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Artic u lar car ti lage has a lim ited capac ity for repair. This has 

moti vated the devel op ment of cell based ther a pies such as autol-

o gous chon dro cyte implan ta tion for the repair of car ti lage defects 

[1,2]. A major lim it ing fac tor in extend ing the use of such ther a-

pies is obtain ing suf  cient num bers of dif fer en ti ated autol o gous 

chon dro cytes, par tic u larly in elderly and more osteo ar thritic (OA) 

patients. An age-related loss in chon dro genic capac ity has been 

observed in cul ture-expanded chon dro cytes [3], while col la gen 

syn the sis is lower in chon dro cytes obtained from OA patients [4]. 

This may be par tially explained by changes in the respon sive ness 

of aged or OA chon dro cytes to cyto kines and growth fac tors [5–7]. 

In addi tion, OA chon dro cytes are likely to have sig nif  cant DNA 

dam age among other cel lu lar degen er a tive alter a tions [8].

Mes en chy mal stem cells (MSCs) are a prom is ing alter na tive cell 

source for car ti lage repair due to both their ease of iso la tion and 

expan sion, and their chon dro genic dif fer en ti a tion potential [9]. 

Chon dro genic dif fer en ti a tion of MSCs from dif fer ent tis sue sources 

has been dem on strated in the pres ence of growth fac tors from the 

trans form ing growth fac tor-b (TGF-b) super fam ily [10–15]. A tis sue 

engi neer ing approach to repair dam aged car ti lage tis sues would 

involve seed ing MSCs into a scaf fold and either implant ing fol low-

ing min i mal in vitro pre-cul ture, or to cul ture these con structs for 

longer peri ods of time to engi neer a more func tional car ti lag i nous 

tis sue. While chon dro gen e sis does occur in these dif fer ent sys tems, 

it has been dem on strated that the amount of car ti lage matrix pro-

duc tion and the subsequent mechan i cal prop er ties of the tis sue is 

lower with MSCs com pared to chon dro cytes [16], lead ing to the 

sug ges tion that fur ther opti mi za tion may be required if MSCs are 

to be used to engi neer car ti lag i nous tis sues with sim i lar func tional 

prop er ties to that obtain able with healthy chon dro cytes.

It is well estab lished that the appli ca tion of appro pri ate 

 lev els of dynamic com pres sive load ing can enhance the bio syn-

thetic activ ity of chon dro cytes [17–23]. It is also believed that the 

 dif fer en ti a tion path way of MSCs is at least par tially reg u lated by 

the local mechan i cal envi ron ment. In the absence of chon dro genic 

growth fac tors, it has been dem on strated that dynamic com pres-

sive load ing can enhance chon dro gen e sis of bone mar row derived 

MSCs [24–26]. For exam ple, increased aggre can gene expres sion 

has been observed with as few as three 4 hour load ing cycles [25], 

how ever, other stud ies have observed little dynamic  com pres sion 

induced stim u la tion of gene expres sion or matrix syn the sis in the 

absence of chon dro genic growth fac tors [27]. The com bined effects 

of dynamic com pres sion and chon dro genic growth fac tors (TGF-b) 

on chon dro gen e sis of MSCs are gen er ally more com plex [24,27]. 

Dynamic com pres sion has been shown to up-reg u late aggre can 

gene expres sion in the absence of TGF-b, but to down-reg u late it 

in the pres ence of TGF-b [24]. In both the pres ence and absence 

of chon dro genic growth fac tors, it has also been dem on strated 

that short-term expo sure (61 week) to  inter mit tent dynamic 
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com pres sion leads to enhanced GAG syn the sis in the  pro ceed ing 

weeks of cul ture com pared to free swell ing con trols [26,28]. 

What remains unclear is what influ ence long-term appli ca tion of 

dynamic com pres sion has on the dif fer en ti a tion of MSCs in a chon-

dro genic envi ron ment. This is an impor tant ques tion not only for 

engi neer ing func tional car ti lag i nous tis sues from MSCs, but also 

to under stand how MSCs will respond once implanted into load 

bear ing defects. The goal of this study was to deter mine how the 

daily appli ca tion of dynamic com pres sive load ing influ ences car ti-

lage spe cifc matrix pro duc tion by MSCs under go ing chon dro genic 

dif fer en ti a tion in long-term aga rose cul ture. Our ini tial hypoth e sis 

was that dynamic com pres sion would enhance matrix syn the sis, 

lead ing to increases in the mechan i cal prop er ties of MSC seeded 

aga rose hydro gels.

Meth ods

Cell iso la tion, expan sion and aga rose hydro gel encap su la tion: Fem-

ora from a 4-month-old por cine donor (»50 kg) were sawn and the 

gelat i nous bone mar row removed under ster ile  con di tions. Por cine 

MSCs were iso lated and expanded accord ing to a mod i fed method 

devel oped for human MSCs [29]. Cul tures were expanded in high-

glu cose Dul becco’s mod i fed Eagle’s medium (DMEM Gluta MAX) 

sup ple mented with 10% foe tal bovine serum (FBS), and pen i cil-

lin (100 U/ml)-strep to my cin (100 lg/ml) (all GIB CO, Bio sci ences, 

Ireland). Cul ture-expanded MSCs (3rd pas sage) were encap su lated 

in aga rose (Type VII) at »40 °C, to yield a fnal gel con cen tra tion of 

2% and a cell den sity of 15 £ 106 cells/ml. The aga rose–cell sus pen-

sion was cast in a stain less steel mould to pro duce cylin dri cal discs 

(Ø 6 £ 4 mm thick ness). Con structs were  main tained in a chem i-

cally defned chon dro genic medium (CM) con sist ing of DMEM 

Gluta MAX sup ple mented with pen i cil lin (100 U/ml)-strep to my cin 

(100 lg/ml) (both GIB CO, Bio sci ences, Ireland), 100 lg/ml sodium 

pyru vate, 40 lg/ml l-pro line, 50 lg/ml l-ascor bic acid-2-phos-

phate, 1 mg/ml BSA, 1 £ insu lin–trans fer rin–sele nium, 100 nM 

dexa meth a sone (all from Sigma–Aldrich, Ireland) and 10 ng/ml 

recombinant human trans form ing growth fac tor-b3 (TGF-b3; R&D 

Sys tems, UK). Con structs were allowed to equil i brate for 4 days 

before the  addi tion of dexa meth a sone and TGF-b3, and the ini ti-

a tion of mechan i cal com pres sive load ing.

Appli ca tion of dynamic com pres sion: Inter mit tent dynamic 

 com pres sion (DC) was car ried out in a cus tom pneu matic based 

 com pres sive load ing bio re ac tor with the con structs immersed in 

CM. The dynamic com pres sion pro to col con sisted of »10% strain 

ampli tude super im posed on a 0.01 N pre load at a fre quency of 0.5 Hz. 

This load ing regime was employed for a period of 1 h, 5 days/week. 

Free swell ing (FS) con trols were main tained in the same amount of 

medium adja cent to the load ing device dur ing load ing peri ods. A 50% 

medium exchange was per formed every 2–3 days.

Mechan i cal and bio chem i cal anal y sis: Con structs were 

 mechan i cally tested in uncon fned com pres sion between imper-

me able plat ens using a stan dard mate ri als test ing machine with a 

5N load cell (Zwick Z005, Ro ell, Ger many). Stress relax a tion tests 

were per formed, con sist ing of a ramp and hold cycle with a ramp 

dis place ment of 1 lm/s until 10% strain was obtained and main-

tained until equi lib rium was reached (»30 min). Dynamic tests 

were per formed imme di ately after the stress relax a tion cycle. A 

cyclic strain ampli tude of 1% super im posed upon the 10% strain was 

applied for 10 cycles at 1 Hz. The com pres sive equi lib rium mod u-

lus and dynamic mod u lus were deter mined from these tests.

The bio chem i cal con tent of con structs was assessed at each time 

point (0, 14 and 42 days); con structs were cored using a 3 mm biopsy 

punch, the wet mass of both annu lus and core was recorded and 

then fro zen for subsequent anal y ses. Ann u li and core sam ples were 

digested with papain (125 lg/ml) in 0.1 M sodium ace tate, 5 mM 

l-cys teine–HCl, 0.05 M EDTA, pH 6.0 (all from Sigma–Aldrich, Ireland) 

at 60 °C under con stant rota tion for 18 h. DNA con tent was  quan ti fed 

using the Hoe chst Bis benzi mide 33258 dye assay as described 

 pre vi ously [30], with a calf thy mus DNA stan dard.  Pro teo gly can 

con tent was esti mated by quan ti fy ing the amount of sul ph at ed gly-

cos ami no gly can (GAG) in con structs using the  dim eth ylm eth yl ene 

blue dye-bind ing assay (Bly scan, Bio col or Ltd., North ern Ireland), 

with a chon droi tin sul phate stan dard. Total  col la gen con tent was 

deter mined by mea sur ing the hydroxy pro line con tent [31], using a 

hydroxy pro line-to-col la gen ratio of 1:7.69 [32].

His tol ogy and immu no his to chem is try: At each time point, at 

least one sam ple per group was fxed in 4% para for mal de hyde 

over night, rinsed in PBS, and embed ded in par af n. The con structs 

were embed ded such that sec tion ing at 8 lm pro duced a cross sec-

tion per pen dic u lar to the disc face. Sec tions were stained with 1% 

alcian blue 8GX (Sigma–Aldrich, Ireland) in 0.1 M HCl which stains 

sGAG, and picro–sir ius red to stain col la gen. The depo si tion of col-

la gen type II was in den ti fed by immu no his to chem i cal anal y sis. A 

rab bit anti-human poly clonal anti body (con cen tra tion 3 g/l; MD 

Bio sci ences, Swit zer land) that binds to col la gen type II was used. 

The pres ence of the col la gen type II anti body was sub se quently 

detected by the sec ond ary anti body, bio tin-labelled goat anti-rab-

bit poly clonal (con cen tra tion 1 g/l; Sigma–Aldrich, Ireland). Neg a-

tive and positive con trols, tra chea and car ti lage respec tively, were 

included.

Sta tis ti cal anal y sis: Sta tis ti cal anal y ses were pre formed using 

Graph Pad Prism (Ver sion 4.03) soft ware with 3–4 sam ples ana-

lysed for each exper i men tal group. Two-way ANOVA was used 

for anal y sis of var i ance with Bon fer ron i post-tests to com pare 

between groups. Numer i cal and graph i cal results are dis played as 

means ± stan dard devi a tion. Sig nif  cance was accepted at a level of 

p < 0.05.

Results

There were no sta tis ti cal dif fer ences in the DNA con tent 

between the FS and DC groups at any time point; or between core 

and annu lar regions within any group of con structs (Fig. 1A).

The GAG con tent was sig nif  cantly higher after both 14 and 42 

days in cul ture com pared to the cor re spond ing sam ples on day 0 

(Fig. 1B). No dif fer ence was found between the FS and DC groups 

for annu lus and core respec tively at day 14. How ever, at day 42, 

both annu lus (1.09 ± 0.09%w/w vs. 0.59 ± 0.08%w/w) and core 

(2.5 ± 0.21%w/w vs. 0.94 ± 0.03%w/w) regions for FS con structs 

were sig nif  cantly greater (p < 0.001) than DC con structs. GAG con-

tent in the core region of all con struct groups was sig nif  cantly 

greater than that in the annu lus (Fig. 1B). Col la gen con tent was 

also higher in FS con structs com pared to DC con structs at day 42 

(Fig. 1C).

Stain ing of con struct sec tions with alcian blue for sul ph at ed 

 pro teo gly can revealed a steady accre tion of positive stain ing for 

both FS and DC con di tions (Fig. 2). At both days 14 and 42 the FS con-

structs exhib ited more intense positive stain ing for GAG than the 

DC con structs. Sim i lar trends were seen in the Picro–sir ius stain ing 

for col la gen (data not shown). This stain ing cor re sponded to bio-

chem i cal results, with a less intense stain ing around the periph ery 

of the con struct. The col la gen type II immu no his to chem is try (Fig. 

2) pro vides evi dence of chon dro genic dif fer en ti a tion, again show-

ing stron ger stain ing away from the con struct edge. The DC con-

structs exhibit a more homo ge neous spa tial stain ing in each case 

than the FS con structs.

The equi lib rium and dynamic mechan i cal prop er ties were 

depen dent on time in cul ture (p < 0.001) and mechan i cal stim u la-

tion (p < 0.001) (Fig. 3). How ever, sig nif  cant dif fer ences between 

FS and DC were only seen at day 42 (p < 0.001); the equi lib rium 

mod u lus of day 42 FS con structs reached 49.9 ± 0.6 kPa com pared 

to 24.4 ± 1.5 kPa for the DC con structs. The 1 Hz dynamic  mod u lus 
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