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Abstract

Adding chondroitin sulfate (CS) to collagen scaffolds has been shown to improve outcomes for 

articular cartilage tissue engineering. Instead of physical entrapment or chemical crosslinking of 

CS within a scaffold, this study investigated the use of CS with attached collagen-binding peptides 

(termed CS-SILY). This method better recapitulates aspects of native cartilage while retaining CS 

within a collagen type I and II blend (Col I/II) hydrogel. CS retention, average fibril diameter, 

and mechanical properties were altered by varying the number of SILY peptides attached to the 

CS backbone. When mesenchymal stromal cells (MSCs) were encapsulated within the scaffolds, 

the addition of CS-SILY molecules resulted in higher sulfated glycosaminoglycan production, 

and these results suggest that CS-SILY promotes MSC differentiation into chondrocytes. Taken 

together, our study shows the promise of adding a CS-SILY molecule to a Col I/II hydrogel with 

encapsulated MSCs to promote cartilage repair.
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INTRODUCTION

The loss of articular cartilage incurred as osteoarthritis progresses is a burden both 

physically and financially. Each year, over one million Americans undergo total joint 

replacement,1, 2 which is the medically indicated treatment for osteoarthritis of the knee 

or hip in patients for whom pain is no longer treatable using drugs and viscosupplements. 

Because articular cartilage is avascular and contains a low concentration of cells, it cannot 

repair itself.3 Current surgical options for focal cartilage defects are invasive and include 

osteochondral grafts, autologous chondrocyte implantation, and marrow stimulation.4, 5 

However, these treatments incur long rehabilitation times and often result in fibrocartilage 

tissue, which has mechanical properties inferior to native cartilage.6 In order to better mimic 

native tissue, we take a tissue engineering approach, which combines cells, a scaffold, 

and bioactive factors for implantation into a cartilage defect.7 The choice of scaffold and 

addition of extracellular matrix molecules are two ways to enhance the chondrogenesis 

of mesenchymal stromal cells (MSCs), a promising cell source that differentiates into 

chondrocytes under certain environmental conditions.7, 8

Articular cartilage is predominantly composed of collagen type II fibrils, which comprise 

the 3D architecture of the tissue, and proteoglycans such as aggrecan. Aggrecan contains 

a large number of sulfated glycosaminoglycans (GAGs), such as chondroitin sulfate (CS), 

and attaches, along with link protein, to a central filament of hyaluronic acid (HA) to form 

supramolecular complexes.9 These supramolecular complexes, which are trapped within 

the cartilage matrix, are negatively-charged molecules, are present in high concentration in 

cartilage, and result in water influx and retention within cartilage.9, 10 The retention of water 

gives cartilage a high compressive strength and aids in joint lubrication.

For tissue engineered scaffolds, collagen is an attractive option due to its biocompatibility 

and ubiquity in tissues.11 Collagen type I, which is widely available, is the collagen type 

most often used for cartilage engineering even though collagen type II is the predominant 

collagen type in native cartilage. Early studies saw promising repair when MSCs were 

differentiated into chondrocytes in collagen type I hydrogels.12, 13 However, these studies 

demonstrated that clinical limitations of collagen I hydrogels include poor integration with 

surrounding tissue and surface splitting, fibrillation, and thinning.12 Furthermore, collagen 

type II hydrogels are superior in promoting the differentiation of encapsulated MSCs to 

chondrocytes compared to collagen type I hydrogels.14, 15

A scaffold with a collagen type I to collagen type II ratio of 3:1 (this formulation is hereafter 

referred to as Col I/II gels) was developed and characterized previously by our laboratory 

to harness the biological activity of collagen type II and the superior gelation of collagen 

type I.16 Although the blends were able to retain CS and HA post-polymerization, less than 

45% of the original CS and 25% of the original HA added was incorporated in the Col I/II 
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hydrogels. The Col I/II hydrogels were evaluated for chondrogenic differentiation of MSCs 

in vitro and cartilage repair potential in vivo.17 The Col I/II hydrogel showed potential for 

regeneration since it promoted integration with surrounding tissue and provided favorable 

conditions for cartilage repair, but there was room for improvement. The current study 

augments the cartilage-promoting abilities of these hydrogels by investigating strategies that 

recapitulate aspects of native cartilage and result in better retention of CS.

There are many examples in which the addition of CS improved scaffolds for articular 

cartilage tissue engineering using either encapsulated chondrocytes or MSCs. CS stimulated 

the production of proteoglycans by chondrocytes when added to the medium.18 Adding 

CS to chitosan resulted in scaffolds that retained the chondrocyte phenotype and promoted 

chondrocyte deposition of GAG and collagen type II.19 Photocrosslinking CS with polyvinyl 

alcohol formed a hydrogel that also maintained the rounded shape of encapsulated 

chondrocytes.20 When CS was crosslinked within poly(ethylene glycol) (PEG) hydrogels, 

embedded chondrocytes produced higher levels of GAG and collagen accumulation,21 

upregulated gene expression of aggrecan and link protein,22 and deposited more collagen 

type II in vivo22 compared to chondrocytes in control PEG gels. Similar effects were 

seen with MSCs. Copolymerizing CS within PEG hydrogels upregulated cartilage-specific 

genes and downregulated hypertrophic genes, such as Col X, of encapsulated MSCs.23, 24 

Furthermore, combining dynamic compression with CS in these PEG-based gels strongly 

supported MSC differentiation into chondrocytes and inhibited hypertrophy.25 Of particular 

interest, crosslinked chondroitin sulfate and collagen type II hydrogels with seeded MSCs 

resulted in better repair of in vivo cartilage defects after one month compared to collagen 

type II hydrogels alone.26

To incorporate CS within our Col I/II hydrogels, we utilized technology previously 

developed by our laboratory. Previous work covalently attached matrix-binding peptides 

to glycosaminoglycan backbones to mimic aggrecan,27–30 lubricin,31, 32 and decorin.33–37 In 

particular, a collagen-binding peptide (RRANAALKAGELYKSILYGSG), which was named 

SILY, attached to a dermatan sulfate (DS) backbone, was designed to mimic decorin, a 

small proteoglycan that is associated with collagen fibrils.33–35, 37 The decorin mimic has 

been shown to bind to collagen and inhibit collagen degradation mediated by MMP-1 and 

MMP-13.33, 37 Importantly, decorin has been shown to play an integral role in cartilage 

matrix organization and mechanics.38 To facilitate incorporation of CS in our collagen type 

I/II blend hydrogels, this study uses a similar strategy by conjugating different amounts of 

the SILY peptide to functional groups on CS to create a collagen-binding glycan (named 

CS-SILY).

Overall, this study investigates how the addition of SILY peptides to a CS 

backbone enhances the retention of CS in a Col I/II blend hydrogel over time 

and alters network structure and mechanical properties. SILY-hydrazide peptides 

were attached to a CS backbone through coupling to -COOH using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), and the number of peptides was 

varied to create 3 different molecules: CS-10SILY, CS-15SILY, and CS-20SILY with 

10, 15, and 20 denoting the number of SILY peptides attached to CS. The in vitro 
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chondrogenic differentiation of bone marrow-derived MSCs embedded within Col I/II gels 

and supplemented with either CS or CS-SILY molecules was also examined.

MATERIALS AND METHODS

Reagents

Unless otherwise specified, all materials were purchased from Sigma-Aldrich (St. Louis, 

MO).

Molecule Preparation

The collagen-binding proteoglycan mimetic was synthesized using EDC chemistry to 

conjugate the SILY peptide-hydrazide (China Peptide Company) to a chondroitin-6-sulfate 

(CS) (40 kDa, Seikagaku, Tokyo, Japan) backbone creating an amide bond. Using an 8 M 

urea solution and 0.05 mM EDC, the carboxyl groups on the CS backbone were activated for 

20 minutes at room temperature and pH 4.5. The CS backbone was then functionalized by 

reacting 10% molar excess of the desired molar ratio of SILY peptide-hydrazide (10:1, 15:1, 

or 20:1 ratio of peptide/CS) overnight with shaking. The pH was then altered to 8 to stop 

the reaction. The molecules were purified using size exclusion chromatography on an AKTA 

fast protein liquid chromatography (FPLC) unit (GE Healthcare, Piscataway, NJ) with Bio-

Scale Mini Bio-Gel columns packed with polyacrylamide beads (Bio-Rad Laboratories, 

Hercules, CA) and then freeze dried. A Nanodrop 2000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA) was used to confirm the final concentration of peptide attachment 

to the CS backbone using a standard curve based on peptide absorbance at 280 nm. Three 

different molecules (CS-10SILY, CS-15SILY, and CS-20SILY) were created. All of these 

molecules had measured molar ratios of SILY peptide to CS within ±10% of the desired 

molar ratio (Table 1).

Hydrogel Preparation

The collagen type I and II blend hydrogels were prepared using a protocol described in 

detail in Kilmer et al.17 A stock solution of collagen type II from lyophilized chicken 

sternum (Sigma-Aldrich, Saint Louis, MO) was prepared at a concentration of 11 mg/mL 

in 20 mM acetic acid. The concentration of the collagen type II stock solution was 

measured after sterile filtration using a bicinchoninic acid (BCA) assay (Pierce, Rockford, 

IL). Using the post-sterilization concentration, the collagen type II was then diluted to a 

stock concentration of 8 mg/mL in 20 mM acetic acid prior to use. A 3:1 collagen type 

I to collagen type II (Col I/II) was created by combining acid-solubilized collagen type 

I from rat tail (Corning, Corning, NY) with the stock solution of collagen type II. A 

neutralization solution was prepared to raise the pH of the solutions to 7.4 with the addition 

of 10x phosphate-buffered saline (PBS), 1 M NaOH, and 1x PBS and diluted to a final 

concentration of 4 mg/mL total collagen. To the base hydrogel with no added CS (No Trt), 

10 μM of CS, CS-10SILY, CS-15SILY, or CS-20SILY was added in neutralization solution 

with 1x PBS.
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Chondroitin Sulfate Diffusion from Hydrogel

A dimethyl methylene blue (DMMB) assay was used to measure the amount of CS, in the 

form of CS or a CS-SILY molecule, retained in a 50 µL hydrogel over time. Hydrogels 

(n = 4), which were allowed to polymerize in a 96 well plate for either 3 or 12 hours at 

37°C, were created with 10 µM of either CS, CS-10SILY, CS-15SILY, or CS-20SILY. After 

polymerization, all hydrogels were washed with 1x PBS for 5 minutes, and hydrogels were 

freeze-dried each day from day 0 to 7. As previously described, hydrogels were digested 

at 60°C for 24 hours with 125 μg/mL of activated papain solution in a papain digestion 

buffer (5 mM ethylenediaminetetraacetic acid (EDTA), 5 mM L-cysteine (Alfa Aesar, Ward 

Hill, MA), and 100 mM NaH2PO4).39 The digested product was then freeze-dried and 

resuspended in autoclaved water. A 20 µL aliquot of digested hydrogel construct was 

combined with 30 µL of water and 250 µL DMMB dye solution. The absorbance of the 

solution was then measured at 525 nm. A standard curve was created using either CS, 

CS-10SILY, CS-15SILY, or CS-20SILY depending on the molecule that was added prior 

to polymerization. The percentage of encapsulated CS was calculated by comparing the 

amount of CS retained in the gel over time with the amount of CS added to the hydrogel.

Rheology

Frequency sweeps were performed on an ARG2 rheometer (TA instruments, New Castle, 

DE) using a 20 mm cone geometry. Hydrogels (n = 3) were polymerized on a Teflon coated 

microscope slide (Tekdon, Myakka City, FL) using a volume of 150 uL. The frequency was 

varied from 0.01 to 10 Hz with a controlled stress of 0.5 Pa.

Cryoscanning Electron Microscopy (Cryo-SEM)

The same hydrogel treatments used in the diffusion experiments were analyzed using Cryo-

SEM (Nova NanoSEM, FEI, Hillsboro, OR), and 75 uL of each hydrogel (n = 3) was 

polymerized at 37°C on a machined stage. The stages with polymerized hydrogels were 

moved into a stage holder and then flash frozen in liquid nitrogen slush. The samples 

were fractured in a Gatan Alto 2500 prechamber (Gatan Inc., Pleasanton, CA). Samples 

were sublimated for between 10 and 15 minutes at −90°C and sputter-coated with platinum 

for 120 seconds. The samples were then imaged on the microscope cryostage at −140oC. 

Fibrils from three images per sample were measured with the FIJI image processing package 

(National Institutes of Health, Bethesda, MD) using a previously described protocol.16 Fibril 

diameter measurements (n ≥ 270) were analyzed by blinded observers who measured the 

fibril diameter of 10 fibers in 9 images of each treatment. The percent porosity and number 

of pores was calculated using the Diameter J plugin on FIJI to segment the image and 

calculate the void in 9 images per treatment.

Stem Cell Encapsulation

Mesenchymal stromal cells were isolated from the bone marrow of New Zealand White 

rabbits following a previously described protocol.17 Briefly, bone marrow was collected 

from both femurs and humeri of skeletally mature New Zealand White rabbits (Covance, 

Princeton, NJ) following a protocol that was approved by the Purdue Animal Care and 

Use Committee (PACUC). Bone marrow was aspirated using an 18-gauge needle that was 
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percutaneously inserted into the intertrochanteric fossa of the femur and the greater tubercle 

of the humerus. The marrow from each rabbit was pooled, centrifuged, and resuspended 

in maintenance medium (low-glucose Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (Lonza, Walkersville, MD) and 1% penicillin-

streptomycin). Autoclaved water was added to lyse the red blood cells. Upon centrifugation, 

the cells were plated and incubated at 37°C with 5% CO2. The first medium change was 

performed after four days of culture following a 1x PBS wash step, and subsequent medium 

changes were every three days. The cells were subcultured after 2.5 weeks upon reaching 

70% - 80% confluency.

MSCs were resuspended in collagen pre-polymerization solutions at a cell density of 5 × 

106 cells/mL. The pre-polymerization solution contained either the neutralization solution 

discussed in the hydrogel preparation section or the addition of CS in the form of 10 

µM CS, CS-10SILY, CS-15SILY, or CS-20SILY in neutralization solution. The hydrogels, 

which were made of 50 μL of solution, were polymerized in 96 well plates at 37°C 

for 3 hours before the addition of chondrogenic medium. Defined chondrogenic medium 

(CM) was formulated with high-glucose DMEM supplemented with 1% ITS+Premix (BD 

Biosciences, San Jose, CA), 1% penicillin-streptomycin, 1 mM sodium pyruvate, 50 µM 

proline, 4 mM L-glutamine, 50 µg/mL ascorbic acid, 100 nM dexamethasone, and 10 ng/mL 

transforming growth factor-β3 (TGF-β3) (Peprotech, Rocky Hill, NJ). For GAG, DNA, 

and collagen analysis, cell-hydrogel constructs were cultured for up to 4 weeks with 3 

medium changes each week. For collagen analysis of the medium, medium aliquots from 

each medium change were pooled together from each week. Hydrogels were maintained in 

free-floating conditions. Cell-hydrogel constructs were digested by papain before DNA and 

GAG quantification.

Sulfated GAG Production and DNA Analysis

Using a Hoechst dye, DNA was measured as previously described,40 and a standard curve of 

calf thymus DNA was created. The cell-hydrogel construct (n = 4) was added to a Hoechst 

dye solution, and the fluorescence was read at an excitation wavelength of 340 nm and 

an emission wavelength of 465 nm. Sulfated GAG content (n = 4) was measured using a 

DMMB assay where 20 µL of the papain-digested hydrogel constructs were diluted with 

30 µL of water and 250 µL DMMB dye solution. The absorbance of the solution was read 

at 525 nm. A standard curve was created using chondroitin sulfate from shark cartilage 

(Seikagaku, Tokyo, Japan).

Collagen Analysis

Using a Biocolor Soluble Collagen Assay kit (Carrickfergus, Northern Ireland), collagen 

from cell-hydrogel constructs and media aliquots was measured using a Sircol dye reagent 

and following the manufacturer’s instructions. The cell-hydrogel constructs (n =3) were 

freeze dried and resuspended in a 0.1 mg/mL solution of pepsin in 0.5 mM acetic acid. 

The scaffold samples were incubated overnight at 4°C in the acid-pepsin extraction solution. 

The acid-pepsin extraction step was not required for media aliquots. Once the collagen-dye 

complex precipitated out from unbound dye, the pellet was resuspended. The absorbance 

was measured at a wavelength of 555 nm. A standard curve was created using collagen 

Kilmer et al. Page 6

ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



type I/II in either 20 mM acetic acid or chondrogenic medium depending on whether 

cell-hydrogel or medium samples, respectively, were analyzed.

Gene Expression

The 50 µL hydrogels (n = 6) were washed with PBS then homogenized in lysis buffer and 

β-mercaptoethanol using a syringe needle. The NucleoSpin RNA kit from Macherey-Nagel 

(Bethlehem, PA) was used to isolate RNA. A High-Capacity cDNA Reverse Transcription 

kit from Applied Biosystems (Foster City, CA) was used to synthesize complementary 

DNA from the isolated RNA. Relative expression levels were measured using qRT-PCR 

with the primer sequences (Table S1) for collagen type I, II, and X, aggrecan, SOX9, 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Integrated DNA Technologies, 

Skokie, IL). The samples were heated for 10 minutes at 95°C followed by 40 cycles for 

15 seconds at 95°C, 15 seconds at 55 or 60°C, and 40 seconds at 68°C. All values were 

normalized to GAPDH levels. The differences in gene expression were calculated relative to 

negative controls using the ΔΔCt method.41

Statistics

All data is shown as a mean with error bars showing one standard deviation with statistical 

analysis evaluated in GraphPad Prism (GraphPad Software Inc.). Single factor analysis of 

variance (ANOVA) and Tukey post hoc tests were performed for the CS encapsulation, 

rheology experiments, GAG production, collagen content in cell culture media, and collagen 

content in cell-hydrogel constructs. To compare GAG and collagen content in hydrogel 

constructs between days 21 and 28, an unpaired t-test with two tails was used except for 

GAG content for hydrogels with CS-15SILY, which did not pass normality and used the 

Mann-Whitney test. A general linear model with nested factors and Tukey post hoc tests 

were performed to analyze the fibril diameter, percent porosity, and pore number data. 

Single factor analysis of variance (ANOVA) and Tukey’s post hoc tests were performed 

for gene expression analyses of collagen type II at 1 week, SOX9 at 1 week, aggrecan at 

2 weeks, and SOX9 at 2 weeks. Due to unequal variances, ANOVA and Games Howell 

post hoc tests were performed for gene expression analyses of collagen type I and collagen 

type X at both time points. A Box-Cox transformation was used to analyze data for gene 

expression analyses of aggrecan at 1 week and collagen type II at 2 weeks. An α level of 

0.05 was selected for statistical significance in all statistical tests.

RESULTS

Addition of CS-SILY molecules enhanced CS retention.

Col I/II hydrogels were polymerized for 3 hours with either 10 µM of CS, CS-10SILY, 

CS-15SILY, or CS-20SILY. A DMMB assay was used to determine the amount of CS 

encapsulated and retained in the hydrogel from 0 to 7 days. Immediately after a 3-hour 

polymerization period and a PBS wash, there was a statistically higher amount of CS 

encapsulated in the CS-20SILY hydrogels (73.7 ± 6.6%) compared to the CS-10SILY (55.6 

± 9.0%) and CS (55.5 ± 6.0%) hydrogels (Figure 1). However, there was no statistical 

difference between the CS-20SILY and CS-15SILY (67.6 ± 4.9%) treatments. The CS and 

CS-10SILY hydrogels took 2 and 4 days, respectively, to reach <20% of the original amount 
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of CS encapsulated. The CS-15SILY and CS-20SILY hydrogels did not reach <20% of the 

original amount of CS encapsulated in the 7-day period analyzed. After 7 days, there was 

no statistical difference between the amounts of CS encapsulated in the CS-15SILY (20.8 

± 4.8%) and the CS-20SILY (21.8 ± 3.9%) hydrogels, and these values were statistically 

higher than the CS-10SILY (10.0 ± 1.4%) or CS (0.8 ± 0.9%) hydrogels. Similar results 

were obtained for col I/II gels polymerized for 12 hours (Figure S1).

Mechanical properties of the scaffold were altered with the addition of CS and CS-SILY 
molecules.

To better understand how the mechanical properties of a Col I/II hydrogel are altered with 

the addition of CS-SILY molecules, frequency sweeps were performed from 0.01 to 10 Hz 

(Figure S2). Hydrogels of only collagen (No Trt) were compared to hydrogels with added 

CS, CS-10SILY, CS-15SILY, or CS-20SILY. The frequency sweeps show that at 0.1 Hz, 

the No Trt, CS, CS-10SILY, CS-15SILY, and CS-20SILY hydrogels, respectively, had an 

average storage modulus (G’) of 144.8 ± 58.3, 280.6 ± 180.3, 201.1 ± 47.6, 493.9 ± 87.3, 

and 684.0 ± 63.2 Pa (Figure 2). At 1 Hz, the No Trt, CS, CS-10SILY, CS-15SILY, and 

CS-20SILY hydrogels, respectively, had an average G’ of 188.1 ± 73.0, 389.4 ± 262.0, 245.6 

± 74.0, 551.48 ± 132.3, and 763.5 ± 90.0 Pa (Figure 2). The G’ values at 0.01 and 10 Hz 

show similar trends (Figure S3). In all cases, the loss modulus trends followed the storage 

modulus trends (Figure 2). The No Trt, CS, and CS-10SILY hydrogels had statistically 

similar G’ values, and the CS-20SILY hydrogels had a statistically higher G’ value than 

those three groups but was statistically similar to CS-15SILY. Thus, a higher number of 

SILY peptides on the CS backbone increased the G’ value.

Addition of CS-SILY decreases the average fibril diameter.

Cryo-SEM was performed to investigate the network structure of hydrogels polymerized 

in the presence of CS or CS-SILY molecules, and a representative cryo-SEM image of 

each treatment is shown in Figure 3A. The distribution of collagen fibrils was analyzed, 

and the normalized frequency of fibril diameters is shown in Figure 3B. The No Trt and 

CS hydrogels had a wider distribution of fibril diameters of 50–300 nm and 25–300 nm, 

respectively (Figure 3B). In contrast, the fibril diameters in the hydrogels with CS-SILY 

molecules added had a fibril diameter distribution with less variation. The CS-10SILY, 

CS-15SILY, and CS-20SILY hydrogels had ranges of 75–250 nm, 25–150 nm, and 50–200 

nm, respectively. Qualitatively, the fibrils look much thinner in the images where CS-SILY 

molecules are added (Figure 3A). ImageJ was used to calculate the average fibril diameter 

(Figure 3C). There were statistically smaller average fibril diameters for the CS-15SILY 

and CS-20SILY hydrogels compared to the collagen only (No Trt), CS, and CS-10SILY 

hydrogels. The average fibril diameters of the No Trt and CS hydrogels were statistically 

similar. The average fibril diameter of the CS-10SILY hydrogel was smaller than the No Trt 

and CS hydrogels but larger than the CS-15SILY and CS-20SILY hydrogels. There were no 

trends between the treatment groups when the percent porosity was analyzed using ImageJ 

(Figure 3D), and the addition of CS-SILY molecules increased the number of pores found in 

the hydrogels (Figure 3D).
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Addition of CS-SILY molecules increased sulfated GAG production and had no change on 
collagen content in scaffolds.

The sulfated GAG and DNA content in and dry weight of each scaffold, with or without 

added CS or CS-SILY, and encapsulated MSCs were measured after a 21- or 28-day culture 

period (Figures 4A,B and S4). At both 21 and 28 days, the overall GAG in scaffolds with 

any of the CS-SILY molecules was higher compared to scaffolds with no added CS (No 

Trt) or CS (Figure 4A,B). Furthermore, scaffolds with CS-SILY significantly increased the 

total amount of GAG between days 21 and 28 whereas no increase was seen in the control 

scaffolds. GAG production was also normalized to DNA content to understand the amount 

of GAG produced per cell (Figure S5A,B). Although all other treatments had a significant 

increase in GAG content compared to the scaffold with no added CS (No Trt), there were no 

statistical differences in the normalized GAG levels in scaffolds with added CS, CS-10SILY, 

CS-15SILY, or CS-20SILY when they were cultured for 21 days. After 28 days in culture, 

there was a statistically greater amount of normalized GAG in the scaffolds with any of the 

CS-SILY molecules added prior to fibrillogenesis compared to the scaffolds without CS (No 

Trt) or with added CS.

The collagen content in each scaffold, with or without added CS or CS-SILY, and 

encapsulated MSCs was determined after a 21- or 28-day culture period (Figure 4C,D). 

After 21 days of culture, there was a statistically higher amount of collagen per scaffold 

when a CS-SILY molecule was added compared to when CS or no molecule (No Trt) was 

added (Figure 4C). After 28 days in culture, there was a statistically higher amount of 

collagen per scaffold when a CS-SILY molecule was added into the scaffold compared to 

the scaffolds that had no added CS (No Trt) (Figure 4D). However, there was no statistical 

difference between the scaffolds that had a CS-SILY molecule or CS added. The amount of 

collagen in each scaffold decreased between 21 and 28 days in hydrogels with no treatment, 

CS, or CS-10SILY, whereas there were no differences in hydrogels with CS-15SILY or 

CS-20SILY. There were no statistical differences in the total collagen content normalized 

to DNA in the hydrogels polymerized with or without CS or CS-SILY molecules (Figure 

S5C,D).

There was less collagen in cell culture media with CS-SILY molecules.

Given that the trends for collagen found in scaffolds differed depending on the value used 

to normalize the collagen, we sought to better understand collagen production and retention 

within the scaffolds. Thus, the mass of collagen in cell culture media, which was pooled 

together each week, was measured using a Sircol dye assay after a 7, 14, 21, or 28-day 

culture period (Figure 5). After 7 days in culture, there was statistically less collagen in the 

cell culture media removed from cell-hydrogel constructs with CS-10SILY or CS-15SILY 

compared to scaffolds with or without CS added. At all other time points, there were no 

statistical differences in the amount of collagen recovered from cell culture media in any of 

the treatments examined.

CS-SILY upregulated chondrogenic genes.

Gene expression levels were measured at day 7 and 14 using qRT-PCR for MSCs cultured 

in Col I/II hydrogels with no additional treatment (No Trt) or CS, CS-10SILY, CS-15SILY, 
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or CS-20SILY added (Figure 6). There was a slight upregulation in SOX9 gene expression 

with the addition of CS or CS-SILY molecules after 7 days in culture (Figure 6A). This 

increase was statistically significant for the scaffolds with CS-10SILY and CS compared to 

the scaffolds with no added treatment (No Trt). After 7 days in culture, there was also a 

statistical increase in aggrecan expression in samples with CS, CS-10SILY, or CS-15SILY 

compared to scaffolds with no added CS (No Trt) or CS-20SILY. There was no statistical 

difference between treatments in collagen type II or collagen type X expression at 7 days. 

There was statistically higher collagen I expression for the CS hydrogel compared to no 

CS (No Trt) or CS-20SILY hydrogel. There was a slight upregulation at 14 days of SOX9 

expression in scaffolds with CS or CS-SILY. However, the only statistical difference was 

in scaffolds with CS and CS-15SILY compared to scaffolds with no added GAG (No 

Trt). Aggrecan gene expression was upregulated in the CS-10SILY hydrogels after 14 days 

compared to all other treatments. Scaffolds with added CS-20SILY had statistically higher 

collagen type II expression compared to scaffolds with CS-10SILY, CS-15SILY, or no added 

GAG treatment (No Trt). Finally, there were no statistical differences between treatments in 

collagen type I or collagen type X expression at 14 days.

DISCUSSION

Due to the fact that CS is able to influence the fate of stem cells by acting as a biochemical 

cue and binding with growth factors,42 studies have attempted to retain CS in their tissue 

engineered cartilage constructs. This study investigates strategies to better retain, without 

the use of chemical crosslinking, matrix molecules such as CS to a scaffold material to 

better recapitulate aspects of native cartilage. To date, this study is the first to retain CS in 

a collagen-based scaffold by incorporating a CS molecule with attached collagen-binding 

peptides. The concentration of 10 μM of CS, which is equivalent to 0.4 mg/mL, was chosen 

to be within the range of CS concentrations found in the middle zone of human articular 

cartilage.43 The addition of the collagen-binding peptide to CS-15SILY or CS-20SILY 

allowed for >20% of the original amount of CS to be retained after 7 days whereas <1% of 

free CS remained in the same time period (Figures 1, S1). Similar results were seen for gels 

polymerized for 3 or 12 hours, and these findings support that, for cell encapsulation studies, 

a gelation time of 3 hours is sufficient before application of medium.

When GAGs such as HA or CS are added to collagen gels, the literature is inconsistent 

with regards to the resulting mechanical properties. One study found that the addition of 

0.5 mg/mL HA or CS to collagen matrices at 5 mg/mL did not statistically change the 

compressive modulus.44 In contrast, a study of collagen type I hydrogels at 4 mg/mL 

observed a slight decrease in storage modulus when 0.2 mg/mL CS was added during 

polymerization.45 Another study using 1 mg/mL collagen hydrogels found that the G’ values 

initially increased with a maximum G’ value at 5 mg/mL CS and then decreased as CS 

concentrations increased to 20 mg/mL.46 In the current study, there was an increasing trend 

in the G’ value when the number of SILY peptides on the CS backbone was increased 

(Figures 2, S2, S3). We hypothesize that the increase in mechanical properties can be 

attributed to CS-SILY serving as a collagen crosslinker since each CS molecule can bind 

multiple collagen fibrils through the pendant SILY peptides. Thus, with a higher number of 

peptides grafted per CS molecule, the crosslink density can increase. When SILY peptides 
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were grafted to dermatan sulfate (DS-SILY), a similar increase in G’ values was seen for 

collagen gels with DS-SILY, and a similar mechanism was proposed.33 It is important to 

note, however, that the stiffness of collagen hydrogels can also be modulated by various 

other fibril characteristics such as diameter, length, density, and orientation.47 Furthermore, 

it has been suggested that interactions between CS and collagen can directly alter the 

mechanics of individual collagen fibers through modulating the amount of collagen found 

in each fibril.46 Therefore, it is likely that crosslinking and gel structure play a role in the 

mechanical properties observed here.

Although the interactions of CS and proteins have been studied, there are discrepancies in 

the literature on how CS alters fibril size and fibrillogenesis rate.45, 48, 49 One study showed 

that the addition of CS to a collagen scaffold either increased or decreased fibril diameter 

depending on the buffer used.48 In contrast, Stuart and Panitch observed that adding CS 

to collagen I hydrogels shifted the fibril distribution away from large collagen fibrils.45 

Douglas et al. also found that the addition of CS to either collagen type I or II caused 

fibrils to become thinner.49 They hypothesized that CS interactions with fibrils resulted in 

steric hindrance of fibril growth given that sugars can inhibit fibril formation by disrupting 

hydrogen-bonded water clusters that connect collagen helices.50 These last two studies of 

collagen fibril diameter are consistent with our results. The average fibril diameter was 

statistically smaller in the CS-15SILY and CS-20SILY gels, which both retained the highest 

amount of CS after one week, compared to the collagen only (No Trt), CS, and CS-10SILY 

hydrogels (Figure 3). A similar effect is seen in biology. Both decorin and biglycan, which 

are small leucine-rich proteoglycans (SLRPs), have been shown to control the degree of 

collagen incorporation into fibrils as well as collagen fibril diameter.51 The SLRPs compete 

with collagen monomers for binding to the growing fibrils and thus limit fibril size. Like the 

SLRPs, CS-SILY binds to collagen fibrils and is presumed to affect collagen fibril growth 

in a similar fashion.33 Thus, interactions of collagen with both CS and CS-SILY likely 

play a role in decreasing fibril diameter as the CS or CS-SILY concentration increases. 

If the amount of polymerized collagen and fibril length remain constant, a smaller fibril 

diameter would be expected to result in a smaller pore size as is qualitatively observed in the 

cryo-SEM pictures (Figure 3A). In addition to the role of increased crosslinking that likely 

occurs as the number of SILY peptides per CS increase, the smaller pore size could also 

contribute to the increased G’ values observed for CS-20SILY gels.

Other studies have reported that MSCs cultured in softer scaffolds were more likely to 

express cartilage-specific genes and produce higher levels of cartilage matrix molecules 

than MSCs cultured in stiffer scaffolds.52–57 Here, our results, which found that stiffer gels 

demonstrated increased chondrogenesis, are in conflict with these other studies; however, 

here, increased stiffness also correlated with increased CS content in the gel, which is 

known to support chondrogenesis.23–26, 58 In addition, the model of crosslinking differs 

from that of the other studies. Here, GAG crosslinking was achieved using peptides that bind 

transiently to collagen, whereas other published studies used covalent crosslinking to form 

the scaffolds. Cells will likely sense these mechanical environments differently leading to 

differing behavior. Regardless, in the gels studies here, increased CS content proved to be a 

stronger driving factor for chondrogenesis than decreased gel stiffness.
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The DMMB assay measures the amount of sulfated GAGs, such as chondroitin sulfate, but 

does not detect unsulfated GAGs, such as hyaluronic acid. CS-SILY supported a greater 

amount of sulfated GAG per scaffold after 21 and 28 days of culture. Although we initially 

encapsulated 20 μg of CS, the CS-SILY molecules, which had the highest retention, had 

≤45% (or ≤ 9 μg CS) retained after 7 days (Figure 1). At 21 and 28 days, all groups had 

~20–30 μg of GAG per scaffold (Figure 4a,b). We can thus surmise that the encapsulated 

cells produced new GAGs during the culture period and that the CS-SILY molecules 

enhanced GAG production compared to CS or no treatment. Furthermore, the fact that only 

the scaffolds with CS-SILY had significant increases in GAG per scaffold between 21 and 

28 days (Figure 4a,b) correlates with the significantly higher GAG production per cell for 

scaffolds with CS-SILY at 28 days (Figure S5b). These results suggest that CS, introduced 

to the Col I/II gels in the form of a CS-SILY molecule, is still bioactive when crosslinked 

through a collagen-binding peptide and that CS-SILY results in better bioactivity compared 

to CS because of its higher retention rates.

There is a decreased amount of collagen in control scaffolds compared to scaffolds with 

CS-SILY at 21 and 28 days (Figure 4c,d). These results correlated with the fact that, after 7 

days of culture, more collagen is lost to the medium in the no CS (No Trt) and CS scaffolds 

compared to scaffolds with CS-SILY (Figure 5). We hypothesize that the increased collagen 

retention can be attributed to the additional collagen crosslinks that the CS-SILY molecules 

provide. A decrease in the mass of collagen in scaffolds with no CS (No Trt), CS, and 

CS-10SILY was seen from 21 to 28 days (Figure 4c,d), and these results correlate with the 

fact that collagen is continuously lost in the medium (Figure 5). Our previous study used 

similar collagen I/II gels (starting concentration of 4 mg/mL) with 5 μM CS and found 

that ~3 mg/mL of collagen was incorporated in the gel.16 Assuming that a similar amount 

of collagen is incorporated in this study, there is ~150 μg of collagen initially in the gels. 

Given that we detect ~40–80 μg of collagen in the scaffolds and see a continuous ~3–15 

μg of collagen in the media, our results suggest that cells are remodeling and degrading 

collagen as they make more GAGs. Studies at longer time points may provide insight as to 

whether collagen accumulation in the scaffold will occur as cells continue to remodel the 

surrounding matrix.

Previous studies have added CS to collagen-based scaffolds to provide biochemical cues that 

promote cartilage matrix production.26, 58 In the current study, slight differences in the gene 

expression of cartilage specific genes were seen. Aggrecan gene expression was upregulated 

after 7 days in scaffolds with CS, CS-10SILY, or CS-15SILY compared to samples with no 

added GAG or CS-20SILY and in CS-10SILY hydrogels after 14 days compared to all other 

treatments. There was a statistical increase in expression of SOX9, which is considered the 

master transcription factor involved in chondrogenesis, after 7 days in the scaffolds with 

CS-10SILY and CS compared to scaffolds with no added GAG. These gene expression 

results are consistent with the idea that CS is still bioactive when conjugated to a collagen-

binding peptide. Our study is consistent with one by van Susante et al. where collagen 

type I gels with CS resulted in more GAG production per scaffold at 14 days compared 

to collagen only gels, but no differences in proteoglycan gene expression by chondrocytes 

were seen after 14 days between the gel types.58 Chen et al. demonstrated that adding CS 

to collagen II hydrogels increased GAG and collagen II production by MSCs, upregulated 
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chondrogenic gene expression, and enhanced in vivo cartilage repair.26 Differences in gene 

expression in response to CS may be a result of many factors such as cell source and type, 

collagen source and type, scaffold fabrication parameters, and method for crosslinking CS to 

the collagen scaffold. In fact, Chen and coworkers found that there was an optimal ratio of 

CS to collagen II and that increasing the ratio decreased GAG and collagen II production.26 

Although the mechanism remains unclear, the addition of CS to PEG scaffolds has been 

shown to prevent or delay the further differentiation of MSCs to a hypertrophic phenotype, 

represented with the protein expression of collagen type X.24 However, if we assume gene 

and protein expression follow similar trends, our results differ since we saw no differences in 

collagen type X gene expression between our treatments investigated at either time point.

Overall, our results demonstrate that attaching SILY peptides to CS is an effective 

method for increasing retention in collagen hydrogels. The increased retention of CS-SILY 

supported enhanced chondrogenesis, increased collagen retention, and a higher production 

of GAGs, an important cartilage matrix component, within the scaffolds.

CONCLUSIONS

This study investigated the use of CS with attached collagen-binding peptides to retain, 

without the use of chemical crosslinking, matrix molecules and better recapitulate aspects of 

native cartilage. Since the CS retention, average fibril diameter, and mechanical properties 

are altered by the addition of different CS-SILY molecules, the properties of the desired 

Col I/II hydrogel can be tuned by adjusting the amount of SILY peptides attached to the 

CS backbone. Finally, the scaffolds that contained CS-10SILY, CS-15SILY, and CS-20SILY 

had higher sulfated glycosaminoglycan production, and this result suggests that the scaffolds 

containing a CS-SILY molecule supported better production of cartilage extracellular matrix. 

Taken together, these results suggest that the addition of a CS-SILY molecule to a collagen 

type I/II blend hydrogel with encapsulated MSCs has the potential to promote cartilage 

repair.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CS-SILY molecule increases retention in hydrogels compared to CS. Percentage of 

encapsulated CS retained in the hydrogel over time after a 3-hour polymerization. CS 

encapsulation after a wash (day 0) or 7-day period are shown. Single factor analysis of 

variance (ANOVA) and Tukey post hoc tests were performed (n = 4). Data that share the 

same letter do not have statistically significant differences (p > 0.05) whereas data that 

do not share the same letter have statistically significantly differences (p < 0.05). Data is 

represented as the mean ± the standard deviation.
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Figure 2. 
The storage modulus (G’) and loss modulus (G”) of hydrogels with the addition of CS or 

CS-SILY molecules. Frequency sweeps from 0.01 to 10 Hz were performed. Single factor 

analysis of variance (ANOVA) and Tukey post hoc tests were performed (n = 3) at 0.1 and 1 

Hz. Data that share the same letter do not have statistically significant differences (p > 0.05) 

whereas data that do not share the same letter have statistically significantly differences (p < 

0.05). Data is represented as the mean ± the standard deviation.
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Figure 3. 
The effect of adding CS or CS-SILY molecules on collagen network structure. (A) 

Representative cyroSEM images for collagen hydrogels with no additional molecules (No 

Trt) or the addition of CS, CS-10SILY, CS-15SILY, or CS-20SILY. The scale bar represents 

5 µm. (B) The fibril distributions are also represented as normalized frequency for each 

hydrogel formulation (n ≥ 270). (C) Average fibril diameter in hydrogels with added CS or 

CS-SILY. (D) The percent porosity (n = 9) and number of pores (n = 9) based on cryoSEM 

images. Data that share the same letter do not have statistically significant differences 

(p > 0.05) whereas data that do not share the same letter have statistically significantly 

differences (p < 0.05). Data is represented as the mean ± the standard deviation.
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Figure 4. 
Overall sulfated GAG and collagen production per scaffold are upregulated in hydrogels 

with CS-SILY molecules. GAG production of the cell-hydrogel constructs (n = 4) with or 

with added CS or CS-SILY molecules after a (A) 21-day or (B) 28-day culture period. Total 

collagen of the cell-hydrogel constructs (n =3) with or with added CS or CS-SILY molecules 

after a (C) 21-day or (D) 28-day culture period. Values are expressed as mean ± standard 

deviation. ANOVA and Tukey’s post hoc tests were performed. Data that share the same 

letter do not have statistically significant differences (p > 0.05) whereas data that do not 

share the same letter have statistically significantly differences (p < 0.05).
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Figure 5. 
Less collagen was recovered in cell culture media in the scaffolds where a CS-SILY 

molecule was added. Collagen from media aliquots in which cell-hydrogel constructs, with 

or without added CS or CS-SILY molecules, were cultured. Medium aliquots were pooled 

together from each week and analyzed at 7, 14, 21, or 28 days. Collagen was measured 

using a Sircol dye assay kit. Values are expressed as mean ± standard deviation (n = 3). An 

ANOVA and Tukey’s post hoc tests were performed. Data that share the same letter do not 

have statistically significant differences (p > 0.05) whereas data that do not share the same 

letter have statistically significantly differences (p < 0.05).

Kilmer et al. Page 22

ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Relative gene expression of chondrogenic and collagen genes at days 7 and 14. ANOVA and 

Tukey’s post hoc tests were performed for gene expression analyses of collagen type II at 

1 week, SOX9 at 1 week, aggrecan at 2 weeks, and SOX9 at 2 weeks. ANOVA and Games 

Howell post hoc tests were performed for gene expression analyses of collagen type I and 

collagen type X at both time points. A Box-Cox transformation was used to analyze data for 

gene expression analyses of aggrecan at 1 week and collagen type II at 2 weeks. Data that 

share the same letter do not have statistically significant differences (p > 0.05) whereas data 

that do not share the same letter have statistically significantly differences (p < 0.05).
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Table 1.

Expected and Actual Molar Ratio of SILY Peptides Conjugated to Chondroitin Sulfate

Name Expected Molar Ratio of SILY to CS Actual Molar Ratio of SILY to CS

CS-10SILY 10:1 10.08:1

CS-15SILY 15:1 14.14:1

CS-20SILY 20:1 18.40:1
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