optimal parameters (onset of

strain, and its magnitude, frequency, and duration) in regard

to upregulation of stress-responsive and stress-resistive pro-

teins have yet to be defined. These parameters will likely

reflect the physiologic development or repair mechanism of

native ligament. In a recent study by Chen et al.,6 the authors

attempted to characterize the appropriate time frame for

applying mechanical stimuli to induce BMSC differentiation

for ligament engineering by monitoring developmental cell

phenotypes during a period of in vitro culture. At day 9, when

levels of cell metabolic activity, ECM, integrin, and heat

shock protein-70 transcription peaked, mechanical stimula-

tion increased MSC metabolic activity, alignment, and col-

lagen production, while stimulation at days 1 and 3 dem-

onstrated detrimental effects on these parameters. Perhaps a

more timely initiation of mechanical strain in this system

would further augment the cellular response to the bFGF and

further upregulate stress-resistive proteins. It has also been

argued that systems such as ours, which are designed to

produce longitudinal strain in 3D, may possess gradients that

may influence the overall behavior of cells within the scaf-

fold. Strain gradients are expected to exist across the scaffold

due to scaffold geometry, and the control groups in this ex-

periment are designed to account for this variability. We

attempted to minimize the strain gradient by seeding cells

along the midportion of the linear aspect of the scaffold. The

direct contributions to the observed results due to heteroge-

neity of strain vectors and the presence of strain gradients in

this study are not known, but are not expected to alter the

conclusions of this study. Scaffolds are manufactured and

cells are seeded onto the scaffolds in a standardized manner.

It is reasonable to presume that, on average, cells within and

between experimental groups are subjected to strain gradi-

ents of similar magnitude and direction.

Lastly, it is important to emphasize that the stress-resistive

(collagen I and III) and stress-responsive (tenascin-C) genes

that we have chosen to investigate in this study are not fi-

broblast specific. Bone and connective tissue are rich in

collagen I and III, while tenascin-C is found in cartilage and

dermis.34 Nonetheless, the presence of these proteins is es-

sential in the development and repair of native ligament and

tendon. Consequently, the capacity to induce upregulation of

these critical genes may be viewed as a fundamental step in

driving cells toward a fibroblast lineage. Further descriptive

studies are needed to determine reliable protein markers of

fibroblast differentiation.

CONCLUSION

Porous 3D PCL scaffolds treated with collagen and bFGF

and seeded with BMSCs have the potential to act as a useful

platform for evaluating cellular response to growth factor

and mechanical strain. In this system, locally released bFGF

has a dose-sensitive influence on the regulation of stress-

responsive and stress-resistive genes, which are important in

the synthesis and repair of ligament and other connective

tissues. Moreover, these effects are influenced by the appli-

cation of uniaxial mechanical strain. The combined inter-

action of these regulatory stimuli may be useful in driving

the differentiation of BMSCs and may aid in the develop-

ment of a tissue-engineered ligament construct.
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LIGAMENT ENGINEERING: CHARACTERISTICS OF BETA FIBROBLAST GROWTH 
FACTOR RELEASE FROM A BIOENGINEERED SCAFFOLD 
D. Barba, V. Sun, S. Esmende, F. Petrigliano, D. Kamei, D. McAllister, B. Wu, David Geffen School of 
Medicine at UCLA, Los Angeles, CA. 
   The anterior cruciate ligament is a commonly injured ligament of the knee, in which ligament 
reconstruction with a graft is necessary, due to its limited healing capacity.  With limitations on the existing 
graft alternatives, we aim to engineer a ligament utilizing a donor’s bone marrow stromal cells (BMSCs). 
Recently, our lab reported synergism between biomechanical and biochemical stimulation (bFGF) resulting 
in up-regulation of gene expression of stress-resistant Collagen I, and stress-responsive Collagen III and 
Tenascin- C.  However, it was unclear if this observation was due to true synergism between mechanical 
and biochemical signal transduction pathways, or due to enhanced release kinetics of the bFGF.  The 
objective of this project is to determine the effects of mechanical stimulation on the release kinetics of 
bFGF in the presence of a complex biological environment (cells, media, etc.).  Microporous scaffolds were 
constructed from biodegradable polycaprolactone polymers, loaded with 400 ng I-125 labeled bFGF per 
scaffold, and the seeded with BMSCs harvested from rats.  Release of bFGF was quantified by measuring 
radioactivity from I-125 labeled bFGF on either strained (6%) or unstrained scaffolds.  After 10 hours, 
approximately 30% of the bFGF was burst-released from the scaffolds, 10% of bFGF was released after 6 
days, and approximately 60% remained on the scaffolds. Mechanical stimulation did not affect the release 
of bFGF within this complex biological environment. In summary, we have established and characterized a 
controlled release system to deliver bFGF to cells seeded within microporous scaffolds and subjected to 
biomechanical stimulation.  Given that the release kinetics are not influenced by mechanical stimulation, 
this system allows us to uncouple the effects of mechanical stimulation and growth factor delivery in future 
experiments. This finding also encourages the investigation of common signal transduction pathways that 
may be involved in the observed synergism between biomechanical and biochemical stimulation. 
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