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Abstract

Three-dimensional hydrogel constructs incorporated with live stem cells that support
chondrogenic differentiation and maintenance offer a promising regenerative route towards
addressing the limited self-repair capabilities of articular cartilage. In particular, hydrogel
scaffolds that augment chondrogenesis and recapitulate the native physical properties of cartilage,
such as compressive strength, can potentially be applied in point-of-care procedures. We report
here the synthesis of two new materials, [poly-L-lactic acid/polyethylene glycol/poly-L-lactic
acid] (PLLA-PEG 1000) and [poly-D,L-lactic acid/polyethylene glycol/poly-D,L-lactic acid]
(PDLLA-PEG 1000), that are biodegradable, biocompatible (>80% viability post fabrication), and
possess high, physiologically relevant mechanical strength (~1,500 to 1,800 kPa). This study
examined the effects of physiologically relevant cell densities (4, 8, 20, and 50 x 10%/mL) and
hydrogel stiffnesses (~150kPa to ~1,500 kPa Young’s moduli) on chondrogenesis of human bone
marrow stem cells incorporated in hydrogel constructs fabricated with these materials and a
previously characterized PDLLA-PEG 4000. Results showed that 20 x 108 cells/mL, under a static
culture condition, was the most efficient cell seeding density for extracellular matrix (ECM)
production on the basis of hydroxyproline and glycosaminoglycan content. Interestingly, material
stiffness did not significantly affect chondrogenesis, but rather material concentration was
correlated to chondrogenesis with increasing levels at lower concentrations based on ECM
production, chondrogenic gene expression, and histological analysis. These findings establish
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optimal cell densities for chondrogenesis within three-dimensional cell-incorporated hydrogels,
inform hydrogel material development for cartilage tissue engineering, and demonstrate the
efficacy and potential utility of PDLLA-PEG 1000 for point-of-care treatment of cartilage defects.
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1. Introduction

Cartilage tissue possesses limited potential for self-repair, and damage resulting from
various disease processes, aging, or trauma ultimately leads to the formation of a persistent
cartilage defect and the onset of osteoarthritis (OA).1 OA is a degenerative joint disease that
affects approximately 27 million people in the U.S. each year and it places a heavy burden
on society at a cost of approximately $89.1 billion yearly.23 Although the pathogenesis of
OA is not fully understood, age and body habitus contribute heavily to the development of
OA, and with an ever-aging population suffering from increasing rates of obesity, methods
towards addressing and alleviating the burden of this debilitating disease are a necessity.

Traditional treatment options aimed at resolving the osteochondral defect in OA have
provided limited success with each bearing their own inadequacies.* The use of an
osteochondral allograft provides native tissue that can be used to fill the defect, but it has the
potential for immune rejection, disease transmission, and infection. Microfracture stimulates
endogenous repair by a small fracture injury to the bone, but it can result in the formation of
mechanically inferior fibrocartilage instead of native hyaline cartilage, thereby requiring a
second intervention. Total joint arthroplasty, which is usually reserved for severe cases of
OA, increases mobility but eliminates the potential for biological joint repair and requires a
major surgery, which may not be an option for many patients.>® In addition, this repair has
limited lifespan in young patients, thus necessitating multiple surgeries over a lifetime.
Given the respective limitations of these techniques, new approaches towards treating OA
are actively being pursued.

Recently, regenerative medicine strategies using autologous cells, biomaterial scaffolds, and
growth factors have garnered significant interest as potential routes to repair the
osteochondral defect.1:” One set of techniques, autologous chondrocyte implantation (ACI)
and matrix-induced ACI (MACI), involve harvesting healthy chondrocytes from non-weight
bearing regions of articular cartilage and expanding the chondrocytes in vitro for re-
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implantation with or without cell seeding onto a biomaterial extracellular matrix (ECM).8:2
While such techniques utilizing mature adult cells offer a viable regenerative approach, they
are constrained by lengthy cell expansion times, the potential for de-differentiation of
chondrocytes during the expansion period, and contamination.19 Another promising avenue
towards obtaining mature chondrocytes involves the use of adult mesenchymal stem cells
(MSCs), which have the ability to differentiate into a variety of lineages, including
chondrocytes.!! Bone marrow derived stem cells (BMSCs) in particular are of great interest
for they are one of the most extensively studied MSCs, and intra-articular injections of
BMSCs have been reported to reduce osteoarthritic pain, improve joint mobility, and slow
progressive osteoarthritic degeneration.12-14 As such, regeneration in OA employing
BMSC:s is an attractive alternative to currently applied ACI procedures.

The ideal scaffold should mimic the mechanical properties of cartilage, degrade as cells
secrete their own extracellular matrix (ECM), and provide an environment conducive to cell
survival and maintenance of a chondrocyte lineage. Many biomaterials have been developed
that allow for live cell incorporation, but none adequately fulfill all the requirements of an
ideal scaffold.1>-17 Recently, we reported the use of a water soluble methacrylated
polyethyleneglycol-poly-D,L-lactide (mPDLLA-PEG) biodegradable polymer for live cell
scaffold fabrication that possessed high mechanical strength (~780 kPa).18 While this
scaffold possessed physiologically relevant mechanical strength on fabrication, we found
that after 4 weeks the strength of the cell-seeded scaffold had degraded drastically (~240
kPa). This finding implies that ECM deposition by the encapsulated cells failed to provide
sufficient mechanical reinforcement to the scaffold. Augmenting this ability is thus
necessary, for example by varying factors such as cell density and material properties, both
of which may affect ECM production, deposition, and organization. Indeed, for cells
incorporated in hyaluronic acid and alginate 3D scaffolds increasing levels of matrix
organization and deposition were seen with increasing concentrations of initial cell seeding
density up to approximately 20 x 108 cells/mL.19-22 On the other hand, an important
material property, stiffness, is also known to play a part in determining stem cell
differentiation into different lineages on both 2D and 3D substrates.23-2° For 2D surface-
seeded chondrocytes, mechanically matching scaffolds allowed for retention of rounded
chondrocyte morphology and higher ECM production than counterparts with lower
stiffnesses.3% However, this is contrasted by BMSC behavior in 3D hyaluronic acid
hydrogels where higher crosslinking densities and moduli led to a decrease in ECM
production.31:32 Given these observations, optimization of cell concentration and material
stiffness is likely to be critical for enhanced chondrogenesis in live cell incorporated
scaffolds that possess physiologically relevant mechanical properties.

In this study, we report the development of two new biomaterials, PDLLA-PEG 1000 and
PLLA-PEG 1000, which are low molecular weight versions of our previously reported
material, PDLLA-PEG 4000 (the terminal number indicates the molecular weight of the
PEG chain) for use in live cell 3D incorporation. These new polymers exhibit properties of
biodegradability and biocompatibility similar to those of the previous PDLLA-PEG 4000,
but they possess mechanical properties that are much higher due to increased crosslinking
density. Using these 3D materials, for the first time we probe the cellular efficiency of ECM
production with varying cell densities and the effects of modulating material stiffness on
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chondrogenesis on a physiologically relevant scale (~150 kPa to 1500 kPa Young’s
modulus) in static cultured human BMSC (hBMSC) incorporated hydrogels. Our results
should inform cell seeding protocols and the development of mechanically appropriate
scaffolds for point-of-care articular cartilage tissue engineering.

2. Materials and Methods

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) unless otherwise
specified.

2.1 Human Bone Marrow Stem Cell Isolation

hBMSCs were isolated from the femoral heads of patients undergoing total joint arthroplasty
with IRB approval (University of Washington and University of Pittsburgh), and cultured
and expanded as previously described.33 Briefly, bone marrow was flushed out from the
trabecular bone of the femoral neck and head using an 18-gauge needle and re-suspended in
Dulbecco’s Minimal Essential Medium (DMEM). The suspension was filtered through a 40
um strainer and the flow-through was centrifuged at 300g for 5 min. After the supernatant
was discarded, the cell pellets were re-suspended using growth medium (GM, a-MEM
containing 10% fetal bovine serum (FBS, Invitrogen), 1X antibiotics-antimycotic
(Ampicillin 100 units/mL, Streptomycin 100 pg/mL, Amphotericin B 250 ng/mL), and 1.5
ng/mL FGF-2 (RayBiotech, Norcross, GA)), and then plated into 150 cm? tissue culture
flasks at a density of 20,000-40,000 nucleated cells/cm?2, and medium was changed every 3
to 4 days. Once 70% to 80% confluence was reached, cells were passaged. All experiments
were performed with passage 4 (P4) hBMSCs except the cell concentration experiments,
which were performed with passage 3 (P3) hBMSCs. All cells used in this study were
pooled from three patients: 58 y/o female, 62 y/o female, and 69 y/o male.

2.2 Synthesis of Methacrylated PDLLA-PEG 4000, PDLLA-PEG 1000, and PLLA-PEG 1000

Preparation of mPDLLA-PEG 4000 was performed as described by Seck et al.3* Briefly, 50
g of PEG (4 kDa molecular weight) was placed into a 250 mL beaker and subjected to 600
W microwave irradiation for 3 min. Subsequently, 3.5 g (2.80 mL) of stannous octoate
[Sn(Oct),] was added to the molten PEG followed by addition of 7.2 g D,L-lactide. The
mixture was briefly swirled to mix the contents and then subjected to 600 W microwave
irradiation for 1 min. The initial PDLLA-PEG 4000 polymer was precipitated in 500 mL
cold isopropanol and dried under vacuum for 2 days. The dry polymer was placed into a dry
500 mL round bottom flask and dissolved in 100 mL dichloromethane (DCM) followed by
addition of three equivalents of trimethylamine (TEA, ~5.25 mL) and three equivalents of
methacrylic anhydride (MA, ~5.60 mL). The reaction mixture was placed under Argon gas
and allowed to stir at room temperature for 7 days. After completion of the reaction, the
mixture was precipitated into diethyl ether. For further purification, the macromere was re-
dissolved in minimal amounts of chloroform and re-precipitated in diethyl either.

Preparation of mPDLLA-PEG 1000 and mPLLA-PEG 1000 was carried out similarly as
above, except PEG with 1 kDa molecular weight was used in the synthesis and L-lactide was
used in place of D,L-lactide for the latter synthesis. In addition, the two precipitation steps
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(isopropanol and diethyl ether) included 1 hour of cooling at —20 °C after initial
precipitation to allow for the product to completely precipitate out.

2.3 Synthesis of Photoinitiator LAP

The visible-light sensitive initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
was synthesized as described by Fairbanks et al.3>

2.4 Fabrication of Live Cell Incorporated Constructs

Solutions of polymer and LAP were prepared in 50 mL tubes with 0.3% wi/v photoinitiator
and either 30%, 25%, or 20% w/v polymer. These concentrations were chosen to yield a
range of Young’s moduli from ~150 kPa to ~1500 kPa. For instance, the preparation of
mPDLLA-PEG 1000 (30% w/v) and LAP (0.3% wi/v) was carried out as follows: 12g
mPDLLA-PEG 1000 was placed in a 50 mL tube followed by addition of Hanks Balanced
Salt Solution (HBSS) close to the 40 mL mark. The solution was subsequently titrated to pH
7.4 with 10 N NaOH and adjusted to 40 mL using HBSS followed by addition of 120 mg
LAP (0.3% wiv).

hBMSCs were pelleted by centrifugation, and the supernatant was completely removed. The
appropriate amount of polymer solution was added on top of the pellets and mixed with cells
thoroughly by pipetting up and down 20 times for a final concentration of either 4 x 108, 8 x
108, 20 x 10, or 50 x 106 cells/mL. After the bubbles were removed by aspiration, the cell-
polymer solution was pipetted to fill multiple circular 5 mm diameter x 2 mm height molds
punched out of silicone rubber. Subsequently, a glass coverslip was placed over the molds to
ensure flat cylindrical structures. Following this, a visible light source supplying
wavelengths of 395 nm (7202UV395, LEDWholesalers) was used to cure the polymers for 2
minutes.

The completed constructs were cultured in chondrogenic medium [DMEM with 1% L-
alanyl- L-glutamine (GlutaMAX), 55 uM sodium pyruvate, 1X antibiotic-antimycotic, 1%
insulin-transferrin-selenium (ITS)(Invitrogen, Carlsbad, CA, USA), 10 ng/mL transforming
growth factor-g3 (TGF-B3; PeproTech, Rocky Hill, NJ, USA), 100 nM dexamethasone, 50
UM L-ascorbic acid 2-phosphate, and 23 pM L-proline]] for up to 8 weeks.

2.5 Degradation Test and Mechanical Testing

The extent of degradation of polymers is determined indirectly, by measuring the
mechanical property of scaffolds.20 Cell-free scaffolds fabricated as described above were
immersed in 4 mL HBSS supplemented with 1X antibiotic-antimycotic and maintained in a
cell culture incubator at 37 °C. HBSS was changed every 3 days.

Mechanical testing of scaffolds was conducted with a mechanical tester (Bose Electroforce
model 3230 Series 11). Briefly, the cylindrical scaffolds were placed between the
compressive motor and the load cell and subjected to 10% compression (0.2 mm) at 0.01
mm/s. The stress-strain curve was then plotted, and the linear area was used to calculate the
compressive modulus of the scaffolds.
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2.6 Live/Dead Staining

2.7 Sulfated

At days 1 and 7 post fabrication, cell viability was assessed with the Live/Dead viability/
cytotoxicity kit (Invitrogen) as examined by epifluorescence microscopy following the
product manual. The percentage of live cells was calculated by counting the number of live
green cells divided by the total (green and red cells together) in cross-sections that spanned
both the center and border of the constructs. Clusters of cells were counted to the best visual
discrimination of single cells. Images were captured with an inverted microscope (Olympus
CKX41, Japan) equipped with a Leica DFC 4300 camera.

Glycosaminoglycan (sGAG) and Hydroxyproline Quantification

Cartilage ECM deposition was quantified by measuring SGAG and total collagen
production. Constructs were homogenized and then digested for 18 h in 700 pl/construct of a
papain solution (125 ug/ml papain, 50 mM sodium phosphate buffer, 2 mM N-acetyl
cysteine (Sigma), pH 6.5). An aliquot of the digest was assayed for sGAG content using the
Blyscan kit (Accurate Chemical & Scientific Corp, Westbury, NY) according to the
manufacturer’s instruction. Another aliquot of the digest was assayed for DNA content using
the QuantiT PicoGreen dsDNA Assay Kit (Invitrogen).

A third aliquot was used to quantify collagen deposition by measuring hydroxyproline levels
using a modified hydroxyproline assay with bovine collagen type | as a standard. Briefly,
200 ul of each sample and standard were hydrolyzed with 200 pl of 4 N sodium hydroxide
(Fisher) at 121 °C for 20 min. 200 pl of 4N HCI (Fisher) was added and the solution was
titrated to a neutral pH. 1.2 mL of chloramine-T solution (Sigma) (14.1 g/L chloramine-T,
50 g/L citric acid, g/L sodium acetate trihydrate, 34 g/L NaOH, 0.21 M acetic acid) was
incubated at room temperature for 20 min. Then, 1.2 mL of 15 g/L p-
dimethylaminobenzaldehyde in 2:1 isopropanol:perchloric acid was added and the solution
was placed in a 60 °C water bath for 20 min. Finally, 200 pl of each sample in triplicate was
added into a 96 well plate and absorbance was read at 550 nm.

2.8 Analysis of Gene Expression by Real Time Reverse Transcription PCR (RT-PCR)

Total RNA of the cells within constructs was isolated by homogenizing in TRIZOL reagent
(Invitrogen) and purified using RNeasy Plus Mini Kit (Qiagen, Germantown, MD, USA).
Reverse transcription was achieved using SuperScript® VILO™ c¢DNA Synthesis Kit
(Invitrogen) according to the manufacturer’s protocol. Real-time PCR was performed using
the SYBR Green Reaction Mix (Applied Biosystems, Foster City, CA, USA) with a
StepOne-Plus thermocycler (Applied Biosystems). Gene expression levels of Sox 9,
collagen types Il and X, aggrecan and matrix metalloproteinase 13 (MMP13) were analyzed.
All sample values were normalized to ribosomal protein L13a (RPL13A) using the 2 AACt
method.

2.9 Histology

Whole constructs were fixed in 10% neutral buffered formalin (Fisher Scientific, Pittsburgh,
PA) for 1 day, dehydrated, paraffin-embedded, and 10 pm sections were prepared. Staining
with Safranin O/Fast Green and Alcian Blue/Fast Red was used to detect SGAG and
proteoglycan deposition.
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2.10 Transferrin Perfusion

Cell-seeded constructs composed of 30% PDLLA-PEG 4000 were fabricated as described
above. These were cultured in chondrogenic medium containing Transferrin-546 nm
(Invitrogen) at 60 pg/ml for 14 days. Constructs were then fixed in 4% paraformaldehyde
overnight at 4°C, equilibrated in sucrose, and embedded in optimal cutting temperature
(OCT) compound. These were then sectioned at 50 pum.

2.11 Statistical Analysis

3. Results

All data were expressed as mean = standard deviation and statistical analysis was performed
using either two-way independent analysis of variance (ANOVA) or two-way independent
multivariate analysis of variance (MANOVA) followed by Tukey’s HSD post hoc testing. A
threshold of p < 0.05 was used to determine statistical significance.

3.1 Mechanical testing and degradation analysis

Figure 1 shows the mechanical properties of PDLLA-PEG 4000, PDLLA-PEG 1000, and
PLLA-PEG 1000 over 28 days in HBSS. Due to the presence of ester bonds between lactide
molecules and PEG, the polymers are expected to degrade through hydrolytic cleavage
(Seck et al, 2010). The compressive moduli of the scaffolds decreased steadily over time,
with a p<0.001 between each time point within each group, except for between days 21 and
28 where the rate of change slowed. Statistically significant differences were also found in
group and concentration effects with regard to mechanical strength (p<0.001). The new
materials, PDLLA-PEG 1000 and PLLA-PEG 1000, were significantly stronger than
PDLLA-PEG 4000, as evidenced by a 3- to 4- fold higher compressive modulus at all time
points. In addition, the low molecular weight scaffolds did not swell in HBSS, likely
contributing to their strength.

3.2 Cell viability assessment in new materials

For the new materials, PDLLA-PEG 1000 and PLLA-PEG 1000, cell viability remained
high between the post-fabrication period and day 7 with cell viability >85% in all groups at
day 7 (Figure 2). The viability did not change significantly between the different
concentrations of polymer, indicating that at 20 x 108 cells/mL adequate nutrient diffusion
was achieved at all concentrations and that the materials were biocompatible.

3.3 Determining optimal cell density

Cells seeded in 30% PDLLA-PEG 4000 at varying concentrations all exhibited a significant
difference in compressive moduli between 4 and 8 weeks after fabrication (Figure 3A,
p<0.05), but mechanical strength was neither increased nor maintained within any group.
Examination of DNA levels showed significant differences between all groups except the 20
x 10 cells/mL and 50 x 108 cells/mL groups (p=0.178) (Figure 3B). Total SGAG and
hydroxyproline deposition was significantly higher in the 20 x 106 cells/mL group when
compared to 4 and 8 x 10° cells/mL (p<0.001), but was not significantly different from 50 x
108 cells/mL (Figures 3C, 3E). However, when normalized to number of cells originally
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seeded in the constructs, the 20 x 108 cells/mL group had significantly higher SGAG
deposition than all other groups (p<0.001) (Figures 3D, 3F). Safranin O and Alcian Blue
staining demonstrate strong GAG deposition by both 20 and 50 x 10° cells/mL groups, with
the former showing uniform staining and the latter showing weaker central staining (Figures
4A-4D). To evaluate whether the non-uniform pattern of chondrogenesis could be related to
accessibility to TGF-B3, fluorescently labeled transferrin (ITS - yellow) was added to the
culture medium as a tracer of similar molecular size to TGF-B3 to assess its diffusion
through the scaffold at different cell densities. Fluorescence microscopy revealed that at
higher cell density, ITS staining was limited to the periphery of the scaffold (Figure 4F),
while at lower cell density the ITS uptake was more uniform (Figure 4E). Sections were
taken at approximately the center of each scaffold.

3.4 Effect of material stiffness on chondrogenesis

Compressive moduli of PDLLA and PLLA-PEG 1000 were significantly higher at all
concentrations and time points than corresponding PDLLA-PEG 4000 (p<0.001) (Figure
5A). However, compressive moduli were not maintained over the 28-day culture period.
DNA content was significantly higher in the PDLLA-PEG 4000 groups across the 3
concentrations than in the other low molecular weight groups (p<0.001), most likely due to
the swelling of the scaffold which provided for more space for cell proliferation (Figure 5B).
Due in part to this higher cell number, the group effects for total levels of SGAG and
hydroxyproline were significantly higher for PDLLA-PEG 4000 versus PDLLA and PLLA-
PEG 1000 (p<0.005) (Figure 5C, 5E). However, when calculated based on DNA content
there was no significant difference in the group effects of SGAG/DNA and
hydroxyproline/DNA for PDLLA-PEG 4000 versus PDLLA-PEG 1000 (p>0.5 for both)
(Figure 5D,5F). In all measures of ECM production, PLLA-PEG 1000 was significantly
lower than either of the other two groups (p<0.001)(Figures 5C-5F). In addition, there was a
significant polymer concentration effect for SGAG/DNA and sGAG/construct, with p<0.05
for 20% versus 25%, 25% versus 30%, and 20% versus 30%. The only exception to this was
in SGAG/DNA, with p=0.06 for 25% versus 30%. (Figures 5C, 5D).

The influence of polymer concentrations on chondrogenic gene expression across the
different groups is shown in Figure 6. Overall, there was a significant polymer concentration
effect for PLLA-PEG 1000 for all combinations of concentrations in all genes tested
(p<0.05). The exceptions to this in the PLLA-PEG 1000 group were for collagen type X
(20% versus 25%, p=0.286) and MMP13 (25% versus 30%, p > 0.5). Conversely, PDLLA-
PEG 1000 exhibited significant differences only between 25% and 30% and PDLLA-PEG
4000 in general contained no significant differences between groups. The one exception in
the PDLLA-PEG 4000 group was for 20% versus 30% in collagen type 11 (p=0.045). Lastly,
multivariate analysis of PDLLA-PEG 4000 versus PDLLA-PEG 1000 to determine
differences in chondrogenic potential revealed no significant differences across all genes
except MMP13, which had a p=0.027.

Histological analysis of ECM production using Alcian Blue/fast red staining is shown in
Figure 7. Strong sGAG deposition is seen across all polymer concentrations in the PDLLA-
PEG 4000 group with decreasing staining as concentration of material was increased
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(Figures 7A-C). PDLLA-PEG 1000 group exhibited a similar trend of strong staining, which
decreased with increasing polymer concentration (Figures 7D-F). In contrast, cells exhibit
weak staining across all three polymer concentrations in the PLLA-PEG 1000 group
(Figures 7G-I). The histological findings thus correlated well with the gene expression data,
with PLLA-PEG 1000 scaffolds showing significant differences in gene expression levels of
chondrogenic markers when compared to PDLLA-PEG 1000.

4. Discussion

The goal of this study was to identify and characterize a candidate biomaterial scaffold that
is able to support chondrogenic differentiation of seeded hBMSCs, and possesses a
biodegradability profile sufficient to mimic the mechanical properties of the native cartilage
tissue. As a control, the previously characterized material, PDLLA-PEG 4000, was used. We
identified PDLLA-PEG 1000 as a material that possesses mechanical properties in the range
of native articular cartilage, and demonstrated both high cell viability and chondrogenic
potential of seeded hBMSCs within the material construct. We found that the optimal cell
seeding density for ECM deposition in this material was 20 x 106 cells/mL due to limited
nutrient diffusion above those concentrations, and interestingly, we also observed that
hBMSC chondrogenesis within this material was dependent on material concentration, not
material stiffness. These findings point to the potential utility of this material in point-of-
care articular cartilage repair and inform future material development.

A point-of-care engineered cartilage construct ideally possesses mechanical properties
similar to native cartilage at the time of fabrication.! Towards this end, the new low
molecular weight polymers possessed much higher moduli than PDLLA-PEG 4000,
presumably due to the increased number of crosslinking chains. Indeed, this increase in
toughness of methacrylate networks corresponding to higher crosslinking density has been
previously described.3® Interestingly, PLLA-PEG 1000 displayed higher moduli than
PDLLA-PEG 1000 at the same concentrations despite having a similar chemical
composition (as shown in Figure 1), but we hypothesize that this can be explained by lower
levels of hydrolysis, which is a known degradation mode for these networks,3” in the former
during the pH neutralization step of the material preparation (see section 2.5). Degradability
has been shown to be an important component of successful remodeling,38-40 and these new
materials possessed similar degradation rates to PDLLA-PEG 4000 likely due to all
materials having the same ratio of hydrolyzable lactide to PEG moieties.

With materials covering a wide range of mechanical stiffnesses, the optimal constructs for
chondrogenesis in static culture were assessed by examining the effect of cell concentrations
on ECM production and mechanical properties. Our results showed that 20 x 108 cells/mL
loading density allowed for the most efficient production of ECM per cell (Figure 3).
Interestingly, this concentration is similar to those reported to be optimal in softer hydrogels
such as hyaluronic acid1920-22, We also observe that the DNA content of 20 and 50 x 108
cells/mL groups are the similar at 4 and 8 weeks, which we hypothesize is due to cell death
in the latter. A combination of two factors is potentially at play: saturation of cells per unit
volume in the confined space of the construct, and limitation in cell support by nutrient
diffusion through the scaffold in static culture. Nutrient diffusion has been implicated as a
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limiting factor for ECM production, as Mauck et al. demonstrated that increased nutrient
diffusion through mechanical stimulation allowed for higher levels of ECM deposition at
high cell densities.2>26 Indeed, at 50 x 106 cells/mL, the periphery of the scaffold showed
strong matrix GAG staining with both Alcian blue and Safranin O compared to the center in
contrast to the uniform staining seen in the 20 x 10° cells/mL group. This region-dependent
characteristic of MSC chondrogenesis has been demonstrated by Farrell et al. and is in
accordance with our findings.#! Results in Figures 4E and 4F suggest that this phenomenon
may be due to the lower cell density allowing for higher diffusion of transferrin, a molecule
of similar size to TGFR3, through the entire scaffold. It is noteworthy that all hydrogel
constructs were cultured sitting undisturbed on flat surfaces (the bottom of a six-well tissue
culture plate) with the minimum amount of medium needed to cover the top surface, thus
little to no diffusion occurred from the top/bottom and most diffusion occurred along the
lateral edge of the constructs.

Another factor known to influence stem cell behavior is matrix stiffness, with stiffer
matrices promoting osteogenesis and softer ones driving cell fate toward adipogenesis.23-29
However, how stiffness affects MSC chondrogenesis in degradable 3D networks within the
physiological range of cartilage stiffness has not been reported. With the optimal cell
concentration for static culture established, we next studied the influence of scaffold
mechanical property on ECM production (Figure 5) and gene expression (Figure 6) at a cell
concentration of 20 x 106 cells/mL. Strikingly, on the basis of ECM deposition, we found
that mechanical stiffness is unlikely to be the driving factor between the differences in ECM
production, but rather it is the concentration of the polymer used to create the hydrogel that
seems to dictate the biological response. Specifically, the free space (as a function of
concentration) available in the scaffold seems to drive the ability of the cells to produce
ECM. This can be clearly seen in the case of gene expression in PLLA-PEG 1000 (Figure
6), where the expression levels of ECM related genes (Sox9, Col I, Aggrecan, Col X) are
increasingly downregulated as concentration increases, whereas matrix catabolic gene
MMP13 is upregulated with increasing concentration. We also observe that at 4 weeks, cell
viability is still maintained in both PDLLA-PEG 1000 and PLLA-PEG 1000 (Figure S1).
We hypothesize that the material PLLA-PEG 1000 performs poorly in both ECM production
and gene expression because of limited diffusion due to the L configuration of the lactide
molecules which does not allow water to move through and penetrate the scaffold as readily
as in the PDLLA scaffolds, which is reflected in its slower degradation than PDLLA.42 This
property would potentially lead to decreased nutrient diffusion and a smaller “space” sensed
by cells, thus magnifying the polymer concentration effect on matrix production. While
Bryant et al. previously noted that in non-degradable and partially degrading PEG networks
ECM production did not vary within a range of about 1 MPa and 10-30% w/w
concentration3, our hydrogels are fully degradable and thus lend a different
microenvironment. Our observations also contrast with the study by Bian et al., which
demonstrated that higher crosslinking densities decreased cartilage ECM production.3! This
discrepancy, however, can be reconciled by their observation that higher crosslinking density
actually resulted in higher concentrations of hyaluronic acid retained in the material. Thus,
by viewing these findings in terms of decreased cell space rather than increased crosslinking
density, they are consistent with our observations and conclusions.
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While ECM production is one measure of efficacy, one of the main limitations of our study
is that none of the scaffolds were able to achieve our end goal of constructs that can retain
mechanical strength over time. On examination of histological sections (Figure 7), we see
that even in the groups with adequate nutrient diffusion, the deposited ECM is localized only
around cell clusters and not distributed within the PEG material (holes seen in the material
are due to sample processing). This localized distribution of ECM has been observed in
other studies utilizing PEG-based materials as well38:39, and is a likely cause to the inability
of the deposited ECM to reinforce the scaffold. Indeed, studies utilizing high cell
concentrations allowing for cell contact, materials that result in distributed ECM deposition
within the scaffold, or cell pellets all have demonstrated the ability to increase mechanical
strength over time — albeit starting from a low mechanical strength20:43-46_|n addition to
lack of mechanical property retention, another limitation lies in the appearance of
hypertrophic cells, a well-known shortcoming of MSC chondrogenesis in 3D scaffolds.
Based on expression levels of hypertrophy related genes MMP13 and ColX (Figure 6) the
new material PDLLA-PEG 1000 is not able to reduce hypertrophic response, an inevitable
consequence of exposure to TGF-B3 containing chondroinductive medium.*7-48 However, it
does offer the advantage of increased mechanical strength without a decrease in ECM
production.

Overall, we have established here an optimal cell seeding density and introduced a new
material, PDLLA-PEG 1000, that is similarly pro-chondrogenic for encapsulated BMSCs as
the PDLLA-PEG 4000 we previously reported, and we have demonstrated that within the
150 kPa — 1500 kPa range, material concentration plays an important role in determining
cellular response rather than material stiffness or crosslinking density. This new material
also exhibits substantially improved mechanical strengths approximately 4 times higher than
its high molecular weight counterpart after 4 weeks of culture. However, the mechanical
strength of the PDLLA-PEG 1000 scaffold is still not adequately augmented by new ECM
produced by the seeded cells. Given the absence of cell-binding sites on PDLLA-PEG, it is
possible that the supplementation of molecules that can interact with cells, such as
hyaluronic acid, can aid in ECM deposition and crosslinking.49-51 Another challenge is the
limited nutrient diffusion into the biomaterial scaffold. Mauck et al. previously showed that
mechanical loading increases nutrient diffusion through hydrogels and improves mechanical
properties of agarose scaffolds after 4 weeks of cyclic loading, and allows for cell densities
higher than 20 x 108 cells/mL to be optimal.5253 A similar mechanical regimen may be
tested here. Lastly, increasing the PDLLA to PEG ratio in our polymers may allow for
increased cell contact and ECM crosslinking due to increased “space” due to higher rates of
degradation. These concepts will be tested to achieve a cell incorporated construct that can
retain mechanical properties for cartilage tissue engineering.

5. Conclusion

In this study, we have determined that BMSC seeding at 20 x 108 cells/mL allows for
optimal efficiency of ECM production per cell for cell incorporated PDLLA-PEG hydrogels
in static culture. We also conclude that within the physiological range of cartilage
mechanical properties in PDLLA-PEG hydrogels, material concentration but not material
stiffness influences cell ability to secrete ECM with increasing hydrogel concentrations
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limiting matrix deposition. This characteristic implies that degradable PEG hydrogels that
possess high stiffness at low polymer concentrations are better able to maximize cell free
space concurrently with mechanical strengths and would be optimal for cartilage tissue
engineering. Lastly, we have introduced a new material, PDLLA-PEG 1000, that possesses
mechanical strength in the physiologic range of native cartilage and strong chondrogenic
potential. Our current work aims to optimize and develop this material for the repair of
cartilage defects in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mechanical properties and degradation of polymers as a function of polymer

concentrations and incubation time

(A) PDLLA-PEG 4000; (B) PDLLA-PEG 1000; and (C) PLLA-PEG 1000. Statistically
significant reductions in compressive moduli are seen at each increasing time point
(p<0.001) and each concentration for all materials, except between days 21 and 28 where p
> 0.5. In addition, the main effects of material type and material concentration are
significantly different for these biomaterials (p<0.001 based on two-way independent

ANOVA). n = 3 replicates for all groups.
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Figure 2. Cell viability in hydrogel constructs

(AB,E,F1,J,M,N,Q,R,U,V) Calcein-AM staining (green, live cells) and
(C,D,G,H,K,L,0,P,S, T,W,X) EthD-1 staining (red, dead cells) in cell-seeded scaffolds
following fabrication at days 1 and 7 across 20%, 25%, and 30% w/v polymer
concentrations. Cell viability at day 7 was >85% in all groups based on green count/ total
count. Scale bar = 150 um.
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Figure 3. Effect of cell density on ECM synthesis
BMSCs were seeded in 30% PDLLA-PEG 4000 at densities ranging from 4 - 50 x 10°

cells/mL. (A) Mechanical strength of constructs after 4 and 8 weeks of static culture. (B)
Total cell number estimated from DNA content in constructs (C,E) Total ECM deposition
measured by (C) GAG and (E) Hydroxyproline contents per construct. (D,F) ECM
deposition normalized to initial cell loading number. *, p<0.05, between week 4 and week 8.
#, p<0.001, for 20 and 50 x 10° cells/mL groups versus4 and 8 x 106 cells/mL groups at
both timepoints, and no significant difference between 20 and 50 x 108 cells/mL. **,
p<0.001, when compared to all other groups at the same time point. n = 6 replicates per

group.
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Figure 4. ECM deposition in high cell density constructs at 8 weeks
(A,C) Macroscopic view of (A) Alcian Blue/Fast Red staining and (C) Safranin O/fast green

staining for GAG deposition in 20 x 108 cells/mL. Inset is a higher magnification
representative region in the construct. (B,D) Macroscopic view of (B) Alcian Blue/Fast Red
and (D) Safranin O/Fast Green staining at 50 x 10° cells/mL. Top right inset is higher
magnification representative region in periphery of construct while bottom left shows higher
magnification representative region in more central zone of the construct. (E,F) Cellular
uptake of fluorescently labeled transferrin at 20 x 108 cells/mL and 50 x 10° cells/mL after
14 days of static culture, respectively. Scale bars = 1500 um in macroscopic views, 150 um
in the insets.
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Figure 5. Effect of material concentration and stiffness on ECM deposition
BMSCs were seeded at 20 x 10° cells/mL in scaffolds of different polymer concentrations

and material properties. (A) Mechanical strength post fabrication and after 4 weeks of
culture. Mechanical properties of PDLLA and PLLA-PEG 1000 were significantly higher at
all polymer concentrations and timepoints than corresponding PDLLA-PEG 4000 (p<0.001).
(B) Cell number measured on the basis of DNA content in constructs. (C,E) Total ECM
deposition measured by (C) GAG and (E) Hydroxyproline production per construct. (D, F)
ECM deposition normalized to DNA content. *, p<0.001, as compared to other materials at
same concentration. **, p<0.001, for main effect of material as compared to others. #,
p<0.05, for main effect of material concentration between concentrations and p<0.005 for
main effect of PDLLA-PEG 4000 versus other groups. T, p<0.005, for main effect of
PDLLA-PEG 4000 versus other groups. All effects were determined by Tukey’s HSD post-
hoc testing following two-way independent ANOVA analysis. n = 6 replicates per group.
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Figure 6. Real-time PCR analysis of gene expression in hBMSC seeded constructs (20 x 108

cells/mL) at day 28

Relative gene expression levels of (A) collagen type I, (B) Aggrecan, (C) Sox9, (D)

collagen type X, and (E) MMP13, normalized to cell gene expression in PDLLA-PEG 4000
at 30% wi/v polymer concentration. Overall, two-way independent MANOVA analysis of
PDLLA-PEG 4000 versus 1000 revealed no significant differences across all genes except

MMP13 (p=0.027). *, p<0.05, for PDLLA-PEG 1000 25% versus 30%. #, p< 0.005,

between all concentrations for PLLA-PEG 1000 except collagen type X, where 20% versus
25% showed p=0.286. &, p<0.005, between 20% versus 25% and 30%. n = 6 replicates per

group.

Acta Biomater. Author manuscript; available in PMC 2018 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sunetal. Page 22
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Figure 7. Glycosaminoglycan content in hBMSC-encapsulated constructs (20 x 108 cells/mL)
visualized by Alcian Blue/Fast Green staining at day 28

(A,D,G) Staining of PDLLA-PEG 4000 group. (B,E,H) Staining of PDLLA-PEG 1000
group. (C,F1) Staining of PLLA-PEG 1000. Scale bar = 150 um. Center of scaffold is
towards top left of images, and images were obtained between the center and edge of
scaffold.

Acta Biomater. Author manuscript; available in PMC 2018 February 15.



	Abstract
	Graphical abstract
	1. Introduction
	2. Materials and Methods
	2.1 Human Bone Marrow Stem Cell Isolation
	2.2 Synthesis of Methacrylated PDLLA-PEG 4000, PDLLA-PEG 1000, and PLLA-PEG 1000
	2.3 Synthesis of Photoinitiator LAP
	2.4 Fabrication of Live Cell Incorporated Constructs
	2.5 Degradation Test and Mechanical Testing
	2.6 Live/Dead Staining
	2.7 Sulfated Glycosaminoglycan (sGAG) and Hydroxyproline Quantification
	2.8 Analysis of Gene Expression by Real Time Reverse Transcription PCR (RT-PCR)
	2.9 Histology
	2.10 Transferrin Perfusion
	2.11 Statistical Analysis

	3. Results
	3.1 Mechanical testing and degradation analysis
	3.2 Cell viability assessment in new materials
	3.3 Determining optimal cell density
	3.4 Effect of material stiffness on chondrogenesis

	4. Discussion
	5. Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

