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Purpose. In this study the chondrocytic differentiation and cartilage matrix accumulation of human

mesenchymal stem cells (hMSCs) were investigated after encapsulation in a genetically engineered silk-

elastinlike protein polymer SELP-47 K as an injectable matrix for delivery of cell-based therapeutics.

Materials and Methods. hMSCs were encapsulated in SELP-47 K and cultured for 4 weeks in

chondrogenic medium with or without transforming growth factor-b3 (TGF). Chondrogenic differenti-

ation was evaluated by histological, RNA and biochemical analyses for the expression of cartilage

extracellular matrix components.

Results. Histological and immunohistochemical staining revealed that the cells acquired a rounded

morphology and were embedded in significant amounts of chondrogenic extracellular matrix. Reverse

transcriptase (RT)-PCR showed an up-regulation in aggrecan, type II and type X collagen and SOX9 in

presence of TGF-b3. By day 28, constructs cultured in the presence of TGF-b3 exhibited significant

increase in sulfated glycosaminoglycan and total collagen content up to 65 and 300%, respectively.

Conclusions. This study demonstrates that SELP-47 K hydrogel can be used as a scaffold for

encapsulation and chondrogenesis of hMSCs. The ability to use recombinant techniques to precisely

control SELP structure enables the investigation of injectable protein polymer scaffolds for soft-tissue

engineering with varied physicochemical properties.

KEY WORDS: chondrogenesis; genetically engineered polymers; hydrogels; silk-elastinelike polymers;
tissue engineering.

INTRODUCTION

Trauma to the articular cartilage surface of the joint
represents a challenging clinical problem due to the poor ability

of this tissue to self-repair (1). Current repair techniques such
as microfracture, which stimulates cellular infiltration into the
joint, have unpredictable clinical outcomes as they may
produce a fibrocartilage tissue that degenerates with time (2).
Alternative treatments include tissue reconstruction with
autograft and allograft tissues (3). However, these procedures
are restricted by the availability of suitable donor tissue.
Through an integrated application of cells, biomaterial scaf-
folds, and biochemical and physical regulatory factors, tissue
engineering emerges as a potential strategy for repair or
augmentation of injured cartilaginous tissues.

The vast majority of polymers investigated so far for
cartilage tissue engineering have been synthetic, natural, or
composites thereof (4–6). Synthetic polymers by and large
are statistically diverse in molecular size and composition,
and lack intrinsic biofunctionality. Potential contamination
with residual organic solvent and catalyst may also compli-
cate biocompatibility. On the other hand, natural polymers
such as collagen matrices used in tissue engineering (7,8)
suffer from batch-to-batch variation, and the difficulty of
introducing new functional motifs (e.g., stimuli-sensitive,
biodegradable, and biorecognizable) to allow control over
mechanical and biological properties. Biomaterials compati-
ble with living organisms and tissues, and whose physico-
chemical, mechanical and biological characteristics and fate
can be precisely controlled at the molecular level would be
attractive.
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Advances in recombinant DNA technology have
allowed the genetic engineering of large molecular weight
polymers containing repeating blocks of amino acids with
precise composition, sequence and length (6,9–11). Control
over polymeric architecture at the molecular level results in
fine control over physicochemical and mechanical properties
of the polymeric matrix (12–18). Protein-based polymers are
generally biocompatible when used as implants, do not
contain toxic monomer residues and solvents, and depending
on structure can breakdown into nontoxic amino acids either
reutilized or readily eliminated from the body (11).

One class of genetically engineered biomaterials is the
family of silk-elastinlike protein polymers (SELPs), com-
posed of amino acid sequence motifs from Bombyx mori
(silkworm) silk (Gly-Ala-Gly-Ala-Gly-Ser) and mammalian
elastin (Gly-Val-Gly-Val-Pro). Solubility, gelation, stimuli-
sensitivity, drug release, material strength, biorecognition,
and biodegradation profiles of SELPs can precisely be
controlled by varying the composition and sequence of the
polymers (19). SELP copolymers, depending on the number
and sequence of silk and elastin blocks, undergo an irrevers-
ible sol-to-gel transition as a function of temperature,
presumably through the formation of hydrogen bonds
between the silk blocks (12,13,20–22). Fluid at room temper-
ature, a SELP-47 aqueous solution would gel within minutes
after injection into the body. These systems are biocompat-
ible, have been investigated for matrix-mediated gene and
drug delivery (13,21–23) and are in clinical testing as urethral
bulking agents for the treatment of female stress urinary
incontinence as well as dermal augmentation. However, their
potential in tissue engineering applications and more specif-
ically cartilage-like tissue is unexplored. In this study we
investigated the in vitro chondrocytic differentiation and
cartilage matrix accumulation of human mesenchymal stem
cells (hMSCs) derived from bone marrow after encapsulation
in SELP-47 K as an injectable matrix for delivery of cell-
based therapeutics.

MATERIALS AND METHODS

Materials and Methods

The silk-elastinlike protein copolymer SELP-47 K,
composed of four silk-like blocks, seven elastin-like blocks,
and one modified elastin block containing a lysine (K)
substitution (amino acid sequence in Fig. 1), was produced
by Protein Polymer Technologies, Inc. (San Diego, CA) as a
12 wt% solution in 3 ml syringes and stored at -80-C until
use. Poieticsi hMSC human mesenchymal stem cells har-
vested and cultured from normal human bone marrow,
MSCGM and Chondrogenic Differentiation media and growth
factor TGF-b3 were obtained from Cambrex Corporation

(East Rutherford, NJ). Cell proliferation reagent WST-1 was
obtained from Roche Applied Science (Indianapolis, IN). Live/
Dead Viability/Cytotoxicity assay kit was purchased from
Molecular Probes (Eugene, OR). RNA primers were from
Integrated DNA Technologies (Coralville, IA). RNALater
RNA stabilization reagent and Qiagen One Step RT-PCR kit
were obtained from Qiagen (Valencia, CA). Blyscan sulfated
glycosaminoglycan assay was acquired from Biocolor Ltd.
(Newtownabbey, Northern Ireland).

General Cell Culture

Human mesenchymal stem cells were cultured following
the manufacturer_s recommended protocol. Briefly, cells
were cultured with MSCGM media containing 10% FBS,
1% Penicillin/streptomycin and 1% glutamine. The cells were
maintained at 37-C, 5% CO2 environment. Cells were
subcultured 1:5 to 85–90% confluence after dissociation in
trypsin/EDTA (0.05 ml/cm2).

Preparation of Hydrogel Cell Scaffolds

Syringes containing frozen 12 wt% SELP-47 K solution
were thawed in water for 5 min at room temperature. hMSC
were removed from culture plates with 0.05% trypsin
Cambrex Corporation (East Rutherford, NJ) and centrifuged
(600 �g for 5 min) to form a pellet (106 cells/pellet). The cell
pellets were resuspended in the SELP47 K polymer solution
and the mixture volume was adjusted by addition of culture
media to yield an 11.5% polymer solution containing 8�106

cells/ml. The mixture was transferred to disposable 1-ml
syringes, incubated at 37-C for 30 min and cut into cylindrical
discs of 50 mm3 (r=2.3 mm, h=2.8 mm). The encapsulated
hMSCs were cultured in chondrogenic medium in the presence
or absence of TGF-b3 for further studies (n=3). Cells were
washed and provided with fresh media every 2 days.

Cell Viability and Proliferation

After 1, 2 or 4 weeks of culture, the metabolic activity
and proliferation of cells cultured in the hydrogel-composite
were evaluated by WST-1 assay and Live/Dead assay
reagent. WST-1 assay was performed by transferring con-
structs to 96-well plates containing 200 ml of fresh media per
well. Forty microliter of WST-1 reagent were then added to
each well and incubated for 4 h at 37-C, 5% CO2 environment.
From each well, 100 ml was transferred to another 96-well
plate and absorbance was examined at 450 nm using a
microplate reader. The results from the WST-1 assay were
normalized against scaffolds prepared from SELP47 K only.
The LIVE/DEAD assay dye mixture was prepared according
to manufacturer protocol. Briefly, 4 ml of 20 mM ethidium
homodimer-1 (EthD-1) were mixed with 2 ml PBS and
vortexed then 1 ml of 4 mM calcein AM was added and
thoroughly mixed by vortexing. The resulting solution
contained 4 mM EthD-1 (for staining of dead cells) and 2 mM
calcein AM (for staining of live cells). Hydrogel/cell scaffolds
were washed three times with PBS and treated with 250 ml of
the dye mixture after 1, 14 and 28 days of culture. The cell-
culture plates were wrapped in aluminum foil and incubated at
room temperature for 30 min. The labeled cells were then

MDPVVLQRRDWENPGVTQLNRLAAHPPFASDPMGAGSGAGAGS
[(GVGVP)4 GKGVP (GVGVP)3 (GAGAGS)4]12 (GVGVP)4 GKGVP
(GVGVP)3 (GAGAGS)2 GAGAMDPGRYQDLRSHHHHHH

Fig. 1. The amino acid sequence of SELP-47 K. The 884 amino acid

residues have a total molecular weight of 69,814 D. The polymer is

composed of head and tail portions (underlined), and a series of silk-

like (GAGAGS) and elastin-like (GVGVP) repeats (primary

repetitive sequence in bold, number of repeats highlighted in gray).

For amino acid designations, see abbreviations.
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examined under confocal microscope. A control group of dead
cells was obtained by treating the hydrogel/cell scaffolds with
250 ml of 0.1% saponin in PBS for 10 min. The cytotoxic
saponin solution was then removed and the scaffolds were
washed with PBS and treated with 250 ml of the dye mixture.

RNA Extraction and Reverse Transcription Polymerase Chain
Reaction

Each MSC/SELP-47 K gel construct was placed in 10-fold
excess of gel volume of RNALater RNA stabilization reagent
and stored at j80-C until RNA extraction. Total RNA was
isolated from three constructs per group and from MSC cell
pellets of the same passage cultured in similar condition using
an RNeasy minikit (Qiagen, Valencia, CA). Samples were
prepared for RNA extraction by mechanical homogenization
in 2 ml RLT lysis buffer RNeasy minikit (Qiagen, Valencia,
CA). After complete homogenization, 400 ml more of the
RLT buffer was added to the microcentrifuge tubes and the
suspension was further homogenized with a QIAshredder
(Qiagen) column. The homogenates were transferred to
columns from the RNeasy minikit after an equal volume of
70% ethanol was added. RNA was isolated according to the
manufacturer_s protocol. The purified RNA samples were
analyzed via reverse transcription polymerase chain reaction
(RT-PCR) using OneStep RT-PCR kit (Qiagen, Valencia,
CA) and run on the Biorad iCycler thermal cycler (Biorad,
Hercules, CA) for 35 PCR cycles. Polymerase chain reaction
(PCR) primers (forward and backward, 50 to 30) were as
follows: b-actin, 50-ATCTGGCACACCTTCTACAAT
GAGCTGCG-30 and 50-CGTCATACTCCTGCTTGCT
GATCCACATCTGC-3 0; Aggrecan, 5 0-CACGCTA
CACCCTGGACTTG-30 and 50-CCATCTCTCAGGAAG
CAGT-30; collagen I, 50-TGACGAGACCAAGAACTG-30

and 50-CAATCCAAACCACTGAAACC-30; collagen II, 50-
AGGAGGCTGGCAGCTGTGTGC-30 and 50-CACTGGC
AGTGGCGAGGTCAG-3 0; collagen X, 5 0-CCCTTT
T T G C T G C T A G T A T C C - 3 0 a n d 5 0- C T G T T G T
CCAGGTTTTCCTGGCAC-30; sox 9, 50-ACGTCATCTC
CAACATCGAGACC-3 0 and 5 0-CTGTAGTGTGG
GAGGTTGAAGGG-30 Each PCR product was analyzed by
separating 12 ml of the amplicon and 3 ml of loading buffer in a
1.5% agarose gel in TAE buffer. The relative levels of band
intensity of the gene of interest were compared with those of the
internal control of a housekeeping gene.

Histology and Immunohistochemistry

To assess cell morphology and the presence of cartilage
specific matrix proteins, representative constructs from days 1,
14 and 28 of culture were formalin-fixed, paraffin-embedded,
and sectioned (5 mm) for routine histology. Sections were
stained with H&E for determination of cell morphology,
Toluidine blue for the presence of negatively charged proteo-
glycans and Sirius red for presence and accumulation of
collagen fibers. Immunohistochemical analysis was carried out
using monoclonal mouse anti-human type I collagen or type II
collagen antibodies (Research Diagnostics, Flanders, NJ) as the
primary antibodies, and goat Anti-mouse HRP conjugated as
the secondary antibody. The secondary antibody was detected
by DAB metal-enhanced reagent. Immunohistochemical anal-

ysis of gel constructs was carried out by Histosery Inc.
(Gaithburg, MD) using the Histostain-Plus Kit for AEC
(Zymed Laboratories Inc., San Francisco, CA).

Biochemical Analyses

MSC/SELP-47 K constructs were lyophilized overnight
and digested for 18 h at 65-C with 125 mg/ml papain
(Worthington Biomedical, Lakewood, NJ) in buffer (100 mM
phosphate, 10 mM EDTA, 2 mM cysteine, pH 6.5, using
1 ml enzyme per 5–10 mg dry sample. DNA content was
determined spectrofluorometrically using PicoGreen DNA
quantitation reagent (Molecular Probes, Eugene, OR).
Sulphated-Glycosaminoglycan content in the polymer scaf-
folds was measured after hydrolysis in 20 U/ml papain at
60-C overnight. Samples were mixed with DMMB reagent
(1,9-dimethyl-methylene blue) and the absorbance was meas-
ured at 570 nm against a standard curve of chondroitin-
4-sulfate (24). Total collagen content was determined from
the reaction of hydroxyproline residues in collagen with p-
dimethylaminobenzaldehyde (EM Science, Gibbstown, NJ)
and chloramine-T (Mallinckrodt, Paris, KY) after acid hydrol-
ysis of scaffold digests (6 N HCl at 115-C for 16–20 h) using a
hydroproline: collagen conversion factor of 1:10 (25).

Data for the biochemical composition of the MSC/
SELP-47 K constructs were statistically analyzed by one-
way analysis of variance ANOVA (p<0.05) using SPSS
(version 10.0; SPSS, Chicago, IL) software package. Statisti-
cal significance was determined at a value of p<0.05.

RESULTS

Viability of hMSC Encapsulated in SELP-47 K Hydrogels

To detect any possible adverse effects of SELP-47 K on
cultured hMSCs the constructs were treated with WST-1
assay reagent, which measures cell viability relative to cell
metabolic activity. There was an initial insignificant decrease
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Fig. 2. Determination of cell metabolic activity using WST-1 reagent

for hMSC encapsulated in SELP-47 K hydrogel scaffolds and

cultured in chondrogenic medium in the absence (white bar) and

presence (gray bar) of TGF-b3 and (black bar) cell pellets cultured in

the presence of TGF-b3 over 28 days. Values are calculated as

absorbance per wet weight day�/absorbance per wet weight at day 1.

Bars represent the mean T standard deviation for n=3 samples.
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in cell metabolic activity during culture in the chondrogenic
medium with or without TGF-b3. This was in accordance
with previous reports (26) which indicated loss of a portion of
the marrow stromal cell population during culture, apparent-
ly through apoptosis. However, hMSCs remained metaboli-
cally active after 28 days of culture in chondrogenic medium

in the presence or absence of TGF-b3 growth factor (Fig. 2).
Observation of cells encapsulated in SELP-47 K gels after
treatment with LIVE/DEAD reagent showed that the cells
remained viable after 1, 14 and 28 days of culture compared
to the control group treated with 0.1% saponin, a cytotoxic
agent that resulted in 100% of cell death (Fig. 3).

Fig. 4. Histological staining of paraffin-embedded sections of hMSC/SELP-47 K constructs cultured in the absence (a–c) and presence (d–f) of

TGF-b3 at day 28, stained with H and E (a and d), Sirius Red (b and e) and Toluidine Blue (c and f). Images were originally acquired at 100X

magnification. Scale bar 20 mm.

Fig. 3. Confocal images of live (green) and dead (red) hMSC encapsulated in SELP-47 K hydrogel

scaffolds cultured in chondrogenic medium in presence of TGF-b3 over 28 days. Control group was

treated with 0.1% saponin for 10 min (cytotoxic agent). Bars represent the mean T standard deviation for

n=3 samples.
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Histological and Immunohistochemical Analyses

The accumulation of chondrocytic extracellular matrix in
hMSC/SELP-47 K constructs was examined by histology and
immunohistochemistry. Histological H&E staining of fixed
slides revealed that the cells adopted a rounded morphology
and were embedded in significant amounts of extracellular
matrix, regardless of the culture medium (Fig. 4). Histology
sections of constructs treated with Sirius red, which stains
collagen fibers red, showed increased accumulation of collagen
in the vicinity of the cells by day 28, especially in samples
cultured with TGF-b3. Additionally, Toluidine blue staining of
the formed constructs showed S-GAG deposition in the
intercellular regions at day 28, indicating the S-GAG was able
to diffuse throughout the SELP-47 K gel (Fig. 4).

Immunohistochemical labeling for collagen type I and II
showed type I collagen on both the positive and negative
TGF-b3 sections (Fig. 3). Interestingly, type II collagen
staining was also observed in these samples, although more
intense staining was clearly visible in the TGF-b3 sections
(Fig. 5). This observation suggests the formation of newly
synthesized cartilage-specific collagen, i.e. type II, in the
SELP 47 K constructs.

RT-PCR and Biochemical Analysis

The production of matrix proteins by the cells embedded
in SELP-47 K gels was qualitatively detected with RT-PCR
analysis (Fig. 6). In correlation with histological findings,
agarose gel electrophoresis of the amplified RNA showed

that the previously undifferentiated hMSCs shifted their
genetic expression during the culture period. After 28 days,
aggrecan, type II and X collagen and SOX9 transcription
levels were significantly increased for +TGF-b3 constructs
but was almost absent in constructs cultured in the absence of
TGF-b3.

Fig. 5. Immunohistochemical staining of paraffin-embedded sections -TGF-b3 (a and c) and + TGF-b3 (b and

d) hMSC/SELP-47 K constructs with antibodies for type I collagen (a and b) and type II collagen (c and d)

after 28 days of culture. Controls showed no staining for antigen (not shown). Images were originally

acquired at 100X magnification. Scale bars=20 mm. Dark brown staining is positive for the collagen.

Fig. 6. RT-PCR products for hMSC/SELP-47 K in the absence

(lanes 1–3) and presence (lanes 4–6) of TGF-b3 and cell pellets (lanes

7–9) cultured in the presence of TGF-b3 after 1, 14 and 28 days (D1,

D14 and D28, respectively). Primers used include b-actin (house-

keeping), type I collagen, aggrecan, type X collagen, type II collagen

and SOX 9 (from top to bottom of the gel).
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In correlation with the RT-PCR and histologic findings,
all constructs cultured in the presence of TGF-b3 exhibited a
steady increase in S-GAG and total collagen accumulation.
By day 28, S-GAG accumulation normalized to total DNA
content was highest in hMSC/SELP-47 K constructs cultured
in the presence of chondrogenic factors, whereas no increase
was observed in the absence of TGF-b3 (Fig. 7a). The total
collagen content normalized to DNA increased in hMSC/
SELP-47 K constructs cultured under both conditions
(Fig. 7b), with a more significant increase observed in the
TGF-b3 samples.

DISCUSSION

Adult bone marrow derived mesenchymal stem cells
(MSCs) are undifferentiated, multi-potential cells that can be
easily isolated from adult bone marrow aspirates. They
proliferate and differentiate in vitro to produce tissues such
as bone, cartilage, fat, and tendon (27), making them an
attractive cell source for autologous bone and cartilage tissue
engineering. Thus far, few polymer scaffolds can provide the
physicochemical and biological properties optimal for the
repair or augmentation of cartilage defects using hMSCs.
Hypothesizing that a biodegradable silk-elastinlike protein
polymer hydrogel might be attractive for this application, we
evaluated the in vitro chondrogenesis of hMSCs in this
scaffold. When cultured in SELP scaffolds in chondrogenic
medium, hMSCs expressed chondrogenic markers (aggrecan,
type II and X collagen and SOX9) and accumulated
cartilage-like matrix that contained sulfated glycosaminogly-
cans and collagen. The progression and extent of chondro-
genesis were significantly increased, according to all
measured parameters, in the presence of chondrogenic factor
TGF-b3. Taken together, these data suggest that SELP
hydrogel provides a suitable microenvironment for the
chondrogenic differentiation of hMSCs in the presence of
TGF-b3 in vitro.

SELPs are adaptable polymers where various combina-
tions of silk-like and elastin-like blocks can produce custom-
ized gel formulations specific to a given application (11,19).
So far SELP hydrogels have been considered for matrix-
mediated drug and gene delivery (13,22,23). The ability to

use recombinant genetic engineering techniques to customize
and precisely control the polymer structural parameters
resulted in successful manipulation of the physicochemical
parameters of these hydrogels as well as release profiles of
laden drugs or genetic materials (12).

Other investigators have shown that elastin like poly-
mers (ELPs) exhibit mechanical behavior comparable to the
intact protein (28). These polymers have been used as
scaffolds for human adipose derived adult stem cells
(hADAS) and showed the ability to promote their differen-
tiation into a chondrogenic phenotype in three dimensional
cultures (29). To achieve the mechanical strength required
for functional cartilage repair, crosslinking of ELPs can be
accomplished via radiative (30) or chemical (31) means or by
in situ enzyme-initiated gelation via tissue transglutaminase
(32). These methods may limit the use of ELPs as tissue
engineering scaffolds due to possible harmful effects of
radiation or chemical crosslinking on the cultured cells or
the difficulty in precisely controlling enzymatic crosslinking
to obtain the required mechanical strength.

Accordingly, the irreversible sol to gel transformation
that characterizes members of the SELP family is an
attractive property because it allows for injectable delivery
of the cells at the diseased site as a fluid, transitioning peri-
operatively to a solid. The gel-encapsulated cells remain
physically in the tissue defect in which they are delivered,
viable and capable of differentiation. Finally the ability to
incorporate biorecognizable motifs with precise sequence in
the polymer backbone can provide a suitable platform for
cell recognition and differentiation in response to the
biomaterial. Previous in vivo studies have shown that
polymer SELP-47 K is biocompatible and exhibits very low
immunogenic responses in test animals (13).

To our knowledge this is the first report examining the
possibility of using SELP-47 K hydrogels as scaffolds for cell-
based therapy. Our results demonstrate that hMSC isolated
and encapsulated in SELP scaffolds survived and differentiat-
ed in this environment. Results of WST-1 cell viability assay
and confocal microscopic observations after treatment of
constructs with LIVE/DEAD reagent demonstrated that the
hMSCs maintained their metabolic activity after 4 weeks of
culture regardless of the presence of chondrogenic factor
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Fig. 7. Results of biochemical assay for a S-GAG and b total collagen content per total DNA for
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DNA content. Bars represent the mean T standard deviation for n=3 samples.

697SELP-47K Hydrogel: A Scaffold for hMSCs



TGF-b3 in the culture medium. This is consistent with
previous studies with other types of cells where minimal
cytotoxicity was observed in cell cultures with SELP-47 K (13).

Histology and immunohistochemistry revealed that
cartilage-specific matrix including glycosaminoglycans and
type II collagen were produced in the hydrogels by previously
undifferentiated MSCs in the presence of TGF-b3. Matrix
production was also detected by RT-PCR after 14 days of
culture in the presence of TGF-b3 where chondrocyte-specific
genes such as aggrecan, type II and X collagen were observed,
while SOX9 was detected after 28 days of culture. The
mechanism causing the delay in SOX9 production is unclear.
It may be due to partial differentiation of the cells that is
usually associated with rounded cell morphology acquired in
three-dimensional culture compared to flat-shape cells grow-
ing in two-dimensional culture (33–35). The inability to
produce chondrocyte-specific genes in the absence of TGF-
b3 demonstrates that SELP-47 K is an inert scaffold with
regard to chondrogenesis. Therefore, the potential exists to
enhance the bioactivity of the scaffold by the addition to the
SELP material of chemical or biological regulators such as
chondrogenic factors, collagen or chondroitin sulphate.

In correlation with the histological and RT-PCR findings,
biochemical analysis showed that growing hMSC cells in SELP-
47 K scaffolds in chondrogenic media in the presence of TGF-
b3 resulted in greater content of S-GAG and total collagen
compared to cultures without TGF-b3. However, values of S-
GAG/DNA and collagen/DNA after 28 days of culture were
low compared with chondrocytes cultured in other polymeric
scaffolds such as poly(ethylene glycol)-dimethacrylate
(PEGDM) and poly(lactide-co-glycolide) (PLGA) scaffolds
(36,37), or other types of stem cells such as human adipose
derived adult stem cells cultured in agarose, alginate and
gelatin scaffolds (38–40). This may relate to the lower starting
cell density in the constructs cultured in SELP-47 K (0.4�106

hMSC/scaffold). Further investigations will be required to
determine the proliferation and apoptotic states of the cells in
SELP-47 K to fully understand the effect of the biomaterial.

The potential of SELP-47 K in stem cell-based therapy
remains to be further optimized and evaluated. First, a
culture period extended over the 28 days of our study would
heighten the differentiation and ECM production. Second, in
SELP-47 K each eight elasin-like units are separated by four
silk unit blocks, which creates a strong mechanical barrier
that might limit the flexibility and amount of free space into
which extracellular proteins could be deposited. It was
previously noted that an increase in the mesh size of the
hydrogel results in an increase of total collagen production
(37). Accordingly it is possible that the small mesh size of
SELP-47 K hydrogels is unfavorable for the diffusion of the
produced extracellular matrix protein. A SELP with longer
elastin blocks, and hence fewer silk blocks, per monomer unit
could increase the mesh size of the hydrogel. This may have a
positive influence on the differentiation of hMSC in these
scaffolds and production of chondrogenic extracellular ma-
trix that mimics native articular cartilage.

In summary, silk-elastinlike hydrogels are viable scaf-
folds for the in vitro chondrogenesis of hMSCs stimulated by
TGF-b3. The uniquely well-controlled properties of genetically
engineered polymers are well positioned to satisfy the diverse
biomaterials requirements. This study adds to the selection of

promising scaffold materials from which tissue engineers can
choose for specific soft-tissue engineering applications.

CONCLUSION

In this study we demonstrated that the recombinant
protein polymer SELP-47 K hydrogel can be used as a
promising scaffold for the encapsulation and chondrogenesis
of hMSCs. Evidence was provided that in vitro chondro-
genesis can be enhanced by the addition of chondrogenic
growth factor TGF-b3. The ability to precisely control the
structure and physicochemical properties of SELPs by
recombinant techniques is attractive. Moreover, in allowing
controlled delivery of bioactive agents in a minimally
invasive manner, these injectable recombinant scaffolds
would be appealing for cell-based therapeutics.
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