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Abstract 20 
Objective: We hypothesize that chondrocytes from distinct zones of articular cartilage 21 
respond differently to compressive loading, and that zonal osteoarthritic (OA) chondrocytes 22 
can benefit from optimized compressive stimulation. Therefore, we aimed to determine the 23 
transcriptional response of superficial (S) and middle/deep (MD) zone chondrocytes to 24 
varying dynamic compressive strain and loading duration. To confirm effects of compressive 25 
stimulation on overall matrix production, we subjected zonal chondrocytes to compression 26 
for 2 weeks. 27 
Design: Human S and MD chondrocytes from OA joints were encapsulated in 2% alginate, 28 
pre-cultured, and subjected to compression with varying dynamic strain (5, 15, 50% at 1 Hz) 29 
and loading duration (1, 3, 12 hr). Temporal changes in cartilage-specific, zonal, and 30 
dedifferentiation genes following compression were evaluated using qRT-PCR. The benefits 31 
of long-term compression (50% strain, 3 hr/day, for 2 wks) were assessed by measuring 32 
construct glycosaminoglycan (GAG) content and compressive moduli, as well as 33 
immunostaining. 34 
Results: Compressive stimulation significantly induced ACAN, COL2A1, COL1A1, PRG4, 35 
and COL10A1 gene expression after 2 hours of unloading, in a zone-dependent manner (p < 36 
0.05). ACAN and PRG4 mRNA levels depended on strain and load duration, with 50% and 3 37 
hour loading resulting in highest levels (p < 0.05). Long-term compression increased collagen 38 
type II and aggrecan immunostaining and total GAG (p < 0.05), but only S constructs showed 39 
more PRG4 stain, retained more GAG (p < 0.01), and developed higher compressive moduli 40 
than non-loaded controls.  41 
Conclusions: The biosynthetic activity of zonal chondrocytes from OA joints can be 42 
enhanced with selected compression regimes, indicating the potential for cartilage tissue 43 
engineering applications. 44 
 45 
 46 
Keywords: cartilage; osteoarthritis; chondrocyte subpopulation; mechanical loading; 47 
alginate. 48 
 49 
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Introduction53 
Osteoarthritis (OA) is a highly prevalent disease affecting more than 27 million adults in 

the USA [1]. Approximately 50% of people over the age of 65 were diagnosed with some 
form of arthritis between years 2007-2009 [2], and it is well known that occurrence of 
osteoarthritis increases with age. Current clinical interventions available such as 
microfracture, osteochondral autograft, and autologous chondrocyte implantation (ACI) can 
help promote cartilage repair for focal defects of younger patients [3, 4]. However, since OA 
affects larger areas of the joint in an unconfined manner, these methods are usually not 
feasible. One alternative strategy to overcome the limitations of the current clinical treatment 
methods is to make a functional cartilage construct in vitro using autologous chondrocytes 
and implant it in place of the damaged cartilage [5]. Even for OA patients in need of total 
joint replacement surgeries there are typically regions of macroscopically normal cartilage, 
and biopsies can be taken to obtain chondrocytes needed for lab-generated cartilaginous 
tissue. However, without developing ways to enhance biosynthetic capabilities of the aging 
chondrocytes, it will be difficult to produce cartilage replacement tissues in vitro. Recently, 
studies have shown that chondrocytes from OA joints are sensitive to growth factor stimuli 
and their matrix protein synthesis can be improved depending on the culture conditions [6, 7]. 
These reports are encouraging, and with further improvements to in vitro culture conditions, 
it may be possible to use chondrocytes from OA patients to engineer a functional cartilage 
construct. 

Advancement in our understanding of the benefits of in vitro mechanical stimulation of 
cartilage and cartilaginous constructs suggests that such stimulation may promote 
biosynthesis of chondrocytes from OA patients. Prior investigations using cartilage explants 
and chondrocyte-seeded hydrogels have shown that enhanced matrix protein biosynthesis and 
improved mechanical properties through in vitro compressive stimulation depends on the 
frequency [8, 9], magnitude (compressive strains) [10], and duration of the load applied [11]. 
Mechanical loading not only influences matrix-protein biosynthesis and matrix remodelling 
[12], but zonal protein secretion as well, such as proteoglycan 4 (PRG4), a superficial zonal 
marker that helps lubricate the joint [13]. While there has been much research effort focused 
on the compression-induced biosynthesis of full-thickness immature bovine chondrocytes, 
research has been limited regarding mechanically stimulating human chondrocytes from 
elderly patients, which represents the largest age group affected by OA. Furthermore, the 
different strain levels found in each zone of cartilage indicate that chondrocytes from 
different zones may require different loading regimes during in vitro compression. Superficial 
(surface), middle (transitional), and deep (radial) zones have physiological compressive 
strains of >50%, 10-20%, and 0-5%, respectively [14]. Developing ways to stimulate zonal 
OA chondrocytes in a compression bioreactor to enhance their matrix- and zone-specific 
protein synthesis will be an important step towards generating an autologous replacement 
tissue using chondrocytes from OA patients.  

We hypothesize that compressive stimulation can enhance the biosynthesis of zonal OA 
chondrocytes depending on the loading protocols applied. We further postulate that 
monitoring the temporal gene expression following loading will aid in the development of 
appropriate loading protocols. Therefore, our first aim was to observe the time-course of 
cartilage- and zone-specific mRNA levels in superficial (S) and middle/deep (MD) zone 
chondrocytes from OA patients following dynamic compression. In our experiments, we 
encapsulated the chondrocytes in 2% alginate hydrogels, which have been shown to support 
chondrocyte differentiation and matrix synthesis [15, 16]. The second aim was to understand 
how various dynamic loading conditions (strain levels and loading durations) influence the 
short-term transcriptional response. After identifying a loading protocol that enhanced 
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mRNA expressions, we applied compressive stimulation over 2 weeks to confirm its long-
term effect on matrix synthesis and construct mechanical properties.  
 
 
Method 
Chondrocyte isolation and culture 

Chondrocytes were isolated from macroscopically normal cartilage of the femoral 
condyles from 4 total knee replacement surgery patients (Age: 49-78; Mean ± SD: 67.1 ± 
10.2) with ethical approval from Queensland University of Technology (QUT) and Prince 
Charles Hospital. In order to harvest the zonal chondrocytes, a scalpel was used to gently 
slice the top 100-300 m (S) from the articulating surface as well as the remaining 
middle/deep (MD) zone cartilage which were then diced into ~1 mm2 pieces. This technique 
has been extensively tested in our lab as described previously [17]. Cartilage pieces were 
digested overnight in low glucose Dulbecco’s modified Eagle’s medium (LG-DMEM) 
containing 0.15% collagenase type 2 (Worthington, NJ, USA). Freshly isolated chondrocytes 
(Mean ± 95% confidence interval, S: 5.27 ± 2.73 million; MD: 8.19 ± 3.86 million) were 
plated at 3000 cells/cm2 in T175 flasks (Nunc, Australia), and expanded for 2 passages (mean 
population doublings: ~5). Media used for expansion consisted of LG-DMEM with 10% 
foetal bovine serum (FBS) (Hyclone, UT, USA) and additives (2 mM GlutaMAX-1, 110 
mg/L sodium pyruvate, 10 mM HEPES, 0.1 mM nonessential amino acids, 50 U/mL 
penicillin, 50 g/mL streptomycin, 0.5 g/mL fungizone (all Invitrogen, CA, USA), 0.4 mM 
L-proline (Sigma, MO, USA), 0.1 mM L-ascorbic acid (WAKO Chemical, Japan). Media 
was changed twice a week and the volume of media used was 19 ml per media change for 
T175 flasks. Total duration of time for cells to reach confluency was about 2 weeks for P0 
cells and about 1 week for P1 cells. When ~95% confluent, cells were passaged by incubation 
in 0.125% trypsin-EDTA solution for 5-10 min.  
 
Encapsulation in alginate disks 

Expanded S and MD chondrocytes were encapsulated in 2% alginate disks, as described 
previously [16]. Briefly, cells were gently resuspended in a 2% w/v alginate (Pronova UP 
LVG, FMC biopolymers, PA, USA) solution at 107 cells/mL. Chondrocyte- alginate solution 
was then pipetted into a custom-made mould (Figure 1A), then cross-linked in ~ 10 ml of 102 
mM CaCl2 solution for 10 min. Alginate discs had dimensions of 4 mm diameter and 1.5 mm 
thickness. Alginate constructs were pre-cultured for 2 weeks in chondrogenic media (high 
glucose DMEM (Invitrogen) supplemented with aforementioned additives plus 1.25 mg/mL 
bovine serum albumin, 1% ITS+1, 10-7 M dexamethasone (all Sigma), and 10 ng/mL TGF-β1 
(Millipore, MA, USA)) with complete media change twice per week. Alginate discs were 
cultured in 24-well plates and media volume used was 0.6 ml per construct. 
 
Mechanical stimulation 
 Loading was carried out in an unconfined configuration in a compression bioreactor with 
12 individual wells (Cartigen C10-12c, Tissue Growth Technologies, MN, USA) (Figure 1B). 
A tare force of 0.02 N was used to determine the contact point. Firstly, prior to comparing the 
transcriptional changes from different loading conditions, we have designed a short-term 
loading experiment (Figure 1C) using zonal chondrocytes from (1 patient; 3 biological 
replicates) to better understand when the load-induced mRNA up-regulations peak. In this 
experiment, S and MD alginate disks were subjected to 1 hr sinusoidal compression with 
15% strain at 1 Hz, then further incubated unloaded. Constructs were processed for RNA 
extraction 0, 2, 4, 8 hrs post-compression (Figure 1C). Following the short-term experiment, 
S and MD constructs (3 patients; 2 biological replicates) were loaded with varying degrees of 
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compressive strain and loading durations were tested by applying dynamic compression for 1 
hr with 5%, 15%, or 50% strain at 1 Hz. Under 1 Hz sinusoidal loading, calculated loading 
rate for each strain levels were 0.15 mm/s (5% strain), 0.45 mm/s (15% strain), and 1.5 mm/s 
(50% strain). The effect of loading duration was tested by dynamically compressing the 
constructs for 1 hr, 3 hr, or 12 hr with 15% strain at 1 Hz. Based on our result from the first 
experiment, samples were terminated after 2 hours of unloading for RNA extraction in all 
subsequent experiments. For long-term evaluation of the constructs, S and MD alginate 
constructs (3 patients; 2-3 biological replicates) were subjected to 2 week pre-culture, 
followed by 2 week dynamic compression at 50% compressive strain for 3 hrs per day 
(Figure 1E). During the intermittent resting periods, loading plungers were raised at least 3 
mm above the constructs. Bioreactor was kept within the incubator, and free-swelling 
controls were also kept within the same incubator in a 24-well plate with equal media 
volumes. Loaded constructs as well as the controls were cultured in chondrogenic media, and 
the media volume and media change schedules were the same as during pre-culture times. A 
2 week pre-culture period was chosen as it has been shown that delayed loading may enhance 
chondrocytes response to long-term compression [18]. 
 
qRT-PCR 

qRT-PCR was performed to quantify the mRNA levels of aggrecan (ACAN), collagen 
type II (COL2A1), collagen type I (COL1A1), collagen type X (COL10A1), and PRG4 with 
previously described primers [16]. RNA was extracted from the alginate disks using TRIzol 
(Invitrogen) reagent according to the manufacturer’s protocol. Distinct 18S and 28S rRNA 
bands were confirmed through electrophoresis. After DNase treatment (DNase I, Invitrogen), 
cDNA was synthesized using SuperScriptTM III first-strand synthesis supermix for qRT-PCR 
(Invitrogen) according to the manufacturer’s protocol. Express SYBR GreenERTM qPCR 
supermix universal kit (Invitrogen) and a 7900HT fast real-time PCR system (Applied 
Biosystems, CA, USA) was used to carry out the PCR reaction. The cycle threshold (Ct) 
value of each gene was normalized to the housekeeping gene, 18S rRNA, using the 
comparative Ct method (2–ΔΔCt). To quantitate the fold-changes in each of the genes due to 
compression, compressed samples were normalized to unloaded controls at each time point. 
 
Immunohistochemistry 
 S and MD constructs were exposed to 0.1 M monensin (Sigma) in media overnight in 
order to enhance intracellular detection of secreted proteins such as PRG4. Constructs were 
then fixed in 4% (w/v) paraformaldehyde containing 100 mM sodium cacodylate trihydrate 
(Sigma) and 10 mM CaCl2. After fixation, constructs were incubated at 4°C in 50 mM BaCl2 
solution containing 100 mM sodium cacodylate trihydrate prior to dehydration and paraffin-
embedding to stabilize the alginate [19]. Paraffin-embedded constructs were sectioned at 5 
µm. For antigen retrieval, 0.1% (w/v) pronase and 0.1% (w/v) hyaluronidase (Sigma) were 
used. Sections blocked with 2% FBS solution prior to exposure to primary antibodies (Table 
1). Following incubation in fluorescence-labelled goat anti-mouse secondary antibody (Alexa 
Fluor® 488, Invitrogen) and DAPI (Invitrogen), sections were visualized using a 
fluorescence microscope (Axio Imager A1, Zeiss). Integrated intensities of 
immunofluorescence signals around each cell were measured in ImageJ software (NIH) from 
10 cells chosen randomly from 6 images for each of the conditions. (2 different microscopy 
images from 3 different sections; total number of cells analysed = 60). These values were 
represented in a box plot (Figure 6B). To reduce bleaching, we have mounted our sections 
with antifade mounting medium (Prolong Gold, Invitrogen) and minimized the delay in 
obtaining the fluorescence images as well as the time they were exposed to the light source. 
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Live/dead assay 
 In order to confirm viability of the chondrocytes following compression, S and MD 
construct that were pre-cultured for 2 weeks in chondrogenic media were subjected to a 3 
hour dynamic compression with 50% compressive strain. Immediately after compression, 
alginate gels were stained with fluorescein diacetate (FDA) and propidium iodide (PI) in PBS 
to stain for live and dead cells, respectively. Following 20 minutes of staining, alginate disks 
that were either labelled as FS (free-swelling control) or Comp (compressed samples) were 
imaged under fluorescence microscope (Eclipse, Nikon). 
 
Biochemical Analysis 
 Glycosaminoglycan (GAG) content was determined to assess compression-induced matrix 
synthesis. S and MD alginate constructs were digested in 0.5 mg/ml proteinase K solution 
(Invitrogen) overnight at 60°C. Digested samples (3 patients; 2 biological replicates) were 
analysed for GAG and DNA. GAG levels were assessed using the modified 1,9-
dimethylmethylene blue (DMMB, Sigma) assay at pH 1.5 [20]. DNA content was quantified 
using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen) according to the manufacturer’s 
instructions. GAG content was normalized to the DNA content. Conditioned media collected 
during the entire culture period (3 patients; 3 biological replicates) were also assessed for 
GAG content.  
 
Mechanical testing 

The compressive moduli of the S and MD constructs were measured to evaluate the effects 
of long-term dynamic compression (3 patients; 2-3 biological replicates). Alginate disks 
without cells cultured under the same conditions were also included in the mechanical testing. 
Constructs were compressed on an Instron 5848 microtester fitted with a 5 N load cell 
(Instron, Australia). The compression testing protocol comprised of slow ramp down (10 
µm/sec) to 50% with 10 min hold time for collection of stress relaxation data. The stress 
relaxation protocol was developed from extensive validation tests involving different duration 
of hold times on alginate disks. Dynamic properties were determined from tests with a 
sinusoidal strain of 15% amplitude at 1 Hz. Samples were kept in media until the time of 
mechanical test, which occurred within 12 hours following the last cycle of compression. 
Using equations 1.1-1.5 [21] and the Solver function in Microsoft Excel, stress-relaxation 
data were used to determine the equilibrium modulus, and dynamic stress-strain data were 
used to calculate the compressive storage (E’) and loss (E”) moduli. 
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Variable definition: 
 σ = stress  

Eeq = equilibrium modulus  
 τs = creep time constant 
 τε = stress relaxation time constant 
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 t = time 
 ε = strain 

D = displacement 
 ω = frequency  

F = force 
 E’ = storage modulus 
 E” = loss modulus  
 T1, T2 = time lag constants 
 D1, F1 = offset constants 
 A = construct area 
 L = construct thickness  

 
Statistics 
 SPSS (version 14.0) was used to perform the statistical analysis. Where applicable, data 
are presented as mean ± 95% confidence interval (Figure 5). Gene expression data obtained 
from the different compressive strains and loading duration, and integrated intensity from 
immunofluorescence, are represented in box plots (Figures 3 and 6). Effects of time and 
loading conditions were tested using ANOVA, with LSD post-hoc tests. For all tests, p < 0.05 
was considered significant.  
 
Results 
Time-dependent changes in mRNA levels following compression 
 Immediately after the compression of S and MD zone chondrocytes, gene expression 
levels of ACAN, COL2A1, COL1A1, COL10A1, and PRG4 were not different from the 
unloaded controls (Figure 2A-E). However, elevations in gene expression levels occurred 
after 2 hours of unloading in a zone-dependent manner. In S zone chondrocytes, all five 
genes analyzed (Figure 2A-E, white dots) were significantly up-regulated at the 2 hr time 
point compared to all other time points (ACAN: p<0.001, COL2A1: p=0.006, COL1A1: 
p=0.005, COL10A1: p=0.031, PRG4: p<0.001), then returned to levels near or below the 
control values (dotted line). MD zone chondrocytes showed a similar pattern of increase after 
2 hours only for ACAN (p=0.012, Figure 2A), COL2A1 (p<0.001, Figure 2B), and COL1A1 
(p=0.021, Figure 2C). After compression, S chondrocytes had significantly higher levels of 
both COL10A1 (hypertrophic marker, Figure 2D) and PRG4 (superficial zonal marker, 
Figure 2E) mRNA compared to the controls at the 2 hr time point while MD zone 
chondrocytes did not show significant increases in either of those gene (Figure 2D, E). Based 
on these results, all subsequent samples were terminated for RNA extraction after 2 hours of 
unloading following compression. 
 
Effect of varying compressive strains and loading duration on S and MD zone chondrocyte 
gene expression 

Compressive strain level significantly modulated ACAN and PRG4 mRNA expression 
levels (Figure 3A, B). For ACAN, effects of varying strain levels were apparent regardless of 
the chondrocyte type. The largest increase in ACAN gene expression was found in groups 
compressed with 50% strain (up to 6-7 fold increase) (p=0.021 versus 5%; p=0.03 versus 
15%; Figure 3A). The 50% strain group was also the only group to have significant increase 
in ACAN expression over the unloaded controls (p=0.007, Figure 3A). Chondrocytes also 
expressed higher levels of PRG4 mRNA with 50% strain compared to other strain levels 
(p=0.013 versus 5%; p=0.042 versus 15%) and the unloaded group (p=0.009, Figure 3B). 
Unlike ACAN or PRG4, however, there were no significant differences in the COL1A1 
mRNA expression between compressed and unloaded samples (Figure 3C). 
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Loading duration also significantly affected chondrocyte gene expression. When 
chondrocytes were exposed to different loading durations (1 hr, 3 hr, 12 hr; Figure 3D-F), 
both S and MD zone constructs favored 3 hrs of dynamic compression (15%, 1 Hz) compared 
to 1 hr (ACAN: p=0.005, PRG4: p<0.001, COL1A1: p=0.035) or 12 hr (ACAN: p=0.019, 
PRG4: p=0.002, COL1A1: p=0.02) stimulus, or compared to the unloaded controls (ACAN: 
p=0.01, PRG4: p=0.033, COL1A1: p=0.027). For ACAN and COL1A1, there was no 
difference between the different zones and they were equally up-regulated after 3 hrs of 
loading (Figure 3D, F). However, S zone chondrocytes had a greater fold-change of PRG4 
mRNA compared to the MD zone chondrocytes following 3 hrs of loading (p=0.003, Figure 
3E).  

Following the 2 week pre-culture, chondrocytes were highly viable (Figure 4, “Control”). 
Prior to long-term compressive stimulation, we subjected the constructs to 1 day of loading to 
check that the protocol to be used for the long term compression study did not affect cell 
viability (protocol based on short-term loading results; 3hr, 50% compressive strain, 1Hz). 
Our FDA/PI staining indicated there was no difference cell viability between the free-
swelling controls and the compressed groups (3 hr, 50% compressive strain, 1Hz) (Figure 4).  

 
Effects of long-term dynamic compression on construct properties 
 Upon evaluation of the zonal constructs following the long-term loading, S constructs 
exposed to dynamic compression had significantly higher GAG/ww retained in the construct 
(p=0.042, Figure 5A) and significantly less GAG lost in the media (p=0.048, Figure 5C) 
compared to the free-swelling controls. Our DNA analysis following the long-term culture 
has shown that DNA content in S and MD constructs did not show significant differences 
between the control groups and those that were dynamically compressed (Figure 5E, F). 
Mechanical testing revealed that dynamically compressed S constructs also had significantly 
higher equilibrium modulus (Eeq: p=0.021, Figure 5G), storage modulus (E’: p=0.012, Figure 
5I), and loss modulus (E”: p=0.03, Figure 5K) compared to those without loading. However, 
no significant changes in GAG or mechanical properties were observed in MD constructs 
from compressive loading (Figure B, D, F, H, J, L). Both S and MD constructs had 
significantly higher equilibrium modulus compared to the cell-free alginate disks in both 
control (S: p=0.028, MD: 0.006, 5G-H) and compressed groups (S: p<0.001, MD: p<0.001, 
Figure 5G-H). However, cell-laden constructs and cell-free constructs did not have statistical 
differences in storage and loss modulus regardless of the loading conditions (Figure 5I-L). In 
alginate disks without cells, compressive stimulation reduced the equilibrium modulus, 
although not significantly (p=0.052). 

Immunofluorescence staining of the long-term compression samples showed that 
compressive stimulation affected levels of Col II, ACAN, and PRG4. Col II and ACAN 
accumulated in ring-like structures around the chondrocytes, much like the pericellular 
matrix, and their presence were highly localized to areas immediately adjacent to the cells. 
Staining pattern showed homogenous distribution of cells whether they were located near the 
edge or the inner parts of the construct. Col II and AGG levels, measured by integrated 
intensity, were higher in compressed constructs compared to the controls that did not 
experience any load (p < 0.001, Figure 6), but did not vary between zones. PRG4 was also 
detected intracellularly, and was stained more strongly in S constructs with compression (p < 
0.001) (Figure 6B). Col I and Col X staining was weak in all conditions (Figure 6).  
 
Discussion 

Chondrocytes normally reside in a dynamic mechanical environment. The presence or the 
absence of mechanical stimuli can have a large influence in chondrocyte biosynthesis, matrix 
remodelling, and pathology [23]. Not only does mechanical stimulation play a critical role in 
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chondrocyte homeostasis in vivo, its ability to change chondrocyte biosynthetic behavior has 
been reported through in vitro studies using explants [9] and engineered tissues [24-26]. Our 
results show that S and MD zone chondrocytes from OA patients are significantly influenced 
by loading conditions. Following compression, we observed a transient elevation in matrix 
and zone-specific mRNA levels peaking at 2 hours after loading. We also observed that 
compression-induced increase in mRNA levels varied depending on the compressive strain 
and loading duration. Long-term compression data indicate that compression enhances Col II 
and ACAN expression irrespective of the zonal origin of the chondrocytes. However, 
GAG/DNA and compressive moduli suggest that S constructs benefit more from this loading 
regime than MD constructs. Furthermore, S constructs increased levels of PRG4 with 
compressive loading compared to MD constructs, showing that compression can 
differentially modulate protein secretion in a zone-dependent fashion.  

 
Since mRNA expression is likely to change over time, our first objective was to define the 

time-dependent gene expression changes after compression has been lifted (Figure 2). 
Immediately after the samples were released from the compression, (time point 0, Figure 2) 
gene expression levels of the compressed samples were similar to the unloaded controls 
(dotted line). However, mRNA expression was transiently up-regulated, peaking 2 hours after 
compression finished, with S and MD chondrocytes responding distinctly (Figure 2). 
Milward-Sadler, et al., also found a peak in ACAN mRNA expression by normal human 
chondrocytes in monolayer after 1-3 hours of cyclic pressurization [27]. The transient nature 
of ACAN, COL2A1, COL1A1, COL10A1, and PRG4 gene expression highlights the 
importance of sampling time, and suggests that terminating compressed samples immediately 
after unloading may not reflect the resultant changes in gene expression. Therefore, 
observations of little to no increase in gene expression reported in other compression studies 
[24, 28] could be due to terminating samples immediately after loading. When we examined 
the effects of 1, 3, and 12 hour compression on S and MD zone chondrocytes, we found that 
3 hour compression produced the highest gene expression levels of ACAN, PRG4, and 
COL1A1 (Figure 3D-F). This also suggests chondrocytes are only positively responsive to 
load for a limited time, and that sustained compression (e.g., 12 hour compression) does not 
necessarily prolong increase in matrix gene expression levels. According to Stoddart, et al., 
and Valhmu, et al., [29, 30], samples terminated immediately after unloading showed an 
ACAN mRNA peak 1-3 hours from the start of the compression, suggesting that mRNA 
levels can peak while samples are being compressed. Thus, it is possible that gene expression 
level of chondrocytes dynamically compressed for 12 hours might have reached a peak 
within the 12-hour loading period, which would result in lower mRNA levels when 
terminated after compression. Further studies are needed to determine whether the time-
dependent changes in mRNAs are altered by varying loading conditions. 

 
The different levels of compressive strains experienced by each of the cartilage zones in 

vivo [14] led to our hypothesis that chondrocytes from the different zones respond differently 
to varying compressive strains. Unexpectedly, for both S and MD zone chondrocytes, 50% 
compressive strain induced the highest increase of ACAN and PRG4 mRNA, whereas 
COL1A1, a chondrocyte dedifferentiation marker [31], did not vary significantly between 
compressive strain levels (Figure 3C). This suggests that compression does not simply up-
regulate all genes, but can induce cartilage-specific genes, depending on the strain levels 
applied. Initially, we expected 50% compressive strain to inhibit matrix gene expression of 
MD zone chondrocytes, since these cells normally do not experience such large compressive 
strains [32]. Yet, cartilage and 2% alginate gels vary significantly in mechanical properties. 
The equilibrium compressive modulus of human cartilage ranges from about 1.16±0.20 MPa 
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in the superficial zone to 7.75±1.45 MPa in the deep zone [33]. Previous experiments from 
our lab showed that without cells, 2% alginate gels have compressive modulus of about 10 
kPa (day 0) to 30 kPa (~3 months following long-term culture in media) [16]. While isolated 
human chondrocytes are softer (Young’s Modulus: ~4 kPa [34]) than the alginate gel, it is 
likely that 2 weeks of culture prior to compression resulted in the accumulation of much 
stiffer pericellular matrix [35]). This may impart a stress-shielding effect, reducing the actual 
compressive strain of the chondrocytes. This hypothesis is supported by data from Knight, et 
al., which showed that after 6 days of culture in 3% agarose gels, 20% compression yielded 
little chondrocyte deformation because they were surrounded by the pericellular matrix [36]. 
Recent findings also indicate that chondrocytes in alginate have sensitive Ca2+ signalling 
response to fluid flow when they have cell-matrix interaction [37]. Since 50% compressive 
strain would result in more fluid flow around chondrocytes, the extent of Ca2+ signalling, 
which plays an important part in mechanotransduction [38], may have been greater in the 
50% strain groups compared to the 5% or 15% strain groups. On a similar note, studies also 
show that fast strain rates induce greater Ca2+ transients during compressive loading [39]. The 
different strain levels in our experiment also resulted in different strain rates at 1 Hz (5%: 
0.15mm/s; 15%: 0.45mm/s; 50%: 1.5mm/s), and it is possible that 50% strain group, with the 
fastest strain rate, may have had more load-induced Ca2+ signalling than the other strain 
groups, indicating that the results that we see may not only be due to the strain levels, but also 
strain rates as well. Apart from the Ca2+ signalling effects, the benefits of 50% compressive 
strain may simply be due to improved nutrient transport due to increased fluid flow during 
high-strain dynamic compression [40].  
 
Long-term compression studies indicate mixed results in regards to zonal differences. While 
compression significantly enhanced GAG retention in S constructs (Figure 5A), we did not 
observe such increase in the MD constructs (Figure 5B). Interestingly, however, both S and 
MD constructs had significantly brighter Col II and ACAN staining with compression (Figure 
6). It is possible that our immunofluorescence results may be showing only a part of the 
effect that compressive stimulation had in S and MD constructs. One explanation could be 
that there may be proteoglycan molecules other than ACAN that may be contributing to the 
increased GAG levels observed in S constructs. In case the synthesis or composition of 
various proteoglycan molecules are differentially modulated by compression in a zone-
dependent manner, there is a possibility that it could have contributed to the differences in 
GAG and mechanical properties. While our immunofluorescence images show that 
compressive stimulation benefits both S and MD constructs, high amplitude (50%) dynamic 
loading is perhaps more important for S constructs and influences GAG biosynthesis in S 
chondrocytes to a great extent compared to the MD constructs. It is important to note, 
however, that with or without loading, MD chondrocytes produced GAG at a level 
comparable or higher than those of the dynamically stimulated S constructs, confirming the 
zone-dependent differences in GAG production in vivo [42] and in vitro [43]. Our findings 
which indicate that dynamic compression selectively benefits S chondrocytes in terms of 
GAG biosynthesis is in alignment with other studies. For example, dynamic compression of 
bovine cartilage explants showed that proteoglycan synthesis in S chondrocytes was 
stimulated to a greater degree following 7 day compression in comparison to the deep (D) 
zone chondrocytes [44]. Judging from the varying degree of benefits long-term compression 
has on expanded S and MD zone chondrocytes and its effect in zonal marker expression 
(PRG4, Figure 6), it appears that zonal chondrocytes retain a certain degree of innate 
programming even after monolayer culture.  
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While chondrocytes from OA joints are often disregarded as possible cell sources for 
cartilage tissue engineering due to less robust biosynthesis compared to those from young, 
healthy donors [46], we have shown that biosynthetic capacity of the chondrocytes from OA 
joints can be enhanced with selected compression regimes. Under loading conditions of 50% 
strain or 3 hrs of loading, chondrocytes from 4 different patients showed consistent elevation 
of ACAN and PRG4 mRNAs. We also observed zonal differences using these cells, and 
postulate that similar or greater differences in response to compression will be seen in the 
young healthy chondrocytes. In future cartilage engineering endeavours, appreciating and 
taking note of the different characteristics of the articular cartilage zones will be helpful in 
producing cartilage constructs that better mimic the native tissue.  
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Figures 
 

 
 
 
Figure 1. Overview of experimental design. 2% alginate construct (inset, A) was made in a 
custom-made mould (A) by cross-linking in CaCl2 solution. Compressive stimulation was 
applied to S and MD constructs in a commercially available compression bioreactor (B) 
equipped with 12 wells and 12 individual plungers connected to a single 5 N load cell and an 
actuator. In the first compression study (C), S and MD constructs were loaded for 1 hr at 15% 
compressive strain (1 Hz) then sampled for qRT-PCR at 0, 2, 4, and 8 hours post-
compression (inverted black triangle). In the second study (D), effects of different 
compressive strains and loading durations were evaluated. S and MD constructs were 
collected for qRT-PCR 2 hours post-compression. For the long term study (E), S and MD 
constructs were stimulated for 14 days with 3 hour compression/day at 50% compressive 
strain (1 Hz, 21 hours of rest period/day). All constructs were pre-cultured for 14 days before 
loading. Force-displacement curves for 5% (F), 15% (G), and 50% (H) compression (12 
alginate discs) are plotted against time to illustrate the dynamic nature of the mechanical 
loading. 
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Figure 2. Changes in gene expression levels of ACAN (A), COL2A1 (B), COL1A1 (C), 
COL10A1 (D), and PRG4 (E) in S and MD zone chondrocytes embedded in alginate 
constructs following 1 hour of compression at 15% strain. Data points represent the fold-
changes in the gene expression levels of the dynamically compressed constructs compared to 
the unloaded controls (dotted line). Expression levels were significantly higher 2 hours after 
compression had been lifted compared to the other time points for all genes in S, and 3 of the 
genes in MD (ACAN, COL2A1, COL1A1) (* denotes significance; exact p-values are 
reported in Results). House-keeping gene 18S rRNA was used to normalize the gene 
expression levels of all samples.  
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Figure 3: Gene expression levels of ACAN (A, D), PRG4 (B, E), and COL1A1 (C, F) in S 
and MD zone chondrocytes after compression either with varying compressive strains (5%, 
15%, 50%) for 1 h (A-C) or with 15% compressive strain for various durations (1 hr, 3 hr, 12 
hr) (D-F) normalized to unloaded controls. Loading groups with higher fold-changes in the 
gene expression compared to other loading groups were indicated with (*) (exact p-values are 
reported in Results). Dotted line denotes free-swelling control levels. S and MD groups were 
combined for statistical analysis. House-keeping gene 18S rRNA was used to normalize the 
gene expression levels of all samples. The distribution represents the variation between 3 
patients (n=3, 2 technical repeats/patient). Comparing the different compressive strain levels, 
cartilage-associated genes ACAN and PRG4 were significantly up regulated with 50% 
compressive strain (A,B). The evaluation of the different loading durations showed that 3 hr 
compression significantly up-regulated all three genes (D-F) compared to 1hr and 12hr.  
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Figure 4. FDA/PI staining of S and MD constructs following 3 hrs of compression at 50% 
compressive strain (1 Hz). S and MD constructs were pre-cultured for 2 weeks prior to 
compression in chondrogenic media. Viability was similar between all groups, as shown by 
staining with FDA (live, A-D) and PI (dead, E-H).  
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Figure 5. Construct GAG/ww (A, B) media GAG/ww (C, D), DNA/ww (E, F), equilibrium 
modulus (Eeq, (G, H)), storage modulus (E’(I, J)), and loss modulus (E”(K, L)) of S and MD 
constructs subjected to different loading conditions. Each dot represents an observation from 
1 patient (mean ± 95% confidence interval; 2-3 biological replicates). After two weeks of 
pre-culture, constructs were cultured for two additional weeks, either without (Control) or 
with (Compressed) dynamic compression (3 hrs/day, 50% compressive strain, 1Hz). Only S 
constructs showed significant changes in GAG in constructs, GAG loss to media, and 
compressive moduli compared to the controls (* denotes significance; exact p-values are 
reported in Results). In contrast, compressive loading in MD constructs did not yield 
statistically significant differences in GAG and mechanical properties. S and MD constructs 
(dots) had higher Eeq compared to the cell-free alginate disks (▬) regardless of the loading 
conditions, while they remained similar for E’ and E”. 
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Figure 6. Immunofluorescence images of S and MD constructs showing Col II, ACAN, 
PRG4, Col I, and Col X (green) with nucleus (blue) (A) and box plots (B) showing integrated 
intensity values (total number of cells evaluated/condition = 60). S and MD constructs 
subjected to 2 weeks of compressive stimulation had significantly enhanced Col II and 
ACAN staining compared to free-swelling (FS) controls. PRG4 stains were more intense in 
compressed S constructs compared to S controls and MD compressed groups. No differences 
were found in Col I and Col X stained sections with regards to loading conditions and zones. 
Statistical significance was denoted with § (p-values are reported in Results). (scale bar = 100 
µm, inset scale bar = 20 µm) 
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Table 1. List of target antigens, dilution, and sources for primary antibodies used for 
immunofluorescence analysis of the long-term compression constructs.  
Target Antigen Abbreviation Dilution Reference No. Source 
Collagen type II Col II 1:200 II-II6B3 DSHB 

Aggrecan ACAN Undiluted 
supernatant 

MA75A95 Abcam 

Lubricin PRG4 1:200 Ab28484 Abcam 
Collagen type I Col I 1:20 M-38 DSHB 
Collagen type X Col X 1:100 X-AC9 DSHB 
 
 


