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Abstract

Osteoarthritis (OA) is a debilitating joint disease resulting from chronic joint inflammation and 

erosion of articular cartilage. A promising biological treatment for OA is intra-articular 

administration of platelet-rich plasma (PRP). However, immediate bolus release of growth factors 

limits beneficial therapeutic effects of PRP, thus necessitating the demand for sustained release 

platforms. In this study, we evaluated the therapeutic value of PRP released from a polyethylene 

glycol (PEG) hydrogel on OA patient-derived articular chondrocytes.

Lyophilized PRP (PRGF) was encapsulated in PEG hydrogels at 10% w/v and hydrogel swelling, 

storage modulus and degradation and PRGF release kinetics were determined. PRGF releasate 

from the hydrogels was collected on day 1, 4 and 11. Encapsulation of PRGF at 10% w/v in PEG 

hydrogels had minimal effect on hydrogel properties. PRGF was released with an initial burst 

followed by sustained release until complete hydrogel degradation. Effect of PRGF releasates and 

bolus PRGF (1% w/v PRGF) on patient-derived cartilage explants or chondrocytes was assessed 

by chondrocyte proliferation (pico-green assay), gene expression for COL1A1, COL2A1, 
MMP13, COX2 and NFKB1 (real-time polymerase chain reaction), and measurement of nitric 

oxide concentration (Griess’ assay). Compared to bolus PRGF, PRGF releasates enhanced 

chondrocyte proliferation, suppressed the expression of genes like MMP13, NFKB1, COL1A1 and 

COL2A1 and reduced levels of nitric oxide. Taken together, these results indicate that release of 

PRGF from PEG hydrogels may improve the therapeutic efficacy of PRP and merits further 

investigation in an animal model of OA.
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INTRODUCTION

Osteoarthritis (OA) is a debilitating joint disease caused by chronic inflammation and 

erosion of articular cartilage. It is the most common form of arthritis, affecting 32+ million 

Americans and totaling over $100 billion in socioeconomic costs.1; 2 Commonly used 

treatments for OA are non-steroidal anti-inflammatory drugs, local corticosteroid injections 

or viscosupplements: these treatment are either palliative or transient and are associated with 

deleterious side-effects.3 Currently there are no disease-modifying or progression-limiting 

OA drug; however, there are innovative therapeutic strategies under investigation including 

approaches for local delivery of bioactive factors.3 One approach with high potential and 

minimal side-effects is platelet-rich plasma (PRP) therapy.4–6 PRP is an autologous blood-

derived product and a source of bioactive cytokines and growth factors involved in tissue 

repair and regeneration.4; 7 Many PRP growth factors, such as platelet-derived growth factor 

(PDGF), transforming growth factor beta (TGF-β), insulin derived growth factor (IGF), and 

fibroblast growth factor (FGF) are considered important for regulating chondrocyte viability 

and cell metabolism.4; 8; 9

Several clinical studies have demonstrated significant functional improvement and pain 

relief upon intra-articular PRP injection in the OA knees compared to traditionally used 

hyaluronic acid injection or placebo treatments.10–12 While PRP has shown efficacy in 

accelerating chondrocyte proliferation, matrix production, and resolving inflammation in-
vitro, it has yielded mixed results in animal studies13; 14 and in the clinic.5 Studies have 

shown that upon activation of platelets, there is a bolus release with 70% of PRP growth 

factors released within 10 minutes of clotting, and nearly 100% within 1 hour.5 This burst 

release fails to maximize the cell-stimulating potential since factors are cleared before 

exerting a therapeutic effect, leading to variable therapeutic outcomes.15 Several in-vivo 
studies have demonstrated enhanced therapeutic benefit of localized sustained PRP release 

by using gelatin microspheres,13 lyophilized PRP powder,16 or alginate beads17 as compared 

to intra-articular PRP bolus injection. However, these approaches are not amenable to 

tailoring the release kinetics of the PRP biomolecules for maximal therapeutic impact.

Recently, we demonstrated sustained release of bioactive PRP growth factors encapsulated 

in polyethylene glycol (PEG) hydrogels.18 PEG is a U.S. Food and Drug Administration-

approved polymer used for sustained protein delivery leading to conservation of protein 

bioactivity during encapsulation and release.19; 20 PEG hydrogels are extensively used due 

to their beneficial properties such as high solubility in water and organic solvents alike, 

hydrophilicity, biocompatibility, inertness and non-immunogenicity. Here, we examine the 

therapeutic effect of PRP released from PEG hydrogels on human chondrocytes and 

cartilage explants derived from OA patients. We hypothesize that PRP release will have a 

beneficial effect on chondrocytes in an in-vitro model of inflammatory arthritis.
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MATERIALS AND METHODS

PRGF preparation

Pooled whole blood from 5 de-identified donors was centrifuged at 200g for 20 min, the 

buffy-coat and plasma were collected and centrifuged at 1000g for 20 min to obtain a 

platelet pellet, which was re-suspended in supernatant plasma.14 The concentrated PRP 

platelets were lysed by a freeze-thaw cycle: −80°C for 24 h, 37°C for 1 h, and −80°C for 24 

h. To create a dry growth factors-rich powder (PRGF), PRP was lyophilized (Lyophilizer, 

VirTis Sentry 2.0, Warminster, PA) for 24 h and stored at −20°C.

PEG hydrogel fabrication and PRGF encapsulation

PEG hydrogels were prepared by Michael-type addition reaction between PEG-dithiol 

(PEG-diSH; Laysan Bio Inc., Arab, AL) and 4-arm PEG acrylate (PEGAc; Jenkem 

Technology, Piano, TX).21 To prepare a 10% w/v gel, PEG-diSH and PEGAc were 

combined in a 1:1 molar ratio of Ac:SH in 0.3 M triethanolamine (TEA), pH 7.4. PRGF was 

added at 10% w/v. The solution was placed between two parafilm-lined glass slides 

separated by 0.5 mm silicon spacers and incubated at 22°C for 1 h for gelation.

Hydrogel characterization

Hydrogel gelation time was measured by the inverted tube method.21 Initial gel mass, MG, 

was measured upon gelation. Gels were then incubated in PBS at 37°C overnight to obtain 

swollen mass, MS, then dried at 60°C for 24 h to obtain dry mass, MD. The swelling ratio, 

QM, was calculated as MS/MD. Hydrogel degradation was determined indirectly by 

measuring QM until degradation.21 For rheology, hydrogels were made into 20×0.5 mm 

discs, swollen overnight in PBS, placed between two 20 mm parallel plates (AR-2000ex 

rheometer, TA Instruments) and measured at a frequency of 1–10 rad/s and 1% strain.21

PRGF release from hydrogels

PRGF-loaded PEG hydrogels (0.8 cm diameter, 0.07 cm thickness) were immersed in 2 mL 

of PBS, placed and incubated with rocking at 37°C.18 Aliquots (1 mL) were collected and 

replenished with fresh PBS until gel degradation. Releasates were analyzed for total protein 

by Bradford protein dye reagent (Sigma-Aldrich, St. Louis, MO) following the 

manufacturer’s instructions. The cumulative release of the protein was estimated by 

calculating the fraction of protein released at each time point (Mi) over the total protein 

released at complete hydrogel degradation (Minf) and plotting it against time (Mi/Minf vs 

time). Modified Fick’s law for short release times for slab geometry was used for calculating 

the effective diffusion coefficient, De, as reported by us previously.18; 22

Chondrocyte isolation and culture

Human chondrocytes were isolated from articular cartilage from patients undergoing total 

knee arthroplasty (N=6) (IRB Approval #201104119).23 Briefly, cartilage was sliced, 

collected in Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture F-12 (DMEM/

F12; Gibco, Waltham, MA) and digested for 18 h with 0.025% collagenase P and 0.025% 

pronase (Roche, Indianapolis, IN) in DMEM/F12 using a spinner flask on an orbital shaker 
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(37°C, 5% CO2 and 95% humidity). The digest was filtered through a nylon mesh (pore size 

70 μm) and centrifuged at 1500 rpm for 5 min. The collected pellet was washed in 

DMEM/F12 twice and centrifuged at 1500 rpm for 5 min. Dissociated cells were cultured in 

DMEM/F12 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/

streptomycin (P/S) (Sigma-Aldrich) at 20,000 cells/cm2 and passaged once before 

experiments. We also used full-thickness cartilage explants for some experiments.

Treatment of chondrocytes with PRGF releasates

PEG hydrogels containing 10% w/v PRGF were prepared and incubated with rocking at 

37°C in supplemented DMEM/F12. PRGF releasates were collected on day 1, 4 and 11 

(complete gel degradation) and stored at −80°C. Chondrocytes were seeded at 15,000 

cells/cm2, incubated overnight in supplemented DMEM/F12, and treated with 25 ng/mL 

human recombinant interleukin-1β (IL-1β; Sigma-Aldrich) for 24 h to simulate 

inflammation in-vitro.23; 24 Chondrocytes were then exposed to PRGF releasates, a bolus 

1% w/v PRGF, or no PRGF for 72 h. Chondrocytes without IL-1β pre-treatment or PRGF 

treatment were used as controls.

Analysis of PRGF releasates

PRGF releasates were analyzed by enzyme-linked immunosorbent assay (ELISA) using kits 

for vascular growth factor (VEGF), PDGF-BB, endothelial derived growth factor (EGF) 

(Mini Kits, PeproTech, Rocky Hill, NJ), and TGF-β (Invitrogen) as per the manufacturer’s 

instructions. Growth factors properties are listed in Supplementary Table 1.

PRGF releasates’ effect on chondrocytes

RNA isolation.—Total RNA was prepared using TRIzol-reagent (Ambion, Waltham, MA) 

and purified by RNeasy spin columns (Qiagen, Hilden, Germany).25 Chloroform was added 

to lysed cells, shaken for 30 sec, incubated for 5 min at room temperature, and centrifuged at 

13,000 rpm for 15 min at 4°C. The upper aqueous phase with RNA was collected, 70% 

RNase-free ethanol was added, and centrifuged at 8,000 rpm for 30 s. After decant flowed 

through, the remaining sample was added, and the procedure repeated. Contaminants were 

washed away by spinning 3 times with supplied buffers. RNA was eluted in 30 μl of RNase-

free water. RNA quality and concentration were assessed using NanoDrop (Thermo Fisher 

Scientific).

Real-time polymerase chain reaction (PCR).—RNA samples were treated with 

DNase-I (Thermo Fisher Scientific) and then reverse transcribed with SuperScript II reverse 

transcriptase (Thermo Fischer Scientific) to synthesize first strand complementary DNA 

(cDNA) using random primers (Invitrogen). Transcript sequences for the housekeeping gene 

(GAPDH) and target genes (MMP13, COL1A1, COL2A1,) are shown in Chinzei et al.25 

The primer sequence for NFKB1 is 5’-tgcactgtaactgctggacc-3’ (forward) and 5’-

gccccttatacacgcctctg-3’ (reverse) (location 837–943; amplicon 126bp), and for COX2 is 5’-

acaggcttccattgaccagagc-3’ (forward) and 5’-accatagagtgcttccaactctgc-3’ (reverse) (location 

1399–1543; amplicon 144bp). Quantitative real-time PCR was carried with 20 μL reaction 

mixture consisting of 10 μL of SYBR Green PCR Master Mix (Applied Biosystems), 1.5 μl 

cDNA, and 200 nM primers on a 7500 Fast rtPCR System (Applied Biosystems). Samples 
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were amplified by: activation at 95°C for 10 min (1 cycle), denaturation at 95°C for 15 sec 

(40 cycles) and annealing at 60°C for 1 min (40 cycles). Comparative gene expression was 

calculated by the 2−ΔΔCt approach.26

Cell proliferation.—DNA content was assessed by pico-green assay (Invitrogen) 

according to the manufacturer’s protocol. Chondrocytes were frozen at −80°C overnight, 

thawed for 1 h, then lysed using lysis buffer (10 mM Tris buffer, 1 mM EDTA, 0.2% Triton 

X-100, pH 8). Pico-green reagent was diluted 1:200 in Tris EDTA buffer, mixed with equal 

volume of samples and incubated in dark at room temperature for 5 min. Fluorescence 

(480/520 nm) was measured using a spectrophotometer (SpectraMax i3, Molecular Devices, 

Sunnyvale, CA). DNA concentration was determined from a standard curve prepared using 

calf-thymus DNA.

Nitric oxide (NO).—A colorimetric assay (Promega, Mannheim, Germany) based upon the 

Griess’ reagent system (1% sulphanilamide and 0.1% N-(1-naphthyl)-ethylenediamine 

dihydrochloride in 5% phosphoric acid)27 was used to quantify NO in samples according to 

the supplier’s protocol. Sample and Griess’ reagent was mixed and incubated for 5 min and 

absorption (540 nm) measured by a plate reader. 0.1 M sodium nitrite was used to generate a 

standard curve.

Cartilage explants preparation, culture, and conditioning

Cartilage explants (N=5) were cultured as described.8; 23 Explants were maintained in 

supplemented DMEM/F12 media for 48 h, treated with 25 ng/mL IL-1β for 24 h, and 

exposed for 72 h to PRGF releasates, bolus 1% w/v PRGF or media. Control explants were 

not IL-1β pre-treated. Post-PRGF exposure explants were weighed to obtain wet weight, 

then lyophilized to obtain dry weight. Dried explants were digested in digest buffer with 

0.25 mg/mL papain for 24 h at 60°C and analyzed for sulphated glycosaminoglycan (sGAG) 

using dimethylene blue (DMMB) assay as per the manufacturer’s protocol.28 Digested 

explant samples were diluted 60 times in digest buffer. The DMMB dye (0.32 mg/mL) was 

mixed with the sample at 10:1 ratio and absorbance (535 nm) measured using a 

spectrophotometer (SpectraMax i3, Molecular Devices). sGAG concentration was 

determined using a standard curve prepared with chondroitin-4-sulfate (Sigma-Aldrich).

Statistical Analysis

Each experiment was conducted using 5–6 replicates per condition in at least 2 independent 

experiments. The results are presented as mean ± standard deviation. Statistical analysis was 

performed using one-way ANOVA with Dunnett’s multiple comparison or Kruskal–Wallis 

with Dunn’s multiple comparison tests using GraphPad Prism. P<0.05 was considered 

statistically significant.

RESULTS

Effect of PRGF encapsulation on PEG hydrogel properties

We first evaluated the effect of PRGF encapsulation (10% w/v) on PEG hydrogel properties: 

gelation time, QM, mesh size, degradation and storage modulus (G’) (Table 1). Gelation time 
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decreased upon PRGF encapsulation (p=0.041). We tested gels swollen for 24 h in PBS or 

cell medium with 1% FBS (used for chondrocytes in further experiments) to determine 

whether the incubation medium affected swelling. PRGF encapsulation resulted in decreased 

gel swelling in PBS (p=0.027), but not in cell medium (p=0.08). Hydrogel mesh size and G’ 
with or without PRGF did not show significant difference when incubated in PBS or cell 

medium. QM, an indirect measure of degradation, increased until complete degradation at 

day 11 independently of PRGF encapsulation (Supplementary Figure 1).

PRGF release from PEG hydrogels

PRGF was released from PEG hydrogels until degradation, but showed a burst release, 

where ~40% proteins were released in the first 2.5 h (Figure 1A, B). A total of ~80% 

proteins were released in the first 6 days and complete release was seen at 250 h, coinciding 

with hydrogel degradation. A fractional release was linear for short diffusion times of Mi/
Minf < 0.6 (Figure 1B), where Mi is the PRGF mass released at time i and Minf is the mass 

released at degradation. The effective diffusivity, De, for PRGF was calculated as 3.30 

± 0.05 × 10−8 cm2/s.

We analyzed the release of specific PRGF proteins - EGF, PDGF-2, VEGF and TGF-β 
(Supplementary Table 1), in 1% FBS medium via ELISA, using bolus 1% w/v PRGF as 

control (Figure 2). We analyzed day-1, day-4, and day-11 (degradation) releasate fractions. 

The growth factors were chosen because of their varying sizes, abundance in PRGF29 and 

implication in OA treatment.4 Corroborating bulk release experiments, all growth factors 

were released continually until hydrogel degradation but showed initial burst. 

Approximately 90% VEGF, 80% PDGF-BB and EGF, and 50% TGF-β were released in the 

day-1 fraction. Additional ~40% TGF-β, 13–16% PDGF-BB and EGF, and ~6 % VEGF 

were released in the day-4 fraction. The remaining growth factors were released in the 

day-11 fraction. VEGF was released the fastest and TGF-β the slowest.

Effect of PRGF releasates on chondrocyte proliferation and NO synthesis

Chondrocytes were treated with IL-1β to induce inflammation and to simulate an arthritic 

condition. IL-1β dose and treatment time were chosen from preliminary experiments, where 

we tested different doses (25, 50 and 75 ng/mL) and cell density (15,000, 60,000, and 

120,000 cells/cm2) to induce chondrocytes death (Supplementary Figure 2). IL-1β decreased 

chondrocyte number only for the lowest cell density at all doses of IL-1β after 24 h 

incubation. The lowest IL-1β dose of 25 ng/mL and lowest cell density of 15,000 cells/cm2 

were chosen for all experiments. To test if IL-1β pre-treatment induced adequate 

inflammation and de-differentiation of cultured chondrocytes, we evaluated the expression 

of some chondrocyte-specific and pro-inflammatory markers used in the study before IL-1β 
treatment and 72 h after IL-1β treatment (cells were treated with IL-1β for 24 h only) 

(Supplementary Figure 3). Our data indicates that treatment with IL-1β lead to significant 

down-regulation of chondrocyte specific markers, such as COL2A1 and up-regulation of 

pro-inflammatory markers, such as MMP-13, NF-κB and COX-2, when compared to either 

pre-differentiation chondrocytes or chondrocytes not treated with IL-1β (control). 

Additionally, we confirmed the biocompatibility of PEG hydrogels only releasates (no 
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PRGF) by showing no adverse effect on chondrocyte proliferation (Supplementary Figure 

4).

Both bolus 1% PRGF and PRGF releasates showed increased DNA content (cell 

proliferation) compared to IL-1β pre-treated chondrocytes (Figure 3A). Day-4 releasates 

showed significant increase in chondrocyte proliferation compared to IL-1β pre-treated 

(p=0.003), bolus PRGF and day-11 PRGF releasates samples. The results indicate a rescue 

effect of PRGF releasates on chondrocytes, especially day-4 releasate.

Bolus PRGF did not inhibit IL-1β-induced NO synthesis in chondrocytes (Figure 3B). All 

PRGF releasates-treated chondrocytes showed decreased NO synthesis, especially day-4 

releasate, which decreased the NO synthesis by 13.4-fold but were not significantly different 

from chondrocytes with IL-1β pre-treatment or bolus PRGF group.

Effect of PRGF releasates on chondrocyte-specific gene expression

Expression of COL1A1 and COL2A1 was suppressed by IL-1β pre-treatment compared to 

no pre-treatment. Treatment with bolus PRGF showed increased COL1A1 expression 

(Figure 4A), but not COL2A1 (Figure 4B) when compared to IL-1β pre-treated 

chondrocytes. COL1A1 expression was significantly suppressed when treated with day-1 

PRGF releasates compared to IL-1β pre-treated and bolus PRGF treatment groups. 

Treatment with all PRGF releasates suppressed COL2A1 expression. COL2A1 expression 

was significantly less when treated with day-1 releasate compared to IL-1β pre-treated 

chondrocytes (p=0.0185) but was not different from bolus PRGF. COL2/COL1 ratio (Figure 

4C) revealed a significant improvement when chondrocytes were treated with day-1 and 

day-11 PRGF releasates than bolus PRGF (p=0.020, p=0.004 respectively). Expression of 

MMP13 was enhanced 24-fold (p<0.0001) by IL-1β pre-treatment, but PRGF decreased 

IL-1β-induced MMP13 expression. Bolus PRGF and day-1 PRGF releasate showed the 

highest suppression of MMP13 expression. Day-4 PRGF releasate was less effective and 

decreased MMP-13 expression by 17.7-fold when compared to IL-1β pre-treated samples. 

Day-11 PRGF releasate did not significantly decrease MMP13 expression compared to 

IL-1β pre-treated samples (Figure 4D). Inflammatory genes NFKB1 and COX2 were up-

regulated upon IL-1β pre-treatment 2.7-fold and 72-fold respectively (Figure 4E–F). 

Expression of COX2 was enhanced by IL-1β pre-treatment; treatment with either bolus or 

PRGF releasates did not suppress IL-1β-enhanced COX-2 expression (Figure 4E). IL-1β-

enhanced expression of NFκB1 was suppressed by 1.9-fold (p=0.003) upon treatment with 

bolus PRGF and by 1.4-fold (p=0.087) upon treatment with day-1 PRGF releasate. 

Treatment with day-4 PRGF releasate also suppressed NFKB1 expression but not 

significantly (Figure 4F).

Effect of PRGF releasates on sGAG synthesis in cartilage explants

We tested the effect of bolus PRGF and PRGF releasate fractions on sGAG synthesis in 

IL-1β pre-treated cartilage explants (Figure 5). IL-1β treatment did not significantly inhibit 

sGAG synthesis in explants. Bolus PRGF and PRGF releasate day-4 showed a moderate 1.2-

fold increase in sGAG synthesis compared to explants pre-treated with IL-1β. Explants 
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maintained in PRGF day-1 releasate did not show change in sGAG synthesis. PRGF day-11 

releasates were not tested as they had shown minimal benefit in earlier tests.

DISCUSSION

Diverse strategies have been adopted to overcome the variability in PRP therapy outcomes. 

Several studies show that sustained PRP release improves therapy outcomes compared to 

bolus PRP.13; 15; 30 Others have customized PRP preparations for specific application by 

removing or neutralizing PRP components. For example, delivery of PRP post-neutralizing 

TGF-β1 enhances healing and reduces fibrosis upon skeletal muscle injury.31 These studies 

indicate that preparations, which can sustain release and tailor PRP components can enhance 

therapy efficacy.

We previously designed biodegradable PEG hydrogels for encapsulation and sustained 

release of lyophilized PRP (PRGF).18 Here, our objective was to determine whether PRGF 

release from hydrogels can stimulate human OA chondrocyte survival and function 

compared to bolus PRP. PEG hydrogels are advantageous as delivery vehicles because: i) 

bioactive molecules can be encapsulated during hydrogel preparation, while preserving 

activity,20 and ii) release can be modulated by changing polymer composition, molecular 

weight or concentration.20; 21 Moreover, previous studies by our group and others have 

shown no detectable reaction between free acrylates and free thiols, which may be present 

on encapsulated proteins.18; 32; 33 We first analyzed the effect of PRGF encapsulation on 

hydrogel properties. PRGF led to a slight decrease in gelation time and swelling, possibly 

due to the high PRGF concentration (10% w/v), leading to a lower water uptake by the gels. 

Presence of 10% PRGF increased the viscosity of the hydrogel precursor solution and, thus, 

could result in decreased gelation time. Further, high protein content of 10% w/v could also 

affect water uptake of the hydrogels due to the displacement of water molecules from the 

hydrogel pores. The minimal effect on properties indicates the potential of using PEG 

hydrogels as carriers for high concentrations of multicomponent mixture like PRGF.

Next, we investigated PRGF release from the PEG hydrogels. Similar to our previous study,
18 we saw initial burst followed by a sustained PRGF release over 10 days. ELISA analysis 

of specific PRGF growth factors showed that VEGF (27 kDa) was released the fastest, 

followed by EGF (6.4 kDa), PDGF-BB (27 kDa), and TGF-β (12.5 kDa). The release 

kinetics of the growth factors did not correlate with their molecular weights (MW); we 

anticipated higher MW proteins to release slower. The release behavior could be partly 

attributed to higher initial concentration of EGF, PDGF-BB and TGF-β in our PRGF 

preparation, compared to VEGF. Release can also be governed by phenomena such as 

protein-protein interactions, non-specific protein-polymer interactions, or molecular 

crowding due to high protein concentration. For example, electrostatic interactions between 

positively charged TGF-β and negatively charged albumins (abundant in PRGF), could slow 

down TGF-β release. Further, TGF-β can be present as a dimer (25 kDa) or associated with 

latency-associated peptide, which can increase its molecular weight and delay release. 

Lastly, encapsulation of PRGF at 10% w/v inside the hydrogels can lead to clotting, 

resulting in entrapment of proteins inside the clot. PRP-only gels formed after clotting have 
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been tested for sustained delivery, but they offer little control over gel properties and result 

in high burst release.34

Next, we tested the bioactivity of PRGF releasates on cultured human chondrocytes derived 

from OA patients. De-differentiated chondrocytes were pre-treated with IL-1β, a pro-

inflammatory cytokine, which primarily participates in the activation cascade of OA through 

an apoptotic pathway and is known to induce acute chondrocyte degeneration and to inhibit 

extracellular matrix formation35. Cell treatment with IL-1β is reported as a reliable model to 

recapitulate the inflammatory mechanisms involved in OA8; 23 and induce de-differentiation 

in chondrocytes.24; 36; 37 The IL-1β dose was chosen based on the literature23; 38 as well as 

preliminary data. As anticipated,24 upon treating chondrocytes with bolus PRGF or PRGF 

releasates, we observed increased proliferation as measured by increased DNA content, most 

notably with day-4 releasates. The higher proliferation upon treatment with the day-4 

releasate could be due to selective depletion of PRGF components, which impact 

chondrocytes negatively (e.g. VEGF). VEGF has been implicated in promoting OA 

progression39 and VEGF treatment has been shown to induce death of articular chondrocytes 

in-vitro40 and in-vivo.41 Note that most of the EGF and VEGF were released by day-1, 

while PDGF-BB and TGF-β were continuously released until hydrogel degradation. Reports 

have shown that PDGF-BB down-regulates NF-κB42 and that both PDGF-BB and TGF-β 
increase chondrocyte proliferation.42; 43 Moreover TGF-β is known to potentiate the effects 

of PDGF-BB.44 Thus, it is possible that the effects of PDGF-BB or TGF-β were subdued in 

the presence of VEGF in bolus PRGF as well as the day-1 fraction, but not in the day-4 

PRGF fraction.

We next assessed secretion of NO by chondrocytes upon PRGF treatment. NO production is 

upregulated in OA joints; it induces apoptosis in chondrocytes45 and production of MMPs,46 

and inhibits collagen47 and GAG synthesis.48 It has been shown that treatment with TGF-β 
or inhibition of NF-κB suppresses IL-1β-induced NO synthesis in immortalized murine 

chondrocytes.49 In our study, IL-1β induced an increase in NO production in chondrocytes, 

but treatment with PRGF did not suppress NO production. Only day-4 PRGF releasate 

showed considerable, but insignificant suppression of IL-1β induced NO production. Lack 

of inhibition of NO production could be due to the presence of multiple growth factors in 

PRGF, which may affect several regulatory pathways and interfere with the action of other 

growth factors and cytokines. In day-4 PRG relesates there is a selective loss of growth 

factors like VEGF, which has been shown to increase NO production in immortalized 

chondrocytes39 and retention of TGF-β, which is known to suppress NO production.49 Note 

that NO levels in each of the 6 patient samples varied considerably, making it difficult to 

obtain statistical differences amongst the various conditions.

We also measured the capacity of PRGF and PRGF releasates to counteract the effect of 

IL-1β on the expression of genes involved in matrix formation and degradation. IL-1β 
activates several catabolic factors like MMP-13 and signaling cascades, including NF-κB.23 

We saw an up-regulation of MMP-13, COX-2 and NF-κB upon IL-1β pre-treatment in 

chondrocytes. Treatment with bolus PRGF or PRGF releasates showed an anti-inflammatory 

effect by suppressing a major catabolic (MMP-13) and a major pro-inflammatory (NF-κB) 

mediator. Over-expression of MMP-13 is involved in the breakdown of cartilage 
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components, specifically, collagen type II50 and its suppression has been used as a 

therapeutic strategy for halting OA progression.51 Likewise, activation of NF-κB further 

promotes inflammation and drives the etiology of OA.4 Several NF-κB antagonists have 

shown beneficial effects on cultured chondrocytes and OA disease etiology.52 Similar results 

for NF-κB and MMP-13 suppression using PRGF are reported in earlier studies4 and were 

attributed to the presence of growth factors like PDGF-BB and TGF-β.4; 8; 24; 43; 53 Our 

results corroborate these findings and show that PRGF releasates had either similar or higher 

therapeutic efficacy in inhibiting the major catabolic and pro-inflammatory factors driving 

OA etiology. Bolus PRGF or PRGF releasates did not inhibit IL-1β induced COX-2 

expression or rescue the suppression of collagen synthesizing genes COL1A1 and COL2A1. 

However, the ratio of COL2/COL1 was significantly improved in PRGF relesates treatment 

groups indicating an overall anti-inflammatory PRGF effect. These results further suggest 

that PRGF releastes contribute to stabilizing the re-differentiated state of chondrocytes.

Day-4 PRGF releasate had a minor positive effect on sGAG synthesis, but no other PRGF 

treatments did, which could be due to the short duration of the explant treatment with IL-1β 
(24 h) and the longer incubation time post-treatment (72 h), which could have brought back 

the sGAG levels back to normal.

Lastly, our discussion focused on the four major growth factors that we analyzed in the 

PRGF preparation. However, PRGF is a complex mixture of cytokines and growth factors, 

many of which could interact with chondrocytes. Some of the other PRGF components, 

which have been shown to have an effect on chondrocytes, include hepatocyte growth factor 

(HGF) and IGF.4 Corroborating previous studies, we observed a trend of decreasing NF-κB 

activity with either bolus PRGF or PRGF releasates. This effect of PRGF has been attributed 

to the presence of HGF in PRP, which enhances the expression of endogenous NF-κB 

inhibitor and thus decreases NF-κB expression.54 Similarly, IGF and PDGF (discussed 

above) also inhibit IL-1β-induced expression of NF-κB in chondrocytes.55 Interestingly, in 

our study only bolus PRGF but not PRGF releasates, showed statistically significant 

decrease in NF-κB activity post IL-1β treatment. This might be an indication that loss of one 

or more of such growth factors, which alone or in combination play a role in the suppression 

NF-κB expression, can reduce the potency of PRGF releasates. Some other factors present 

in PRP, which have been investigated for their role in OA and chondrocytes in particular, are 

connective tissue growth factor (CTGF) and metalloproteinase inhibitor. CTGF is known to 

affect collagen deposition and cartilage regeneration. Although CTGF is found in PRGF at 

levels 20-fold greater than any other growth factor, rapid degradation by MMP13 is believed 

to be one reason it doesn’t have a regenerative effect in OA. Lastly, PRGF is a major source 

of several MMP inhibitors such as α−2-macroglobulin and the aggrecanases ADAMTS4 and 

ADAMTS5. However, the very low concentrations of these inhibitors in PRGF are believed 

to reduce the biological efficacy of PRGF treatment.4

One study limitation is that we used non-autologous PRGF pooled from 5 human donors. 

This was done to reduce the variability in PRP preparations from different donors; however, 

an autologous PRP would have a higher translation value. Second, we saw a high PRGF 

burst release from the hydrogels. Modulating hydrogel mesh size or using strategies to 

control the release of specific growth factors can decrease the initial burst. Further, in this 
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study we used chondrocytes cultured in 2D for simplicity in order to compare hydrogel 

released PRGF to bolus PRGF. However, evaluation of the delivery system on chondrocytes 

cultured in 3D conditions might yield more accurate results of the therapeutic efficacy of 

sustained PRGF release. Lastly, bolus PRGF and PRGF releasates showed variable results of 

proliferation and gene expression, which can be due to interference of mixture of multiple 

growth factors and cytokines with each other; some of them beneficial, while others 

inhibitory or deleterious to specific tissue repair processes. Thus, studies with targeted 

removal of specific growth factors from PRP will be critical to improve PRP therapy 

efficacy.

Conclusion

We compared the effect of bolus PRGF and PRGF releasate fractions (from a PEG hydrogel) 

in an IL-1β-induced inflammatory model of OA in human chondrocytes. We established that 

PRGF releasates collected at different time points were at least as potent as bolus PRGF in 

inducing chondrocyte proliferation and suppressing expression of anti-inflammatory genes. 

PEG hydrogels were suitable carriers for the efficient encapsulation of PRGF and could 

release PRGF in a sustained manner upon initial burst release. The developed approach 

holds clinical potential as a delivery device for PRGF or other multicomponent mixtures for 

the treatment of OA. Further studies are required to understand the role of specific PRGF 

components on chondrocyte function and to customize the release of those PRGF 

components for the treatment of OA.
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Figure 1. Diffusion of PRGF from PEG hydrogels.
A) Cumulative release of PRGF from PEG hydrogels in PBS. B) Fractional release of PRGF 

for Mi/Minf < 0.6. The vertical axes denote the fraction of PRGF released from PEG 

hydrogels.
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Figure 2. 
ELISA analysis of A) EGF, B) VEGF, C), PDGF, and D) TGF-β present in either bolus 

PRGF (1% w/v PRGF in culture medium) or PRGF releasates collected on day 1, 4 and 11 

(complete gel degradation) from PRGF-PEG hydrogels.
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Figure 3. 
Effect of PRGF on chondrocyte proliferation and NO synthesis. A) Fold change in DNA 

content of chondrocytes post-treatment. DNA was measured using a pico-green assay. B) 
Fold change in NO in chondrocytes post-treatment All chondrocytes were treated with either 

bolus PRGF (1% w/v) or PRGF releasates collected from PEG hydrogels on day 1, 4, and 11 

(complete gel degradation). All samples except control (no IL-1β pre-treatment of PRGF 

treatment) were pre-treated with IL-1β (25 ng/mL) for 24 h and then were either given no 

treatment or treated with bolus PRGF or PRGF releasates. Data is averaged from 6 patient 

samples and normalized to control chondrocytes. Same lower-case alphabets denote 

statistical significance (p<0.05) between indicated groups.
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Figure 4. 
Relative changes in chondrocyte transcript expression for A) COL1A1, B) COL2A1, C) 
ratio of COL2A1/COL1A1, D) MMP13, E) COX2 and F) NFKB1, post-treatment with 

either bolus PRGF (1% w/v) or PRGF releasates collected from PEG hydrogels on day 1, 4, 

and 11 (complete gel degradation). All samples except control (no IL-1β pre-treatment of 

PRGF treatment) were pre-treated with IL-1β (25 ng/mL) for 24 h and then were either 

given no treatment or treated with bolus PRGF or PRGF releasates. Data is averaged from 5 

to 6 patient samples and normalized to control chondrocytes. Similar lower-case letters 

denote statistical significance (p<0.05).treatment) were pre-treated with IL-1β (25 ng/mL) 

for 24 h and then were either given no treatment or treated with bolus PRGF or PRGF 

releasates. Data is averaged from 6 patient samples and normalized to control chondrocytes. 

Similar lower-case letters denote statistical significance (p<0.05).
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Figure 5. 
Fold change in sGAG content in cartilage explants after treatment with either bolus PRGF 

(1% w/v) or PRGF releasates collected from PEG hydrogels on day 1 and 4. All data is 

averaged from 5 patient samples. sGAG was determined using DMMB assay. sGAG content 

of each explant was normalized to explant dry weight. A fold change for each condition was 

calculated with respect to a control explant maintained in 1% FBS media (no IL-1β pre-

treatment of PRGF treatment).
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Table 1:

Properties of PEG hydrogels with and without encapsulated PRGF in two different incubation media

Medium PRGF Mesh size (nm) Qm Gelation time (min) Degradation time (d) G’ (kPa)

PBS + 7.67 ± 0.04 19 ± 0.7 35 ± 3 10–11 3.08 ± 0.06

− 9.46 ± 0.047 22.8 ± 1.8 43 ± 4 9–10 3.40 ± 0.09

Media + 6.88 ± 0.10 17.3 ± 0.8 N/A 8–10 3.61 ± 0.07

− 7.25 ± 0.25 19.1 ± 1.1 N/A 9–10 3.52 ± 0.14

All values are shown as mean ± SD.
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