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Abstract

Background The best strategy for delivering growth fac-

tors to cells for the purpose of cartilage tissue engineering

remains an unmet challenge. Tethering biotinylated insulin-

like growth factor-1 (bIGF-1) to the self-assembling peptide

scaffold (RADA)4 effectively delivers bioactive bIGF-1 to

cardiac tissue.

Questions/purposes We therefore asked whether:

(1) soluble bIGF-1 could stimulate proteoglycan produc-

tion by chondrocytes; (2) bIGF-1 could be adsorbed or

tethered to the self-assembling peptide scaffold (KLDL)3;

(3) adsorbed or tethered bIGF-1 could stimulate proteoglycan

production; and (4) transforming growth factor-b1 (TGF-b1)

could be adsorbed or tethered and stimulate proteoglycan

production by bone marrow stromal cells (BMSCs).

Methods Chondrocytes or BMSCs were encapsulated in

(KLDL)3. The growth factors were (1) delivered solubly in

the medium; (2) adsorbed to (KLDL)3; or (3) tethered to

(KLDL)3 through biotin-streptavidin bonds. Fluorescently

tagged streptavidin was used to determine IGF-1 kinetics;

sGAG and DNA content was measured.

Results Soluble bIGF-1 stimulated comparable sGAG

accumulation as soluble IGF-1. Tethering IGF-1 to

(KLDL)3 increased retention of IGF-1 in (KLDL)3 com-

pared with adsorption, but neither method increased sGAG

or DNA accumulation above control. Adsorbing TGF-b1

increased proteoglycan accumulation above control, but

tethering did not affect sGAG levels.

Conclusions Although TGF-b1 can be effectively deliv-

ered by adsorption to (KLDL)3, IGF-1 cannot.

Additionally, although tethering these factors provided

long-term sequestration, tethering did not stimulate pro-

teoglycan production.

Clinical Relevance Tethering growth factors to (KLDL)3

results in long-term delivery, but tethering does not nec-

essarily result in the same bioactivity as soluble delivery,

indicating presentation of proteins is vital when consider-

ing a delivery strategy.

Introduction

Acute cartilage defects remain a challenge to repair. Cur-

rently, interventions such as microfracture or autologous

chondrocyte implantation remain the standard of care [24],

but these methods still result in mechanically inferior repair

tissue [14]. Cartilage tissue engineering has emerged as a

possible avenue for improving repair. As such, many

combinations of scaffolds, cells, and growth factors have

been proposed.

Growth factors including transforming growth factor-b1

(TGF-b1), insulin-like growth factor-1 (IGF-1), and

members of the growth differentiation factor (GDF) and
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bone morphogenetic protein (BMP) families are important

in inducing repair, attracting migration of repair cells, and

stimulating chondrogenesis, proliferation, and production

of matrix [4, 46, 47]. Because growth factors act on mul-

tiple tissues and can have detrimental side effects if applied

systemically, local delivery is necessary. Although intra-

articular injections present a simple approach for delivery

to the joint, much higher than physiological concentrations

must be used along with multiple injections to overcome

the fact that growth factors have short half-lives and may

be cleared rapidly from the synovial fluid. Therefore,

delivery methods using scaffolds have been proposed to

protect growth factors from degradation and to deliver

them over longer periods of time [48]. Despite the

advantages hydrogels offer as scaffolds, growth factors

quickly diffuse out of them [28]. Therefore, most suc-

cessful delivery strategies to date have incorporated growth

factor-loaded microspheres within the hydrogel so release

of the factors can be controlled by the degradation rate of

the microspheres [46]. Although this has improved long-

term delivery of factors, high loading concentrations of

growth factors within these microspheres are still required,

creating the possibility of high localized doses through

bolus release in vivo. Therefore, a method for increasing

retention of growth factors in hydrogels without the need

for microspheres is of interest.

Hydrogel scaffolds made from the self-assembling

peptide sequences (RADA)4 and (KLDL)3, which we

refer to as RAD and KLD, respectively, support long-term

maintenance of the chondrocyte phenotype [23, 33] and

chondrogenesis of bone marrow stromal cells (BMSCs)

[25], resulting in greater cell proliferation and sGAG

production and less catabolic cleavage than agarose

scaffolds [25]. These peptides assemble into hydrogels on

contact with solutions of physiological pH and ionic

strength [53], enabling them to be injected into tissues in

vivo, where they encourage cell infiltration [7, 37]. KLD

gels at a 1% concentration have a stiffness of approxi-

mately 120 Pa, whereas RAD gels at a 1% concentration

have a stiffness of approximately 46 Pa [44]. Diffusion of

proteins ranging in size from 14 to 150 kDa have diffu-

sion constants ranging from 0.7 9 10�10 m2/s to 0.3 9

10�10 m2/s when premixed with 1% RAD gels [27].

Bioactive sequences have been appended to the RAD

sequence without disrupting assembly [13, 16, 50]. RAD

reportedly supports growth factor delivery: PDGF-BB and

other proteins have been adsorbed to RAD [17, 27],

SDF-1 was inserted directly onto the RAD peptide

sequence [41], and IGF-1 was tethered to RAD through

biotin-streptavidin-biotin bonds [6] successfully stimulat-

ing cardiomyocytes in vivo. Previous work established

that TGF-b1 adsorbed to KLD stimulated chondrogenesis

of BMSCs [26].

Based on the success of the use of biotinylated IGF-1

(bIGF-1) with RAD and cardiomyocytes, we therefore

asked whether: (1) bIGF-1 could stimulate proteoglycan

production by chondrocytes when delivered solubly;

(2) bIGF-1 could be adsorbed or tethered to KLD;

(3) bIGF-1 could stimulate proteoglycan production by

chondrocytes when adsorbed or tethered to KLD; and

(4) an alternative growth factor, TGF-b1, could be

adsorbed or tethered to KLD and stimulate proteoglycan

production by BMSCs.

Materials and Methods

To ensure bIGF-1 had the same biologic activity as

unmodified IGF-1, chondrocytes encapsulated in KLD

were stimulated with 100 ng/mL of soluble bIGF-1 or

soluble IGF-1 or with soluble complexes of 100 ng/mL

bIGF-1 premixed with an equimolar amount of streptavidin

for 4 days and sGAG and DNA content was measured

(n = 3–4). Next, bIGF-1 and streptavidin were either

(1) premixed with the peptide solution before assembly to

adsorb it to KLD; or (2) tethered to KLD through incor-

poration of biotinylated KLD (Fig. 1) [6]. Concentra-

tions of bIGF-1 in the KLD hydrogel were varied for

the adsorbed and tethered conditions (50, 300, and

1000 ng/mL) such that cells would be exposed to amounts

known to stimulate proteoglycan synthesis [12]. We used

fluorescently tagged streptavidin to track the streptavidin/

bIGF-1 complex in KLD with encapsulated chondrocytes,

and sGAG and DNA content were measured after 1, 2,

4, and 8 days in culture (n = 4). BMSCs were stimu-

lated with soluble (10 ng/mL), adsorbed (100 ng/mL), or

Fig. 1 Experimental study design. Biotinylated insulin-like growth

factor-1 (bIGF-1) was bound to a fluorescently labeled streptavidin

molecule (strep-488) and adsorbed to the self-assembling peptide

scaffold (KLDL)3 (eg, KLD) or tethered through incorporation of

biotinylated-KLD (bKLD). In all cases, chondrocytes were encapsu-

lated in the hydrogel.
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tethered (100 or 500 ng/mL) TGF-b1 for 7, 14, or 21 days

and sGAG and DNA content were measured (n = 4–16).

KLD peptide with the sequence AcN-(KLDL)3-CNH2

and biotin-conjugated-KLD (bKLD) peptide with the

sequence biotin-(aminocaproic acid)3-(KLDL)3 were syn-

thesized by the MIT Biopolymers Laboratory (Cambridge,

MA) using an ABI Model 433A peptide synthesizer with

FMOC protection or received as a gift from 3DM (3DM,

Inc, Cambridge, MA). In both cases, the purity of the

peptide produced was confirmed by mass spectroscopy to

be greater than 95%. Biotin-conjugated IGF-1 (bIGF-1)

(Immunologic and Biochemical Test Systems GmbH,

Reutlingen, Germany) and biotin-conjugated TGF-b1

(bTGF-b1) (R&D Systems, Minneapolis, MN) were pur-

chased and used as described subsequently.

Chondrocytes were isolated from 1- to 2-week-old

bovine calves (Research 87, Marlborough, MA) as

described previously [40]. Chondrocytes were encapsulated

in KLD using acellular agarose molds to initiate self-

assembly as previously described [25], resulting in 6-mm

diameter, 50-lL peptide gel disks. To verify bioactivity of

bIGF-1, chondrocytes were encapsulated at 12 9 106

cells/mL in KLD peptide (0.35% w/v) alone and cultured

in IGF-1-free basal medium supplemented with soluble

IGF-1 (PeproTech Inc, Rocky Hill, NJ), soluble bIGF-1, or

soluble bIGF-1/streptavidin at indicated concentrations

(ng/mL) (n = 3–4). Basal medium consisted of serum-free

high-glucose Dulbecco’s modified Eagle’s medium

(DMEM; Invitrogen, Carlsbad, CA) supplemented with

0.003% ITS + 1 (Sigma-Aldrich, St Louis, MO), 1 mM

sodium pyruvate, 10 mM HEPES buffer, 0.1 mM nones-

sential amino acids, 0.4 mM proline, 20 lg/mL ascorbic

acid, 100 U/mL penicillin, 100 lg/mL streptomycin, and

0.25 lg/mL amphotericin B. This choice of concentration

of ITS + 1 is equivalent to 5 nM insulin, termed mini-ITS

[3, 30], and chosen to avoid crosstalk of insulin with the

IGF-1 receptor.

Using a biotin-sandwich approach as previously

described for a related peptide sequence, RAD [6], we

tethered IGF-1 to KLD scaffolds by including 1:100 ratio

by weight of bKLD:KLD and premixing streptavidin with

bIGF-1. Multivalent streptavidin and bIGF-1 were mixed

in equimolar amounts so the predominant complex formed

would consist of a single biotinylated growth factor

bound to a single streptavidin molecule, allowing strepta-

vidin to bind bKLD with one of its three remaining bind-

ing sites. Excess bKLD (greater than 130:1 molar ratio

bKLD:streptavidin) was used to ensure all of the delivered

growth factor was tethered. For high-affinity tethering of

IGF-1, control, soluble, and tethered gels were created by

premixing KLD peptide (0.35% w/v) with 0.0035% w/v

bKLD and encapsulating chondrocytes at 3 9 106 cells/mL

(n = 4). For tethered gels, bIGF-1 and fluorescent

streptavidin-AlexaFluor 488 (Invitrogen) were premixed at

equimolar concentrations and added to the KLD/bKLD

mixture before adding cells. For adsorbed gels, bIGF-1 and

fluorescent-streptavidin were premixed as for the tethered

gels, but no bKLD was used in this case. Chondrocyte gels

were cultured in basal medium and supplemented with

soluble IGF-1 for the soluble condition (soluble IGF-1

replenished at each medium change).

Bone marrow was harvested from 1- to 2-week-old

bovine calves (Research 87) and stromal cells (BMSCs)

were isolated as described previously [5, 25]. BMSCs were

selected through differential adhesion and expanded two

passages in low glucose-DMEM with 10% ES-FBS

(Invitrogen), 10 mM HEPES, 100 U/mL penicillin G,

100 lg/mL streptomycin, 0.25 lg/mL amphotericin B, and

5 ng/mL FGF-2 (R&D Systems).

BMSCs were encapsulated in KLD mixtures at 3 9 106

cells/mL using acellular agarose molds to initiate self-

assembly [25]. For no TGF (n = 8) and soluble TGF

(n = 12) conditions, BMSCs were encapsulated in KLD

peptide (0.35% w/v) alone. For adsorbed gels (n = 16),

0.35% KLD was premixed with 100 ng/mL TGF-b1 (R&D

Systems) and 100 nM dexamethasone (Sigma-Aldrich)

before adding cells. For tethered gels (n = 4), 0.35% w/v

KLD was premixed with 0.0035% w/v bKLD, 2.1 lg/mL

streptavidin (Pierce Biotechnology, Rockford, IL), and 100

or 500 ng/mL bTGF-b1 before adding cells. The resulting

6-mm diameter, 50-lL peptide gel disks were cultured

in high glucose-DMEM (Invitrogen) supplemented with

1% ITS + 1 (Sigma-Aldrich), 1 mM sodium pyruvate,

37.5 lg/mL ascorbate-2-phosphate (Wako Chemicals,

Richmond, VA), PSA (100 U/mL penicillin, 0.1 mg/mL

streptomycin, 0.25 lg/mL amphotericin), 10 mM HEPES,

0.4 mM proline, and 0.1 mM nonessential amino acids.

Soluble gels had additional supplementation of 10 ng/mL

recombinant human TGF-b1 (R&D Systems) (replenished

at each medium change). No TGF, soluble, or tethered gels

had additional supplementation of 100 nM dexamethasone

(replenished at each medium change).

Viability was determined by staining with FDA (live)

and ethidium bromide (dead). There were no differences

in viability among conditions for chondrocyte or BMSC

experiments, and all experiments had greater than 75%

viability. At each time point, gels were digested with

250 lg/mL proteinase-K (Roche Applied Science, India-

napolis, IN) overnight at 608C. sGAG in each hydrogel

sample was assessed by DMMB dye binding [11]; DNA

was quantified by Hoechst dye assay [22]. For chondro-

cyte gels, digests were analyzed for the presence of

fluorescent streptavidin through fluorometer reading at

485/535 nm.

All data are presented as mean ± standard deviation of

the mean. We determined differences in sGAG and DNA
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content among chondrocytes treated with no IGF-1, soluble

IGF-1, and soluble bIGF-1 by one-way analysis of vari-

ance. We determined differences in sGAG and DNA

content among chondrocytes treated with no IGF-1, soluble

bIGF-1, and soluble bIGF-1/streptavidin complexes by

one-way analysis of variance. At each time point, we

determined differences in fluorescent counts between

peptide gels loaded with 50, 300, or 100 ng/mL of adsor-

bed or tethered bIGF-1/fluorescent streptavidin complexes

by one-way analysis of variance. At each time point, we

determined differences in sGAG and DNA content among

chondrocytes treated with no IGF-1, soluble, adsorbed, or

tethered IGF-1 by one-way analysis of variance. At each

time point, we determined differences in sGAG and DNA

content among BMSCs treated with no TGF-b1, soluble,

adsorbed, or tethered TGF-b1 by mixed model of variance

with animal cell source as a random factor. For all these

tests, residual plots were constructed for dependent

variable data to test for normality and data were log-

transformed if necessary to satisfy this assumption. Addi-

tionally, post hoc Tukey tests for significance of pairwise

comparisons were performed with a threshold for signifi-

cance of p \ 0.05.

Results

Chondrocytes encapsulated in KLD and treated with either

soluble bIGF-1 or soluble IGF-1 for 4 days produced

similar amounts of sGAG, and both conditions produced

more sGAG than gels incubated without IGF-1 (Fig. 2A).

DNA content was similar among the groups (Fig. 2B).

Chondrocytes encapsulated in KLD and treated with sol-

uble bIGF-1 with and without streptavidin produced similar

amounts of sGAG, but more than gels incubated without

IGF-1 (Fig. 2C). DNA was similar among the treatments

(Fig. 2D).

Because bIGF-1/streptavidin complexes were bioactive

when delivered solubly, we progressed to adsorbing and

tethering the complexes to KLD gels before encapsulation

of chondrocytes. Although adsorbed and tethered gels were

loaded with equivalent amounts of bIGF-1/streptavidin,

tethered gels retained considerably more bIGF-1 immedi-

ately after encapsulation (Fig. 3A). After 1 day, adsorbed

streptavidin/bIGF-1 had decreased to 10% to 17% of the

Day 0 levels, and by Day 8, it was only 2% to 6% of Day 0

(Fig. 3B). Tethering allowed amounts to remain at 20% to

27% of the Day 0 levels even by Day 8 (Fig. 3B).

Fig. 2A–D Biotinylated insulin-

like growth factor-1 (bIGF-1) is

bioactive. Chondrocytes were

encapsulated in KLD at 12 9

106 cells/mL and cultured in

medium with different soluble

factors for 4 days. (A) sGAG

and (B) DNA retained after

culture in medium with solu-

ble IGF-1 or soluble bIGF-1.

(C) sGAG and (D) DNA retained

after culture in medium with

soluble bIGF-1 or soluble bIGF-

1 + soluble streptavidin. Mean ±

standard deviation. *Versus no

IGF, p \ 0.05.
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Although concentrations up to 1000 ng/mL were tested

for adsorbed and tethered bIGF-1, neither method of

delivering IGF-1 stimulated sGAG production compared to

no IGF-1 levels (Fig. 4A). The lack of sGAG production

resulting from adsorption of bIGF-1/streptavidin is con-

sistent with the rapid diffusion out of KLD of adsorbed

bIGF-1/streptavidin (Fig. 3). However, the lack of bioac-

tivity for tethering was unexpected because sufficient

levels were present throughout the culture period. Gels

treated with 50 ng/mL and 300 ng/mL of soluble IGF-1

produced substantially greater amounts of sGAG than

control IGF-1-free gels at all time points, as expected

(Fig. 4A). DNA levels increased over time but were similar

to those for control IGF-1-free gels for any treatment at any

time point (Fig. 4B).

In contrast to IGF-1, adsorbed TGF-b1 stimulated

BMSC sGAG production higher than no TGF-b1 at Days

14 and 21. By Day 21, adsorbed TGF-b1 stimulated 31% as

much sGAG as soluble TGF-b1 (Table 1). Tethering

TGF-b1 at up to 500 ng/mL did not stimulate sGAG pro-

duction by BMSCs, similar to that seen with chondro-

cytes exposed to tethered IGF-1. In addition, tethering at

500 ng/mL inhibited cell proliferation compared with

TGF-b1-free gels at Days 14 and 21, seen as a lack of

increase in DNA accumulation (Table 1). Soluble TGF-b1

stimulated an increase in DNA over TGF-b1-free gels by

Day 21; adsorbed gels had similar DNA content to TGF-

b1-free gels at all time points (Table 1).

Discussion

The optimal strategy for delivering growth factors to cells

for the purposes of cartilage tissue engineering and carti-

lage repair remains an unmet challenge. Self-assembling

peptides are a clinically relevant material that can be

injected in vivo [6, 7] and assemble on contact with solu-

tions of physiological pH and ionic strength [53]. Tethering

bIGF-1 to the self-assembling peptide scaffold (RADA)4

effectively delivers bioactive bIGF-1 to cardiac tissue. We

therefore asked whether: (1) bIGF-1 could stimulate pro-

teoglycan production by chondrocytes when delivered

solubly; (2) bIGF-1 could be adsorbed or tethered to KLD;

(3) bIGF-1 could stimulate proteoglycan production by

chondrocytes when adsorbed or tethered to KLD; and

(4) an alternative growth factor, TGF-b1, could be adsor-

bed or tethered to KLD and stimulate proteoglycan

production by BMSCs.

Readers should be aware of the limitations of the study.

First, the growth factor of interest for the chondrocyte

experiments was IGF-1, whereas that for the BMSC

experiments was TGF-b1; therefore, the GAG and DNA

contents from these two sets of experiments should not be

compared directly, but instead interpreted to understand

that the adsorbed versus tethered delivery methods may

have different bioactivity outcomes depending on the par-

ticular growth factor used. The choice of growth factors

was based on the widely accepted approach that TGF-b1 is

essential to obtain BMSC chondrogenesis, whereas, by

comparison, chondrocytes already possess the desired

phenotype and IGF-1 is a widely accepted choice for

matrix biosynthesis. Second, we studied a small number of

constructs, although the variability of the assays was rel-

atively small. Third, ours was an in vitro study without

many of the variables that would occur in vivo. The find-

ings would therefore require further confirmation.

As a result of the known biologic effects of biotin on

cells [52] and the effects of modifying IGF-1 structure [1]

Fig. 3A–B High-affinity tethering prolongs retention of insulin-like

growth factor-1 (IGF-1). Fluorescently labeled streptavidin and

biotinylated-IGF-1 (bIGF-1) were either adsorbed or tethered to

KLD before encapsulation of chondrocytes at 3 9 106 cells/mL.

Background from the peptide was measured on gels without

fluorescent streptavidin and subtracted from fluorescence counts.

(A) Streptavidin retained immediately after gel assembly.

(B) Streptavidin retained after 1, 4, or 8 days of culture. *Versus

corresponding concentration adsorbed gel, p \ 0.05. Mean ± stan-

dard deviation.
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as well as the possibility of steric effects resulting from

streptavidin size relative to IGF-1, we first tested whether

biotinylated IGF-1 and a complex of biotinylated IGF-1 with

streptavidin would retain biologic activity measured by

sGAG production. When delivered solubly in the medium,

bIGF-1 induced similar amounts of sGAG as unmodified

IGF-1, consistent with the observations of Davis et al. [6]

measuring pAKT stimulation of cardiomyocytes. Similarly,

supplementation of medium with the complex of bIGF-1 and

streptavidin resulted in sGAG production comparable to

soluble bIGF-1 alone, indicating that the molecules chosen

did not hamper the absorption and tethering strategies.

Fig. 4A–B Soluble insulin-like growth

factor-1 (IGF-1), but not adsorbed or

tethered IGF-1, stimulates sGAG pro-

duction. Biotinylated IGF-1 and

streptavidin were either adsorbed or

tethered to KLD at the indicated con-

centrations before encapsulation of

chondrocytes at 3 9 106 cells/mL. No

IGF-1 control gels were cultured in

IGF-1-free medium. (A) sGAG and

(B) DNA retained in gel. Mean ±

standard deviation. *Versus no IGF,

p \ 0.05.

Table 1. Soluble and adsorbed transforming growth factor-b1 (TGF-b1), but not tethered, promotes sGAG production. sGAG and DNA content

(lg/gel) of BMSCs encapsulated in KLD gels with or without TGF

Time

point

No TGF-b1 (n = 8) Soluble TGF-b (n = 12)

(10 ng/mL)

Adsorbed TGF-b1 (n = 16)

(100 ng/mL)

Tethered TGF-b1

(n = 4) (100 ng/mL)

Tethered TGF-b1

(n = 4) (500 ng/mL)

sGAG DNA sGAG DNA sGAG DNA sGAG DNA sGAG DNA

Day 7 6.0 ± 2.2 1.8 ± 0.6 19.3 ± 10.9* 2.3 ± 0.9 12.3 ± 9.5 1.6 ± 0.8 3.5 ± 0.7 1.2 ± 0.5 5.0 ± 0.6 1.4 ± 0.2

Day 14 6.3 ± 1.9 2.0 ± 0.3 57.7 ± 33.5 3.2 ± 2.6 26.5 ± 17.9* 2.2 ± 0.7 4.6 ± 0.7 1.9 ± 0.9 5.0 ± 1.5 1.0 ± 0.4*

Day 21 7.6 ± 2.2 2.3 ± 0.3 110.9 ± 49.6* 4.8 ± 2.6* 35.1 ± 21.3* 2.3 ± 0.8 5.7 ± 0.5 3.1 ± 0.9 8.4 ± 1.2 1.7 ± 0.7*

* Versus no TGF-b1, p \ 0.05. Mean ± standard deviation.
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Adsorption of bIGF-1 to KLD did not result in delivery

of IGF-1 with the majority of the growth factor diffusing

out of the gel within the first 24 hours. Nixon et al. showed

an improvement in repair of an equine cartilage defect with

delivery of IGF-1 premixed with a fibrin clot [39], although

that study did not examine the release kinetics out of the

gel, and so it is possible that an initial bolus release

occurred that was sufficient in stimulating improved repair.

In contrast, in our study tethering bIGF-1 to KLD through

biotin-streptavidin bonds resulted in prolonged retention of

IGF-1, although there was a loss of 70% to 80% of the

growth factor by Day 8. As a result of the strength of the

noncovalent biotin-streptavidin bond, KD = 4 9 10�14 M

[15], it is unlikely the growth factors are released by this

tether. Instead, the loss of bIGF-1 by Day 8 is probably the

result of the degradation of the gel.

Other methods for slow release of IGF-1 and TGF-b1

have been developed [28, 48], but IGF-1 remains difficult

to effectively deliver in vivo as a result of its small size and

rapid diffusion out of tissue. A new fusion protein made by

adding the heparin-binding domain of heparin-binding

EGF to IGF-1 (ie, HB-IGF-1) is amenable to delivery in

mature articular cartilage [36, 49]. A single dose of

HB-IGF-1 resulted in sustained delivery and stimulation of

proteoglycan synthesis for at least 8 days. The use of

HB-IGF-1 with the KLD peptide system could be enabled

by mixing in heparin, heparan sulfate, or the heparan sul-

fate proteoglycan, perlecan, with KLD [18, 19, 51].

Although adsorption of TGF-b1 to KLD effectively

increased proteoglycan production in our study and a pre-

vious study [26], changing the degradation rates of KLD by

changing the concentration or adding crosslinks may offer

a way of improving delivery.

Although biotin-streptavidin tethering of IGF-1 reduces

apoptosis of implanted cardiomyocytes [6], it did not

deliver IGF-1 or TGF-b1 to stimulate proteoglycan pro-

duction by chondrocytes or BMSCs, respectively, in the

context of cartilage tissue engineering. A difference in

peptide sequence, (RADA)4 versus (KLDL)3, or differ-

ences in growth factor-receptor binding in cardiomyocytes

could partly explain the disparities between this study and

that of Davis et al. [6]. Cartilage tissue also differs from

myocardial tissue in that large amounts of extracellular

matrix are produced as early as 1 day after encapsulation.

This matrix synthesis and secretion may prevent the stim-

ulation of chondrocytes and BMSCs by immobilized

factors by sterically blocking receptor-ligand binding.

There has been a limited number of other attempts at

delivering tethered growth factors for the purposes of car-

tilage tissue engineering [38]. Growth factors, including

TGF-b1, have been covalently immobilized or tethered onto

other polymer scaffolds or hydrogels with other cell types

[2, 8, 20, 21, 29, 34], sometimes with altered signaling as a

result [10, 35, 42]. The density of tethered growth factors

can also affect bioactivity [45]; however, both IGF-1 and

TGF-b receptors exist as functional complexes on cell

surfaces, and binding of one ligand can initiate signaling [9,

43]. Consistent with this, increasing the amount of growth

factors immobilized within the scaffold had no effect on

bioactivity. Two possible solutions to increase bioactivity

of our tethering may be to include matrix metalloprotei-

nase-cleavable links in our peptide sequence to deliver

growth factors on catabolic events [31, 32, 41] or to use

tethers with a lower binding affinity.

Our study describes an initial evaluation of methods

for delivering growth factors to cells within the self-

assembling peptide hydrogel KLD for cartilage tissue

engineering and showed that although TGF-b1 can be

delivered by adsorption, IGF-1 cannot. Additionally,

although tethering these factors provided long-term

sequestration, tethered growth factors were not effective in

stimulating proteoglycan production. Therefore, although

peptide sequences are readily functionalized, the manner in

which growth factors are delivered affects bioactivity and

varies for specific growth factors and biologic systems of

interest.
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