UC San Diego
UC San Diego Previously Published Works

Title
Tailoring hydrogel surface properties to modulate cellular response to shear loading

Permalink
https://escholarship.org/uc/item/2rs8n5fd

Authors

Meinert, Christoph
Schrobback, Karsten
Levett, Peter A

Publication Date
2017-04-01

DOI
10.1016/j.actbio.2016.10.011

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2rs8n5fc
https://escholarship.org/uc/item/2rs8n5fc#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Acta Biomater. Author manuscript; available in PMC 2018 April 01.

-, HHS Public Access
«

Published in final edited form as:
Acta Biomater. 2017 April 01; 52: 105-117. d0i:10.1016/j.actbio.2016.10.011.

Tailoring hydrogel surface properties to modulate cellular
response to shear loading

Christoph Meinert!, Karsten Schrobback?, Peter A. Levettl, Cameron Lutton!, Robert L.
Sah?, and Travis J. Kleinl"

linstitute of Health and Biomedical Innovation, Queensland University of Technology, Brisbane,
Queensland, 4059, Australia

2Department of Bioengineering, University of California-San Diego, La Jolla, California, 92093,
United States of America

Abstract

Biological tissues at articulating surfaces, such as articular cartilage, typically have remarkable
low-friction properties that limit tissue shear during movement. However, these frictional
properties change with trauma, aging, and disease, resulting in an altered mechanical state within
the tissues. Yet, it remains unclear how these surface changes affect the behaviour of embedded
cells when the tissue is mechanically loaded. Here, we developed a cytocompatible, bilayered
hydrogel system that permits control of surface frictional properties without affecting other bulk
physicochemical characteristics such as compressive modulus, mass swelling ratio, and water
content. This hydrogel system was applied to investigate the effect of variations in surface friction
on the biological response of human articular chondrocytes to shear loading. Shear strain in these
hydrogels during dynamic shear loading was significantly higher in high-friction hydrogels than in
low-friction hydrogels. Chondrogenesis was promoted following dynamic shear stimulation in
chondrocyte-encapsulated low-friction hydrogel constructs, whereas matrix synthesis was
impaired in high-friction constructs, which instead exhibited increased catabolism. Our findings
demonstrate that the surface friction of tissue-engineered cartilage may act as a potent regulator of
cellular homeostasis by governing the magnitude of shear deformation during mechanical loading,
suggesting a similar relationship may also exist for native articular cartilage.
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1. Introduction

Hydrogels are highly-hydrated three-dimensional (3D) matrices formed of crosslinked
polymeric networks which show promise in a variety of biomedical applications including
medical devices, drug delivery, and as scaffolds for tissue engineering and regenerative
medicine [1]. Hydrogels allow for cell encapsulation with high viability [2], can be readily
tuned to mimic key features of the native extracellular matrix (ECM) [3, 4], permit control
of mechanical and physicochemical properties [5], and facilitate physiological cell
differentiation and function [6]. Additionally, their surface friction can be tailored by
manipulating the gel’s chemical structure, hydrophilicity, crosslinking density, water
content, elasticity, or charge density [7]. As such, they offer key advantages over traditional,
two-dimensional cell culture methods which frequently fail to adequately mimic the
extracellular microenvironment associated with physiological tissue and disease-associated
processes [8]. As a result, the use of hydrogels as engineered microenvironments to study
cellular behaviour in a more physiologically relevant manner has been increasing steadily
[9]. Previous studies using hydrogels as ECM mimics emphasized the role of the structural
and mechanical properties of the cellular microenvironment, in particular ECM stiffness,
which has been shown to affect cell motility [10], stem cell differentiation [11-13], tumour
progression [14], cellular reprogramming [15], and other biological phenomena. However, it
remains largely unclear how these and other physicochemical ECM properties impact
cellular behaviour when the tissue is loaded mechanically.

Most mammalian cell types including chondrocytes, the cells within cartilage, respond to
mechanical stimuli through mechanotransduction - a process by which cells convert physical
forces to biochemical signals [16]. While mechanical stress within a certain, physiological
range induces anabolic processes and thus contributes to cartilage ECM maintenance and
remodelling [17, 18], excessive stress is considered to be a main driving factor for catabolic
processes initiating joint pathology and degeneration in diseases such as osteoarthritis (OA)
[19, 20]. To prevent excessive tissue strains during joint ambulation, healthy synovial joints
exhibit remarkably effective lubrication [21-25] leading to a coefficient of friction (COF) as
low as 0.001 — 0.025 for cartilage-on-cartilage — a value lower than any other known bearing
[26-29]. Given these extremely low COFs, shear strains resulting from normal joint
articulation are minor and may have a rather protective function on cartilage homeostasis,
inducing extracellular matrix production and turnover [30, 31]. Acute injury, changes in
biomechanics, or inflammatory events, however, result in a reduced lubricating function and
increased frictional forces between articulating surfaces [32-35]. This may in turn be
involved in the initiation of posttraumatic cartilage degeneration by increasing the
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magnitude of loading-induced tissue strain beyond a physiological level. Nevertheless,
although earlier studies suggested an increase in shear strain following superficial cartilage
damage and depleted lubrication [36-38], surprisingly little is known about the functional
relationship between the frictional properties of native or tissue-engineered cartilage and
chondrocyte behaviour upon mechanical stimulation.

In this work, we aimed to harness the adaptability of hydrogel materials to investigate the
role of variations in surface friction on the biological response of articular chondrocytes to
physiologically relevant mechanical stimulation. We, therefore, established and
characterized a poly(ethylene glycol) diacrylate (PEG)-based hydrogel system that allows
for tailoring of the COF to model the frictional properties of healthy, damaged, and
osteoarthritic cartilage. Thin sheets of these hydrogels were then co-polymerized with
chondrocyte-laden, photocrosslinkable alginate methacrylate (ALMA), which supports a
chondrogenic cell phenotype [39], to form bilayered hydrogel constructs with tuneable
surface friction. Constructs containing human articular chondrocytes were finally subjected
to dynamic shear loading in a customized mechanical stimulation bioreactor to investigate
the effects of variations in surface friction on the phenotypic expressions of encapsulated
chondrocytes.

2. Materials and methods

2.1. Synthesis of Alginate Methacrylate (ALMA)

Medium viscosity alginate (MW ~ 260 kDa) was modified to include photocrosslinkable
groups by reaction with methacrylic anhydride (MAAh) (both Sigma-Aldrich, St Louis,
MO, USA). Alginate was dissolved in distilled water at 2 % and reacted with a 10-fold
molar excess of MAAh over total alginate hydroxyl groups for 24 h on ice and under
constant stirring [40]. The pH was regularly adjusted to 8 using 5 M NaOH. After the
reaction period, insoluble MAAh was removed by centrifugation, followed by dialysis
against deionized water using a 12 kDa MWCO cellulose dialysis membrane (Sigma-
Aldrich) for 5-7 days. The pH of the dialyzed polymer solutions was adjusted to 7.4, after
which they were lyophilized and stored at —20 °C protected from light and moisture.

2.2. Chondrocyte Isolation and Expansion Culture

Avrticular cartilage was obtained with institutional ethics approval from consenting patients
undergoing total knee replacement surgeries for osteoarthritis (donors: two female + one
male, age 62 — 80 years). Chondrocytes were isolated from areas of macroscopically normal
full-thickness cartilage, as described elsewhere [41]. Cells were propagated on tissue culture
plastic (3000 cells/cm?) in low-D-glucose chondrocyte basal medium (Dulbecco’s modified
Eagle’s medium (DMEM) with 2 mM GlutaMAX™, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 0.1 mM nonessential amino acids, 50 U/mL
penicillin, 50 pg/mL streptomycin, 0.5 pg/mL amphotericin B (Fungizone®) (all Invitrogen,
CA, USA), 0.4 mM L-proline and 0.1 mM L-ascorbic acid (both Sigma-Aldrich))
supplemented with 10 % foetal bovine serum (FBS) (Hyclone, Logan, UT, USA).
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Unless stated otherwise, all cells and cell/hydrogel constructs were maintained at 37 °C in a
humidified 5 % CO,/95 % air CO, incubator with the medium refreshed every 3—4 days.

2.3. Preparation of Thin Hydrogel Sheets with Controlled Frictional Properties

To tailor the frictional properties of poly(ethylene glycol) diacrylate-based hydrogels (PEG,
average My, = 700 g/mol), various concentrations of negatively charged 4-styrene sulfonic
acid (SSA) (both Sigma-Aldrich) were added to the PEG precursor solution and covalently
incorporated into the PEG network during photo-polymerization. In order to retain alike
total molarities and comparable polymer network densities in all PEG-based hydrogels, the
uncharged compound methyl methacrylate (MMA) was added to hydrogels with a lower
SSA content (PEG-40S) (Table 1). Just like SSA, MMA allows photocrosslinking via its
vinyl group, resulting in comparable crosslinking densities.

Briefly, 2 % w/v ALMA or PEG/SSA with or without MMA were dissolved in phosphate-
buffered saline (PBS) containing 0.2 % w/v Irgacure 2959 (1-(4-(2-hydroxyethoxy)-
phenyl)-2-hydroxy-2-methyl-1-propane-1-one, BASF, Ludwigshafen, Germany) and sterile
filtered using a 0.2 pm syringe filter. Hydrogels were photocrosslinked between two parallel
glass slides separated with a 300 um spacer by exposure to 365 nm light at an intensity of ~
2.5 mW/cm? in a CL-1000 crosslinker (UVP, Upland, CA, USA) for 30 minutes. The glass
slides were separated after solidification, leaving a thin hydrogel layer behind on one of the
slides. Hydrogels were washed briefly in sterile PBS to remove unreacted compounds.

2.4. Cell Encapsulation and Culture

Passage 2 chondrocytes were suspended in 2 % w/v ALMA in PBS containing 0.05 % w/v
Irgacure 2959 at a density of 10 million cells/mL. The cell/polymer suspension was then
transferred to a custom Teflon casting mold, covered by a glass slide, and initially
photocrosslinked for 3 minutes until just solidified. To form bilayered hydrogels with
controlled surface friction, the glass slide was removed from the casting mold and replaced
by another slide carrying the previously crosslinked PEG-SSA or ALMA hydrogel sheets.
The constructs were further polymerized for 9 minutes to ensure proper bonding of the
hydrogel layers. Bilayered hydrogel constructs were removed from the casting mold, rinsed
with PBS, and cut into constructs with the dimensions of 4 mm x 4 mm x 2 mm using
custom cutting guides.

Cell/hydrogel constructs were cultured in serum-free high-D-glucose basal chondrocyte
medium (see above for composition) with ITS-G (100 x dilution), 1.25 mg/mL bovine
serum albumin (BSA), 0.1 uM dexamethasone (all Sigma-Aldrich) and 10 ng/mL
transforming growth factor beta 3 (TGF-B3) (GroPep, Adelaide, SA, Australia), and this
media was also used as a lubricant in mechanical stimulation experiments.

2.5. Mechanical Stimulation

Dynamic shear stimulation was carried out in a custom bioreactor chamber (Fig. 1D)
mounted to a commercially available displacement-controlled mechanical loading bioreactor
(Cartigen C10-12c, Tissue Growth Technologies, Minnetonka, MN, USA). The chamber
translates the vertical movement of the bioreactor actuator to horizontal movement of two
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loading platens manufactured from non-porous stainless steel (Supplementary Video V1),
each platen stimulating up to 8 cell/hydrogel constructs simultaneously without physical
contact between the samples. The displacement of the platens is not affected by the surface
properties of the hydrogel constructs, but the dynamic shear strain within the hydrogel
depends on the hydrogel frictional properties (Figure 2F, G). The chamber was designed to
apply an offset compression of ~ 15 % of the construct height to all dynamically stimulated
constructs and static controls. The bioreactor was placed in a humidified 5 % CO»/95 % air
CO», incubator. Sterile gas exchange was assured through a syringe filter unit with 0.2 um
pore size mounted onto the bioreactor chamber.

Gene expression analysis following short-term mechanical stimulation was performed to
determine a suitable shear loading amplitude for long-term loading experiments. Cell/
hydrogel constructs were precultured for 7 days under free-swelling conditions to allow for
chondrocyte redifferentiation and formation of a protective pericellular matrix [42] prior to
mechanical stimulation. Constructs were then dynamically stimulated for 1 h at 1 Hz and
either 0 mm (static control), 0.15 mm, 0.315 mm, or 1 mm shear loading amplitude (Fig.
1E). Long-term experiments were performed to determine the effects of variations in surface
friction on construct biomechanical properties, ECM accumulation, and chondrocyte gene
expression in response to intermittent shear loading. Constructs were precultured under free-
swelling conditions for 21 days, followed by intermittent shear stimulation for the next 11
days at 1 mm displacement amplitude and a frequency of 1 Hz for 1 h daily (Fig. 1F). Since
our previous experiments suggested that mRNA levels peak at 2 hours post-completion of
mechanical loading [42], constructs were terminated for qRT-PCR 2 hours after the final
shear stimulation cycle had ceased.

2.6. Hydrogel Frictional Properties

Measurement of hydrogel surface friction was performed using a custom reciprocating
tribometer that enables control of normal force (Fy) and lubricant temperature. The
tribometer was attached to an Instron 5848 microtester configured horizontally witha 5 N
load cell (Instron, Melbourne, VIC, Australia). Hydrogels were fixed to the apparatus with
epoxy adhesive (Loctite, Henkel, Duesseldorf, Germany) without compromising the gel
surface. Defined normal forces of 88 mN, 176 mN, and 352 mN were applied onto the
hydrogel constructs resulting in contact pressures of 5.5 kPa, 11 kPa, and 22 kPa,
respectively. Frictional forces against the loading platen of the shear loading bioreactor
(stainless steel) were assessed over a sliding distance of 10 mm for 5 reciprocating cycles at
a constant sliding velocity of 1 mm/s in high-D-glucose basal chondrocyte medium with
ITS-G (100 x dilution) and 1.25 mg/mL BSA. The dynamic coefficient of friction (COF)
was calculated for each sample based on the average measured frictional forces (Ff) and the
applied Fy using the equation COF = F¢/ Fy.

2.7. Hydrogel Physical Properties

The compressive moduli of bilayered hydrogel constructs were measured in an unconfined
arrangement using an Instron 5848 microtester with a 5 N load cell (Instron). During testing
constructs were submerged in PBS at 37 °C. A displacement rate of 0.01 mm/s was applied
using a non-porous indenter, and the modulus was taken from the linear region of the stress—
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strain curve from 10 % to 15 % strain [5]. The mass swelling ratio was determined by the
ratio of equilibrium wet weight of swollen gels to dry weight of lyophilized gels.

2.8. EPIC-pCT

The distribution of fixed negative charges in bilayered hydrogel constructs was visualized
using equilibrium partitioning of an ionic contrast agent microcomputed tomography (EPIC-
UCT) [43]. Constructs were incubated overnight in a mixture of 40 % ioxaglate (Hexabrix;
Aspen, St Leonards, NSW, Australia) in PBS at room temperature on a shaker plate.
Constructs were then imaged in a uCT 40 scanner (Scanco Medical, Brittisellen,
Switzerland) at 45 kV and 177 pA with a 12 um isotropic voxel size. Images were analyzed
using Scanco UCT software and ImageJ (National Institutes of Health, USA).

2.9. Micro-Scale Shear Testing and Digital Image Correlation

Bilayered ALMA, PEG-40S, and PEG-80S hydrogels containing Fluoresbrite® fluorescent
microspheres (Polysciences, Taipei, Taiwan; 10 million microspheres/mL in 2% (w/v)
ALMA layer, 20 million microspheres/mL in variable friction surface layer) were prepared
as above (cell-free) and incubated in PBS overnight. A custom microscope-mounted
mechanical loading system capable of applying precise compressive and shear stimulation
facilitated by a stainless steel loading platen was employed to apply sliding shear motion to
hydrogel constructs. Testing was performed submerged in PBS at a sliding velocity of 0.1
mm/s (~ 15 % offset compressive strain). Hydrogel shear strains in the variable friction and
ALMA layer, respectively, were determined using Vic-2D digital image correlation software
(Correlated Solutions, Columbia, SC, USA; Step size: 20, subset size: 81).

2.10. Viability Assay

Live and dead cells were visualized with fluorescein diacetate (FDA) and propidium iodide
(PI) (both Sigma-Aldrich), respectively. Hydrogel constructs were washed in PBS, incubated
in a solution of 10 ug/mL FDA and 5 ug/mL PI in PBS for 5 min at 37 °C, and then washed
twice in PBS. Images were captured using a Nikon Eclipse fluorescence microscope.

2.11. Gene Expression Analysis

Hydrogel constructs were homogenized in 1 mL of TRIzol reagent (Invitrogen), and total
RNA was isolated according to the manufacturer’s instructions. SuperScript™ 1 First
Strand Synthesis System (Invitrogen) was used to synthesize complementary DNA (cDNA).
DNase and RNase digestions were performed before and after cDNA synthesis, respectively.
Quantitative real-time polymerase chain reaction (QRT-PCR) was carried out using
SybrGreen® Mastermix (Invitrogen) and a 7900HT fast real-time PCR system (Applied
Biosystems). The cycle threshold (C;) value of each gene was normalized to the geometric
mean of the housekeeping genes RPL13A and B2M using the comparative C; method
(27ACY . Primer sequences were used as published previously (COL1A1[44], COL2A1[44],
ACAN [44], PRG4[44], RPL13A[45] and B2M[45]). Primers for MMP3were purchased
from Qiagen (Venlo, Netherlands).
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2.12. Immunofluorescence Analysis

Constructs were frozen in Optimal Cutting Temperature compound (OCT) (Sakura, Finetek,
Tokyo, Japan) and sectioned at a thickness of 10 um. Sections were fixed with ice-cold
acetone, air-dried, and rehydrated in 50 mM BaCl,/100 mM Tris HCL buffer (pH 7.3) for 1
h, followed by incubation with 100 mM Tris HCL buffer (pH 7.3) for 5 min. Antigen
retrieval with 0.1 % hyaluronidase (Sigma-Aldrich) at 37 °C for 30 minutes was performed
on sections to be stained for collagen type I and collagen type Il. Primary antibodies for
aggrecan (969D4D11, Invitrogen; 1:400 dilution in PBS with 2 % donkey serum), collagen
type I (I-8H5, MP Biomed, Solon, OH, USA; 1:300 dilution in PBS with 2 % goat serum),
and collagen type 11 (11-116B3, Developmental Studies Hybridoma Bank (DSHB), lowa City,
IA, USA,; 1:100 dilution in PBS with 2 % goat serum) were applied in a humidified chamber
at 4 °C overnight. Secondary antibodies were diluted 1:150 in PBS with 2 % goat/donkey
serum and 5 pg/mL 4’ ,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and applied for 1 h
in the dark (AlexaFluor® 488-labelled donkey anti-mouse, AlexaFluor® 488-labelled goat
antimouse, AlexaFluor® 594-labelled goat anti-mouse; all Jackson ImmunoResearch, West
Grove, PA, USA). A mouse IgG isotype control antibody (Jackson ImmunoResearch;
1:1000 dilution) and secondary antibody only were used as negative controls. After two
washing steps in PBS and drying, sections were mounted with ProLong Gold (Invitrogen)
and imaged using a Zeiss Axio microscope.

Integrated fluorescence intensities of histological sections were calculated using ImageJ
software (National Institutes of Health, USA) and normalized to the integrated fluorescence
intensity of DAPI stainings in order to correct the obtained values for differences in cell
numbers between microscopic images.

2.13. Biochemical Analysis

To quantify retained glycosaminoglycans (GAG) and DNA, cultured constructs were frozen
and lyophilized. After careful removal of the cell-free surface hydrogel layer, the cell-laden
proportions of the constructs were digested overnight in 0.5 mg/mL proteinase K
(Invitrogen) at 56 °C on an Eppendorf® Thermomixer® (Eppendorf, Hamburg, Germany).
GAG concentration in the digest was measured using the dimethyl-methylene blue (DMMB)
assay (pH 1.5). Absorbances at 525 and 595 nm were measured, and concentrations
calculated using the ratio of absorbances, compared to a quadratic standard curve prepared
from chondroitin sulfate C (Sigma-Aldrich). DNA concentrations in the digests were
measured using the Quant-iT™ PicoGreen® dsDNA quantification assay (Invitrogen).

2.14. Statistical Analysis

Statistical analyses were performed using SPSS software (version 20, IBM Corporation,
USA). Differences between groups were determined using analysis of variance (ANOVA)
and Tukey’s or Dunnet’s T3 post-hoc tests as appropriate, with a significance level of 0.05.
Statistically significant differences are indicated in figures using symbols.
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3. Results

3.1. Tailoring hydrogel surface friction

We established a PEG-based hydrogel system which allows for control of its frictional
properties by varying the density of fixed negative charge facilitated by 4-styrene-sulfonic
acid (SSA) (Fig. 1B, C) to mimic the increase in articular cartilage surface friction following
damage and degeneration [46]. To accomplish this, three separate compositions were
prepared to yield thin hydrogel sheets containing no SSA (alginate methacrylate, or ALMA,;
Fig. 1A), 40 mol% SSA (PEG-40S), or 80 mol% SSA (PEG-80S), respectively. The
obtained hydrogels sheets were then combined with a layer of ALMA containing human
articular chondrocytes to form bilayered hydrogel constructs by photopolymerization.
ALMA, which was synthesized by reaction of alginate with methacrylic anhydride, allows
for polymerization in the presence of a photoinitiator and light under physiological
conditions, allowing /n situ crosslinking and cell encapsulation with high cell viabilities
(Fig. 1A) [39].

The frictional properties of hydrogel constructs were assessed against the stainless steel
loading platen of the shear bioreactor used in the following experiments using cell culture
media as lubricant. For PEG-80S constructs, we observed kinetic COFs of ~ 0.045 for all
investigated normal pressures (Fig. 2A), values that approximate to previously reported
COFs of healthy cartilage-on-cartilage (0.001 — 0.025) [26-29]. PEG-40S and ALMA
hydrogels exhibited significantly higher COFs ranging from ~ 0.085 to ~ 0.092, and ~ 0.155
to ~ 0.170, respectively. The latter values correspond to COFs previously reported for
cartilage affected by moderate to severe OA (stage 3—4; Fig. 2A) [27, 46, 47]. EPIC-uCT
scans were performed to confirm that the variations in construct surface friction were indeed
associated with differences in the distribution and concentration of fixed negative charges.
Due to the repulsion of the anionic contrast agent ioxaglate, uCT attenuation levels in the
variable friction layer were reduced with increasing concentration of negatively charged
SSA (Fig. 2D, E) which resulted in a significant change of construct surface friction (Fig.
2A, p<0.001).

We then proceeded to investigate the deformation of these constructs in response to sliding
shear motion replicating the mechanical environment of articular cartilage using a custom
microscope-mounted loading device and digital image correlation. Similar to native articular
cartilage [37, 38], deformation of the hydrogel constructs was highly dependent on their
surface friction (Fig. 2F, G). When applying shear stimulation, initially the construct
surfaces adhered to the loading platen and began to displace laterally, causing depth-
diminishing shear deformation of the cell-laden hydrogels which peaked just below the
surface hydrogel layer. With further displacement, the construct surfaces detached and slid
relative to the loading platen with a steady-state peak strain. The magnitude of this strain
was dependent on the surface friction of the constructs with strain magnitudes increasing
with higher construct COFs (Fig. 2F, G). Changes in the composition of the surface hydrogel
layer had no measurable effect on the bulk compressive moduli (Fig. 2B), the mass swelling
ratio, or the water content (Fig. 2C) of bilayered constructs which remained statistically
similar between construct types.
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3.2. Effects of short-term mechanical stimulation on chondrocyte viability and gene

expression

Short- and long-term dynamic shear stimulation (Fig. 1E, F) was carried out in a custom
bioreactor chamber (Fig. 1D and Supplementary Video V1) to assess the effects of
differences in construct surface friction on the biological response of encapsulated
chondrocytes. In order to investigate whether cell viability was affected by dynamic loading,
we performed fluorescein diacetate/propidium iodide stainings 24 hours after mechanical
loading had ceased to allow cells to undergo necrotic or programmed cell death. Hydrogel-
encapsulated human articular chondrocytes exhibited round cell morphologies indicative of
a chondrogenic phenotype [48] and high cell viabilities (> 90%) were observed in all
construct types in both shear-stimulated and static controls, suggesting that neither the
hydrogel composition nor mechanical loading had cytotoxic effects (Fig. 3). To determine
the optimal shear loading amplitude for chondrocyte culture, constructs were dynamically
stimulated at various shear amplitudes (0.15 mm, 0.315 mm, 1 mm) in a short-term
experiment and changes in gene expression levels were assessed using gRT-PCR (Fig. 4).
Among the investigated amplitudes, dynamic stimulation at 1 mm loading plate extension
led to differential regulation of the investigated genes (Supplementary Fig. S1), and this
amplitude was chosen for the following long-term experiments.

3.3. Effects of surface friction on chondrocyte gene expression and construct properties in
long-term shear-stimulated hydrogel cultures

Key biochemical features of articular cartilage include the abundant presence of collagen
type Il and proteoglycans which interact with a fluid environment to provide the tissue with
its unique biomechanical properties [49]. The expression of genes including COL2A1
encoding the alpha chain of collagen type 1l, ACAN encoding the proteoglycan aggrecan,
and PRG4 encoding the superficial zone-specific boundary lubricant proteoglycan 4 (PRG4)
are thus commonly used as markers of the chondrogenic phenotype. When the expression of
these genes was investigated after long-term intermittent shear stimulation, we found a
distinctive transcriptional response of chondrocytes to mechanical stimuli which was highly
dependent on construct surface friction. While aggrecan transcript levels were comparable
between all groups (Fig. 4A), we found ~ 15.8-fold higher expression of the chondrogenic
marker COLZ2A1 (Fig. 4B) and ~ 1.8-fold higher expression of PRG4 (Fig. 4C) in shear-
stimulated PEG-80S low friction constructs compared to static controls (o = 0.005 for
COL2A1I; p=0.041 for PRG4) and ALMA high friction constructs (p = 0.006 for COL2AI,;
p=0.018 for PRG4). In contrast, expression of chondrogenic marker genes in shear-
stimulated ALMA constructs remained at control levels, while expression of the gene
encoding matrix metalloproteinase 3 (MMP3) was significantly elevated over static controls
(p=0.032; Fig. 4E).

Avrticular cartilage has a high content of glycosaminoglycans (GAGs) which significantly
contribute to the compressive stiffness of the tissue and is used as a marker for
chondrogenesis [49]. We found that shear stimulation did not affect the GAG/DNA content
of ALMA and PEG-40S constructs when compared to statically cultured controls (Fig. 4G).
However, mechanically loaded PEG-80S constructs had significantly elevated GAG/DNA
levels than their static controls (p = 0.009), PEG-40S (p = 0.001) and ALMA (p=0.012).
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Additionally, intermittent application of dynamic shear also led to increased stiffness of
ALMA (p=0.036) and PEG-80S (o = 0.029) constructs when compared to unstimulated
controls (Fig. 4H). The DNA content after a total of 32 days of culture was similar between
all construct types, with or without application of intermittent shear (Fig. 4F), suggesting
that mechanical loading did not cause cell death or influence cell proliferation.

To confirm the gene expression data, immunofluorescence analysis was performed to assess
the accumulation of cartilaginous matrix proteins and the chondrocyte de-differentiation
marker collagen type | in shear-stimulated and statically cultured constructs. While articular
cartilage is primarily composed of water, the solid fraction predominantly consists of
collagen 11 and aggrecan. Our results show that aggrecan, collagen type 11, and collagen type
| immunoreactivity largely confirmed the results observed on mRNA level (Fig. 5).
Aggrecan immunostaining was mainly limited to intracellular and pericellular regions and
no differences were observed between construct types and shear-stimulated or static control
samples (Fig. 5A-F, and S). However, the staining intensity for collagen type Il in
dynamically stimulated constructs increased markedly with decreasing surface friction and
the highest intensities were observed for PEG-80S constructs when compared to PEG-40S
(p<0.001) and ALMA (p< 0.001; Fig. 5G-L, and T). When compared to static controls,
the average fluorescence intensities were higher in PEG-80S (p < 0.001), while loaded
ALMA constructs exhibited lower intensities than their unstimulated controls (p = 0.009)
and PEG-40S (p= 0.011). No statistically significant differences were observed for the
intensity of collagen type | staining, although inter-territorial reactivity appeared stronger in
shearstimulated constructs (Fig. 5M-R, and U).

4. Discussion

Avrticular cartilage is a mechanically-sensitive tissue that can respond favourably or
unfavourably to biomechanical stimuli. In healthy diarthrodial joints, nearly friction-less
articulation is facilitated by lubricant molecules at the cartilage surface and in synovial fluid
including proteoglycan 4 [50], surface active-phospholipids [51], and hyaluronic acid [23],
as well as other synergistically interacting lubrication mechanism such as hydrodynamic
lubrication and interstitial fluid pressurization [52]. While various pathogenic mechanisms
can lead to cartilage deterioration and not necessarily involve elevated surface friction [53],
compelling evidence suggests that a loss of the lubricating properties of synovial fluid, often
associated with decreased concentrations of proteoglycan 4, results in increased articular
surface friction following acute joint injury [32-34, 47, 54-57]. The increase in friction also
correlates with the severity of degeneration and osteoarthritis in affected joints [58, 59],
suggesting a potential involvement in the pathogenesis of articular cartilage. Interestingly,
shear deformation of articular cartilage under mechanical loading is significantly greater
with deficient lubrication and pathological changes to the surface topography such as
fibrillation of the articular surface [37]. It therefore seems likely that an increase in cartilage
friction following injury may cause excessive tissue shear deformation during joint
movement and thus promote catabolic pathways in chondrocytes, ultimately leading to the
development of degenerative conditions such as OA. To address this hypothesis, we
developed a cytocompatible hydrogel system which allows for targeted changes to its
surface friction without affecting other bulk physicochemical characteristics. We further

Acta Biomater. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meinert et al.

Page 11

employed this system to study the biological response of hydrogel-encapsulated articular
chondrocytes to shear loading to establish, for the first time, a functional relationship
between surface friction and cellular homeostasis in mechanically loaded tissues.

In order to approach the low friction values characteristic for healthy articular cartilage, we
incorporated SSA, a photocrosslinkable derivative of sulfonic acid which is anionic at
physiological pH, into PEG-based hydrogels and co-polymerized these with cell-laden
ALMA to form bilayered constructs. The presence of fixed negative charges in the surface
layer was confirmed using EPIC-UCT (Fig. 2D) which indicated increasing charge densities
from bilayered ALMA (high friction gels without SSA) to PEG-40S (moderate friction with
40 mol% SSA) and PEG-80S (low friction with 80 mol% SSA) hydrogel constructs. The
negative charge densities of the surface hydrogel layer inversely correlated with the
construct COFs (Fig. 2A), suggesting that covalent SSA incorporation reduced the surface
friction of bilayered hydrogels. While the exact lubrication mechanisms were not
investigated it this study;, it is likely that incorporation of negative charge facilitated by SSA
increased the electrostatic repulsion between the polyanionic gel and the stainless steel
bioreactor loading platen, in turn resulting in reduced COFs [7]. Using this approach, we
were able to tailor construct COFs without significantly affecting the bulk compressive
moduli (Fig. 2B), mass swelling ratio, or water content (Fig. 2C) of bilayered constructs. We
observed COFs of ~ 0.045 for PEG-80S constructs which approximate to COFs of healthy
cartilage-on-cartilage (0.001 — 0.025) [26-29], while PEG-40S and ALMA constructs
exhibited significantly higher COFs ranging from ~ 0.085 to ~ 0.092, and ~ 0.155 to ~
0.170, respectively (Fig. 2A). These values correspond to kinetic COFs of articular cartilage
affected by moderate to severe OA (stage 3-4) [27, 46, 47]. However, it has to be considered
that the COF values of hydrogels and cartilage specimens depend on a variety of parameters
including the sample geometry, applied normal force, sliding velocity, lubricant used, and
the properties of the opposing surface. It is hence likely that reported COFs of healthy and
diseased cartilage may vary from the COFs in vivo. Similarly, variations in the COFs
determined in friction tests and the bioreactor used in this study may exist. In order to
minimize these discrepancies, the tribometer was designed to permit measurement of
hydrogel COFs against the loading platen used in the bioreactor with cell culture media as
lubricant, hence replicating the loading and lubricant conditions employed in short- and
long-term mechanical stimulation experiments. In diarthrodial joints, lubrication is provided
by synovial fluid [60]. Since the experiments in this study involved the culture of hydrogel-
encapsulated chondrocytes [61], the choice of lubricant was limited to a suitable cell culture
media. Although differences in the lubrication efficacy of media and synovial fluid are
expected, it was previously shown that testing using various lubricants yields fundamentally
the same relationships between samples of varying surface properties [62], while the
absolute COF values may differ between lubricant systems [53]. Accordingly, it is expected
that the differences in frictional properties between ALMA, PEG-40S, and PEG-80S
constructs are preserved when tested using other lubricants than culture media.

Limiting SSA incorporation to a thin surface layer allowed us to control hydrogel surface

properties without influencing the microenvironment of cells encapsulated in ALMA, hence
enabling the attribution of cell responses to mechanical loading to the frictional properties of
the construct rather than differences in cell-matrix interactions. Employing a hydrogel-based
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method also had significant advantages over alternative 3D models, such as cartilage explant
cultures, which do not allow for precise tailoring of the COF or other physicochemical
properties. In addition, if variations in explant surface friction occur, these are typically
linked to differences in ECM structure and composition [33] which were shown to affect the
chondrocyte phenotype through signalling mediated by cell-ECM interactions [63], making
it challenging to isolate the effects of the explant’s frictional properties on the observed cell
behaviour following mechanical loading.

We hypothesized that articular cartilage surface friction and mechanical properties are
intrinsically linked to chondrocyte homeostasis by governing the magnitude of tissue shear
during normal joint ambulation. After establishing a means to control the frictional
properties of hydrogels, we thus investigated the deformation of these constructs in response
to mechanical loading replicating the sliding shear motion of articulating joints. As
expected, we found that shear strain throughout the cell-containing hydrogel layer increased
substantially with construct COFs, effectively mimicking the changes in cartilage
biomechanics after injury and in the early stages of OA [36, 37]. Similar to the native tissue
[36, 37], strain levels peaked in the superficial areas just below the variable friction hydrogel
layer and dimished with depth (Fig. 2F, G). The magnitude of shear strain in low friction
PEG-80S constructs (~2 — 4%) was consistent with previously reported strain levels for
healthy cartilage-on-cartilage lubricated with synovial fluid, while strains in PEG-40S and
ALMA were substantially higher as in fibrilated and osteoarthritic cartilage, ranging from
~6 — 13% and ~8 — 17%, respectively [36, 37]. However, given the complexity of
biomechanical stimuli arising from a normal joint usage, shear strains /7 vivo may vary from
these values which were obtained in uniaxial shear tests under static compression [36, 37],
similar to the loading regimes applied in the present study. While this is a simplification of
physiological loading conditions [64], previous studies indicated that the frictional
properties of articular cartilage remain similar irrespective of whether compression is
applied dynamically or statically [65], suggesting that the influence of cyclic compression
on the magnitude of tissue/hydrogel shear strains may also be minor.

It was previously reported that excessive mechanical strains in articular cartilage can result
in cell death [66] and ECM damage [67], in turn further reducing the intrinsic capacity for
tissue maintenance and repair. The results of our short-term study indicated that, in this
model, mechanical loading did not impact cell viability (Fig. 3), although shear strains in
dynamically stimulated PEG-40S and ALMA constructs substantially exceeded
physiological levels (Fig. 2F, G) [36, 37]. This may be explained by the differences in ECM
mechanical properties and thus the magnitude of strain-induced mechanical stresses between
native human tissue (aggregate modulus of ~ 0.5 — 0.9 MPa [68], young’s modulus of ~ 1.5
— 3 MPa, unpublished data) and hydrogel constructs (Fig. 2B). Contrary to our hypothesis,
construct frictional properties had no significant effect on gene expression patterns after one
hour of mechanical stimulation in this short-term study (Supplementary Fig. S1). This lack
of discernable differences in cell response may be related to the short duration of static
preculture before mechanical stimulation (7 days) which may not allow for sufficient
formation of a functional pericellular matrix, one of the key transducer of chondrocyte
mechanotransduction, causing chondrocytes to respond poorly or detrimentally to
mechanical stimuli [42]. Further reinforcing this hypothesis, the results from our long-term
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gene expression study indicated a much more distinct transcriptional response of
chondrocytes to dynamic shear following 21 days of preculture which was additionally
highly dependent on construct surface friction. We found that expression of chondrogenic
marker genes COL2A1 (Fig. 5B) and PRG4 (Fig. 5C) was significantly up-regulated in
dynamically stimulated PEG-80S low friction constructs when compared to static controls,
as well as high (ALMA) and moderate friction (PEG-40S) constructs. On the other hand,
expression of chondrogenic marker genes remained at control level in shear-stimulated
ALMA constructs, while MMP3 expression was significantly increased (Fig. 5E). The
protease MMP3 is a key mediator of cartilage degradation and has been found to be highly
expressed in OA with protein levels correlating to OA severity [69]. These results hence
indicate that the low level shear strains in PEG-80S induced transcription of chondrogenic
genes, while constructs with higher COFs (Fig. 2A) and thus shear strains (Fig. 2F, G)
amplified catabolic pathways in chondrocytes. Gene expression data were further confirmed
on protein level using immunofluorescence staining techniques which revealed that the
synthesis and accumulation of collagen type Il was strongly dependent on the surface
friction of mechanically stimulated constructs. Visual and statistical analysis revealed
significantly higher amounts of accumulated collagen Il in shear-stimulated PEG-80S when
compared to static controls and other construct types (Fig. 5G-L, T), while accumulation in
loaded ALMA constructs was decreased compared to unstimulated controls. These findings
are in line with previous studies which indicated that minor dynamic shear strains, as they
occur in PEG-80S constructs, produced constructs with 40 % more collagen, 25 % more
proteoglycan, and 6-fold higher equilibrium modulus [31]. High shear strains, as in
mechanically stimulated ALMA constructs, however, inhibited macromolecule synthesis
[31].

In this study, chondrocytes were isolated from regions of macroscopically normal cartilage
which was obtained from donors undergoing total knee arthroplasties for OA. While we
cannot rule out that the phenotype of these cells differs from healthy chondrocytes of
younger individuals, we have no reason to believe that chondrocytes from non-OA sources
would show different responses to the loading conditions used in our study. During OA as
well as propagation on tissue culture plastics, chondrocytes undergo dedifferentiation; a
process characterized by an increase in the expression of collagen | and MMPs, and reduced
expression of cartilage-specific markers such as collagen Il and aggrecan [70-72]. Yet, the
low cellularity of cartilage frequently renders monolayer expansion unavoidable in order to
obtain sufficient cell numbers for clinical applications such as autologous chondrocyte
implantation [73], as well as investigations in vitro. However, chondrocyte dedifferentiation
can be reversed by cultivation in suitable 3D matrices under chondrogenic conditions [74].
Accordingly, isolated chondrocytes were expanded to passage 2 in order to obtain sufficient
cell numbers for the bioreactor experiments and encapsulated in ALMA hydrogels [39].
Under such conditions, osteoarthritic and monolayer-expanded chondrocytes regain their
ability to express cartilage-specific markers [39, 74, 75] and react to mechanical stimuli
similar to cells from normal human [42] or animal cartilage [76]. Moreover, the use of
chondrocytes derived from elderly human donors with OA in cartilage research is
appropriate and important as this population is most likely to benefit from any improvement
in our understanding of chondrocyte behaviour.
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Previous studies suggested that intermittent compressive stimulation of tissue-engineered
cartilage at low and moderate strain levels increased ECM molecule synthesis and resulted
in higher mechanical properties [76, 77]. Similar to our earlier work utilizing ALMA as
redifferentiation platform for chondrocytes [39], all construct types, independent of the
composition of the surface hydrogel layer, were softer on day 32 compared to day 1 of
culture (compare Fig. 2B and Fig. 4H). This is likely to be attributed to the hydrolytic [78]
or non-specific enzymatic degradation [79] of ester bonds formed by the methacrylation of
alginate hydroxyl groups [40]. However, dynamic shear loading partially reversed the
decrease in construct stiffness, resulting in higher compressive moduli of shear stimulated
ALMA and PEG-80S constructs when compared to static controls cultured for the same
period of time (Fig. 4H). The increase in stiffness was the greatest for PEG-80S constructs
(~ 2.5-fold increase over SC for PEG-80S; p= 0.029, versus ~ 1.9-fold increase for ALMA,;
p=0.036) (Fig. 4H) which may be partially explained by the significantly higher
accumulation of GAGs (Fig. 4G) and ECM molecules (Fig. 5) in these constructs following
mechanical stimulation. In line with the gene expression and immunofluorescence analysis,
GAG/DNA levels in shear-stimulated ALMA and PEG-40S constructs were similar to static
control levels, indicating that the high magnitude shear strain impaired the chondrogenic
capacity of encapsulated chondrocytes when compared to constructs with lower COFs.

5. Conclusion

In this study, we developed a cytocompatible hydrogel system which allows for targeted
changes to its frictional properties without affecting other bulk physicochemical
characteristics. The system is versatile and can be readily adapted to accommodate a variety
of cell types, as well as hydrogel and scaffold materials, and can be employed to study the
effects of variations in surface friction on cellular behaviour in response to physiologically
relevant mechanical loading. We tested the applicability of the model in studying the
response of human articular chondrocytes to shear loading and demonstrate that cartilage
lubrication and surface friction may regulate chondrocyte homeostasis by governing the
magnitude of tissue shear deformation during joint articulation. Our results indicate that
dynamic shear stimulation of constructs with low surface friction causes low magnitude
shear strains which significantly promote chondrogenesis and extracellular matrix synthesis
as assessed by gene expression, immunofluorescence, and biochemical analysis. In contrast,
shear stimulation of constructs with high surface friction can lead to excessive strains which
impair chondrogenesis, but induce transcription of matrix metalloproteinases involved in the
degradation of cartilage extracellular matrix in osteoarthritis. Based on these findings, we
propose that changes in cartilage lubrication and frictional properties as they occur after
traumatic joint injury [32-35] may be involved in the initiation of posttraumatic cartilage
degeneration by increasing mechanical strains within the tissue beyond a physiological level,
causing inhibition of cartilaginous matrix synthesis and activation of catabolic pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance

Excessive mechanical loading is believed to be a major risk factor inducing pathogenesis
of articular cartilage and other load-bearing tissues. Yet, the mechanisms leading to
increased transmission of mechanical stimuli to cells embedded in the tissue remain
largely unexplored. Here, we demonstrate that the tribological properties of load-bearing
tissues regulate cellular behaviour by governing the magnitude of mechanical
deformation arising from physiological tissue function. Based on these findings, we
propose that changes to articular surface friction as they occur with trauma, aging, or
disease, may initiate tissue pathology by increasing the magnitude of mechanical stress
on embedded cells beyond a physiological level.
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Figure 1.
Composition of bilayered hydrogel constructs with tailorable surface friction, schematic of

the shear loading bioreactor and experimental overview. (A) Methacrylation of alginate, a
natural hydrogel-forming polysaccharide commonly used for chondrocyte culture, enables
cell-encapsulation by photopolymerization and improved control over construct mechanical
properties. (B) To tailor frictional properties, synthetic hydrogels based on poly(ethylene
glycol) diacrylate (PEG) were synthesized with varying concentrations of 4-styrene-sulfonic
acid (SSA) and methyl methacrylate (MMA) and combined with cell-laden alginate
methacrylate (ALMA) hydrogels to form bilayered constructs. (C) Schematic depicting
shear deformation of low friction constructs containing high concentrations of negative
charge facilitated by SSA and high friction constructs consisting of a cell-containing and a
cell-free alginate methacrylate (ALMA) surface layer. (D) Rendered partial cross-section of
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the custom shear loading bioreactor chamber exerting sliding shear motion to hydrogel
constructs. (E) A short-term experiment for the optimisation of the shear loading amplitude
was performed at 1 Hz for 1 h with either 0 mm, 0.15 mm, 0.315 mm, or 1 mm shear
amplitude following 7 days of free-swelling preculture. (F) For long-term experiments, cell-
hydrogel constructs were precultured for 21 days and subsequently shear loaded for 1 h
daily over 11 days at 1 mm amplitude and a frequency of 1 Hz.
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Figure 2.
Frictional and physicochemical properties of bilayered hydrogel constructs and their effect

on hydrogel shear deformation. Bilayered ALMA, PEG-40S, and PEG-80S hydrogel
constructs were analysed to determine their (A) dynamic coefficients of friction (mean £ SD,
n=5,*** = p<0.001), (B) compressive moduli at day 1 (mean + SD, n = 3) and (C) mass
swelling ratios (bars) as well as water contents (dots) of bilayered constructs (mean + SD, n
= 3). (D) Cross-sections and (E) quantified attenuation values from EPIC-uCT scans
illustrating differences in surface hydrogel negative charge densities in bilayered constructs
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(attenuation scales range from 5,000 (black) to 20,000 (white)). (F) Microscopic images of
the peak shear strain in ALMA, PEG-40S, and PEG-80S hydrogel constructs in response to
sliding shear motion and (G) depth-dependent changes in shear strains in the variable
friction PEG gel and ALMA quantified using digital image correlation (mean + SD, n = 2).
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PEG-80S

Figure 3.
Cell viability following short-term shear-stimulation of hydrogel constructs with variable

surface friction. Viability of human articular chondrocytes in bilayered (A, D) ALMA, (B,
E) PEG-40s, and (C, F) PEG-80S constructs (A-C) after dynamic shear stimulation and (D—
F) in unstimulated controls. Living cells appear green and dead cells appear red. Scale bar:
500 pm.
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Figure 4.

Relative gene expression levels, biochemical and mechanical properties of hydrogel
constructs with variable surface friction after long-term intermittent shear stimulation.
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Relative mRNA expression levels of (A) aggrecan, (B) collagen type 11, (C) proteoglycan 4,
(D) collagen type I, and (E) matrix metalloproteinase 3 of human articular chondrocytes

embedded and shear-stimulated in ALMA, PEG-40S, and PEG-80S constructs. Gene

expression of shear-stimulated constructs (shear) was normalized to static controls (static;
mean relative expression indicated by broken line). (F) DNA content, (G) GAG retained in
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constructs normalized to DNA content, and (H) compressive moduli of shear-stimulated and
statically cultured ALMA, PEG-40S, and PEG-80S constructs. Significant differences
between shear-stimulated constructs and static controls are indicated by # (p < 0.05) or ## (p
< 0.01). Significant differences between constructs types are indicated by * (p < 0.05) or **
(p<0.01) (n=3).
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Figure 5.
Effect of long-term intermittent shear stimulation on extracellular matrix production in

bilayered hydrogel constructs with varying frictional surface properties. Following a static
preculture period of 21 days, ALMA, PEG-40S and PEG-80S hydrogels were (A-C, G-I,
M-0) intermittently shear-stimulated or (D-F, J-L, P-R) statically cultured for another 11
days. Immunoreactive regions for aggrecan (A-F) and collagen type Il (G-L) appear green,
while immunoreactive regions for collagen type | (M-R) appear red. Nuclei were
counterstained with DAPI (blue). Scale bars: 50 pm. Integrated fluorescence densities for (S)
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aggrecan, (T) collagen type II, and (U) collagen type I stainings were normalized to DAPI
intensities and expressed as the ratio of shear-stimulated to static control constructs.
Significant differences in integrated staining intensities between shear-stimulated constructs
and static controls are indicated by ## (p < 0.01) or ### (p < 0.001). Significant differences
between construct types are indicated by * (p < 0.05), ** (p< 0.01) or *** (p<0.001) (n=6
images from 2 replicate samples).
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