
Hsiao-yin Yang

H
siao

-yin Yang

TOWARDS INTRA-ARTICULAR 
DELIVERY FOR CARTILAGINOUS 

TISSUE REGENERATION

TO
W

A
R

D
S IN

TR
A

-A
RTIC

U
LA

R
 D

ELIV
ERY

 FO
R

 C
A

RTILA
G

IN
O

U
S TISSU

E R
EG

EN
ER

A
TIO

N



TOWARDS INTRA-ARTICULAR DELIVERY  

FOR CARTILAGINOUS TISSUE REGENERATION

Hsiao-yin Yang



TOWARDS INTRA-ARTICULAR DELIVERY FOR CARTILAGINOUS TISSUE REGENERATION 
Hsiao-yin Yang  
PhD thesis, Utrecht University, the Netherlands

ISBN 978-94-6182-608-4

Layout & printing: Off Page

Copyright © H. Yang 2015. All rights reserved. No parts of this thesis may be reproduced, 
stored in a retrieval system of any nature or transmitted in any form or by any means, 
without prior written consent of the author. The copyright of the articles that have 
been published has been transferred to the respective journals.



TOWARDS INTRA-ARTICULAR DELIVERY  

FOR CARTILAGINOUS TISSUE REGENERATION

Op weg naar intra-articulaire afgifte voor kraakbeenregeneratie 

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht

op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan,

ingevolge het besluit van het college voor promoties

in het openbaar te verdedigen op dinsdag 1 december 2015

des middags te 2.30 uur

door

Hsiao-yin Yang

geboren op 5 december 1979

te Taipei, Taiwan



Promotoren:  Prof. dr. W.J.A. Dhert 

Prof. dr. F.C. Öner

Copromotoren:  Dr. L.B. Creemers  

Dr. L.A. Vonk

The research described in this thesis forms part of the Project P2.01 IDiDAS of the research 

program of the BioMedical Materials institute, co-funded by the Dutch Ministry of Economic 

Affairs. The financial contribution of the Dutch Arthritis Foundation is gratefully acknowledged.

Printing of this thesis was financially supported by Anna Fonds|NOREF, ChipSoft BV and Össur.



TABLE OF CONTENTS

  List of abbreviations 7

Chapter 1 General introduction and aims 9

Chapter 2 Applicability of a newly developed bioassay for determining 17 

bioactivity of anti-inflammatory compounds in release  

studies − celecoxib and triamcinolone acetonide released  

from novel PLGA-based microspheres

Chapter 3 Cell type and transfection reagent-dependent effects on 33 

viability, cell content, cell cycle and inflammation of RNAi  

in human primary mesenchymal cells

Chapter 4 A novel injectable thermoresponsive and cytocompatible gel 53 

of poly(N-isopropylacrylamide) with layered double hydroxides  

facilitates siRNA delivery into chondrocytes in 3D culture

Chapter 5 Overexpression of hsa-miR-148a before chondrocyte 77 

incorporation in fibrin and hyaluronan gels for in situ  

cartilage regeneration

Chapter 6 Biocompatibility and intradiscal application of a thermoreversible  93 

celecoxib-loaded poly (N-isopropylacrylamide)  

MgFe-layered double hydroxide hydrogel in a canine model

Chapter 7 Summary and general discussion 117

Addendum Appendices 131 

References 143 

Nederlandse samenvatting 161 

Acknowledgment 163 

Curriculum vitae 167 

List of publications 169





LIST OF ABBREVIATIONS
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2
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PLGA-PTE Poly(lactic-co-glycolic acid) with poly(thioester) linkages

pNIPAAM poly (N-isopropylacrylamide)

RNAi  RNA interference 

siRNA  Small interfering RNA

TA  Triamcinolone acetonide

TIMP1  Tissue inhibitor of metalloproteinase 1

TNFα  Tumor necrosis factor alpha
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INTRODUCTION

DEGENERATE MUSCULOSKELETAL TISSUES
Musculoskeletal conditions are prevalent and the most common cause of chronic pain and 

disability worldwide 1. Patients often have complaints about pain, stiffness, loss of flexibility, and 

are unsustainable to weight-bearing. In Europe the most common affected sites are the back 

(24%) and the knee (18%); herniated/degenerate intervertebral discs (IVDs) (15%) and arthritis/

osteoarthritis (OA) (34%) are the most common causes of back and knee pain, respectively 2. 

In the United States 12.1% of the Americans aged 25- 74 years are affected with OA, whereas a 

26.4% prevalence of low back pain was found in the same population aged 18- 74 years 3,4. 

Articular cartilage is a connective tissue, forming part of the diarthroses which serves 

as a load-bearing material. Together with synovial fluid, articular cartilage allow frictionless 

movements and flexibility. Articular cartilage is devoid of blood vessels and nerves. It contains a 

large amount of extracellular matrix (ECM) and sparsely distributed chondrocytes. In the spine, 

the IVDs lying between the vertebral bodies are the main joints which provide physiological 

functions including transmitting loads and providing flexibility (e.g. bending, flexion and 

torsion). However, IVDs are complex structures which are also avascular and aneural, and they 

consist of the central nucleus pulposus (NP) and the surrounding annulus fibrosus (AF). IVDs 

are fibrocartilage which show some similar characteristics to hyaline articular cartilage, and 

chondrocyte-like cells are found in IVDs.

In both articular cartilage and the IVDs, the ECM is composed of water and structural 

macromolecules such as collagens, proteoglycans, and noncollagenous glycoproteins. Despite the 

resemblance between articular cartilage and IVDs, differential profiles of biochemical components 

in the ECM are noted. In adults, articular cartilage is composed predominantly of type II collagen 

(60-70% dry weight) and proteoglycans (10% of dry weight) 5. In IVDs the NP is constituted primarily 

of type II collagen and aggrecan, whereas AF contains large amount of type I collagen 6. However, 

through specific organization of macromolecules in the ECM, especially collagen fibers, the matrix 

functions as a hydroelastic system providing resistance to compression by undergoing reversible 

deformation and thus balances the swelling pressure of the proteoglycan-water gel 7-9.

Chondrocytes in articular cartilage and NP cells in IVDs play important roles in ECM 

homeostasis. In homeostasis, these cells both synthesize matrix macromolecules and also 

secrete metalloproteinases to maintain the quality and integrity of the matrix. In OA and 

degenerate IVDs, chondrocytes and NP cells are responsible for producing secreted destructive 

proteinases to the ECM including collagenases, aggrecanases and metalloproteinases. In 

addition, pro-inflammatory cytokines including interleukin-1 (IL-1) and tumor necrosis factor 

alpha (TNFα) are involved in catabolic effects, stimulating the cells to secrete proteolytic 

enzymes resulting in matrix degradation 10-13. Subsequently, the ECM in both OA and degenerate 

IVDs becomes more and more disorganized. In more serious events, degeneration leads to 

loss of aggrecan and proteoglycans and consequently loss of water content. In both OA and 

degenerate IVDs, increased level of inflammatory mediators including TNFα and a broad 

spectrum of interleukin cytokine family are shown to correlate to the pathophysiology of the 

diseases 14,15. Moreover, the inflammatory processes have been suggested for the irritation of 

the sensory nerves to induce pain 15,16.
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CURRENTLY AVAILABLE TREATMENTS
Conventional treatments for OA and degenerate IVDs include administration of nonsteroidal 

anti-inflammatory drugs (NSAIDs) or corticosteroids, and physical therapy for moderate 

conditions; (invasive) surgical procedures are usually applied for severe cases. While physical 

therapy can strengthen the muscles around the joints, NSAIDs and corticosteroids may reduce 

inflammation and alleviate pain. However, in spite of their effectiveness in analgesia, systemic 

administration of these anti-inflammatory compounds has been reported to cause several 

side effects. For instance, celecoxib (CXB) may cause gastrointestinal and cardiovascular 

side effects 17 and the use of corticosteroids in patients with rheumatoid arthritis has been 

suggested to induce bone loss and hyperglycemia 18,19. These side effects are mostly related 

to the systemic burden caused by the route of administration of these drugs, usually orally, 

and may be eliminated by local administration 20,21. In particular, intra-articular and intra-discal 

corticosteroid injections have been used for treatment of chronic pain, showing positive but 

invariably temporary results 22,23, which were most likely due to fast clearance in situ. Therefore, 

a delivery method allowing for sustained local release of these drugs will reduce systemic 

drug levels, and prolong its presence, hence potentially minimizing side effects and ultimately 

prolonging clinical benefits.

PROSPECTIVE TREATMENTS
In addition to these conventional therapies aiming merely at symptom relief, research focus 

towards regenerative approaches has emerged. These include the injections of growth factors 

or inhibitors for cytokines, gene/oligonucleotide therapy and implantation of cells. The 

abundant availability in terms of cell quantity and cell source makes multipotent mesenchymal 

stromal cells (MSCs) a potential solution for regenerative medicine. Although in vitro MSCs 

can be expanded and differentiated towards cartilage and provide chondroinductive 

cues 24-26, chondrogenic phenotype stability in vivo might be a challenge 27-29. Albeit autologous 

chondrocytes implantation has been shown for good clinical results 30,31, however the procedure 

associated with the tissue harvest can cause iatrogenic damage, for example necrosis/apoptosis 

of the surrounding healthy cartilage of lesion site 32. Moreover, events of graft failure and tissue 

hypertrophy have also been reported 33,34. While healthy NP cells might provide an alternative 

source of cells for treating IVD degeneration, acquisition of cells from healthy tissue makes 

it a problem. Thus regenerative research employing strategies of maintaining or directing 

implanted/local cells to differentiate towards functional phenotype is of focus. 

RNA interference (RNAi) is a biological machinery in which gene expression is inhibited 

by small non-coding RNA molecules binding to target mRNA, followed by degradation of the 

target mRNA. In RNAi, the central small RNAs are small interfering RNAs (siRNAs) and microRNA 

(miRNAs).  siRNAs are double-stranded RNA of 21-23 base pairs in length, whereas miRNAs are 

single-stranded and contain 19-24 nucleotides. While siRNAs bind to specific mRNAs, miRNAs 

mostly bind to complementary sequences on the untranslated region (UTR) of the target mRNA 
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transcripts. Nevertheless, both siRNAs and miRNAs modulate posttranscriptional gene regulation 

via similar machineries in which RNA-induced silencing complexes (RISCs) are associated 35,36. 

Recently published results of preliminary clinical trials with RNAi-based treatments have 

showed good safety profile and therapeutic outcome in treating diseases of, for example, 

pachyonychia congenital, macular degeneration or viral infection of respiratory tract 37-39. Based on 

a previous reviewed article, in 2010 there were 21 registered clinical studies on siRNA according to 

the U.S. National Institutes of Health. Among these studies, they can be categorized to specialties 

including ophthalmology, oncology and nephrology 40. Up to date (accessed on 29th June 2015), 

there are 45 registered clinical studies found in the database (http://clinicaltrials.gov) by using 

the same searching criteria, with study focus extended to other systems such as endocrine 

system, coronary artery and bone etc. The trend of clinical research of using RNAi technology 

might provide some indications of its development in clinical applications. Application of RNAi 

may be of great potential in the treatment of degenerative diseases of joints by inhibiting the 

local degenerative processes along with regenerative approaches. For tissue engineering, siRNA 

has been shown in facilitating mesenchymal cells of various origins to differentiate or trans-

differentiate towards osteogenic, chondrogenic, adipogenic, myogenic and neuronal lineages 
41-44. In joint pathology, siRNA has been shown in vivo to effectively suppress the progression of OA 

by targeting nuclear factor-κBp65 (NF-κBp65) and improve magnetic resonance imaging (MRI) 

scores and histological grading scores of IVDs 45,46. Multiple studies have also shown decreased 

cartilage degradation or improved cartilage regeneration by modulating miRNA expression 47-49.

STRATEGIES IN DELIVERING THERAPEUTIC RNA MOLECULES
In order to facilitate siRNA delivery, non-viral transfection methods have been developed which 

may provide higher safety compared to viral transfection methods. Despite the recent advances in 

delivery methods and siRNA, there are concerns regarding possible off-target effects or non-specific 

effects caused by transfection, including cytotoxicity, DNA damage, and even induction of innate 

immunity 50,51. Moreover, effects of transfection reagents per se on gene expression, independent of 

the genes silenced, have also been shown in different cell lines 52-54. Therefore, despite transfections 

shown in human MSCs, chondrocytes and NP cells, there is little understanding of possible non-

specific effects of transfection in these cells. In order to apply RNAi successfully in cartilaginous 

degenerative diseases, insight into these non-specific effects is of importance. 

Moreover, hurdles of delivering small RNA molecules still remain. First of all, RNA 

oligonucleotides are very susceptible to nuclease degradation. Secondly, despite that 

oligonucleotides have high efficacy, considering the regulation involves at translational 

stage 36,55, still the effect will be of limited duration unless they are administered regularly. Use 

of specific carriers facilitating cellular uptake, while also protecting siRNA from enzymatic 

degradation might offer an alternative strategy for successful long-term delivery. For example, 

hydrogel may serve as injectable platform and a reservoir of small RNA delivery.

13
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1
RESEARCH AIMS
The overall aim of this thesis is to develop strategies to ultimately treat degenerate 

musculoskeletal tissues towards regeneration by means of minimal invasive administration of 

therapeutic molecules, over a prolonged period of time. The specific aims that were defined are:

To determine the bioactivity of anti-inflammatory compounds released from various platforms 

1. To develop an in vitro bio-assay determining bioactivity of compounds released from PLGA-

based microspheres and,

2. to study the effect of compounds released in vivo from a novel/synthetic hydrogel .

To modulate cartilaginous phenotype with small RNA molecules delivered in hydrogels

3. To evaluate the safety in the use of siRNA and the transfection per se, and its silencing 

efficiency in a novel/synthetic hydrogel and,

4. to examine the effects of miRNA on chondrogenesis in naturally-derived hydrogels.

OUTLINE OF THIS THESIS
In the use of controlled-delivery systems for therapeutic agents, in vitro release kinetics of 

therapeutic agents is usually determined in aqueous media such as phosphate buffered saline (PBS) 

or saline to further optimize the biomaterials’ properties. However, in a physiological environment 

the presence of cells and plasma proteins could play a role in bioactivity. Therefore, in Chapter 2, a 

bio-assay was developed to study the bioactivity of therapeutic compounds released from a PLGA-

based platform, in an environment exposed to OA chondrocytes and soluble proteins.

The application of RNAi for treating degenerate cartilaginous diseases has evolved as 

one of the promising approaches. To better understand its safety of use, in Chapter 3 non-

specific effects of siRNA transfection in nucleus pulposus cells, chondrocytes and MSCs were 

studied. As unprotected siRNA is susceptible to nuclease degradation, in Chapter 4 a novel 

hybrid thermo-responsive hydrogel facilitating siRNA transfection was developed; the extent 

and effect of silencing were studied using the endogenous housekeeping gene glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). miR-148a is a miRNA previously shown to promote 

cartilage regeneration. In Chapter 5 regenerative effects in chondrocytes, pre-transfected 

with a microRNA mimic to overexpress specifically hsa-miR-148a and subsequently cultured in 

naturally-derived hydrogels, were studied as a future treatment of pre-conditioning cells ex 

vivo followed by incorporation in hydrogels as cell carriers.

To further extend the application of the novel hydrogel described in Chapter 4, the 

hydrogel serving as a controlled-release platform for an anti-inflammatory drug was studied in 

Chapter 6 in a canine model displaying spontaneous IVD degeneration. 
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ABSTRACT
The purpose of this study was to develop a bio-assay for measuring long-term bioactivity 

of released anti-inflammatory compounds and to test the bioactivity of celecoxib (CXB) 

and triamcinolone acetonide (TA) released from a new PLGA-based microsphere platform. 

Human osteoarthritic chondrocytes were plated according to standardized procedures after 

batch-wise harvest and cultured for 3 days to prevent cell confluency and changes in cell 

behaviour. Prostaglandin E2 (PGE
2
) production stimulated by TNFα was used as a parameter 

of inflammation. A novel microsphere platform based on PTE-functionalised PLGA was used to 

incorporate CXB and TA. Loaded microspheres were added to transwells overlying the cells, 

with transfer of the wells to new cell cultures every 3 days. Inhibition of PGE
2
 production was 

determined over a period of 21 days. PLGA(75:25)-PTE microspheres were prepared and loaded 

with CXB and TA at  86 and 97% loading efficiency, respectively. In the bioactivity assay, PGE
2
 

levels induced by TNFα were reduced to an average of 30% using microspheres loaded with 

0.1 nmol CXB per transwell; with microspheres loaded with 0.1 nmol TA, PGE
2
 production was 

initially reduced to 3% and gradually recovered to 30% reduction. At 1 nmol loading, PGE
2
 was 

inhibited to 0-7% for CXB-loaded microspheres, and 0-28% for TA-loaded microspheres. In 

conclusion, we present a novel sustained release bioactivity assay which provides an essential 

link between in vitro buffer-based release kinetics and in vivo application. Novel PLGA-based 

microspheres loaded with TA and CXB showed efficient anti-inflammatory effects over time. 
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INTRODUCTION
With the ageing of the population in industrialized countries, the incidence of wear-related 

disease is ever increasing. In particular, degenerative diseases of the musculoskeletal system 

impose a huge burden on the society 56. Of these, osteoarthritis (OA) and low back pain associated 

with intervertebral disc degeneration are major degenerative musculoskeletal diseases 3,57. In the 

United States, for example, 12.1% of the Americans aged 25- 74 years are affected with OA, whereas 

a 26.4% prevalence of low back pain was found in the population aged 18- 74 years 3,4. 

Although the etiology of OA and disc degeneration is still largely unknown, inflammatory 

mediators are suggested to correlate to the initiation or maintenance of tissue degeneration 

and the consequent symptoms 58,59. As no real cures are available as yet, common strategies 

for treating the symptoms of joint diseases consist of the use of either non-steroidal anti-

inflammatory drugs (NSAIDs) or corticosteroids, mainly for pain relief 60,61. 

In spite of their effectiveness, systemic administration of these anti-inflammatory 

compounds has several disadvantages. As clearance of systemically administered drugs is fast, 

continuous administration at high doses is required. In addition several side effects are reported. 

For instance, celecoxib (CXB) may cause gastrointestinal and cardiovascular side effects 17 and 

the use of corticosteroids in patients with rheumatoid arthritis has been suggested to induce 

bone loss and hyperglycemia 18,19.

These side effects are mostly related to the systemic burden caused by the route of administration 

of these drugs, usually orally, and may be avoided by local administration 20. Local administration 

could achieve therapeutic concentrations in situ while maintaining low systemic levels and also 

reduce the risk of drug-drug interactions 62. Intra-articular and intra-discal corticosteroid injections, 

used for treatment of chronic pain, have indeed shown positive but invariably temporary results 
22,23 which were most likely due to fast clearance in situ. Therefore, a delivery method allowing for 

sustained local release of these drugs will reduce systemic drug levels, and prolong their presence, 

hence minimizing side effects and ultimately prolonging clinical effects.

A common delivery method is based on the use of particles releasing encapsulated active 

compounds. In induced arthritis models, intra-articular administration of liposomes loaded with 

triamcinolone acetonide (TA) showed a prolonged local delivery compared to free drug 63. Chitosan 

particles encapsulating CXB showed a limited capacity to diminish the number of arthritic lesions in 

rats with induced arthritis64. Sustained release of cortisol from liposomes in patients with rheumatoid 

arthritis has also been reported in a case study showing improvements in the Ritchie articular index 65.

In vitro release kinetics of therapeutic agents typically is determined to further tailor and 

adjust the biomaterials properties of sustained release vehicles before their final application in 

vivo. However, release kinetics is usually determined in aqueous media such as PBS or saline. Even 

if physiological pH and osmolarity can be controlled, the results do not provide information on the 

bioactivity of the released therapeutic agents. The total absence of proteins in these assays typically 

would not provide information on the effects of binding occurring in vivo by body fluid proteins, 

especially occurring with hydrophobic small molecules. Binding to plasma proteins does not 

only affect pharmacokinetics and pharmacodynamics, but also the biological activity of a drug 66. 

Therefore, bioactivity-based in vitro assays are required to show the efficiency and applicability of 
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such release systems. The aim of the current study, was to develop such a bioactivity assay based 

on TNFα –stimulated OA chondrocytes and use this assay to evaluate the applicability of a new 

PLGA-PTE- based microsphere platform. Addition of thioester bonds allows for functionalization of 

the polymer chains 67,68, hence enabling tissue- or cell-specific targeting, which would further fine 

tune the biological activity of compounds incorporated. This platform was subsequently tested for 

its capacity to release CXB or TA for a period of 21 days using the new bioassay.

MATERIALS AND METHODS
Synthesis and characterization of PLGA-PTE polymer

The copolymers of D-, L-lactide and glycolide coupled with poly(thioester) linkages (PLGA-PTE) were 

synthesized according to the method described previously 69. In brief, the synthesis is composed 

of three steps. PLGA diol was first synthesized with D-, L-lactide, glycolide (Purac Biomaterials, 

Gorinchem, The Netherlands) and diethylene glycol (Sigma-Aldrich, St. Louis MO, USA) before 

being converted to PLGA diene using pentenoyl chloride (used as received). At last, PLGA-PTE was 

synthesized by photo curing PLGA diene with dithio adipic acid (DSM, Heerlen, The Netherlands) 

under UV irradiation. The degree of conversion in each step was determined by 1H NMR.

The number-average molecular weight (Mn), weight-average molecular weight (Mw), and 

polydispersity index (PDI) of the polymer was determined using Gel Permeation Chromatography 

(GPC).  GPC was performed on a Waters 515 HPLC pump (Waters Corporation, Milford, MA, 

USA), a Waters 410 differential refractometer and a Severn Analytical SA6503 Programmable 

Absorbance Detector (Severn Analytical, UK) equipped with a Waters Styragel columns (HR 2, 3, 

4 and 5, Waters) using tetrahydrofuran (THF) (VWR, Radnor, PA, USA) as mobile phase at a flow 

rate of 1 ml/min. The polymers were dissolved in THF and calibrated against EasiCal polystyrene 

standards (Agilent Technologies, Santa Clara, CA, USA).

CXB- and TA-loaded PLGA-PTE microspheres

The microspheres were prepared by a double emulsion technique 70. For compound 

encapsulation, approximately 20 mg of CXB (Woburn, MA, USA) or TA (Sigma-Aldrich) was 

dissolved together with 200 mg of the PLGA-PTE polymer in 8 mL of dichloromethane (Merck, 

Darmstadt, Germany). To this solution 300 μL de-ionized water was added and this mixture was 

vortexed (3000 rpm, 30 seconds) to obtain an O/W emulsion. The emulsion was immediately 

transferred to a 50 mL spinner flask (Bellco glass) loaded with an aqueous solution consisting of 

40 ml polyvinyl alcohol (1% w/v) (Sigma-Aldrich) and stirred (300 rpm) for 16 hours to evaporate 

the dichloromethane. Subsequently, the particles were spun down. The pellet was washed 

three times with de-ionized water and lyophilized to yield the microspheres as a white solid. 

Microspheres were sterilized with 25K Gy gamma radiation while cooled by dry ice. In addition 

to hydrophobic therapeutic compounds shown in the study, the novel platform of PLGA-PTE 

microspheres could also allow encapsulation of hydrophilic drugs owing to the addition of 

water during the preparation of loading the compounds to microspheres.
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Size distribution of microspheres

The particle size of loaded-microspheres was analyzed using laser diffraction (Mastersizer 

MS2000, Malvern Instruments Ltd, Worcestershire, United Kingdom), by which volume 

mean diameters and particle size distributions (denoted as span) were measured. Water was 

used as dispersant. Morphology of the microspheres was documented by scanning electron 

microscopy (SEM) (Phenom-World, Eindhoven, The Netherlands).

Loading efficiency of CXB and TA into microspheres

To determine the loading efficiency of the CXB- and TA-loaded microspheres, the active 

compound was extracted and quantified by reversed phase HPLC. For compound extraction, 

20 mg of compound-loaded microspheres was dissolved in 1 mL DMSO. Subsequently, 9 mL 

of methanol (Merck) was added to precipitate the polymer and the suspension was shaken 

for 30 min. The residue was filtered and the amount of active compound was analyzed by 

reversed phase HPLC using a Waters 2695 Controller equipped with a UV/VIS detector (Waters 

Corporation). Drug quantification analyses were performed on a Zorbax eclipse XDB C18 

column (4.6 × 150 mm, particle diameter 5 μm, pore size 80 Å) (Agilent Technologies). For CXB, 

the mobile phase used was methanol/H
2
O 75:25 (v/v) at a flow of 1.25 mL/min 71. The run time 

for the assay was 10 min and the absorption was measured at 254 nm. The mobile phase for TA 

measurements was methanol/H
2
O/H

3
PO

3
 75:25:0.5 (v/v/v) at a flow rate of 1 mL/min 72. The run 

lasted 7 min and the absorbance was measured at 240 nm.

Release kinetics in aqueous media

CXB- and TA-loaded microspheres were suspended to an amount of 10 mg/ml in 3 ml Dulbecco’s 

phosphate-buffered saline (PBS) without Ca2+, Mg2+ (pH 6.9) (Biochrom AG, Berlin, Germany) to 

simulate the pH in a mildly degenerated joint 73,74. Additionally 0.02% sodium azide (Sigma-

Aldrich) was added to the saline. To increase the solubility of the active compounds in aqueous 

media, 0.2% of Tween-80 (Sigma-Aldrich) and 0.2% of SDS (Sigma-Aldrich) were added 

respectively to the release media for CXB- and TA-loaded microspheres 75,76. The suspensions 

were incubated at 37 °C with gentle shaking. At each time point, 1 mL buffer was collected for 

analysis and replaced by fresh buffer. The amount of compound in the collected buffer was 

determined by reversed phase HPLC. The samples for CXB measurement were stored at 4 °C 

and samples for TA measurement were stored at room temperature (to prevent precipitation) 

until analysis. Triplicates were included in each condition.  

Cell isolation and culture

Articular cartilage was harvested from knee joints derived from patients undergoing 

arthroplasty. Anonymous use of redundant tissue for research purposes is part of the standard 

treatment agreement with patients in the University Medical Center Utrecht 77. Chondrocytes 

were isolated by a 3-hour enzymatic digestion in 0.1% pronase (Roche, Mannheim, Germany), 

followed by an overnight enzymatic digestion in 0.04% collagenase type 2 (Worthington 
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Biochemical, Lakewood, NJ, USA) at 37 ˚C. Undigested debris was removed using a 70 μm- cell 

strainer (Becton Dickson, Franklin Lakes, USA). The resulting suspension of cells was washed in 

PBS and centrifuged. Afterwards, the cells were re-suspended in expansion medium consisting 

of DMEM (Gibco® Life Technologies, Carlsbad, CA, USA) containing 4.5 mg/ml glucose, 0.8 mg/

ml glycyl-L-glutamine, supplemented with 10% fetal bovine serum (FBS) (HyClone® Thermo 

Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco® Life 

Technologies) and supplemented with 10 ng/mL basic fibroblast growth factor (bFGF) (R&D 

Systems, Minneapolis, MN, USA). The cells were cultured at 37 °C and 5% CO
2
. The culture 

medium was renewed
 
every 3-4 days. At passage two, cells were frozen in aliquots of 1 million 

per vial in freezing medium, containing 10% DMSO (Merck) and 20% FBS in DMEM. For each 

release experiment, cells of the same donor were used at each of the successive time intervals.

Release and bioactivity in TNFα-stimulated chondrocyte culture

One day before the experiment, cells were thawed and seeded onto a 24-well culture plate, at 

a density of 40,000 cells per well. Cells were cultured in medium containing DMEM (including 

glucose and glycyl-L-glutamine), 10% FBS and antibiotics; on the next day, the medium was 

renewed before starting the experiment. PLGA-PTE microspheres with PLGA 75:25 were used 

for the experiment. Both non-loaded or loaded PLGA-PTE microspheres with CXB or TA were 

dispersed in culture medium and placed in Transwell® baskets (0.4 μm pore size, polycarbonate 

membrane) (Corning, Amsterdam, The Netherlands). In transwell baskets, the resuspended 

microspheres were washed once in culture medium before being transferred to each well with 

cells seeded the day before. Cells and microspheres were co-incubated for 4 hours at 37 °C, at 

5% CO
2
 and 95% humidity. Subsequently, tumor necrosis factor alpha (TNFα) (eBioscience, San 

Diego, CA, USA) was added at a final concentration of 10 ng/ml to the culture medium. 

To study the effect of microspheres on modulating cellular response when stimulated with 

TNFα, 5 μg of non-loaded microspheres was used.  For determining bioactivity of released 

compounds, microspheres containing 0.1 or 1 nmol of therapeutic compounds were used. This 

corresponds to 0.5 μg  or 5 μg of CXB-containing microspheres, and 0.55 μg or 5.5 μg of TA-

containing microspheres. PLGA-PTE microspheres added at a total of 0.1 nmol or 1 nmol loading of 

CXB are denoted as CXB(0.1)−microspheres or CXB(1)−microspheres. This principle of denotation 

applies to TA-loaded microspheres as well. According to the release kinetics in PBS, the expected 

concentration of the anti-inflammatory compounds released from loaded microspheres was 

calculated to be 0.01 nmol and 0.1 nmol, equivalent to 0.01 and 0.1 μM in 1mL culture medium, 

within the first 24 hours.  5 μg of non-loaded microspheres was used as a control.

For bioactivity determination, cells and microspheres were co-incubated for 72 hrs before 

the microspheres were transferred to another new 24-well culture plate containing cells seeded 

according to the procedure described above. This procedure was repeated 6 times amounting to 

a release period of 21 days. Cells treated with 0.01 and 0.1 nmol CXB or TA (equivalent to 0.01 and 

0.1 μM in 1mL culture medium), as a single dose, to the medium were included as comparisons 

at each time interval. Each condition was analyzed in 4 replicates (n=4) and experiments were 

performed for 3 different donors. Results shown are from one representative donor.
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At every 72-hour time point medium was collected and cells were lysed in KDalert™ Lysis 

Buffer (Ambion®, Life Technologies). Samples were stored at -80 °C until further analysis if not 

used immediately. 

Viability analysis

Cytotoxicity of PLGA-PTE microspheres was examined by measuring lactate dehydrogenase 

(LDH) secreted in to culture medium from cells using the Cytotoxicity Detection KitPLUS (Roche 

Applied Science) according to the manufacturer’s instruction. The colorimetric signals were 

measured at 490 nm subtracted by a background reference at 655 nm, using a Benchmark 

Microplate Reader (Bio-Rad Laboratories, Hercules, CA, USA). 

PGE
2
 release measurement

Cell culture medium was collected at each time point and stored at -80 °C; samples were brought 

to room temperature immediately prior to PGE
2
 measurement. The amount of PGE

2
 in the samples 

was measured using the enzyme immunoassay Prostaglandin E
2
 Parameter Assay Kit (R&D 

Systems) following the manufacturer’s instructions. The colorimetric intensity was determined 

using the Benchmark Microplate Reader (Bio-Rad) at 450 nm. The readings were subtracted at 

540 nm. The concentration of PGE
2 

in the samples was determined by using a calibration curve. 

PGE
2
 amount was normalized to DNA content. For determining bioactivity of released anti-

inflammatory compounds on cellular PGE
2 
levels, normalized PGE

2
 amount was further compared 

to controls in which cells received TNFα only. The average values of controls were set to be 100%.

DNA content measurement

The DNA content from each cell lysate was measured using the Quant-iTTM PicoGreen® dsDNA 

Kit (Life Technologies) following the manufacturer’s instruction. The fluorescent signal was 

measured using a FlexStation® 3 Benchtop Multi-Mode Microplate Reader (Molecular Devices, 

Downingtown, PA, USA) at Ex/Em 485/538 nm.

Statistics

Statistical analysis was performed using SPSS 20 software (SPSS Inc., Chicago, IL, USA). Results 

are presented as mean ± standard deviation. Statistical significance was considered when 

p values were less than 0.05. Differences in PGE
2
 production between released CXB and free 

CXB solution and differences between released TA and free TA solution were determined by 

univariate analysis of variance using a randomized block design. A post-hoc test with Bonferroni 

correction was applied when 4 conditions were compared to each other.
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RESULTS
Synthesis of PLGA-PTE

PLGA copolymers containing thioester bonds were characterized by 1H NMR. The general chemical 

structure of the polymers is shown in Figure 1. Characteristics of the final products are summarized 

as PLGA(50:50)-PTE 1H-NMR (300 MHz, CDCl
3
, TMS): δ (ppm)= 5.31-5.15 (m, 37H, CH(lac)); 4.95-4.61 

(m, 74H, CH
2
(gly)); 4.31 (m, 4H, —(C═O)OCH

2
CH

2
O—); 3.69 (m, 4H, —(C═O)OCH

2
CH

2
O—); 2.86 

(t, 4H, —(C═O)SCH
2
CH

2
CH

2
CH

2
—); 2.51 (m, 8H, —(C═O)CH

2
CH

2
CH

2
CH

2
(C═O)—); 2.55-2.38 (m, 

8H, —(C═O)SCH
2
CH

2
CH

2
CH

2
—); 1.90-1.43 (m, 127H, CH

3
(lac), —(C═O)CH

2
CH

2
CH

2
CH

2
(C═O)— 

and —(C═O)SCH
2
CH

2
CH

2
CH

2
—); GPC: Mn= 13.7 kDa,, Mw= 29.3 kDa,  PDI=  2.14. 

PLGA(75:25)-PTE 1H-NMR (300 MHz, CDCl
3
, TMS): δ (ppm)= 5.34-5.02 (m, 71H, CH(lac)); 4.91-4.59 

(m, 44H, CH
2
(gly)); 4.30 (m, 4H, —(C═O)OCH

2
CH

2
O—); 3.69 (m, 4H, —(C═O)OCH

2
CH

2
O—); 2.88 

(t, 4H, —(C═O)SCH
2
CH

2
CH

2
CH

2
—); 2.51 (m, 8H, —(C═O)CH

2
CH

2
CH

2
CH

2
(C═O)—); 2.65-2.29 (m, 

8H, —(C═O)SCH
2
CH

2
CH

2
CH

2
—); 1.91-1.35 (m, 233H, CH

3
(lac), —(C═O)CH

2
CH

2
CH

2
CH

2
(C═O)— and 

—(C═O)SCH
2
CH

2
CH

2
CH

2
—); GPC: Mn= 13.5 kDa,, Mw= 26.9 kDa, PDI=  2.0.

Figure 1. Chemical structure of PLGA-PTE analyzed by 1H-NMR.

Characteristics of CXB- and TA-loaded microspheres

The spherical particles prepared by the w/o/w method resulted in a mean diameter ranging from 

40 to 55 μm when loading with CXB, and a mean diameter less than 40 μm when TA was loaded. 

For determining the loading efficiency of loaded microspheres, DMSO was first used to dissolve the 

polymer; the subsequent addition of methanol was used to completely dissolve CXB or TA, and yet to 

precipitate the polymer. Prior to HPLC analysis, the residue was filtered in order to remove possible 

residuals of polymer which might interfere with the measurement. The CXB loading was 7% for 

PLGA(50:50)-PTE and 8% for PLGA(75:25)-PTE, which correspond to 76% and 86% loading efficiency, 

respectively. In the case of TA, loading was 11% for PLGA(50:50)-PTE and 9% for PLGA(75:25)-PTE, 

corresponding to 96% and 97% loading efficiency, respectively. Characteristics of loaded microspheres 

are summarized in Table 1. A SEM image of non-loaded PLGA-PTE microspheres is shown in Figure 2.

Release kinetics in PBS

The release kinetics of encapsulated CXB and TA were monitored for up to 16 and 10 weeks, 

respectively (Figure 3). As the final aim was to investigate the bioactivity of microspheres 

loaded with therapeutically relevant doses, high loading was chosen. The release rate of CXB 

from either PLGA(50:50)-PTE or PLGA(75:25)-PTE was faster in the first 14 days during which 50% 
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of the encapsulated CXB was released. No significant difference between the release profiles 

of the two PLGA types was noticed within the first 28 days. However, the release rate of CXB 

decreased gradually afterwards and differed between the two PLGA types. Overall, a complete 

release of CXB was measured by day 55 and day 110 from PLGA(50:50)-PTE and PLGA(75:25)-

PTE, respectively. As the release of CXB was more sustained from PLGA(75:25)-PTE, the release 

profile of TA was only tested for this polymer ratio. For TA release the overall release rate is 

higher than for CXB, with a 50% release of TA from PLGA(75:25)-PTE measured within the first 

week. By day 28, over 90% of encapsulated TA was released (Figure 3). 

Viability

No cytotoxicity was found in any of the conditions. At day 3 and day 21, viability of cells co-

incubated with microspheres encapsulating anti-inflammatory compounds measured over 

99% (data not shown).

Table 1. Characteristics of Celecoxib (CXB)- and Triamcinolone Acetonide (TA)-loaded microspheres with 
PLGA(50:50)-PTE or PLGA(75:25)-PTE.

PLGA-PTE 
Ratio L:G

Compound 
loaded Yield (%)

Loading 
efficiency (%) Loading (w%)

Average 
diameter (μm) Span

50:50 CXB 75 76 7 40.3 0.82

75:25 CXB 67 86 8 54.6 1.15

50:50 TA 73 96 11 36.8 0.79

75:25 TA 70 97 9 38.1 0.76

Figure 2. Scanning electron microscopic (SEM) image of spherical PLGA-PTE microspheres.
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Inhibition of PGE
2
 production in TNFα-stimulated chondrocytes by sustained 

release of CXB and TA

The set up of the in vitro bioassay for evaluating the anti-inflammatory activity of the released 

CXB and TA is presented schematically in Figure 4. P2 osteoarthritic chondrocytes produced 

low basal levels of PGE
2
; stimulation of cells by adding TNFα increased PGE

2 
levels 2-5 fold 

(Figure 5A). Addition of non-loaded microspheres did not affect PGE
2
 production (Figure 5A), 

even at later time points (data not shown).

Addition of CXB(0.1)−microspheres to TNFα-stimulated cell cultures reduced PGE
2
 

production to an average of 30% of controls, with variable inhibition over the entire release 

period (Figure 5B). Also 0.01 nmol free CXB (0.01 μM) seemed to show similar variable effects 

on PGE
2
 level. With CXB(1) −microspheres, a consistent and steady inhibition to 0-7% of controls 

was found. At each time point, the efficacy of the CXB released from CXB(1)− microspheres was 

comparable to the 0.1 nmol free CXB (0.1 μM) added directly to the culture medium at each 

3-day interval (p > 0.05; Figure 5B). 

When using TA(0.1)− microspheres, the PGE
2 

level was reduced to 3% until day 6, yet 

the PGE
2
 increased again from 26% to 74% in the following two time points and the levels 

remained over 70% in the rest of the release period, whereas 0.01 nmol free TA (0.01 μM) 

in each time interval resulted in inhibiting PGE
2 

production to an average of 9% during the 

whole release period (Figure 5C). TA released from the microspheres containing the higher 

dosage, TA(1)− microspheres, resulted in a comparable inhibiting effect as using 0.1 nmol  

free TA (0.1 μM) until day 15 (0-12%, Figure 5C). After day 18, the PGE
2 
level was slightly higher 

when cells were co-incubated with TA(1)− microspheres (27- 28%) compared to 0.1 nmol free 

TA (0.1 μM) (6- 10%) (p< 0.05; Figure 5C). 

Figure 3. Release profile of CXB- and TA-loaded microspheres, with either PLGA(50:50)-PTE or PLGA(75:25)-PTE, 
in PBS buffer pH 6.9 at 37°C.
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Figure 4. Schematic overview of the bioassay used for evaluating bioactivity of released CXB and TA in inhibiting 
PGE

2
 production in TNFα-stimulated chondrocytes over 21 days.

Images of CXB-loaded microspheres microspheres were shown to illustrate changes in 

appearance macroscopically after a release period of 21 days, co-incubated with cells. Before 

co-incubation with cells, microspheres were round and spherical with a smooth surface, but 

after 21 days the microspheres seemed to lose their initial shape (Figure 6).

DISCUSSION
In the current study, we developed a bioactivity assay based on TNFα-stimulated chondrocytes 

as an in vitro inflammatory model to measure the bioactivity of anti-inflammatory agents 

released over time from biomaterial-based delivery systems. This bioassay was used to test the 

release of the anti-inflammatory therapeutic compounds celecoxib (CXB) and triamcinolone 

acetonide (TA) from a novel polymeric microsphere platform. Poly (lactic-co-glycolic acid) 

(PLGA), a commonly used copolymer as a carrier in drug delivery 78, was modified by linking 

poly(thioester) into the polymer (PLGA-PTE). 

In this novel platform CXB and TA were incorporated. First, release kinetics in PBS was 

determined over 16 weeks. Subsequently the newly developed bioactivity assay was used, to 

show that anti-inflammatory compounds released from PLGA-PTE microspheres inhibited PGE
2
 

production over a release period for up to 21 days. A more pronounced and constant inhibition 

was found using CXB(1)– microspheres and TA(1)– microspheres, especially those formulated 

with TA. During the entire release period, the anti-inflammatory effects of the microspheres 

with CXB(1)− microspheres and TA(1)− microspheres showed comparable results to 0.1 nmol 

free anti-inflammatory agents (equivalent to 0.1 μM) added directly to the culture medium. No 

cytotoxicity was observed either at early or late time points in culture.

Since the final aim was to investigate the bioactivity of microspheres loaded with 

therapeutically  relevant doses, high loading was chosen for the release studies. As CXB and TA 
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Figure 5. PGE
2
 levels in OA chondrocyte cultures stimulated with TNFα, and the inhibitory effects of CXB- or 

TA-loaded PLGA-PTE microspheres compared to cells treated with directly addition of 0.01 or 0.1 nmol 
therapeutic compounds (i.e. CXB or TA) as a single dose to the medium (equivalent to 0.01 or 0.1 μM). PGE

2
 levels 

were first normalized to DNA content and then compared to controls. (A) Unloaded microspheres did not affect 
PGE

2
 levels, but a clear stimulation by TNFα was noted. (B) PGE

2
 levels of TNFα-induced cells was reduced when 

using CXB-loaded microspheres, albeit with a fluctuating pattern when CXB(0.1)−microspheres were used. (C) 
TA−loaded microspheres in cell culture also resulted in a decreased PGE

2
 production, although it was restored to 

over 50% after day 12 when TA(0.1)−microspheres were used. However, consistent inhibition of PGE
2
 can be found 

in the cell culture when using CXB(1)- or TA(1)-microspheres (B, C). The average values of controls were set to be 
100%. * p < 0.05 compared to 0.01 μM free CXB. ** p< 0.001 compared to 0.01 μM  free TA; + p<  0.05 compared to 
0.1 μM  free TA, ++ p< 0.001 compared to 0.1 μM  free TA.
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Figure 6.  PLGA-PTE microspheres before and after a release period of 21 days, co-incubated with cells. The scale 
bar represents 100 μm.   

display low solubility in aqueous solution 79,80, Tween-80 and SDS, respectively, were used before 

for studying the release kinetics of CXB and TA 75,76. Most likely, addition of these surfactants 

or emulsifiers would also affect the release kinetics by changing, for example, porosity of the 

microspheres, polymer chain mobility and density, as well as consequent hydrolysis rate and 

pH in the release medium which all contribute to drug release from microspheres 81,82. However, 

such-like release studies are extremely difficult to extrapolate to the final in vivo situation.

By using a standardized cell culture protocol, the application of TNFα-stimulated 

osteoarthritic chondrocytes was found to be promising for determining the bioactivity of 

anti-inflammatory compounds released from biomaterial-based microspheres, also including 

evaluation of long-term actions. Hence, this assay provides an essential link between the 

commonly used in vitro buffer systems for release kinetics and the final in vivo application. 

The concentration of small molecules released into the culture medium was not determined 

in the current study. In particular hydrophobic small molecules are known to bind to proteins, 

including serum proteins such as albumin, the most abundant protein in plasma 66,83, thus 

altering their bioavailability. Therefore concentration would not have correlated with activity, 

which was the major reason for developing the current bioassay. A similar system has been used 

previously for determining the activity of BMP-2 released from several biomaterials to stimulate 

osteogenesis 84. The reported system in combination with ELISA for protein detection, was 

shown to effectively distinguish between scaffolds releasing inactive and those releasing active 

protein, which also correlated with in vivo bone formation. The current bioactivity assay has the 

added value of using primary, non-cell line, human cells actually derived from tissue affected 

during degenerative disease of cartilaginous tissues, i.e. osteoarthritic chondrocytes, which 

have also been shown to display many similarities to degenerated intervertebral disc cells 
57,59. In addition to general inflammatory inhibitors, other factors known to interfere with the 

inflammatory response (e.g. NF-κB inhibitors) could also be tested in this in vitro assay.

The PLGA-PTE microspheres provide a suitable platform for the sustained release of small 

molecule drugs, with the PTE modification to allow for functionalization, e.g. through coupling 
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of bioactive peptides or proteins. Release rates can be tailored by changing the ratio of lactic 

acid to glycolic acid 85,86. In the current study, release profiles of CXB studied in buffer indeed 

showed that microspheres with PLGA(75:25)-PTE displayed a slower release rate compared to 

PLGA(50:50)-PTE. The residual of the solvent dichloromethane used for preparing the loaded 

microspheres was not determined in the study, as dichloromethane has been commonly used 

and its efficient elimination in the course of the preparation procedure is well characterized, 

including for application in vivo 87-89. Also in the current study, the absence of cytotoxicity 

supports proper removal of dichloromethane residue. However, quantifying residuals of organic 

solvents used for preparing formulations is of importance for future clinical applications.

Quite surprisingly, the response in terms of PGE
2
 production to microspheres containing 0.1 nmol 

of CXB or to 0.01 nmol free CXB added to the culture medium (equivalent to 0.01 μM), was variable. 

This phenomenon was not found for TA-mediated inhibition of inflammation. One explanation may 

lie in the complex pathways involved in cyclooxygenase (COX)-mediated PGE
2
 synthesis. In the PGE

2 

synthesis pathway, COX activity generates PGH
2,
 which can be further converted to PGE

2
 by one 

of the PGE synthases, for example, microsomal prostaglandin E synthase-1 (mPGES-1). mPGES-1 

is responsive to pro-inflammatory cytokines in various cell types including synovial fibroblasts 90. 

When up-regulation of mPGES-1 would coincide with a sub-maximal inhibition of COX-2 activity, 

sufficient amounts of PGH
2
 for mPTGS-1 may have been generated and thus resulted in more PGE

2
 

than expected. Another explanation may lie in a compensatory up-regulation of COX-1, normally 

constitutively expressed 91. These phenomena further stress the importance of using bioassays as 

described in the current study for investigating release kinetics and bioactivity.  

Although the severe side effects associated with systemic administration of CXB or 

corticosteroids 18,92 were shown to be circumvented by intra-articular injection as a treatment 

for OA patients with severe pain 93,94, the treatment effects were typically short 20,95. Even with 

long-term administration of injections for up to 2 years, improvement of pain was measured 

only during the first year, despite an improvement in the range of motion 96. In an OA-induced 

rat model although intra-articular injection of COX-2 inhibitors resulted in effective inhibition 

of OA progression, the regimen involved high doses of COX-2 inhibitor (100 mg/ml) and 

frequent injections in the course of 5 weeks 97. In intervertebral disc degeneration, intradiscal 

corticosteroid injections also have been suggested to be temporarily effective in a subset 

of patients displaying MRI signal intensity changes in adjacent vertebral bodies 98. However, 

repeated intra-articular injections increase the risk of infection 99,100. Biomaterial-based 

controlled release of CXB or TA holds advantages over systemic or local bolus administration 

by increasing efficacy and prolonging therapeutic effects, as well as reducing adverse effects. In 

an induced arthritis model, intra-articularly injected liposomes were used to release TA, which 

resulted in its prolonged retention in the joint cavity compared to free drug, although only 

38% was still remaining after 8 hrs 63. In a limited pilot study, sustained release of cortisol from 

liposomes showed improvement in thermographic index for 14 days in rheumatoid arthritis 

patients; however, no further improvements was found 65.  

Despite the promising advances of biomaterial-based platforms for releasing therapeutic 

compounds, application of these platforms for the release of anti-inflammatory agents will 
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require thorough evaluation of the effects on tissue integrity and functionality of both the 

materials and their therapeutic components in animal models. Although systemic levels of 

the anti-inflammatory agents will be low, local levels will be sustained for a prolonged period, 

which may affect the local tissues differently from a single high dose. Furthermore, to achieve 

full therapeutic efficacy, higher loading of the therapeutic compounds may be required, which 

might be challenging.  Increased loading of carriers can be achieved by, for example,  adjusting 

PLA/PGA ratios of PLGA to enhance carriers’ stability, increasing the size of the carriers 101, or by 

using alternative shapes such as rods 102. However, these approaches will partially compromise 

injectability of the controlled release platform, and often larger-sized carriers are less resistant 

to the shear stress induced by injection. Alternatively compound-loading may be increased, 

although this would also compromise carrier stability. Dose adjustment will therefore require 

a balanced approach based on these considerations before full clinical application is possible. 

CONCLUSION
In the current study, we report the development and application of PLGA-PTE microspheres 

for delivery of CXB and TA and a bioassay for determining their bioactivity, with the ultimate 

goal of treating patients with inflammatory joint diseases. While additional studies in vivo 

are required in order to fully understand the biological response to the release system per se 

and to the prolonged released therapeutic agents, the results presented here demonstrate 

a high efficiency in reducing inflammation over 3 weeks in cells by a single administration of 

therapeutic agents loaded microspheres. 
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ABSTRACT
The application of RNA interference (RNAi) has great therapeutic potential for degenerative 

diseases of cartilaginous tissues by means of fine tuning the phenotype of cells used for 

regeneration. However, possible non-specific effects of transfection per se might be relevant for 

future clinical application. In the current study, we selected two synthetic transfection reagents, 

a cationic lipid-based commercial reagent Lipofectamine RNAiMAX and polyethylenimine 

(PEI), and two naturally-derived transfection reagents, namely the polysaccharides chitosan 

(98% deacetylation) and hyaluronic acid (20% amidation), for siRNA delivery into primary 

mesenchymal cells including nucleus pulposus cells, articular chondrocytes and mesenchymal 

stem cells (MSCs). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an 

endogenous model gene to evaluate the extent of silencing by 20 nM or 200 nM siRNA at day 

3 and day 6 post-transfection. In addition to silencing efficiency, non-specific effects such 

as cytotoxicity, change in DNA content and differentiation potential of cells were evaluated. 

Among the four transfection reagents, the commercial liposome-based agent was the most 

efficient reagent for siRNA delivery at 20 nM siRNA, followed by chitosan. Transfection using 

cationic liposomes, chitosan and PEI showed some decrease in viability and DNA content 

to varying degrees that was dependent on the siRNA dose and cell type evaluated, but 

independent of GAPDH knockdown. Some effects on DNA content were not accompanied 

by concomitant changes in viability. However, changes in expression of marker genes for cell 

cycle inhibition or progression, such as p21 and PCNA, could not explain the changes in DNA 

content. Interestingly, aspecific upregulation of GAPDH activity was found, which was limited 

to cartilaginous cells. In conclusion, non-specific effects should not be overlooked in the 

application of RNAi for mesenchymal cell transfection and may need to be overcome for its 

effective therapeutic application. 
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INTRODUCTION
Degenerative diseases of the cartilaginous tissues such as intervertebral disc (IVD) degeneration 

and osteoarthritis (OA) are major causes of disability worldwide 103, 104. Current available treatments, 

such as conservative therapy, spinal fusion and arthroplasty, are only aimed at symptom relief 

and have several drawbacks. RNA interference (RNAi) 55 may be of great therapeutic potential in 

cell-based regenerative medicine. For IVD degeneration, promising targets include cytokines and 

matrix metalloproteinases (MMPs), such as interleukin-1 (IL-1) and MMP-2 105, 106. For OA, in murine 

models a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) 5 and MMP-13 

have been shown to play a crucial role in modulating progression of cartilage degeneration 107, 108. 

Downregulation of degenerative or inhibitory factors might be achieved using small interfering 

RNA (siRNA) that interferes with gene expression at the post-transcriptional level. In human 

nucleus pulposus (NP) cells, RNAi-mediated downregulation of an exogenous reporter gene 

was shown 109. In rat chondrocytes, expression of genes involved in mediating proinflammatory 

response and matrix degradation was reduced in vitro when NF-κBp65 was silenced 45. In addition 

to inhibition of degeneration, RNAi may also be used to modulate cell phenotype in regenerative 

approaches. Mesenchymal stem cells (MSCs) applied for regeneration of cartilaginous tissues 

commonly tend to enter hypertrophic differentiation, governed by RUNX2 expression 110. 

Inhibition of this gene may prevent this process. Also the application of siRNA silencing growth 

arrest-specific (GAS) 6 was shown to maintain the chondrogenic phenotype in MSCs 41.

In order to facilitate siRNA delivery, non-viral transfection methods have been developed 

which may provide higher safety compared to viral transfection methods. Cationic liposome-

based and polycation-based methods, such as polyethylenimine (PEI) transfection reagents, are 

commonly used in non-viral methods for siRNA delivery in vitro due to their high performance 

in transfection efficiency facilitated by interaction with the cellular membrane 111-113. Despite the 

recent advances in delivery methods and siRNA, there are concerns regarding possible off-target 

effects or non-specific effects caused by transfection, including cytotoxicity, DNA damage, even 

induction of innate immunity 50, 51. Moreover, effects of transfection reagents per se on gene 

expression, independent of the genes silenced, have also been shown in different cell lines 52-54.

Despite transfections shown in human nucleus pulposus cells, chondrocytes and 

messenchymal stem cells (MSCs) 109, 114, 115, there is little understanding of possible non-specific 

effects of transfection in these cells. In order to apply RNAi successfully in cartilaginous 

degenerative diseases, insight into these non-specific effects is of importance. 

This study evaluated possible non-specific effects of commonly used transfection reagents, 

Lipofectamine RNAiMAX (RNAiMAX) and PEI, as well as two naturally-derived transfection 

reagents, chitosan (98% deacetylation) and hyaluronic acids (20% amidation). Chitosan is 

a deacetylated derivative of chitin and it possesses a high positive charge density, which 

enables electrostatic interaction between chitosan and oligonucleotides 116, 117. Furthermore, 

the glycosaminoglycan based hyaluronic acid (HA), a component found also in extracellular 

matrix of cartilage 118, 119, is one of the novel tools for delivering siRNA 120, 121. It can be internalized 

by binding to the cell-surface receptors CD44 and hyaluronan-mediated motility receptor 

(RHAMM), which are found in particular on chondrocyte-like cells and MSCs 122-124.
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The aim of this study is to determine the effects of transfection with different types of 

reagents on cells involved in regeneration and degeneration of cartilaginous tissues. The variety 

of transfection reagents chosen as different types of reagents would be more likely to show 

differences in effects, thereby providing information on which family of reagents would be more 

suitable. In addition, both hyaluronic acid and chitosan display cartilage matrix-like chemistry 

and may possibly elicit chondrocyte-specific responses. Cells derived from cartilaginous tissues, 

including nucleus pulposus (NP) cells and articular chondrocytes (AC), and MSCs were transfected 

with siRNA targeting an endogenous model gene, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), using four transfection reagents. The specificity of siRNA-mediated gene silencing 

using the four different transfection reagents was evaluated. Effects of transfection on cell 

viability, changes in cell content and selected gene expression were further investigated. 

MATERIALS AND METHODS
Cell isolation and culture

Cells obtained from nucleus pulposus (NP) tissue of human lumbar intervertebral disc from 

autopsy were isolated by an 1-hour enzymatic digestion in 0.2 % pronase (Roche, Mannheim, 

Germany), followed by an overnight enzymatic digestion in 0.05 % collagenase type 2 

(Worthington Biochemical, Lakewood, NJ, USA), 0.004 % DNase at 37˚C. Undigested debris 

was removed by a 70 μm- cell strainer (Becton Dickson, Franklin Lakes, USA). The suspension of 

NP cells was then washed in PBS and then centrifuged. Afterwards, the cells were re-suspended 

in expansion medium consisting of DMEM (Gibco® Invitrogen, CA, USA) containing 4.5 mg/

ml glucose, glutamine, supplemented with 10 % fetal bovine serum (FBS) (HyClone® Thermo 

Fisher Scientific, Waltham, MA, USA), 100 U/ml penicillin, 100 μg/ml streptomycin (Invitrogen, 

CA, USA) and supplemented with 10 ng/mL basic fibroblast growth factor (bFGF) (R&D Systems, 

Minneapolis, MN, USA). The cells were cultured at 37°C and 5 % CO
2
. The culture medium was 

renewed
 
every 3-4 days and cells were used at passage 2. 

Articular cartilage was harvested from knee joints derived from patients undergoing 

arthroplasty. Articular chondrocytes (ACs) were isolated by a 3-hour enzymatic digestion in 

0.1 % pronase, followed by an overnight enzymatic digestion in 0.04 % collagenase type 2 at 37 

˚C. Undigested debris was removed using a 70 μm- cell strainer. The resulting suspension of 

cells was washed in PBS and centrifuged. The cells were suspended in expansion medium and 

supplemented with 10 ng/mL bFGF as metioned above. The cells were cultured at 37°C and 5 % 

CO
2 
and the culture medium was renewed

 
every 3-4 days. Cells were used at passage 2.

Mononuclear cell fraction of aspirated human bone marrow was isolated by centrifuging on 

Ficoll-PaqueTM (GE Healthcare, Piscataway, NJ, USA). Isolated mesenchymal stem cells (MSCs) 

were subsequently plated in growth medium consisting of α-MEM (Gibco®) supplemented 

with 0.2 mM l-ascorbic acid 2-phosphate (ASAP) (Sigma, St Louis MO, USA), 10 % FBS, 100 U/ml 

penicillin with 100 μg/ml streptomycin, and 1 ng/ml bFGF. The cells were cultured at 37 °C and 5 

% CO
2
, with

 
renewal of the culture medium every 3-4 days and passaged at sub-confluence and 

cells were used at passage 3.
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Small interfering RNA (siRNA)

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-specific siRNA and scrambled siRNA 

(Silencer® GAPDH siRNA and Silencer® Negative Control #1 siRNA) were purchased from 

Ambion® (Invitrogen). siGLO Green Transfection Indicator (siGLO) was obtained from Thermo 

Scientific Dharmacon (Lafayette, CO, USA). 

Transfection formulations

Lipofectamine RNAiMAX (RNAiMAX) was purchased from Invitrogen. Several siRNA 

concentrations ranging from 3.1 to 50 nM with a constant ratio of reagent to siRNA were tested 

(data not shown) according to the manufacturer’s instructions and applying N:P ratios previously 

described for the cell types used 125-127. Briefly, for the final experiments lipoplexes were prepared 

by complexation of 1 μl RNAiMAX to 100 pmol siRNA in Opti-MEM ® I Reduced Serum Medium 

(Opti-MEM) (Gibco®) at room temperature for at least 20 minutes before addition to the cells at 

the appropriate concentrations. 

Polyplexes of polyethylenimine (PEI) with MW 25,000 (Sigma) and siRNA were prepared 

as described previously 113. A stock solution of PEI (5-10 mg/ml in 10 mM HEPES pH 7.2) was 

prepared and filter-sterilized. The optimal ratio of N:P 5 was selected after comparing different 

N:P ratios ranging from 2.5 to 40 in AC cells and MSCs for resulting GAPDH enzyme activity 

(data not shown) and cytotoxicity (see supplementary figure S1). Complexes were prepared by 

complexation of 0.98 μg PEI to 100 pmol siRNA in Opti-MEM by brief vortexing, followed by an 

incubation at room temperature for at least 20 minutes prior to use. 

Deacetylated chitosan Protosan UP B 80/20 was obtained from NovaMatrixTM (FMC 

BioPolymer, Sandvika, Norway). The product was further deacetylated to a degree of 98 % with 

MW 250,000 or MW 470,000 (98/250 or 98/470). Polyplexes were prepared by adding siRNA to 

the chitosan solution (1 mg/mL) in 300 mM acetate buffer (pH 5.5) at N:P 60. The optimal ratio 

of N:P 60 was selected after comparing different N:P ratios ranging from 40 to 60 in MSCs for 

resulting GAPDH enzyme activity (data not shown) and cytotoxicity (see supplementary figure 

S2). Chitosan 98/470 was selected for this experiment after comparing the silencing effects in 

AC cells and MSCs with chitosan 98/250 (data not shown). The suspension of chitosan/siRNA 

polyplexes was stored at 4 °C prior to use.

Hyaluronic acid (HA) with MW 59 kDa was purchased from Lifecore Biomedical LLC (Chaska, 

MN, USA) and further modified by amidation reaction using 3,3’-diaminodipropylamine in order 

to incorporate cationic groups on HA-carboxylate. The amidation reaction was carried out by 

standard EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) coupling chemistry which 

was employed in the presence of N-hydroxybenzotriazole to obtain 20 % of modifications of 

carboxylic acid groups. The optimal ratio of N:P 5 was selected after comparing different N:P 

ratios ranging from 1.25 to 80 in AC cells for resulting GAPDH enzyme activity (data not shown) 

and cytotoxicity (see supplementary figure S3). Polyplexes were prepared by complexation of 

HA to siRNA at N:P 5 in Opti-MEM with gentle shaking at room temperature for 1 hour prior to 

addition to cells at the appropriate concentrations.
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Transfection methods

Cells were plated at a density of 5000 cells per well in 96-well culture plates in the corresponding 

culture media without antibiotics one day prior to transfection. Transfection complexes were added 

at a final concentration of either 20 nM or 200 nM siRNA (n=6). At day 1 post-transfection, culture 

media were replaced by media supplemented with antibiotics. At day 3 post-transfection, culture 

media were replaced with differentiation media. NP and AC cells were cultured in chondrogenic 

medium consisting of DMEM supplemented with 2 % human serum albumin (Sanquin, Amsterdam, 

the Netherlands), 0.2 mM ASAP, 2 % insulin–transferrin–selenium (ITS-X) (Gibco®), 10 ng/ml TGF-β 

(R&D Systems, MN, USA) and antibiotics. MSC cells were further cultured in an osteogenic medium 

composed of alpha-MEM, 0.2 mM ASAP, 2 mM L-Glutamine, 10 % FBS, 10 nM dexamethasone 

(Sigma), 10 mM beta-glycerophosphate (Sigma) and antibiotics. Three experiments were performed 

independently. Representative results from one experiment are shown.  

Cellular uptake

Cells were transfected with 20 nM of fluorescent siGLO using the four transfection reagents to 

visualize cellular uptake and localization of siRNA. At day 1 post-transfection, nuclei were stained 

with DAPI (Vectashield, Vector Laboratories, CA, USA) and fluorescent images were taken using 

an Olympus BX51 microscope equipped with an epifluorescence set-up and an Olympus DP70 

camera (Hamburg, Germany), with excitation/emission at 488/530 nm. Verification of the 

localization of the signal was performed for some samples using a Carl Zeiss CSLM510 confocal 

microscope (Oberkochen, Germany), at excitation/emission wavelengths of 494/520 nm.

RNA isolation and cDNA synthesis

Total RNA was isolated in Trizol® (Invitrogen) according to manufacturer’s instructions. RNA 

was dissolved in 12 μl UltraPureTM DNAse/RNAse-Free distilled water (Invitrogen).  Total RNA 

(about 500 ng) was converted to cDNA by iScript cDNA Synthesis Kit (Bio-Rad Laboratories, 

Hercules, CA, USA) using an iCycler Thermal Cycler (Bio-Rad Laboratories). 

Gene expression analyses

Expression of the model gene (GAPDH) and the selected marker genes were analyzed by 

real-time PCR.  In MSCs, the markers of osteogenic or chondrogenic lineage were collagen type 1 

alpha 1 (COL1A1), runt-related transcription factor 2 (RUNX2), and secreted phosphoprotein 1 

(SPP1). For NP and AC cells, in addition to COL1A1, the chondrogenic marker genes aggrecan 

(ACAN) and collagen type 2 alpha 1 (COL2A1) were included. 

In all cell types, cyclooxgenase-2 (COX-2), inducible in a proinflammatory response, and cell 

cycle markers of p21 and proliferation cell nuclear antigen (PCNA) expression were analyzed to 

verify any association with DNA content. 

Gene expressions were normalized to two other housekeeping genes: 18S and tyrosine 

3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 

(YWHAZ). The normalization factor was calculated with the formula (18S x YWHAZ)½.  Real-time 
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PCR reactions were performed using SYBR Green Reaction Mix Kit according to manufacturer’s 

instructions (Roche Applied Science) in a LightCycler 480 (Roche Applied Science). Details of 

primers used in real-time PCR are listed in Table 1. 

Table 1. Primer sequences used for real time PCR. 

Target gene Oligonucleotide sequence 
Annealing 

temperature (°C)
Product size 

(bp)

18S forward 5’ GTAACCCGTTGAACCCCATT 3’ 57 151

reverse 5’ CCATCCAATCGGTAGTAGCG 3’

ACAN forward 5’ CAACTACCCGGCCATCC 3’ 57 160

reverse 5’ GATGGCTCTGTAATGGAACAC 3’

COL1A1 forward 5’ TCCAACGAGATCGAGATCC 3’ 57 191

reverse 5’ AAGCCGAATTCCTGGTCT 3’

COL2A1 forward 5’ AGGGCCAGGATGTCCGGCA 3’ 56 195

reverse 5’ GGGTCCCAGGTTCTCCATCT 3’

COX-2 forward 5’ GCCCGACTCCCTTGGGTGTC 3’ 56 190

reverse 5’ TTGGTGAAAGCTGGCCCTCGC 3’

GAPDH forward 5’ ATGGGGAAGGTGAAGGTCG 3’ 60 70

reverse 5’ TAAAAGCAGCCCTGGTGACC 3’

p21 forward 5’ GCGACTGTGATGCGCTAATG 3’ 54 384

reverse 5’ AGAAGATCAGCCGGCGTTTG 3’

PCNA forward 5 GAAGCACCAAACCAGGAGAA’ 3’ 54 193

reverse 5’ TCACTCCGTCTTTTGCACAG 3’

RUNX2 forward 5’ ATGCTTCATTCGCCTCAC 3’ 56 156

reverse 5’ ACTGCTTGCAGCCTTAAAT 3’

SSP1 forward 5’ CATCTCAGAAGCAGAATCTCC 3’ 56 355

reverse 5’ CCATAAACCACACTATCACCTC 3’

YWHAZ forward 5’ GATGAAGCCATTGCTGAACTTG 3’ 56 229

reverse 5’ CTATTTGTGGGACAGCATGGA 3’

ACAN, aggrecan; COL1A1, α1 (I) procollagen; COL2A1, α1 (II) procollagen; COX-2, cyclooxgenase-2; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase; PCNA, proliferating cell nuclear antigen; RUNX2, runt-related 
transcription factor 2; SSP1, secreted phosphoprotein 1; YWHAZ, tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein, zeta polypeptide. 

GAPDH activity

Expression of GAPDH protein was evaluated by measuring its enzymatic activity. At day 3 and 

day 6 post-transfection, GAPDH activity was measured using the KDalertTM GAPDH Assay Kit 

(Ambion®). After the removal of culture medium, cells were lysed in lysis buffer (100 μl /well) 

provided in the kit. Aliquots of 10 μl lysate were mixed with 90 μl reaction mix. GAPDH activity was 

measured according to manufacturer’s instructions using kinetic fluorescence measurements. 

Fluorescent signal was measured at excitation/emission wavelengths of 530/590 nm using a 

Perseptive Cytofluor II Fluorescent Microplate Reader (PerSeptive Biosystems, Framingham, 

MA, USA). Data were normalized to DNA content. 
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Silencing efficiency on GAPDH gene expression and enzyme activity 

For evaluating silencing efficiency in gene expression and enzymatic activity, the GAPDH 

expression (normalized to the house keeping genes) and the GAPDH activity (normalized to 

DNA content) in cells transfected with GAPDH siRNA were compared to scrambled siRNA. The 

comparison was made between cells receiving GAPDH-specific siRNA and scrambled siRNA 

using the same transfection reagent, with the latter values set at 100 %.

Viability

Toxicity of transfection reagents was examined by measuring lactate dehydrogenase (LDH) 

secreted by cells using the Cytotoxicity Detection Kit PLUS (Roche Applied Science, Mannheim, 

Germany) following the manufacturer’s instruction. The LDH in culture supernatant (LDH
sup

) 

was measured at 490 nm with a reference wavelength 655 nm with a Benchmark Microplate 

reader (Bio-Rad). Total LDH activity (LDH
total

) was derived from measuring LDH of the cellular 

layer (LDH
cell

) lysed in KDalertTM Lysis Buffer (Ambion ®), and adding this up to LDH
sup

. Viability of 

cells was analyzed with the formula: viability (%) = (1- (LDH
sup

/LDH
total

)) × 100 %. Viability of cells 

transfected with either GAPDH siRNA or scrambled siRNA was compared to controls (without 

siRNA and transfection reagents).

DNA content

Cell growth was examined by measuring DNA content with the Quant-iTTM PicoGreen® dsDNA 

Kit (Invitrogen) at day 3 and day 6 post-transfection. In the cell lysates obtained for the GAPDH 

activity assay, DNA content was measured according to the manufacturer’s protocol using a 

FlexStation® 3 Benchtop Multi-Mode Microplate Reader (Molecular Devices, Downingtown, 

PA) at Ex/Em 485/538 nm. DNA content in cells transfected with either GAPDH-specific siRNA 

or scrambled siRNA was compared to controls (without siRNA and transfection reagents).

Non-specific effects of transfection

For non-specific effects on GAPDH gene expression or enzyme activity, comparison was 

made between cells transfected with siRNA (GAPDH-specific or scrambled) and controls 

(without siRNA and transfection reagents), with the latter values set at 100 %. For evaluating 

non-specific effects on (de)-differentiation, proinflammatory response and cell proliferation 

marker genes in cells transfected with either GAPDH siRNA or scrambled siRNA using relevant 

transfection reagents were compared to controls (without siRNA and transfection reagent), 

with the latter values set at 100 %.

Statistics

Statistical analysis was performed with SPSS 12.0.1 software (SPSS Inc., Chicago, IL, USA). 

Statistical significance was considered when p values were less than 0.05. Differences 

in silencing efficiencies at RNA and protein levels compared to scrambled siRNA were 
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determined by unpaired t-tests. Cytotoxicity of transfection reagents was compared to non-

transfected controls by unpaired-t-tests. Analysis of variance (ANOVA) with host hoc test and 

Bonferroni corrections was performed for multiple comparisons. Results are described as 

mean ± standard error of mean (SEM). Independent experiments were repeated three times 

with three different cell donors. In each experiment, a group size of six per condition was 

included (n=6). Representative results are shown.

RESULTS

Cellular uptake of siGLO 

In NP cells, ACs and MSCs, cellular uptake of fluorescence-labeled siRNA could be seen with 

RNAiMAX, chitosan and PEI (Figure 1). In RNAiMAX-mediated transfection, diffuse fluorescence 

was abundantly found throughout both cytosol and nuclear compartments in all three cell types. 

Additionally, brighter small granules of fluorescent signals were present, which by confocal 

microscopy were confirmed to be at least partly intracellular (not shown). In chitosan-mediated 

transfection, brighter granules were found mainly in the cytosol. In PEI-mediated transfection, 

some cells were observed with diffuse fluorescence in both cytosol and nucleus, but the majority 

of cells contained larger granules in the cytosol in all three cell types. When using modified HA, 

no cellular uptake of fluorescence-labeled siRNA was noticed in any of the cell types used. 

Figure 1.  Cellular uptake of fluorescence-labeled siRNA (siGLO) in nucleus pulposus (NP) cells, articular 
chondrocytes (AC) and mesenchymal stem cells (MSCs). Transfection was mediated by Lipofectamine RNAiMAX 
(RNAiMAX), chitosan, polyethylenimine (PEI) or hyaluronic acid (HA) at 20 nM siRNA. Nuclei were stained with 
DAPI and siRNA was labeled with FAM (green). 
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Silencing of GAPDH gene expression

Gene expression of GAPDH is summarized in Figure 2. In all three cell types, RNAiMAX 

mediated transfection seemed to result in high silencing of GAPDH expression with both 20 

nM and 200 nM siRNA, although not always statistically significant. The silencing appeared to 

last until day 6 post-transfection. In chitosan and HA mediated transfections, no clear trend of 

silencing GAPDH was noted. However, when using PEI for siRNA transfection, gene expression 

could not be quantified by real-time PCR, due to the limited amount of RNA that could be 

isolated in these conditions; the phenomenon was particularly noticed when using 200 nM 

siRNA, for all three cell types. 

Figure 2. Gene expression of GAPDH and its enzyme activity in NP cells, AC cells and MSCs transfected with 
reagent RNAiMAX, chitosan, PEI, or HA. GAPDH-specific siRNA or scrambled siRNA were complexed with the four 
transfection reagents and added at a final concentration of 20 nM siRNA or 200 nM siRNA. Expression of GAPDH 
and its enzyme activity in cells at day 3 and day 6 post-transfection were compared to cells transfected with 
scrambled siRNA (values set to 100 %). In all three cell types, efficient gene silencing could be achieved by using 
RNAiMAX, with prolonged silencing at the protein level until 6 days. Silencing was also found for transfection 
mediated by chitosan nanoparticles. Each bar represents the mean ± SEM (* p < 0.05, ** p < 0.001). “X” denotes 
invalid gene expression or enzyme activity data. 
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Reduction of GAPDH activity

After transfection, GAPDH enzyme activity was also measured and summarized in Figure 2. 

When using RNAiMAX for transfection, significant reduction of GAPDH activity was seen in all 

cell types with both 20 nM and 200 nM siRNA. Furthermore, the protein activity seemed to be 

reduced to a higher extent at the later time point, especially in NP cells and ACs. 

In chitosan mediated transfection, at day 3 post-transfection reduced GAPDH activity was 

significantly noted with 200 nM siRNA; whereas at day 6 post-transfection reduced GAPDH 

activity, albeit less pronounced, was noted mostly with 20 nM siRNA. 

In PEI mediated transfection, significant reduction of GAPDH activity could be found in NP 

cells when using 20 nM siRNA at both day 3 and day 6 post-transfection. Transfection performed 

with HA did not show significant knockdown. 

Cell viability 

In NP cells, 200 nM siRNA transfection with RNAiMAX caused mild cytotoxicity whereas PEI 

led to severe cytotoxicity at day 1, but viability started to recover after 3 days of transfection 

(Figure 3). A similar trend was noticed in chondrocytes. Although cytotoxicity was also noticed 

at day 3 post-transfection using chitosan at 200 nM, viability was restored afterwards as well. In 

MSCs, cytotoxicity was only noted with PEI at 200 nM siRNA. None of the conditions based on 

the transfection of 20 nM siRNA yielded appreciable cytotoxicity.

DNA content 

In NP and AC cells, a decrease in DNA content was noticed with RNAiMAX at 200 nM scrambled 

or GAPDH siRNA compared to non-transfected controls, in particular at day 6 post-transfection 

(Figure 4). 

In NP cells, reduced DNA content was also observed with chitosan at 200 nM scrambled 

or GAPDH siRNA compared to non-transfected controls, 3 days after transfection. DNA 

content with chitosan increased again from day 3 to day 6 with both siRNA concentrations. A 

pronounced reduction in DNA content was observed with PEI at 200 nM siRNA compared to 

non-transfected controls, at day 3 and day 6 post-transfection; at 20 nM siRNA, a decreased 

DNA content was still noticed at day 6 post-transfection.

In AC cultures it was again noticed that when using RNAiMAX, DNA content decreased 

sharply by day 6 post-transfection. A similar trend was observed when using chitosan for 

transfection with the reduced DNA content restored at day 6 post-transfection, however, with 

200 nM siRNA the DNA content remained lower than non-transfected controls. When using PEI 

with 200 nM siRNA, the DNA content was still reduced by 6 days after transfection. 

Also in MSC cultures, a reduced DNA content was noticed using chitosan at 200 nM siRNA 

compared to non-transfected controls, at day 6 post-transfection. The pronounced reduction 

in DNA content with PEI was observed as well. RNAiMAX only affected DNA content when using 

200 nM scrambled siRNA in this cell type. No significant effect on DNA content with HA was 

found in any cell type.
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Non-specific effects of transfection on GAPDH

In both cartilaginous cell types, GAPDH enzyme activity was significantly increased when 

chitosan was used for transfection, both at day 3 and 6 post-transfection (p < 0.01), with 

apparent dose-dependency (Figure 5A). However, this phenomenon was only observed for 

enzyme activity, not at gene expression level.

Effects of transfection on matrix-specific genes

In ACs, although not statistically significant, a trend towards up-regulation of COL2A1 gene 

was found upon RNAiMAX-mediated transfection (Figure 5B), while ACAN and COL1A1 gene 

expression remained at the levels comparable to the non-transfected controls. These genes 

did not show any trend towards differential regulation in NP cells. No effects of transfection 

were observed in MSCs on COL1A1. The expression levels of RUNX2 and SSP1 in MSCs were not 

detectable in any of the conditions (data not shown). 

Effects of RNAiMAX- and chitosan-mediated transfection on COX-2  
and cell cycle markers

Given current data on the introduction of inflammation by siRNA transfection 128, we also 

measured the expression of COX-2 as a general inflammatory marker. The measurement 

focused on RNAiMAX and chitosan which performed the best for transfection in the current 

Figure 5. Non-specific effects of transfection on GAPDH gene expression and its enzyme activity, and type II 
collagen (COL2A1) expression. (A) Gene expression of GAPDH and its enzyme activity in NP cells and AC cells at 
day 3 and day 6 post-transfection, using chitosan complexed with scrambled siRNA at a final concentration of 20 
nM or 200 nM siRNA. (B) Gene expression of COL2A1 in AC at day 6 post-transfection, using RNAiMAX complexed 
with 200 nM of either GAPDH-specific or scrambled siRNA. Results are presented relatively to non-transfected 
controls, which were set to 100 %. The data show mean ± SEM (* p < 0.05, ** p < 0.001).
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study among the four transfection reagents, since PEI caused high cytotoxicity and HA did 

not show much silencing effect. The results showed that no significant induction of COX-2 

expression was induced (Figure 6A). COX-2 gene expression remained mostly comparable to 

non-transfected controls, despite some high standard deviations in some conditions.  

As p21 inhibits cell proliferation and PCNA functions as a positive regulator in cell cycle 

progression 129, 130, assessing its expression might provide insights to changes in DNA content of 

cells subjected to transfection, in particular when viability was not affected. In NP cells at day 

6 post-transfection a trend of up-regulated p21 gene expression was noticed with RNAiMAX 

and 200 nM siRNA. Significant p21 up-regulation was however found in ACs with RNAiMAX, 

surprisingly as well as with chitosan (p<0.05). No significant difference in MSCs was noted 

(Figure 6B). On the other hand, in both NP and AC, PCNA was up-regulated at day 3 when using 

both RNAiMAX and chitosan for 200 nM siRNA (p<0.05). Interestingly, expression of PCNA was 

also up-regulated in MSCs using chitosan for transfection (p<0.05) (Figure 6B). 

DISCUSSION
Modulation of gene expression of primary mesenchymal cells such as chondrocyte-like cells and 

MSCs holds considerable promise in the elucidation of mechanisms and treatment of degenerative 

diseases of the joints by selective inhibition of degenerative factors. In this study, we found that 

by using a conventional liposome-based transfection reagent efficient gene silencing could be 

achieved in cartilaginous cells and MSCs, with prolonged silencing at the protein level for at least 

6 days. This finding is in line with other studies, which showed that lipid-based transfection media 

are efficient tools for siRNA transfection in vitro 111. A higher dose of transfection complexes did 

Figure 6.  Non-specific effects of transfection on cyclooxgenase-2 (COX-2) and cell cycle markers. (A) Gene 
expression of COX-2 in NP cells, AC cells and MSCs at day 3 post-transfection, using RNAiMAX or chitosan 
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complexed with either 20 nM or 200 nM of scrambled siRNA. (B) Gene expression of p21 and PCNA in NP cells, AC 
cells and MSCs at day 3 and day 6 post-transfection, using RNAiMAX or chitosan complexed with either 20 nM or 
200 nM of scrambled siRNA. Results are presented relatively to non-transfected controls, which were set to 100 
%. The data show mean ± SEM (* p < 0.05, ** p < 0.001).
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not result in a higher degree of silencing when RNAiMAX was used. Silencing was also found in 

transfection mediated by chitosan nanoparticles, albeit at a lower efficiency. In PEI-mediated 

transfection, reduced protein activity was only observed in NP cells, but not in other two cell 

types. HA-based transfection was, however, not capable of inducing any meaningful silencing. 

However, the effects of transfection with particular reagents (here the commonly used 

Lipofectamine and PEI, or reagents with chemistry relating to cartilaginous matrix) on cells 

involved in regeneration and degeneration of cartilaginous tissues are still unknown. In the 

current study the transfection reagents chosen from different types indeed showed differences 

in non-specific effects. The non-specific effects seemed to be transfection reagent- and partly 

cell-type dependent. In the chondrocyte-like NP cells and articular chondrocytes, liposome-

mediated transfection seemed to cause a delayed reduction of cell DNA content, possibly 

through inhibition of proliferation, although the early increase in toxicity also could suggest cell 

death. Alternatively, these effects may have been associated with inhibition of proliferation since 

p21 expression in ACs with 200 nM siRNA was induced and a similar trend could be found for NP 

cells. Interestingly both in NP cells and ACs, PCNA expression was induced at early time points 

with 200 nM siRNA. Although PCNA is generally known for its role in stimulating DNA synthesis 131, 

it is also required for DNA repair and associated to chromatin remodeling 132, 133. Therefore, it is 

speculated that PCNA was first active in response to possible DNA repair or to DNA replication, 

but its effect on cell cycle progression was however later being dominated by the inhibitory 

machinery of p21. The decreased cell content found in chondrocyte-like cells transfected with 

chitosan is in line with the inhibition of cell proliferation of human articular chondrocytes found 

upon contact with chitosan-coated surfaces 134. This may have been partly related to the high 

degree of deacetylation and high N:P ratio used here for efficient transfection.

In addition to non-specific effects on viability and changes in cell content, effects on genes 

not associated with cell cycle were also noted, again in particular with chondrocyte-like cells. 

Transfection with cationic liposomes in articular chondrocytes appeared to be accompanied 

by an increased COL2A1 expression, possibly in a dose-dependent manner. It is unclear how 

this may have been brought about, although in general, terminal differentiation is thought 

to be accompanied by a halt in proliferation. However, the effects were not strong enough 

to allow for firm conclusions. Surprisingly, a clear increase of GAPDH activity by chitosan-

mediated transfection of mock or GAPDH specific siRNA was noticed in cartilaginous cells, 

although silencing was observed as compared with mock siRNA. No significant difference was 

observed in MSCs. Such an effect of chitosan may be related to the high glucose-dependency 

of chondrocytes. Glucose molecules are the building blocks for proteoglycans, which are the 

essential components of the extracellular matrix of cartilage tissue 135. Besides, glucose is a 

nutrient critical for maintaining chondrocyte viability since theses cells obtain their energy 

primarily through glycolysis 136-138. Chitosan is a heteropolysaccharide composed of deacetylated 

unit D-glucosamine (GlcN) and acetylated unit N-acetyl-D-glucosamine (GlcNAc), linked by 

β-(1-4)- glycosidic bonds. Chitosan could be hydrolyzed by lysozymes, and the hydrolysis rate 

was found to be controlled by the degree of deacetylation 139. In addition, the deacetylated unit 

GlcN was shown to be actively imported into articular chondrocytes and metabolized through 

48



3

NON-SPECIFIC EFFECTS OF TRANSFECTION

the hexosamine pathway 140. As 98 % deacetylated chitosan was used in the current study, a large 

amount of GlcN might enter the glycolysis pathway as a form of fructose 6-phosphate 141, which 

could possibly explain the increased GAPDH enzymatic activity with this particular formulation. 

Nevertheless, it would be interesting to investigate if the observed effect of chitosan could be 

reduced using a lower degree of deacetylation, lowering the charge density of the particles. 

Despite the clear uptake of the fluorescent siRNA in PEI-mediated transfection, silencing of 

GAPDH in most of the cell types was not observed with this reagent, except for reduced GAPDH 

activity with 20 nM siRNA in NP cells. However, the high cytotoxicity in transfection with 200 nM 

siRNA using PEI, also reflected in the low RNA content, precludes any strong conclusion. Possibly 

the surviving cells represented a selection from non-transfected cells. Although oxidative stress was 

previously shown to be induced in lung epithelial cells when using modified PEI for transfection 142, 

COX-2 expression, which is inducible by oxidative stress was not found in the current study.

To facilitate the ability of HA to act as a transfection reagent, grafting of 3,3’-diaminodipropylamine 

on a neutral polymer backbone was achieved by an amidation reaction, which showed enhancement 

of siRNA complexation previously 143. This material, however, did not provide efficient transfection 

in the current study. This may be due to insufficient cationic charges on the HA to enable efficient 

complexation. Since HA based cellular uptake is HA receptor-dependent, this could also limit 

transfection in some specific cell lines, but this is not likely in cartilaginous cells and MSCs, which 

were both shown to express the HA receptor CD44 122-124. Although signaling mediated by hyaluronan 

and its receptors have been reported to affect cell proliferation or migration in different types of 

cells 144-146, these effects were however not observed in the three cells types in the current study. 

Nevertheless, for more efficient siRNA delivery, future design of a HA delivery vector with larger 

cationic polymer groups should enable siRNA complexation.

Although the cause of these non-specific effects is largely unknown, lipid-based transfection 

mediators were shown previously to have an effect on global gene expression, early apoptosis and 

DNA damage in epithelial cells 52. Similarly, changes in gene expression were also caused by polymer-

based transfection reagents in an epithelial lung cancer cell line 147. Polymer-induced effects such 

as defense responses, cell proliferation and apoptosis have been suggested to depend on cell type 

and the characteristics of the transfection reagent-DNA/RNA complex, including the structural 

architecture of the polymer 148, 149. Also for chitosan and HA, which could be speculated to be more 

suitable as transfection reagents for cartilaginous cells owing to their similarity to cartilage and IVD 

matrix molecules, non-specific effects noted in the current study should not be overlooked. 

In the current study we selected chemically very different reagents rather than several 

subtypes of the same reagent species in order to investigate more pronounced differences. 

However, we cannot fully exclude that the differential effects between subtypes of cationic 

lipids could be larger than between different species of reagents. In addition, it has also been 

suggested that in vivo other transfection mechanisms may be active. Nevertheless, it is clear 

that in addition to focusing on therapeutic strategies, attention should also be given to potential 

side-effects of delivery systems and strategies to overcome them 150. The current findings 

also emphasize the importance of including appropriate controls such as non-transfecting 

conditions to rule out phenotypic changes as a consequence of transfection per se. 
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CONCLUSION
Efficient gene silencing mediated by siRNA in primary cartilaginous cells and MSCs in vitro in the 

current study was achieved most successfully by delivering siRNA with a commercially available 

lipid-based reagent. However, in addition to silencing efficiency and cytotoxicity, changes in cellular 

characteristics caused by non-specific effects of transfection were noted and should be overcome 

by optimization of the formulation. Cell type specific effects were noted, suggesting that for each 

different cell type, the non-specific effects of a particular reagent should again be investigated.
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ABSTRACT
Hybrid hydrogels composed of poly(N-isopropylacrylamide) (pNIPAAM) and layered double 

hydroxides (LDHs) are presented in this study as novel injectable and thermoresponsive materials 

for siRNA delivery, which could specifically target several negative regulators of tissue homeostasis 

in cartilaginous tissues. Effectiveness of siRNA transfection using pNIPAAM formulated with 

either MgAl–LDH or MgFe–LDH platelets was investigated using osteoarthritic chondrocytes. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous model gene 

to evaluate the extent of silencing. No significant adverse effects of pNIPAAM/LDH hydrogels on 

cell viability were noticed. Cellular uptake of fluorescently labeled siRNA was greatly enhanced 

(>75%) in pNIPAAM/LDH hydrogel constructs compared to alginate, hyaluronan and fibrin gels, 

and was absent in pNIPAAM hydrogel without LDH platelets. When using siRNA against GAPDH, 

82–98% reduction of gene expression was found in both types of pNIPAAM/LDH hydrogel 

constructs after 6 days of culturing. In the pNIPAAM/MgAl–LDH hybrid hydrogel, 80–95% of 

GAPDH enzyme activity was reduced in parallel with gene. Our findings show that the combination 

of a cytocompatible hydrogel and therapeutic RNA oligonucleotides is feasible. Thus it might 

hold promise in treating degeneration of cartilaginous tissues by providing supporting scaffolds 

for cells and interference with locally produced degenerative factors.
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INTRODUCTION
Degenerative diseases of the musculoskeletal system impose an increasing burden on 

current Western societies, with osteoarthritis (OA) and chronic low back pain as the most 

common problems 151-153. Degeneration of joint cartilage and the cartilaginous tissues of the 

intervertebral disc (IVD) is the major underlying cause. Collagen type II and proteoglycans are 

essential components of the articular cartilage extracellular matrix and of the nucleus pulposus 

and annulus fibrosus of the intervertebral disc 57, leading to the typical resilient water-binding 

tissue. During degeneration of cartilaginous tissues, several matrix degrading enzymes and 

pro-inflammatory cytokines are suggested to cause significant biochemical changes such as 

matrix disorganization and loss of proteoglycans, which results in loss of hydration 59,154,155.

The application of RNA interference (RNAi) 55,156 may be an effective approach in treating 

cartilaginous tissue degeneration. In an induced OA model, intra-articular injection of 

small interfering RNA (siRNA) against NF-κBp65 alleviated inflammation of synovium and 

improved cartilage quality 45. In the degenerated IVD, using siRNA for transfection of nucleus 

pulposus cells, silencing of endogenous ADAMTS-5 (a disintegrin and metalloproteinase with 

thrombospondin-like repeats) was achieved both in vitro and in vivo in a rabbit model which 

resulted in improved in vivo MRI scores and histological grading scores of IVDs 46. 

However, hurdles still need to be overcome for the successful therapeutic application of 

RNAi. Despite the high efficacy of RNA oligonucleotides in inhibiting translation 36,55, they are 

very susceptible to nuclease degradation. To improve its stability and hence activity, chemical 

modification of siRNA may be applied to prevent degradation 157. However, another option is to use 

specific carriers facilitating cellular uptake while also protecting siRNA from enzymatic degradation 
158,159. One of these potential carriers are layered double hydroxides (LDHs), also known as “anionic 

clays,” consisting of metal hydroxide layers in which each metal ion (e.g. Mg2+, Fe2+; Al3+, Fe3+) is 

surrounded by anions (e.g., OH−, NO3− or CO
3 

2−) that compensate and stabilize the positive layer 

charges 160. These brucite-like layers also confer anion-exchange capacity. Hence, LDHs can harbor 

intercalating anionic biomolecules such as DNA and RNA oligonucleotides, protecting the latter 

from nuclease degradation 161,162. LDHs have shown low cytotoxicity in vitro 163,164, and intravenous 

administration in rats did not induce systemic adverse effects at doses below 200 mg/kg 165. 

When incorporated into a hydrogel system for local application, LDHs could be potentially 

used to optimize cellular uptake of siRNA, providing longer and local exposure of the therapeutic 

oligonucleotides to avoid systemic burden and fast loss due to clearance. In particular, because 

the internal environment of the IVD is highly confined and avascular 166, local drug administration 

hence holds great promise in treating degenerative disc diseases. However, efficient transfection 

will be a challenge, because, as opposed to commonly used cell lines, native or primary cells 

generally proliferate slower, thereby reducing oligonucleotide uptake 167,168.

Hydrogel-mediated siRNA delivery has already been shown for alginate and collagen gels 169. 

However, those studies were done with cell lines in combination with high concentrations of 

siRNA that was cholesterol-anchored to circumvent the need for transfection reagents 170, either 

or not as gel components. Only for alginate hydrogels, plasmid-mediated transfection without 

modifications of the plasmids or the use of carriers was demonstrated before in bone tissue 
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engineering 171. Unfortunately, alginate preparations are notoriously variable in their biological 

effects and not much is known of their capacity to transfect siRNA. Thus hydrogels in combination 

with LDHs may be good candidates providing both cell delivery and siRNA transfection. 

Poly(N-isopropylacrylamide) (pNIPAAM) is a thermoresponsive polymer ideally suitable 

for applications in tissue engineering. The polymer solution can transit from a soluble state to a 

hydrogel by intra- and inter-molecular hydrophobic interactions between the isopropyl groups 

of pNIPAAM, when the temperature is above its lower critical solution temperature (LCST) 

at 32 °C 172. Because of this thermoresponsive characteristic, pNIPAAM has been studied for its 

applications as tissue scaffold 173,174 or delivery medium in the biomedical and pharmaceutical field 
175,176. However, injectable hydrogels based on non-cross-linked pNIPAAM polymer chains are not 

stable due to phase separation of the pNIPAAM 177. In fact the pNIPAAM is slowly precipitating. One 

solution to increase the stability of pNIPAAM injectable hydrogels could be in vivo crosslinking; 

however, these crosslinking reactions can affect the active pharmaceutical ingredient (API) or 

the surrounding tissues. A second solution lies in the addition of clays to the polymer mixture. 

When clays are used in combination with pNIPAAM polymer, the spacing effect could lead to 

more stable hydrogels 178. Since LDHs are degradable types of clay which are positively charged, 

hydrogels based on pNIPAAM in combination with LDHs would be promising thermoresponsive 

platforms both for supporting cells as a temporary scaffold and for local siRNA delivery. 

Therefore, in the present study using osteoarthritic chondrocytes as a degenerative 

cartilaginous cell type, we demonstrated the feasibility for siRNA delivery of a novel injectable 

and thermoresponsive hydrogel based on pNIPAAM and LDHs. The transfection efficiency of 

the novel gel was compared to alginate hydrogel previously used for plasmid delivery and to 

fibrin and hyaluronan (HA) hydrogels commonly used in clinical practice as negative controls.

The results suggest the gel is well tolerated and could be used as a temporary tissue scaffold and 

local delivery system for in vivo application in treating degenerative disease of cartilaginous tissues. 

MATERIALS AND METHODS
Hydrogel synthesis and characterization

pNIPAAM

The poly(N-isopropylacrylamide) (pNIPAAM) polymer, with sulfonate end group for coupling 

to LDH particles, was synthesized by the radical polymerization of monomer NIPAAM (Sigma–

Aldrich, St. Louis MO, USA), with 2,2'-azobis(2-methylpropionitrile) (AIBN) (Fluka, Sigma–

Aldrich) as the initiator and in the presence of the chain transfer agent (CTA), HS(CH
2
)

3
SO

3
Na 

(Sigma–Aldrich). A molar ratio “monomer:CTA:AIBN” of 40:1:0.20 was used. 60 ml methanol 

(ABS, Sigma–Aldrich) was added to 16.95 g of NIPAAM and 0.668 g CTA under nitrogen, and 

the mixture was stirred for 30 min. After adding 123 mg of AIBN, the mixture was immediately 

brought to refluxing conditions. After a reaction time of 36 h, the reaction mixture was cooled 

to room temperature and the solvent was removed by evaporation. The crude polymer 

was dissolved in 75 ml dioxane (Sigma–Aldrich) and precipitated by drop-wise addition to a 

fifteen-fold volume of diisopropyl ether (Sigma–Aldrich). Next, the polymer was isolated 
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by filtration and washed three times with 300 ml diethyl ether (AR, ≥99.5%, stabilized with 

butylhydroxytoluene; Biosolve BV, Valkenswaard, the Netherlands). Finally the polymer was 

dried in vacuum at 50 ºC (95% yield). 

The polymer was characterized by 1H NMR (1H NMR (CDCl
3
, 400 MHz): δ 0.00 (s, TMS), 1.14 (br, 

6H), 1.35–1.82 (br, 2H), 2.14 (br, 1H), 4.00 (br, 1H), 6.39 (br, 1H), 7.26 (s, CDCl3)), S-elemental analysis 

(1.59 wt.% S, calculated 1.37 wt.% S), as well as gel permeation chromatography (GPC) using a mini-

mixed-C column (Mw up to 2000 kDa; Polymer Labs, Agilent Technologies, Santa Clara, CA, USA). 

Polystyrene (PS) or polyethylene glycol (PEG) samples were used for calibration. Tetrahydrofuran 

(THF) with 0.25% of Bu
4
NBr (w/v) or dimethylformamide (DMF) with 0.01 M LiBr was used as the 

mobile phase at a rate of 0.35 ml/min. The GPC was equipped with a refractive index detector. 

LDH 

The inorganic MgAl-LDH and MgFe–LDH were synthesized by co-precipitations of the metal salts 

with NaOH under nitrogen atmosphere. To obtain pristine MgAl–LDH nanoparticles, MgCl
2
·6H

2
O 

and AlCl
3
·6H

2
O (Sigma–Aldrich) were dissolved in deionized water to a concentration of 0.3 M 

and 0.1 M, respectively. The solution containing Mg2+ and Al3+ was added slowly under rapid mixing 

into a 0.15 M NaOH solution. The resulting MgAl–LDH slurry was stirred for another 30 min. The 

MgAl–LDH suspension was washed with deionized water until the slurry reached a conductivity 

of 300 μS/cm by centrifugation at 4500g for at least 30 min or until a clear pellet was obtained, 

decanting and adding new deionized water. To obtain pristine MgFe–LDH, MgCl
2
·6H

2
O and 

FeCl
3
·6H

2
O (Sigma–Aldrich) were dissolved in deionized water to a concentration of 1.0 M and 

0.33 M, respectively. The solution containing Mg2+ and Fe3+ was added to a solution containing 2.3 

M NaOH and 0.19 M CaCO
3
. The MgFe-slurry was stirred for another 10 min and was then dialyzed 

until a conductivity of 120 μS/cm was reached to remove excess salts. 

The purified MgAl– and MgFe–LDH suspensions were aged at 110 °C for 18 h. Water was 

evaporated from the LDH dispersions at 60 °C in a vacuum to obtain 4–6 wt.% dispersion. The 

dispersions were then cooled and stored at room temperature.

Powder X-ray diffraction (PXRD) was used to study the structural properties of LDHs. PXRD 

spectra were obtained using an X-ray diffractometer (Philips X’Pert SR5068; PANalytical, Almelo, 

the Netherlands) with Cu Kα radiation (λ = 1.54 Å) at 45 kV and 40 mA, and at a scanning 

rate of 0.8° min
−1

. MgFe–LDH 2θ = 11.3°(003), 22.9°(006), 34.7°(009), 37.9°, 46.8°, 59.4°(Fe), 

60.8°(110); MgAl-LDH 2θ = 11.5°(003), 23.1°(006), 34.7°(009), 38.7°, 46.2°, 60.8°(110), 61.9°(Al). 

Dynamic light scattering measurements were performed on a Malvern Zetasizer nano 

ZS. Samples were 10 times diluted with demineralized water and shortly vortexed prior to 

measurements. Zeta potential values were 26 mV for a 0.4–0.6 wt.% MgFe–LDH suspension 

and 51 mV for a 0.4–0.6 wt.% MgAl–LDH suspension. Average size was 182.1 nm with PDI of 

0.13 for the MgFe–LDH and 247.1 nm with a PDI of 0.138 for the MgAl–LDH suspension.

pNIPAAM/LDH hybrid hydrogel preparation 

The thermoresponsive hydrogel was formulated with 16.5 wt.% pNIPAAM and 1.3 wt.% LDHs in 

water for characterization; for cell-laden constructs, water was replaced by culture medium DMEM 
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(Gibco® Invitrogen, CA, USA) supplemented with fetal bovine serum (FBS) (HyClone® Thermo Fisher 

Scientific, Waltham, MA, USA) and 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco® Invitrogen).

Viscoelastic property of pNIPAAM/LDH hybridgel

The viscoelastic properties of the LDH-pNIPAAM hydrogel were determined using an Anton Paar 

MCR301 rheometer (St. Albans, UK) with an oscillatory parallel plate geometry (50 mm diameter). 

A strain of g = 0.01–1.0% and frequency of 1 Hz were applied. Temperature was set from 22 °C to 37 

°C for the measurement. The gelling was recorded by measuring the complex shear modulus |G*|. 

Cell isolation and culture 

Articular cartilage was harvested from knee joints derived from patients undergoing arthroplasty. 

Anonymous use of redundant tissue for research purposes is part of the standard treatment 

agreement with patients in the UMCU and materials are used according to the guideline ‘Good Use 

of Redundant Tissue for Clinical Research’ constructed by the Dutch Federation of Medical Research 

Societies (http://www.federa.org/code-goed-gebruik-van-lichaamsmateriaal-2011). Chondrocytes 

were isolated by a 3-h enzymatic digestion in 0.1% pronase (Roche, Mannheim, Germany), followed 

by an overnight enzymatic digestion in 0.04% collagenase type 2 (Worthington Biochemical, 

Lakewood, NJ, USA) at 37 ˚C. Undigested debris was removed using a 70 μm-cell strainer (Becton 

Dickson, Franklin Lakes, USA). The resulting suspension of cells was washed in PBS and centrifugated. 

Afterward, the cells were re-suspended in expansion medium consisting of DMEM containing 4.5 

mg/ml glucose, glutamine, supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin 

and supplemented with 10 ng/ml basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, 

MN, USA). The cells were cultured at 37 °C and 5% CO
2
. The culture medium was renewed

 
every 3–4 

days. Cells were used at passage two for the current study. 

Cell viability and biocompatibility

Cell viability in the presence of LDHs and pNIPAAM 

For evaluating cytotoxicity of individual components of pNIPAAM/LDH hybrid hydrogel to 

chondrocytes, lactate dehydrogenase secreted by cells was measured using the Cytotoxicity 

Detection Kit PLUS (Roche Applied Science, Mannheim, Germany) by following the manufacturer’s 

instruction. Cells were trypsinized and plated on 24-well plates at a density of 20,000 cells per well. 

The day after, LDH suspension and pNIPAAM solution, containing 5 mg and 40 mg of the respective 

components, were added in Transwell® baskets (0.4 μm pore size, polycarbonate membrane) 

(Corning, Amsterdam, the Netherlands). The Transwell® baskets were suspended over the cell layer, 

in a total of 1 ml culture medium. At day 3, cell culture supernatant was collected and cells were lysed 

in KDalertTM Lysis Buffer (Ambion® Invitrogen). Cytotoxicity was determined by comparing lactate 

dehydrogenase activity in culture supernatant to total cell lysate. The lactate dehydrogenase activity 

which converts the colorimetric substrate was measured at 490 nm with a reference wavelength 

655 nm using a Benchmark Microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). The 

percentage of viable cells was derived by subtracting measured cytotoxicity from a total population.
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Cell viability in pNIPAAM/LDH hybrid hydrogel 

For evaluating viability of chondrocytes in direct contact with pNIPAAM/LDH hybrid hydrogels, 

LIVE/DEAD assay (Molecular Probes, Eugene, USA) were used to determine viable cells. 

Commercially available hyaluronan hydrogel (HyStem-HP; Glycosan, Alameda, CA, USA) 

was used as a control biomaterial for optimal viability.  Cells were trypsinized and directly 

resuspended in pNIPAAM/LDH hydrogels to a cell density of 106 cells per 1 ml hydrogels. Each 

of 100 μl construct was incubated at 37 ˚C for 30 min to allow the construct to transform and 

stabilize from a liquid state to a gel state in a 96-well plate (Corning). For hyaluronan hydrogel 

constructs, hyaluronan hydrogel was applied by following the manufacturer’s instructions. In 

brief, reconstituted HyStem gel solution and Extralink solution were gently mixed at a volume 

ratio of 4 to 1, immediately prior to the addition to cell pellets.  All constructs were transferred 

to a culture plate and cultured in 1 ml of medium containing DMEM, 10% FBS and antibiotics. The 

constructs were incubated at 37 ̊ C, with 5% CO
2
 and 95% humidity. At day 6, cells were harvested 

from each hydrogel construct by bringing constructs to room temperature at which the 

constructs converted to a liquid state. Cells were resuspended by gentle pipetting, followed by 

two times of washing in phenol-red-free DMEM (Gibco® Invitrogen). Cell pellets were collected 

by a final centrifugation at 3200 rpm for 3 min.  After the last wash, cells were resuspended in 

200 μl of phenol-red-free DMEM. Viability of the cells was determined by LIVE/DEAD assay 

(Molecular Probes, Eugene, USA) according to the manufacturer’s recommendations. Calcein 

AM and ethidium homodimer-1 (EthD-1) were used to stain viable and dying cells at 2 μM and 

4 μM, respectively. Cell morphology was determined on cell cytospins prepared by Cytospin 2 

(Shandon Southern Products, Astmoor, England), with cytocentrifugation at 500 rpm for 3 min.

Fluorescence images were taken using the Olympus BX51 microscope equipped with an 

epifluorescence set-up and an Olympus DP70 camera (Olympus, Hamburg, Germany), with 

excitation/emission at 488/530 nm for green fluorescence and 530/580 nm for the red fluorescence. 

In vivo biocompatibility 

The animal procedure was approved and performed in accordance with the guidelines set by 

the Animal Experiments Committee (DEC) of Utrecht University (experiment number DEC 

2010.III.03.046). Six female BALB/c mice (8–10 weeks; Harlan-Olac, Bicester, United Kingdom) 

were used per time point for testing biocompatibility and biosafety of hydrogels formulated 

with 16.1 wt.% pNIPAAM and 3.4 wt.% MgAl–LDH, or 16.2 wt.% pNIPAAM and 3.2 wt.% MgFe–

LDH. These gels had been adapted from the observation that at the lower LDH percentages 

used in vitro, some water exclusion was found. The biomaterials were randomly injected 

using a 27G needle, and at least 1 cm apart from each other into the dorsal subcutaneous 

tissue at 200 μl each (200 μl saline served as control). In total, twelve mice were used for the 

study. Buprenorphine 100 μg/kg was given intraperitoneally (i.p.) after which animals were 

anesthetized with isoflurane via an induction mask. At day 0, a blood sample was drawn for a 

white blood cell count and differentiation to check for systemic inflammation. Immediately 

after injection, Dermabond® (Ethicon, Cornelia, USA) was applied to the injection site 

to prevent leakage and a 1 min exposure to infrared was used to set the glue. Mice were 
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monitored daily for signs of distress or pain (e.g. lethargy, weight loss, auto mutilation, 

and abnormal posture) and injection sites were monitored for inflammation (e.g. swelling, 

redness, pain, and heat). Animals (n = 3, after 1 and 4 weeks) were sacrificed after isoflurane 

anesthesia by cervical dislocation. Immediately before, blood was collected by cardiac 

puncture for white blood cell count and differentiation. The injection sites were removed for 

histopathological analysis. Tissues were fixed in a 4% neutral buffered formaldehyde solution 

(Klinipath B.V., Duiven, The Netherlands) and embedded in paraffin. Sections of 4 μm were 

stained with haematoxylin and eosin.  Biological response parameters at the application site 

were histopathologically assessed by a board-certified veterinary pathologist (GG) and a 

veterinary scientist (NW) using an Olympus BX41 microscope. 

Histology

For evaluating cell morphology and possible production of glycosaminoglycan (GAG) in the 

gels, constructs were fixed in 4% formaldehyde overnight, dehydrated through graded ethanol 

series, cleared in xylene and then embedded in paraffin. Embedded samples were sectioned to 

yield 5 μm sections and stained with safranin-O (Merck, Darmstadt, Germany) for possible GAG 

content. Nuclei and cytoplasm were counterstained with Weigert’s haematoxylin (Klinipath, 

Duiven, the Netherlands) and 0.4% fast green (Merck), respectively.

siRNA delivery 

Hydrogel construct preparation 

siRNA against glyceraldehyde-3-phosphate (Silencer® GAPDH siRNA, Ambion® Invitrogen) was 

used for assessing transfection efficiency of siRNA, compared to scrambled siRNA (Silencer® 

Negative Control #1 siRNA, Ambion® Invitrogen). Cells were trypsinized and resuspended 

in hydrogels at a density of 106 cells per 1 ml hydrogel. The siRNA added into the cell-laden 

hydrogels amounted to a final concentration of 1.25 μM. For pNIPAAM/LDH hybrid hydrogel 

constructs, siRNAs were added to the pNIPAAM/LDH mixture containing cells as described in 

the previous section and mixed well before the incubation at 37 ˚C for 30 min for gelation. 

For alginate gel constructs, alginate powder of Protanal LF 20/40 (FMC Biopolymer, 

Drammen, Norway) was dissolved at a concentration of 40 mg/ml in DMEM, supplemented 

with 10% FBS and antibiotics. siRNAs were first added to the cell suspension in culture medium, 

later 1 volume of alginate solution was mixed with 1 volume of the siRNAs-added cell suspension. 

Each 100 μl construct was cross-linked by adding 102 mM CaCl
2
 for 15 min at room temperature. 

For hyaluronan hydrogel constructs, hyaluronan hydrogel (HyStem-HP; Glycosan, Alameda, 

CA, USA) was applied by following the manufacturer’s instruction. In brief, reconstituted 

HyStem gel solution and Extralink solution were gently mixed at a volume ratio of 4 to 1, 

immediately prior to the addition to cell pellets. Solutions containing siRNA were mixed with 

the cell-laden gel at a volume ratio of 1 to 4.

For fibrin gel constructs, fibrin gel was prepared according to the manufacturer’s instruction 

(Tissucol DUO, Baxter, Utrecht, The Netherlands). The mixing ratio of fibrinogen to thrombin 
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solutions was 1 to 1 by volume. Solutions containing siRNA were mixed with the cell-laden gel 

at a volume ratio of 1 to 4.

Once the gel constructs gelated after shaping in a 96-well plate, they were transferred to 

a 24-well culture plate and cultured in 1 ml of culture medium containing DMEM, 10% FBS and 

antibiotics. The constructs were incubated at 37 ˚C, with 5% CO
2
 and 95% humidity. Culture 

medium was refreshed at day 3 for samples harvested later than day 3.

Cellular uptake of siGLO 

siGLO Green Transfection Indicator (siGLO) (Thermo Scientific Dharmacon, Lafayette, CO, USA) 

was used to assess cellular uptake. At day 6, cells in pNIPAAM/LDH hybrid hydrogels were harvested 

as described in the previous section. Cells in alginate constructs were harvested by dissolving 

alginate in citrate buffer (sodium citrate 55 mM, NaCl 150 mM and EDTA 20 mM) for 15 min at room 

temperature with gentle shaking. Cells were resuspended by gentle pipetting, followed by two 

times of washing in phenol-red-free DMEM (Gibco® Invitrogen). The cell suspension was then 

centrifuged on a glass slide using Cytospin at 500 rpm for 3 min. Nuclei were stained with DAPI 

(VECTASHIELD Mounting Medium with DAPI. Vector Laboratories, Inc. Burlingame, CA, USA). For 

fibrin and hyaluronan hydrogels, a slice of 1 mm gel was directly processed for nuclear staining. 

Cellular uptake of siGLO and nuclear staining were assessed using an Olympus BX51 microscope. 

Fluorescence images were taken using the microscope equipped with Olympus DP70 camera 

(Olympus), with excitation/emission at 488/530 nm for green fluorescence and 358/461 for DAPI. 

For flow cytometry analysis of the cellular uptake in pNIPAAM or pNIPAAM/LDH hybrid 

hydrogels, cells were resuspended in FACS buffer (PBS, EDTA 5 mM, FCS 0.5%) and analyzed 

using FACSCalibur (Becton Dickinson, Breda, the Netherlands).

GAPDH silencing by siRNA delivery

Silencing efficiency of siRNA transfected into cells in the hybrid hydrogels was evaluated using 

the endogenous housekeeping gene, GAPDH, as a model gene. Trizol® (Invitrogen) was added to 

cell pellets and mixed well by pipetting after the last step of harvesting cells from gel constructs. 

Total RNA isolation in Trizol® was performed according to manufacturer’s instructions and the 

RNA was dissolved in UltraPureTM DNAse/RNAse-Free distilled water (Invitrogen). Total RNA 

was converted to cDNA by using High-Capacity cDNA Reverse Transcription Kits (Applied 

Biosystems, Life Technologies, Carlsbad, CA, USA) according to manufacturer’s instructions in 

an iCycler Thermal Cycler (Bio-Rad Laboratories). 

Expression of the model gene GAPDH was analyzed by real-time PCR. GAPDH expression 

was normalized to two housekeeping genes: 18S and tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein, zeta polypeptide (YWHAZ). The normalization factor 

was calculated with the formula (18S x YWHAZ)½.  Real-time PCR reactions were performed 

using DyNAmoTM SYBR® Green qPCR Kit according to manufacturer’s instructions (Finnzymes, 

Thermo Scientific, Vantaa, Finland) in a LightCycler 480 (Roche Applied Science, Mannheim, 

Germany). Details of primers used in real-time PCR are listed in Table 1.
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GAPDH activity after delivery of siRNA 

At day 3 and day 6, GAPDH activity was measured using the KDalertTM GAPDH Assay Kit 

(Ambion®). After the removal of culture medium, and dissolution of gel at room temperature, 

cells were pelleted for 3 min at 2400 g and washed in plain phenol red free DMEM. After another 

centrifugation step, half of cells were lysed in lysis buffer (100 μl/well) provided in the kit. Aliquots 

of 10 μl lysate were mixed with 90 μl reaction mix. GAPDH activity was measured according to 

the manufacturer’s instructions using kinetic fluorescence measurements. Fluorescent signal 

was measured at excitation/emission wavelengths of 530/590 nm using a Perseptive Cytofluor II 

Fluorescent Microplate Reader (PerSeptive Biosystems, Framingham, MA, USA).

Characterization of cells cultured in hydrogels 

To study possible effects of siRNA loaded-pNIPAAM/LDH hydrogels on cell phenotype, gene 

expression of chondrogenic markers collagen type II (COL2A1) and aggrecan (ACAN), as well 

as the hypertrophic marker matrix metalloproteinase (MMP13) was analyzed. Proliferation cell 

nuclear antigen (PCNA) expression was analyzed to study cell proliferation. The results were 

compared to commonly used alginate gel know for its chondrogenic capacity. Gene expression 

was analyzed as described previously for GAPDH expression. Details of primers used in real-time 

PCR are listed in Table 1. 

Table 1. Primer sequences used for real time PCR

Target gene Oligonucleotide sequence 
Annealing 

temperature (°C) Product size (bp)

18S forward 5’ GTAACCCGTTGAACCCCATT 3’ 57 151

reverse 5’ CCATCCAATCGGTAGTAGCG 3’

ACAN forward 5’ CAACTACCCGGCCATCC 3’ 57 160

reverse 5’ GATGGCTCTGTAATGGAACAC 3’

COL2A1 forward 5’ AGGGCCAGGATGTCCGGCA 3’ 56 195

reverse 5’ GGGTCCCAGGTTCTCCATCT 3’

GAPDH forward 5’ ATGGGGAAGGTGAAGGTCG 3’ 60 70

reverse 5’ TAAAAGCAGCCCTGGTGACC 3’

MMP13 forward 5’ GGAGCATGGCGACTTCTAC 3’ 56 208

reverse 5’ GAGTGCTCCAGGGTCCTT 3’

PCNA forward 5’ GAAGCACCAAACCAGGAGAA 3’ 54 193

reverse 5’ TCACTCCGTCTTTTGCACAG 3’

YWHAZ forward 5’ GATGAAGCCATTGCTGAACTTG 3’ 56 229

reverse 5’ CTATTTGTGGGACAGCATGGA 3’

ACAN: aggrecan; COL2A1: collagen type 2 alpha 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; 
MMP13: matrix metalloproteinase 13; PCNA: Proliferation cell nuclear antigen; YWHAZ: tyrosine 
3-monooxygenase/ tryptophan 5-monooxygenase activation protein, zeta polypeptide.
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Statistics

Statistical analysis was performed with SPSS 12.0.1 software (SPSS Inc., Chicago, IL, USA). Statistical 

significance was considered at p values less than 0.05. Differences in cytotoxicity and silencing 

efficiencies between conditions were determined by an analysis of variance (ANOVA), with post 

hoc test and Bonferroni corrections performed for multiple comparisons. Results are described 

as mean ± standard deviation. Independent experiments were repeated three times with different 

cell donors for pNIPAAM/MgAl–LDH hybrid hydrogel; one experiment was performed for 

pNIPAAM/MgFe–LDH. In each experiment, a group size of five per condition was included. 

RESULTS
Hydrogel synthesis and characterization 

Characterization of pNIPAAM and LDHs 

The pNIPAAM with sulfonate end group was successfully synthesized by a radical polymerization 

of NIPAAM in the presence of a chain transfer agent containing a sulfonate group (Scheme 1), 

and was characterized by NMR, GPC and S-elemental analysis. The number-average molecular 

weight (Mn), weight-average molecular weight (Mw), and polydispersity index (PDI) of the 

polymer were determined using GPC; sulfur content was measured using S-element analysis. 

Characteristics of pNIPAAM with sulfonate end group are shown in Table 2.

Table 2. Characteristics of synthesized Poly (N-isopropylacrylamide) (pNIPAAM) with sulfonate end group.

Yield (wt%) Mn (g/mol) Mw (g/mol) End group S-element analysis PDI

pNIPAAM 95.0 13,600 75,600 SO
3
Na 1.59

5.6
(bimodal)

The functional group of the polymer was determined using 1H NMR. The number-average molecular weight 
(Mn), weight-average molecular weight (Mw), and polydispersity index (PDI) of the polymer were determined 
using gel permeation chromatography (GPC). S-elemental analysis was performed in order to determine the 
amount of the functional group in the polymer.

Scheme 1. Reaction scheme for the synthesis of end-functionalized Poly(N-isopropylacrylamide) (pNIPAAM) 
polymers. The pNIPAAM polymers are synthesized by the radical polymerization of monomer NIPAAM with 
AIBN [2,2’-azobis(2-methylpropionitrile] as initiators and in the presence of the chain transfer agent (CTA), 
HS(CH2)3SO3Na, in order to obtain polymers with a discrete length and a discrete end group.
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A bimodal PDI of the polymer was observed using MeOH as the solvent during polymerization. 

Although synthesis in DMF previously yielded a low PI with normal distribution, MeOH was chosen for 

synthesis because of the high conversion rate of 95%, compared to DMF (conversion rate 38%) which 

is also highly toxic. Moreover, no further effect on gelling properties was noted (data not shown).

Sulfur content was expected to be 1.37 wt.%, but measured 1.59 wt.%. Based on the elemental 

sulfur content of 1.59 wt.%, on average 34 NIPAAM units were linked (40 units of NIPAAM were 

used in the synthesis per unit of CTA), indicating an Mn of 4020 g/mol. The GPC gave a very broad 

distribution of the molecular weight (PDI 5.6) with an Mn of 13,600 g/mol. However, this value 

was based on polystyrene standards. Therefore, as a reference, a pNIPAAM from Sigma–Aldrich 

with an Mn of 20–25,000 g/mol was also measured on the same GPC system, which resulted in 

a value of 69,000 g/mol, approximately 3 times too high. To address these discrepancies, we 

performed GPC based on mobile phase DMF with 0.01 M LiBr and PEG calibration on a similar 

batch of polymer. This analysis showed an Mn/Mw of 4400/18,000 (close to true values) whereas 

performing GPC based on mobile phase THF with 0.25% Bu
4
NBr and polystyrene calibration on 

the same batch, yielded an Mn/Mw of 13,200/72,900. This polymer batch was also prepared in 

MeOH with a similar, bimodal, PDI (5.5) and hence we can estimate that the corrected value for 

Mn from the GPC data lies in the same range as the value from S-elemental analysis.

Formation of MgFe- and MgAl–LDHs (size around 100–200 nm) and their crystalline 

properties were studied using PXRD. The PXRD spectra are shown in Figure 1. In the spectra, 

the peaks around 11, 22, 34, and 60° are the LDH peaks that belonged to the crystal plates (0 0 3), 

(0 0 6), (0 0 9), and (1 1 0) 179. The position of the peaks around 60° was determined by the 

elements used in the LDHs. The MgFe–LDH displayed a peak at 59.4° and the MgAl–LDH at 61.9°.

Figure 1. Powder X-ray diffraction (PXRD) spectra of layered doubled hydroxides (LDHs): MgFe–LDH and MgAl–LDH.
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pNIPAAM/LDH hybrid hydrogel preparation and characterization

Stable hybrid hydrogels were obtained by adding sulfonate-functionalized pNIPAAM to a 

dispersion of positively charged LDHs and subsequent heating of this dispersion above the 

LCST of the pNIPAAM polymer (32 °C) to increase hydrophobic interactions between the 

isopropyl groups of pNIPAAM (Figure 2A). 

The solution of pNIPAAM/LDH hybrid hydrogel could transit within 10 s from a low viscous 

fluid, which could easily pass through a 32-gauge needle (data not shown), to a stable hydrogel. 

In contrast, when LDHs and pNIPAAM prepared without sulfonate-containing chain transfer 

agent were combined, the formulation stayed in the liquid form at 37 °C (Appendix B, Figure S4).

After 30 days, the hydrogel did not show any sign of shrinkage caused by pNIPAAM 

precipitation, in contrast to the pNIPAAM solution itself (Figure 2B, C). The complex shear 

modulus of pNIPAAM/LDH hydrogel, as a function of shear strain and temperature are shown 

in Figure 2D. At the lower temperature of 22 °C the complex modulus |G*| was 0.1 kPa, and at 

physiological temperature 37 °C the complex modulus |G*| was 3.3 kPa (Figure 2D).

Cell viability, morphology and biocompatibility

Cell viability in the presence of hydrogel components and in the hybrid hydrogel

Cytotoxicity of the synthesized pNIPAAM and LDHs was measured without direct contact with 

cells to ensure the purity of each component for in vitro use. The cytotoxicity of the components, 

at an excess amount for formulating hybrid hydrogel constructs, was determined by comparing 

the activity of lactate dehydrogenase secreted into culture medium by cells to that in total cell 

lysate at day 3. No significant cytotoxicity of either pNIPAAM or both forms of LDHs was noticed; 

cell viability was comparable to untreated controls and remained over 95% (Figure 3A). 

The effect on cell viability of pNIPAAM/LDH hybrid hydrogels when in direct contact with 

cells was also measured. At day 6 the majority of the cells were viable (Figure 3B), comparable 

to the control biomaterial, hyaluronan gel. Some viable cells appeared to be double-stained by 

both Calcein AM and EthD-1. By safranin-O Fast Green staining, cells cultured in the pNIPAAM/

LDH hydrogel showed a typical rounded chondrocyte-like morphology, although no staining 

for GAG was observed (Figure 3C).

In vivo biocompatibility 

Subcutaneous injection showed no adverse local or systemic effects during the course of the 

study. A fibrous capsule was present at the locations injected with hydrogel at both time points. 

Between the hydrogels and this capsule neutrophils and macrophages were found, suggesting 

an acute/subacute pyogranulomatous reaction at day 7 (Figure 4). Around the MgAl-pNIPAAM-

injected sites, a relatively pronounced tissue response was noted. At 28 days, encapsulated 

hydrogel remnants were still present and macrophages constituted the predominant cell type 

in the intermediate layer, with some granulocytes, consistent with a granulomatous reaction. 

In the MgFe-pNIPAAM injected sites, a layer of fully cell-invaded gel material around a deeper 

layer with gel remnants with fewer cells seemed to have been formed after 28 days. In the 
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Figure 2. Transition of pNIPAAM/LDH solution at room temperature to a gel state at 37 °C. (A) An illustration 
of how the polymer solution transits from a soluble state to a viscous hydrogel by hydrophobic interactions 
between the isopropyl groups of pNIPAAM, when the temperature is above its lower critical solution temperature 
(LCST), 32 °C.  (B) pNIPAAM formulated with LDHs remained as an aqueous solution at room temperature, but it 
transited to a gel state when increasing temperature to physiological temperature, 37 °C. (C) The pNIPAAM/LDH 
composition formed a more stable gel (left) compared to the pNIPAAM gel without LDH (right) which resulted in 
precipitated polymer at the bottom of the tube. Image was acquired after 30 days of incubation at 37 °C. (D) The 
complex shear modulus of the pNIPAAM/LDH hydrogel and temperature, as a function of shear strain.
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Figure 3. Viability of chondrocytes cultured in the presence of pNIPAAM or LDHs, and cell viability in direct 
contact with the pNIPAAM/LDH hybrid hydrogels. (A) Cytotoxicity, as reflected by lactate dehydrogenase 
release at day 3, in the presence of LDH and pNIPAAM added onto Transwell® baskets suspended over the cell 
layer. The percentage of viable cells was derived by subtracting measured lactate dehydrogenase in medium 
from its activity in the cell lysate (B) Viability of cells in direct contact with the hydrogel composed of pNIPAAM 
formulated with MgAl- or MgFe–LDH platelets was also tested. Viable cells were stained with Calcein AM (green), 
and dead cells were stained with EthD-1 (red). Hyaluronan gel was included as a control biomaterial. Images were 
taken on cell cytospins at day 6. (C) Histological cell morphology in pNIPAAM/LDH hybrid hydrogel. Samples 
were stained with safranin-O for GAG content. Nuclei and cytoplasm were counterstained with haematoxylin and 
fast green, respectively. Scale bars correspond to 50 μm.

tissues injected with NaCl, an increase in macrophage number was seen at day 28 compared 

with day 7. Necrosis, neovascularization, and fatty infiltration were not observed for any of the 

time points or implanted hydrogels.

siRNA delivery

siGLO delivery in hydrogels 

Cellular uptake of siRNA was evaluated using the fluorescently labeled transfection indicator, 

siGLO. In pNIPAAM/LDH hybrid hydrogel constructs, cellular uptake of siGLO was greatly 

enhanced compared to cells encapsulated in pNIPAAM polymer alone. Although cellular 

uptake in alginate and hyaluronan gels could be found, the uptake appeared limited. In fibrin 

gel, no appreciable cellular uptake was noticed (Figure 5A). Even when the transfection reagent 

Lipofectamine RNAiMAX was used, cellular uptake of siGLO in fibrin or hyaluronan gels was not 

significantly improved (Appendix B, Figure S5). 
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Figure 4. Representative histological images of subcutaneous injection sites in mice (hematoxylin and eosin 
stain). The skin and subcutis of the PBS-injected locations reveal the epidermis (arrow), hair follicles (arrowhead) 
and striated muscle (panniculus carnosus; black asterisk) 7 days post injection. In the magnification of the 
subcutis an occasional eosinophil (arrowhead) is observed. In the PBS treated locations 28 days post injection the 
skin biopsies indicated no significant pathological changes. In both hydrogels, 7 and 28 days after injection either 
hydrogel is visible as a granular substance (white arrows) positioned below the panniculus carnosus, surrounded 
by a capsule of loosely arranged fibroblasts (yellow asterisk). 7 Days after injection, multifocally infiltrates of 
neutrophils, macrophages and some neosinophils separate the hydrogel from the fibrous capsule. At 28 days 
post injection the fibrous capsule is more compact compared to day 7. In the pNIPAAM/MgFe-LDH gel, an outer 
rim of fully cell-invaded material seems to be formed around gel remnants with less cells.
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Cellular uptake of siGLO in pNIPAAM/LDH hybrid hydrogel constructs was further 

quantified using fluorescence-activated cell sorting (FACS) analysis (Figure 5B). More than 75% 

of the cells receiving siGLO in the pNIPAAM/LDH constructs were still FITC positive at day 6 

post-transfection. Uptake in the hydrogel consisting of pNIPAAM polymer alone was negligible.

Silencing of GAPDH in hybrid LDH-pNIPAAM hydrogels 

The silencing effect of the incorporated siRNA on GAPDH gene expression and its resulting effect on 

GAPDH enzyme activity were both studied. In pNIPAAM/LDH hybrid hydrogel constructs, GAPDH 

expression in cells using siRNA against GAPDH (siGAPDH) was noticeably reduced compared to 

negative control siRNA (siNeg). In the MgAl–LDH hybrid hydrogels, silencing of GAPDH gene both 

at day 3 and day 6 led to a reduction of expression up to 98% (Figure 6A, p < 0.001); in the MgFe–LDH 

hybrid hydrogel, gene silencing at day 3 and day 6 was 92% and 82%, respectively (Figure 6A, p < 0.05). 

In the MgAl–LDH hybrid hydrogel, GAPDH enzyme activity in cells at day 3 and day 6 

reflected silencing at the mRNA level, with a reduction of 80% and 95% in activity, respectively 

(Figure 6B, p < 0.05). However, GAPDH activity could not be measured in the MgFe–LDH hybrid 

hydrogel constructs, most likely due to interference of the gel compounds.

Characterization of cells cultured in hydrogels 

In neither alginate nor pNIPAAM/LDH hydrogels could COL2A1 expression be found.  ACAN 

and MMP13 gene expression profiles were similar in both types of gels, although MMP13 

expression seemed to be slightly higher in alginate (Figure 7). No statistically significant effects of 

incorporating siRNA were found. PCNA expression was undetectable in cells cultured in both gels.

DISCUSSION
In the current study, an injectable hydrogel suitable for siRNA delivery is described and tested 

for its ability to transfect chondrocytes from diseased tissue. The hybrid hydrogel consisting 

of LDHs and pNIPAAM could transit within 10 s from a liquid state to a viscous gel state upon 

increasing its temperature from 25 to 37 °C. Incorporation of siRNA against a housekeeping 

gene was shown to achieve gene silencing in situ for 6 days with high gene silencing efficiency 

(>80%), in an in vitro model of cartilaginous tissue degeneration consisting of osteoarthritic 

cells. In both the novel gel and alginate as reference gel for chondrogenic regeneration, cells 

expressed ACAN and MMP13, but not COL2A1.

When using fluorescently labeled siRNA, both the MgAl–LDH and MgFe–LDH formulated 

pNIPAAM hydrogels showed more efficient transfection compared to other hydrogels used 

previously as scaffolds for cartilaginous tissue engineering, including alginate, hyaluronan 

and fibrin gels 180-182. Despite their previous use as transfection mediator, unless modified with 

cationic polymers forming complexes with oligonucleotides, these latter gels usually have a 

poor capacity for oligonucleotide transfection, requiring separate lipoplexes formation prior 

to their addition to the gels 183-185. Although alginate has been used before for plasmid delivery 
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Figure 5. Delivery of siGLO into cells in either pNIPAAM alone or pNIPAAM/LDH hybrid hydrogel. (A) Cellular 
uptake of siGLO in gel constructs composed of pNIPAAM alone or pNIPAAM/LDH hybrid hydrogel was compared 
to alginate, hyaluronan gel and fibrin gel with 1.25 μM siGLO. Positively transfected cells showed green fluorescence 
signals and nuclei were stained with DAPI (blue). Scale bars correspond to 50 μm. (B) FACS analysis of cells showing 
green fluorescence signals in gel constructs composed of pNIPAAM alone or pNIPAAM/LDH hybrid hydrogel.  
Background signals were measured without adding siGLO (top panel). Data were acquired at day 6.
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171,186,187, it was not effective for RNAi in this study. This may have been due to a limited CaCl
2
 

content or to the highly varying composition of alginate in general. Surprisingly, poor cellular 

uptake was still observed adding siRNA complexed with transfection reagents to fibrin or 

hyaluronan gels, further highlighting the efficiency of the novel LDH-based gel. As shrinkage 

of the pNIPAAM gel was not observed, and viability was high, cellular uptake of siGLO in the 

pNIPAAM/LDH hydrogels shown in the current study is unlikely to be the result of cell death.

For the MgAl–LDH and MgFe–LDH formulated pNIPAAM hydrogels, transfection efficiency 

was further confirmed by profound down-regulation of GAPDH gene expression when using 

Figure 6. GAPDH expression and its enzyme activity in osteoarthritic chondrocytes when cultured in the hybrid 
hydrogels composed of pNIPAAM/ MgAl-LDH or pNIPAAM/ MgFe–LDH, for mediating delivering of GAPDH-specific 
siRNA. In each construct, GAPDH-specific siRNA (siGAPDH) or negative control siRNA (siNeg) were added to the gel 
mixture laden with cells. siRNAs amounted to 1.25 μM per construct. (A) Expression of GAPDH gene at day 3 and day 
6. (B) GAPDH enzyme activity at day 3 and day 6. Representative results are shown from one experiment in which both 
types of hybrid hydrogels were tested using the same cell donor. The data show mean ± SD (* p < 0.05, ** p < 0.001).
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Figure 7. ACAN and MMP13 expression in osteoarthritic chondrocytes when cultured in the hybrid hydrogels 
composed of pNIPAAM/LDH compared to commonly used alginate. Representative results are shown from 
one experiment in which both types of hybrid hydrogels were tested using the same cell donor. No significant 
difference is noticed. The data show mean ± SD.

GAPDH as the model gene. This was also confirmed at the enzyme activity level, at least for 

the MgAl–LDH formulated pNIPAAM gel. The MgFe–LDH formulated pNIPAAM gel somehow 

precluded measurement of enzyme activity for yet unknown reasons. One possible explanation 

could be the ferrous (ferric)-mediated mechanisms which oxidated GAPDH enzyme and that 

leads to the subsequent loss of its dehydrogenase activity 188. In addition, GAPDH enzyme 

activity measurement depends on the conversion of NAD+ to NADH. NADH is known to be 

bound by ferric iron thereby preventing the subsequent colorimetric reaction 189.

pNIPAAM gels formulated with either type of LDHs showed good cytocompatibility and 

biocompatibility. The cytocompatibility of LDHs is likely to correlate to dose and size used in vitro. 

For example, no cytotoxicity was induced previously at a low concentration (<50 μg/ml) of MgAl–

LDH, independent of size (from 50 nm to 350 nm). On the other hand, MgAl–LDH at a size of 50 

nm and a dose over 500 μg/ml did result in more severe damage to the cell membrane, possibly 

attributable to a higher surface area of LDHs 190. In the current study, LDH platelets of approximately 

100–200 nm were used, which displayed good cytocompatibility, which is in line with the previous 

study 190. Although little is known about the cytocompatibility of MgFe–LDH, coating with MgFe–

LDH showed good adhesion of human MSCs 191. Nevertheless, possible induction of inflammatory 

response should not be overlooked, especially with a dose higher than 250 μg/ml 190. 
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In the course of a standard in vivo biocompatibility test by subcutaneous application, a 

moderate tissue response was noted without any signs of systemic or visual local inflammation 

at any time point for either of the hydrogels. To what extent this response would affect delivery 

in vivo is not known.  A foreign body-like response is generally found in vivo, even with non-

immunogenic and non-toxic materials used clinically 192. As in several in vivo studies effective 

gene silencing by siRNA release from various scaffolds was shown 193-195, silencing is in any case 

not severely inhibited by the occurrence of these tissue responses.

For applications in the nucleus pulposus of the intervertebral disc, a structure immunoprivileged 

by the absence of blood vessels and the tight fibrous matrix of the annulus fibrosus, a complete lack 

of local tissue reactions is anticipated at all times, but for the joint environment this is not clear. 

However, another biomaterial subcutaneously inducing a similar mixed macrophage and neutrophil 

response 196,197, chitosan, has been successfully applied in vivo for articular cartilage regeneration 198, 

suggesting also intra-articular application of the LDH-pNIPAAM gels would be feasible. 

Although it seems counterintuitive to deliver culture-expanded and hence dedifferentiated 

cells, they have been shown to readily re-differentiate upon culturing in 3D systems 199,200 and 

are actually clinically applied for cartilage repair in Autologous Chondrocyte Implantation 

(ACI) 200. Characterization of cell phenotype showed similar MMP13 expression in both alginate 

and pNIPAAM/LDH hydrogels, which is most likely due to the hypertrophic phenotype of OA 

chondrocytes 201. Although ACAN expression was found, COL2A1 mRNA levels were undetectable. 

This may be due to the early time point of analysis. In line with this, PCNA expression was also 

absent in both gels, indicating delayed proliferation, in accordance to previous studies on cell 

encapsulation in hydrogels 202. Moreover, it should be mentioned that initial chondrogenic 

marker expression may not adequately predict regenerative potential in vitro and in vivo 200. 

The double staining of both Calcein-AM and ethidium homodimer in a small subset of cells 

observed in the Live/Dead assay, could be possibly due to increased cell permeability caused 

by LDHs. Previously, MgAl–LDH at a concentration of 500 μg/ml was shown to increase lactate 

dehydrogenase release without a clear concomitant increase in annexin V staining by FACS 
203, indicating that membrane permeability could be induced by LDHs or transfection per se 

without causing apoptosis. Although the precise mechanism was not clear, it has been shown 

that cationic transfection mediators could cause mild disruption of the cell membrane 204,205. 

Since LDHs are also positively charged at the surface, cell permeability might be thus enhanced. 

With fluorescently labeled siRNA, we have shown that LDHs are the components of the 

pNIPAAM-based hydrogels that mediated transfection of siRNA into the cells. The positively 

charged layers and interlayer anions, along with water, are bound together by electrostatic and 

hydrogen bondings 206,207, where the sulfonate group in the pNIPAAM serves as interchangeable 

anion stabilizing the LDHs [50]. This characteristic consequently allows for anion-exchange in the 

interlayers. The polyanionic DNA has been shown to form intercalating nanohybrids with LDHs 

at pH 7, in which the shielded DNA was protected from nuclease digestion 161,162. LDHs were also 

demonstrated to facilitate in vitro plasmid DNA delivery 208, which would also open up avenues 

for transfection with genes encoding stimulatory proteins. Cellular uptake of siRNA-intercalated 

LDHs has been shown in other types of cells including both cell lines and primary cells [19, 20]. The 
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mechanism of cellular uptake was shown to be internalization via clathrin-mediated endocytosis 

[20], followed by lysosomal escape 163. Although the primary goal in the current study was to 

develop a hydrogel that could serve both as a scaffold for cells and delivery vehicle for siRNA 

delivery, it would be interesting to verify whether chondrocytes can also be transfected using only 

LDH particles 209. Also, investigating siRNA release from the current hydrogel (e.g. release profile 

of siRNA versus bioactivity of released siRNA) may expand its potent applicability for transfection 

of resident cells in situ. As the current content of LDH particles prevents water exclusion, the 

polymer:LDH ratio will be relatively fixed, but varying siRNA concentration, taking heed of the 

toxicity of too high concentrations of siRNA-transfection reagent complexes 210, may further 

optimize efficiency. After this first proof of concept, future studies could lead to the optimal 

balance between stability and delivery. The increased LDH concentration used for the gels in the 

in vivo experiment most likely would not have changed transfection, as the rate-limiting factor 

here would be the low concentration of siRNA. However, to what extent this increased LDH 

content would further increase RNAi delivery to incorporated cells, will merit further study.

Also further characterization of the pNIPAAM polymer synthetic process may be required 

for optimal performance. A high and bimodal PDI was found using MeOH as solvent instead of 

DMF. One explanation could lie in the interference of MeOH with the performance of the CTA. 

However, high conversion, as we found using MeOH, has been shown before to be associated 

with high PDI and may offer another explanation 211.

The safety and potential use of MgAl–LDH for drug delivery has been shown previously. In a 

mouse model, MgAl–LDH intercalated with an anticancer drug did not accumulate in any specific 

organs after intravenous administration, and was speculated to be secreted rapidly from the body 

after drug was released. Improved drug retention time in the circulation was noticed as well 212. 

Biocompatibility of MgAl–LDH was also found in rabbits, where MgAl–LDH-containing implants for 

bone regeneration even appeared more suitable than MgFe–LDH implants 213. However, currently 

regulatory guidelines in general do not readily allow Al-containing substances in products for 

parenteral use; hence for therapeutic application the use of MgFe–LDH may still be preferable. 

Other applications of LDHs as a drug carrier for degenerate cartilaginous conditions have 

included combination with NSAIDs or glucuronate acids to reduce inflammation or to serve as a 

supplement of exogenous glycosaminoglycans, respectively 214-217. Moreover, a calcinated product 

of MgFe–LDH showing soft magnetic properties 218 could serve as a core to support another type of 

LDHs intercalating anti-inflammatory drugs 216,217,219. Such magnetic composites could be potentially 

used, with a combination of a magnetic field, as media for target-guided controlled release.

Using hydrogels for delivery of siRNA or other compounds interfering with local degeneration 

in IVD confers an extra advantage, as by themselves hydrogels can serve as scaffolds to partially 

restore mechanical properties of cartilaginous tissues or as cell carriers. Intradiscal injection of 

hyaluronan or its derivatives has been demonstrated to increase intervertebral disc height 220,221. 

In a clinical pilot study with a 2-year follow-up, a recombinant protein copolymer (consisting 

of amino acid sequence blocks derived from silk and elastin structural proteins) were injected 

into patients with symptomatic herniation or patients with low back pain (not responding to 

conservative therapy). It showed that the injections maintained disc height, provided pain 
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relief and improved disability 222,223. Use of pNIPAAM as a 3D scaffold for rabbit chondrocytes 

showed that co-block polymers with higher molecular weights of pNIPAAM better supported 

cell immobilization and provided higher cell viability 224. Moreover, pNIPAAM-grafted gelatin 

subcutaneously injected in rats also showed a positive supporting role of the scaffold for cell 

proliferation, as well as its biocompatibility and biodegradability 225. However, in vivo studies 

will be required for showing the added value of the current pNIPAAM scaffolds in targeting 

degeneration and enabling tissue regeneration by siRNA delivery. For example, the collagen 

II degrading protease MMP13 which is often highly expressed in OA chondrocytes, also shown 

here, would be a potential therapeutic target of high interest. 

CONCLUSION
The current study presented a newly developed pNIPAAM-based hydrogel capable of delivering 

siRNA by using LDH platelets. The combination of supporting hydrogel material and therapeutic 

RNA oligonucleotides might hold promise in treating degeneration of cartilaginous tissues 

by providing supporting scaffolds for extracellular matrix and interfering the expression of 

degenerative factors. The injectable and thermo-responsive properties of the hydrogel would 

allow it to be administered locally in a minimally invasive manner, thus providing a possible 

strategy for in vivo treatment of degeneration in cartilaginous tissues.
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ABSTRACT
The microRNA (miRNA) hsa-miR-148a has been shown to play a role in modulating the cell 

phenotype of chondrocytes by stimulating regeneration and inhibiting degeneration. The 

application of hsa-miR-148a as an ex vivo therapy for osteoarthritis (OA) is studied in combination 

with the use of hydrogels as cell carriers or scaffolds. OA chondrocytes were transfected with 

miRNA mimics of hsa-miR-148a by exposing cells to lipoplexes for 3 hours prior to the incorporation 

into hyaluronan or fibrin gels. This method led to a high efficiency and prolonged transfection 

effect, as demonstrated by a siRNA targeting an endogenous model gene in hyaluronan. Similarly 

high-level overexpression of hsa-miR-148a, although lower than upon continuous exposure of 

lipoplexes, was observed even up to 14 days in hyaluronan and fibrin gels. In both gel cultures, no 

effects could be found on glycosaminoglycan content, type II collagen expression or deposition. 

However, matrix metallopeptidase 13 (MMP13) expression was downregulated. Compared to 

previous findings, our results suggest that the cellular environment and/or a threshold-effect 

of miRNA levels might be crucial to the final effects of miRNA. Nonetheless, the inhibition of 

the matrix-degrading enzyme holds promise for this approach as a potential alternative for cell 

therapy ex vivo treating chronic diseases with tissue degeneration.
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INTRODUCTION
Osteoarthritis (OA) is a very common degenerative disease of the musculoskeletal system 3, 

characterized by local inflammation and destruction of articular cartilage 11 amongst others. 

Induced by the increased presence of pro-inflammatory cytokines, synthesis of extracellular matrix 

is decreased (e.g. type II collagen and aggrecan) and matrix destructive enzymes are overexpression 

(e.g. matrix metallopeptidases (MMPs), including collagenases and aggrecanases) in OA 10,11. 

Current treatments of OA are limited mainly to pain management; and surgical procedures 

as (partial) joint replacement are only applied in the end stage of the disease. The use of 

autologous cell transplantation 200 as regenerative approach is being investigated, but until 

now variable results have been shown 226-228. This may be related to the characteristics of the 

OA chondrocytes. Although many of the soluble factors secreted into the synovial space of a 

diseased joint were shown to directly affect chondrocyte behavior 229,230, it has become clear 

that eliminating these cues does not completely revert the OA cell phenotype to normal. 

Recently, it was proposed that microRNA (miRNA) expression, one of the mechanisms of 

epigenetic modulation determining cell behavior, plays a role in chondrocyte phenotype 231-234. 

miRNAs are short (19-24 nucleotide long) non-coding small RNAs that negatively regulate 

gene expression by binding to complementary sequences on the untranslated region (UTR) of 

the target mRNA transcripts, leading to post-transcriptional repression or target degradation 35. 

The importance of miRNAs in cartilage homeostasis is shown in Dicer-null mice in which the 

absence of Dicer enzyme required for miRNA biogenesis resulted in critical defects in skeletal 

development 235. Moreover, miRNA expression profiling of OA chondrocytes showed differential 

regulations compared to healthy cells 47,236,237.  

Recently it was shown that in a cartilage regeneration in vitro model, overexpression of hsa-

miR-148a in OA chondrocytes robustly enhanced their matrix production, contributed by the 

increased production of type II collagen and enhanced retention of proteoglycans 47. Moreover, 

the mRNA transcipts of matrix metallopeptidase 13 (MMP13) and an aggrecanase (a desintegrin 

and metalloproteinase with thrombospondin motifs 5 (ADAMTS5)) were shown as the direct 

targets of hsa-miR-148a. Decreases in their gene expression and enzyme activity were observed 

in hsa-miR-148a overexpressing OA chondrocytes. This finding provided encouraging evidence 

for possible clinical application. If OA chondrocytes could be conditioned with miRNA, prior 

to transplantation, to increase their matrix gene expression while inhibiting the expression of 

cartilage degrading enzymes such as the highly expressed MMP13 in OA 238 which associates 

with cartilage degradation 239,240, these cells could be used for autologous cell therapy 200.

However, the previous data were shown for high-density cell culture with continuous exposure 

of miRNA-lipoplexes to the cells 47. Yet strategies of cell-based cartilage regeneration typically require 

the use of scaffolds (e.g. naturally-derived or synthetic hydrogels) for delivering and maintaining the 

cells at the suitable location in the joint. Among various materials, in particular, gels prepared from 

hyaluronan (one of the building blocks of cartilage) and fibrin derived from plasma have both been 

previously shown to be suitable carriers for chondrocytes 241,242 and are being applied in the clinic 243,244. 

In the current study in stead of using the model where hsa-miR-148a was continuously 

overexpressed 47, we investigated whether the enhancement of OA chondrocyte matrix production 
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could be reproduced with a single exposure to hsa-miR-148a before incorporation in a commercially 

used hyaluronan-based hydrogel and fibrin gel. Replication of the regenerative effects as 

demonstrated by decreased expression of MMP13, ADAMTS5 and an increase of type II collagen would 

render hsa-miR-148a-conditioned OA chondrocytes promising as a future therapy for osteoarthritis.

MATERIALS AND METHODS
Cell isolation and culture 

Articular cartilage was harvested from knee joints derived from OA patients undergoing arthroplasty. 

Collection of patient material was done according to the Medical Ethical Committee Regulations 

of the University Medical Centre Utrecht and according to the guideline ‘good use of redundant 

tissue for clinical research’ constructed by the Dutch Federation of Medical Research Societies 77,245. 

Chondrocytes were isolated by a 3-hour enzymatic digestion in 0.1% pronase (Roche Applied Science, 

Mannheim, Germany), followed by an overnight enzymatic digestion in 0.04% collagenase type 2 

(Worthington Biochemical, Lakewood, NJ, USA) at 37 ˚C. Undigested debris was removed using a 70 

μm cell strainer (Becton Dickson, Franklin Lakes, USA). The resulting suspension of cells was washed 

in PBS and centrifuged. Afterwards, the cells were resuspended in expansion medium consisting of 

DMEM containing 4.5 mg/ml glucose, 806 mg/ml glutamine, supplemented with 10% fetal bovine 

serum (FBS; HycloneTM, GE Healthcare Life Sciences, Utah, USA), penicillin-streptomycin, 100 units 

and 100 per 1ml respectively (BioWhittaker®, Lonza, Leusden, The Netherlands) and supplemented 

with 10 ng/ml basic fibroblast growth factor (bFGF; R&D Systems, Minneapolis, MN, USA). The cells 

were cultured at 37°C and 5% CO
2
. The culture medium was renewed

 
every 3-4 days and used at 

passage two for the current study. Experiments were performed with cells from at least three donors. 

OA chondrocyte transfection 

siRNA against glyceraldehyde-3-phosphate (Silencer® GAPDH siRNA, Ambion® Invitrogen, Life 

Technologies, Carlsbad, CA, USA) was used for assessing transfection efficiency of siRNA in 

hydrogel cell cultures, with scrambled siRNA (Silencer® Negative Control #1 siRNA, Ambion® 

Invitrogen) as negative control. Effects of hsa-miR-148a on chondrogenesis in hydrogel cell 

cultures were studied using the miRNA mimic of hsa-miR-148a (MISSION® miRNA mimic, Sigma-

Aldrich, St. Louis MO, USA), and a miRNA mock as negative control (MISSION® miRNA, Negative 

Control 2, Sigma-Aldrich). Lipoplexes were prepared by complexation of 1 μl Lipofectamine 

RNAiMAX (Invitrogen, Life Technologies) to 5 pmol oligonucleotide in Opti-MEM ® I Reduced 

Serum Medium (Opti-MEM; Gibco®, Life Technologies) at room temperature for at least 20 

minutes before addition to the cells, according to the manufacturer’s protocol.

OA chondrocytes were trypsinized using 0.25% trypsin/EDTA (Gibco®), washed and 

resuspended in culture medium at a cell density of 2×106 cells per ml. Lipoplexes were added to the 

cell suspension at one fifth of the total volume, amounting to a final oligonucleotide concentration 

of 20 nM. The mixture of cells and lipoplexes were incubated for 3 hours at 37°C. Afterwards, the cells 

were centrifuged at 430×g for 3 minutes. Supernatant containing lipoplexes was discarded. 
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Cell culture in hyaluronan (HA) and fibrin gel constructs

Cell pellets of pre-transfected OA chondrocytes were resuspended in HA or fibrin gels at a final 

volume of 200μl and a cell density of 2×106 cells per ml. 

For HA hydrogel constructs, HyStem® (Glycosan, Alameda, CA, USA) was applied by 

following manufacturer’s instruction. In brief, reconstituted HyStem gel solution and Extralink 

solution were mixed with a volume ratio of 4 to 1. Cells were first resuspended in HyStem gel 

solution before Extralink solution was added. Next, the cell-laden gel solution was incubated at 

room temperature for 20 minutes to allow cross-linking to take place.

For fibrin gel constructs, Tissucol DUO (Baxter, Utrecht, The Netherlands) was prepared 

according to manufacturer’s instruction. The mixing ratio of fibrinogen to thrombin solutions 

was 1 to 1 by volume. Cells were first resuspended in fibrinogen solution before thrombin 

solution was added and mixed.

Cell-laden gel solutions were mixed gently and added to a 96-well plate. Once the gel 

constructs were gelated, they were transferred to a 24-well culture plate and cultured in 1 ml of 

chondrogenic culture medium containing DMEM, 10% FBS and 0.2 mM ascorbate-2-phosphate 

(Sigma-Aldrich). For fibrin gel constructs, 5 μM of 6-aminocaproic acid (Sigma-Aldrich) was 

added to the culture medium to inhibit fibrin degradation 246. The cells were incubated at 37 ˚C, 

5% CO
2
 and 95% humidity. Culture medium was renewed every third day for samples harvested 

later than day 3. Cells pre-incubated in the absence of transfection complexes were included 

as controls. After pre-determined time points at day 2, 7 and 14, constructs were harvested 

and either processed immediately for RNA isolation, or stored at -20°C until use for measuring 

glycosaminoglycan (GAG) content. Conditioned culture medium was collected and either used 

immediately for evaluating cytotoxicity, or stored at -20°C until the measurement of GAG release.

In a limited number of experiments, hsa-miR-148a lipolexes were also added to the gels at 

a concentration of 20 nM.

High cell-density filter culture 

To compare hsa-miR-148a transfection efficiency and retention in hydrogels with the previously 

applied high-density culture systems 47, cells were transfected following the 3 hour pre-transfection 

protocol as described above or using the reverse transfection approach with permanent exposure 

to transfection complexes described in the previously published study. In brief, transfection 

lipoplexes were added to cell suspensions of OA chondrocytes immediately prior to cell plating onto 

Millicell PFTE filters (0.4 μm; Millipore, Bedford MA, USA), coated with type II collagen derived from 

chicken sternal cartilage (Sigma-Aldrich) 247,248. Pre-transfected cells or cells reverse transfected in 

the presence of 20 nM (mock) miRNA were seeded at a density of 1.6×106 cells/cm2. The cells plated 

on filters were cultured in chondrogenic culture medium as previously described.

Cytotoxicity measurement

Cytotoxicitiy of transfection and gels to OA chondrocytes was evaluated by measuring lactate 

dehydrogenase (LDH) secreted into culture medium by cells using the Cytotoxicity Detection 
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KitPLUS (Roche Applied Science) according to the manufacturer’s instruction. The LDH activity 

which converts the colorimetric substrate was measured at 492 nm with a reference wavelength 

690 nm using a Benchmark Microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). The 

percentage of dead cells was derived by dividing LDH activity measured in the conditioned 

medium by the sum of activity in the total cell lysate and in the medium. Viability was expressed 

as 100% minus the percentage cell death.

MicroRNA real-time PCR (RT-PCR) 

To evaluate the levels of hsa-miR-148a in transfected OA chondrocytes cultured in gels or filters, 

total RNA was extracted using mirVana miRNA isolation kit (Ambion, Austin, TX, USA) according 

to the manufacturer’s protocol, with adaptation of handling tissue samples by homogenizing 

the gel constructs with 27-gauge syringes (Myjector 1ml 27Gx1/2”, Terumo, Leuven, Belgium). 

cDNA was synthesized using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, 

Life Technologies, Carlsbad, CA, USA). The expression of hsa-miR-148a was measured using a 

TaqMan microRNA assay for hsa-miR-148a (Applied Biosystems) and expressed as relative RNA 

level using a random sample as comparator.

Gene expression analysis 

Effectiveness and duration of silencing in OA chondrocytes after transfection and culture in 

hydrogels was evaluated using siRNA for the endogenous housekeeping gene, GAPDH, as a 

model gene, with a scrambled siRNA as control 210. The effect of hsa-miR-148a on cartilage 

metabolism following transfection and cell culture in gels was studied by evaluating the 

expression of COL2A1, MMP13 and ADAMTS5. 

Total RNA was isolated from cells using RNeasy Mini Kit (Qiagen, Germantown, Maryland, 

USA) following the manufacturer’s instructions for handling tissue samples, with which the 

gel constructs were homogenized using 27-gauge syringes (Myjector 1ml 27Gx1/2”, Terumo). 

Total RNA was converted to cDNA by using High-Capacity cDNA Reverse Transcription Kits 

(Applied Biosystems) according to manufacturer’s instructions in an iCycler Thermal Cycler 

(Bio-Rad Laboratories). 

Expression of the genes of interest was analyzed by real time PCR. The reactions were 

performed using SYBR® Green Master Mix (Bio-Rad Laboratories) according to manufacturer’s 

instructions in a LightCycler 480 (Roche Applied Science). The primer sequences for real time 

PCR are listed in Table 1. Gene expression was normalized to two housekeeping genes: 18S and 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 

(YWHAZ). The normalization factor was calculated with the formula (18S × YWHAZ) ½.  

Glycosaminoglycans (GAG) content and release

To analyse the proteoglycan content of the pre-transfected OA chondrocytes cultured in 

gels and the amount released into the culture medium, a dimethylmethylene blue (DMMB) 

spectrophotometric analysis was performed to determine the content of sulphated GAG. 
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For gel and tissue constructs, samples were harvested, minced and digested at 60°C for 

18 h in a papain enzyme solution consisting of 5 mM L-cysteine, 50 mM Na
2
EDTA, 0.1 M NaAc, 

pH 5.53 with 2% (v/v) papain (Sigma-Aldrich). The samples were digested at 60°C for 18 hours 

and then stored at -20°C until use. 

DMMB solution and papain digest or medium sample were mixed, and the absorbance 

was read at 540 nm and 595 nm using a Benchmark Microplate reader (Bio-Rad Laboratories). 

Chondroitin sulfate C (Sigma-Aldrich) was used as the reference of calibration. Total amount 

of GAG produced was defined as the sum of the amount measured in the papain digest and 

cumulative release into the conditioned cell culture medium during the culture period. 

DNA content 

The DNA content in papain digest was quantified using the Quant-iTTM PicoGreen® dsDNA 

Kit (Life Technologies) following the manufacturer’s instruction. The fluorescent signal was 

measured using a FlexStation® 3 Benchtop Multi-Mode Microplate Reader (Molecular Devices, 

Downingtown, PA, USA) at Ex/Em 485/538 nm.

Histological evaluation of type II collagen in gel constructs 

The presence of type II collagen in pre-transfected OA chondrocytes subsequently cultured 

in gels was examined using immunohistochemistry. The gel constructs were fixed in 4% 

formaldehyde overnight, dehydrated through graded ethanol series, cleared in xylene and 

then embedded in paraffin. Embedded samples were sectioned to yield 5 μm sections. 

For type II collagen staining, sections were first deparaffinized and hydrated. Endogenous 

peroxidase was blocked using 0.3% H
2
O

2
 solution. Next, antigens were retrieved using 1mg/ml 

Table 1. Primer sequences used for real time PCR

Target gene Oligonucleotide sequence 
Annealing 

temperature (°C)
Product size 

(bp)

18S forward 5’ GTAACCCGTTGAACCCCATT 3’ 57 151

reverse 5’ CCATCCAATCGGTAGTAGCG 3’

ADAMTS5 forward 5’ GCCAGCGGATGTGTGCAAGC 3’ 57 130

reverse 5’ ACACTTCCCCCGGACGCAGA 3’

COL2A1 forward 5’ AGGGCCAGGATGTCCGGCA 3’ 56 195

reverse 5’ GGGTCCCAGGTTCTCCATCT 3’

GAPDH forward 5’ ATGGGGAAGGTGAAGGTCG 3’ 60 70

reverse 5’ TAAAAGCAGCCCTGGTGACC 3’

MMP13 forward 5’ GGAGCATGGCGACTTCTAC 3’ 56 208

reverse 5’ GAGTGCTCCAGGGTCCTT 3’

YWHAZ forward 5’ GATGAAGCCATTGCTGAACTTG 3’ 56 229

reverse 5’ CTATTTGTGGGACAGCATGGA 3’

ADAMTS5, a disintegrin and metalloproteinase with thrombospondin motifs 5; COL2A1, α1 (II) procollagen; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MMP13, matrix metallopeptidase 13; YWHAZ, tyrosine 
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide. 
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pronase (Roche Applied Science), followed by using 10 mg/ml hyaluronidase (Sigma-Aldrich), 

with each incubation time for 30 minutes at 37°C. Subsequently, sections were blocked in 5% BSA/

PBS and then incubated with mouse monoclonal anti-human collagen type II (Developmental 

Studies Hybridoma Bank, IA, USA) (0.44 μg/ml in 5% BSA/PBS) at 4°C, overnight. After washing, 

the sections were incubated with anti-mouse IgG-HRP (Dako, Carpinteria, CA, USA) (10 μg/ml 

in 5% BSA/PBS) at room temperature for 1 hour. Sections were further developed by incubations 

with 3,3’di-amino-benzidine (DAB) for 5 minutes at room temperature. Nuclei and cytoplasm 

were counterstained with Weigert’s haematoxylin (Klinipath, Duiven, the Netherlands) and 

0.4% fast green (Merck), respectively.

Statistical analysis 

All statistical analyses were performed using SPSS software (version 20, IBM corporation, 

Armonk). Statistical significance was assumed at p values less than 0.05. Differences in GAPDH 

gene silencing efficiency, MMP13 and ADAMTS5 gene expression, hsa-miR-148a level and GAG 

production were determined by analysis of variance (ANOVA) after log transformation of the 

data (correction for skewing), with post hoc test and Bonferroni corrections performed for 

multiple comparisons.  Differences in COL2A1 gene expression between conditions at certain 

time point, and differences between two time points concerning various conditions tested 

were determined by univariate analysis of variance with randomized block design.

RESULTS
Long-term GAPDH gene silencing in OA chondrocytes upon transfection 
prior to culture in HA gel 

Silencing efficiency and duration in transfected cells subsequently incorporated in HA gel was 

determined using siRNA against GAPDH. A high silencing efficiency at both earlier and later 

time points was found, where expression of GAPDH, compare to the mock transfection, was 

reduced to 37.7% (p<0.01) and 6.8% (p<0.01) at day 3 and day 8 respectively (Figure 1).

Retention of hsa-miR-148a in OA chondrocytes in high cell-density filter 
culture with variable exposure to lipoplexes and in hydrogel cultures  

Retention of hsa-miR-148a overexpression in HA gel was compared to fibrin (Figure 2A), 

another clinically applied gel in cartilage regeneration surgery. In both types of gels, hsa-miR-

148a levels decreased between 7 and 14 days, but they were still clearly detectable at day 14. 

In control cells receiving no lipoplexes, hsa-miR-148a levels were negligible as in mock, with 

absolute values measured less than 1.5. Overexpression of hsa-miR-148a appeared to be higher 

in fibrin compared to HA at day 7, but this was not statistically significant. Fibrin constructs 

were relatively unstable in culture, as demonstrated before 249, while HA constructs were stable 

over the full 14 days in culture. Viability as assessed by lactate dehydrogenase (LDH) activity in 

culture medium at day 1 was > 96% and > 98%, respectively in HA and fibrin gels. 
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Figure 1. OA chondrocytes pre-transfected with siRNA-lipoplexes showed gene silencing in HA gel culture at day 
3 and day 8 after transfection.  The data show mean ± SD (* p < 0.05, ** p < 0.01).

hsa-miR-148a levels in cells transfected using the short pre-transfection procedure and 

further cultured in HA hydrogel were compared to cells subsequently cultured in high-density 

cell culture on type II collagen-coated filters. At day 7 the hsa-miR-148a levels in HA hydrogel 

culture appeared to be higher; however, the difference compared to cells cultured on filters 

was not statistically significant (Figure 2B). In control cells receiving no lipoplexes, hsa-miR-

148a levels were negligible as in mock, with absolute values measured less than 2.0.

hsa-miR-148a levels in transfected OA chondrocytes were 5-fold higher upon prolonged 

exposure to lipoplexes in high cell-density filter culture on collagen-coated filters at day 2, as 

compared to the short, 3-hour, pre-transfection procedure (p<0.01; Figure 2C). In mock, has-

miR-148a levels were measured less than 0.05 in absolute values.

Extracellular matrix production of OA chondrocytes cultured in HA  
or fibrin gels

In fibrin gel, DNA content was found lower compared to HA gel at day 14 (Figure 3A). No effect 

of hsa-miR-148a was found on the total amount of GAG produced (normalized to DNA content) 

at day 14 (Figure 3B). Also the cumulative release of GAG over 14 days was not affected by pre-

transfection with hsa-miR-148a in either HA or fibrin gel (Figure 3C). In neither HA or fibrin gel 

staining of type II collagen was found at day 14 (Appendix C, Figure S6). Incorporation of additional 

hsa-miR-148a lipoplexes into the gels did not affect matrix metabolism either (data not shown).
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Figure 2. Expression of hsa-miR-148a in OA chondrocytes with different exposure periods and culture conditions. 
(A) Cells pre-transfected for 3 hours with hsa-miR-148a-lipoplexes and cultured on filters for 2 days in the 
presence of lipoplexes were compared to cells cultured with pre-transfection only. (B) Cells pre-transfected and 
cultured for 7 days on filters were compared to culture in HA gel. (C) Comparison of hsa-miR-148a levels after 7 or 
14 days in cells pre-transfected and further cultured in HA gel versus culture in fibrin gel . The results shown were 
compared to mock. The data show mean ± SD (** p < 0.01).

Effect of hsa-miR-148a pre-transfection on COL2A1 expression  
in OA chondrocytes cultured in HA and fibrin gels

In HA gel, COL2A1 expression increased between day 7 and day 14; in contrast, in fibrin gel 

COL2A1 expression decreased between day 7 and day 14. Transfection of hsa-miR-148a had no 

effects on COL2A1 expression at day 7 in either HA or fibrin gel. Although differential expression 

of COL2A1 in the presence of hsa-miR-148a was noted at day 14, the phenomenon was not 

consistently observed among the three donors tested  (Figure 4). 

MMP13 expression regulated by hsa-miR-148a in pre-transfected  
OA chondrocytes subsequently cultured in HA gel 

Previously it was shown that MMP13 and ADAMTS5 expression was downregulated by hsa-

miR-148a 47. As HA hydrogel were more stable (data not shown), expression of these selected 

proteinases was further studied in HA hydrogel constructs for an additional 4 donors.
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Figure 3. Biochemistry of pre-transfected OA chondrocytes subsequently cultured in HA or fibrin gel.  (A) DNA 
and (B) GAG content in HA or fibrin gel constructs were measured at day 14 after pre-transfection. The total 
amount of GAG produced is shown as the sum of GAG content in gel (lower part of bars) and cumulative GAG 
released into medium (upper part of bars), normalized to DNA content at day 14. (C) Cumulative GAG release 
from cells cultured in HA or fibrin gel for 14 days. 
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Expression of MMP13 was significantly decreased to 50±18.5 % compared to mock (p<0.01). 

However, no difference in ADAMTS5 expression was found. Results are shown in Figure 5.   

DISCUSSION
This study was the first to investigate the possibility to modify the OA chondrocyte 

phenotype by miRNA modulation prior to delivery in hydrogel systems, in order to enhance 

tissue regeneration. The potential use of hydrogel systems for delivering transfected cells 

showing prolonged silencing, was first shown using siRNA targeting the model gene GAPDH. 

Prolonged silencing of the model gene GAPDH was found upon pre-transfection of cells prior 

to the subsequent culture in a commercial HA gel. Pre-transfection of hsa-miR-148a, a miRNA 

previously shown to enhance matrix synthesis in OA chondrocytes by increasing type II collagen 

and decreasing MMP13 and ADAMTS5 expression by directly targeting their 3’ UTRs, showed a 

prolonged presence during culture in both fibrin and HA gels. 

At the gene expression levels, no effect of overexpression of hsa-miR-148a on COL2A1 was 

found, in either fibrin or HA gels. In line with these findings GAG metabolism was not affected, 

neither in terms of release and or incorporation rates. As the fibrin gel was unstable in culture 

and showed a decrease in COL2A1 expression over time, additional experiments were carried 

out with pre-transfected chondrocytes cultured in HA. Despite the absence of an effect on 

Figure 4. Effect of pre-transfection of hsa-miR-148a on COL2A1 expression in OA chondrocytes of a long-term 
cell culture in HA and fibrin gels in vitro. Col2A1 expression was determined using PCR and normalized to 
housekeeping genes 18S and YWHAZ. Results were acquired at day 7 and day 14 in HA or fibrin gel after the pre-
transfection.  The data show mean ± SD (* p < 0.05, ** p < 0.01, *** p<0.001). Results are representative for 3 donors.
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Figure 5. Expression of proteinases previously found to be regulated by hsa-miR-148a. MMP13 was downregulated, 
while no effects on ADAMTS5 was found. The data were normalized to housekeeping genes 18S and YWHAZ, and 
compared to mock condition. The data show mean ± SD (4 donors, 3 replicates per donor; ** p < 0.01).

COL2A1 and ADAMTS5, a clear decrease in MMP13 expression was noted, similar to the effect 

previously found in the high cell-density filter culture. 

Why in the current set up hsa-miR-148a only regulated MMP13 and not COL2A1 and ADAMTS5 

as shown before, is unclear. One explanation might lie in the level of hsa-miR-148a attained in the 

current setup. In the culture system described by Vonk et al, cells were continuously exposed to 

transfection complexes. Indeed, hsa-miR-148a levels were higher in this high cell-density culture 

compared to pre-transfection either prior to high cell-density culture or culture in hydrogels. 

Although the extent of target regulation would be expected to alter proportionately with 

decreasing hsa-miR-148a levels for all genes, it has been shown that target selection occurs at 

threshold levels of regulating miRNAs 250,251. In the current study MMP13 seemed to have been 

favored for regulation. Differential expressions of Ago2 and Dicer have been suggested as possible 

mechanisms for this differential effectivity of miRNAs in similar cells 252. 

Another explanation may lie in the context of the modulation, with different sets of cues 

present in hydrogel culture as opposed to high-density cell culture. Basal expression levels of 

genes may be unaffected by altering the expression of a given miRNA, whereas in the same cells 

clear effects of its modulation may be seen upon stimulation. For example, miRNAs were shown 

to be involved in regulating TNFα, COX-2 or MMP13 expression in chondrocytes when induced 

by IL-1β stimulation, but did not affect their basal expression. Although functions of the other 

type of RNA, circular RNA, (circRNA) is not fully understood, it has been shown that circRNA 

could act as an miRNA competitor in gene regulation 253,254. Thus this recently discovered 

circRNA might also be involved in regulating chondrogenic phenotype.

As research into miRNA modulation of chondrogenesis is still in its infancy, studies into the 

mechanisms of regulation as a function of the cellular environment are warranted. However, the 

downregulation of MMP13 in the pretransfected cells subcultured in the gels, suggests partially 

successful phenotype modulation was achieved by inhibiting at least part of the degenerative 

phenotype of the OA chondrocyte. To what extent this would result in enhanced regeneration 

in situ would merit further study.
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In addition to functioning as a scaffold for tissue engineering, ideally a hydrogel would also 

serve as a reservoir of miRNAs, providing prolonged availability to cells and thus prolongation of 

the intracellular presence of miRNA. Furthermore, an ideal hydrogel would facilitate transfection, 

to preclude the use of transfection reagents, thereby minimizing non-specific effects 255. The 

commercial gels used in the current study were not suitable in this respect, as addition of miRNA 

to hydrogels, either or not complexed with a liposome transfection reagent, did not increase 

silencing (data not shown). Alternatively, modified miRNA that does not require transfection 

reagents/gel components could be used for delivery. For example, cholesterol-anchored miRNA 

has been used to enhance bone regeneration in an HA-based hydrogel 256.

Preferably hydrogels delivering miRNA also promote tissue regeneration. HA is a naturally 

occurring polysaccharide in cartilage, and HA scaffolds have been shown in vitro to support 

human MSCs of various origins to express chondrogenesis markers, including COL2A1 257. 

Similar results from both chick embryo and human chondrocytes were shown in thiol-modified 

HA, in which COL2A1 expression levels increased at later time points in chick embryo cell. 258. In 

the current study we showed comparable results of increased COL2A1 expression from day 7 to 

day 14 in a thiol-modified HA which could be beneficial for chondrogenesis.

Addition of fibrin to collagen scaffolds has been shown to improve cell-seeding efficiency 

and capacity of chondrocytes for chondrogenic re-differentiation, in terms of type II collagen 

expression, compared to cells in monolayer or in collagen-alone scaffolds 242. The use of fibrin 

alone as scaffolds for MSCs at high cell-density showed high amount of collagen production 

and other chondrogenic markers 259. Why in the current system type II collagen expression in 

fibrin decreased, in contrast to HA-based cultures is not clear. Possibly chondrocytes respond 

differently to the cues provided by surrounding hydrogels. The lower cell number found in 

fibrin-based scaffolds compared to HA gels is in line with previous data on chondrocyte cultures, 

but the diminished expression of type II collagen was not found. However, expression was 

determined at later time points than in the current study which could explain the discrepancy.

CONCLUSION
In the current study, we showed the possibility of transfecting osteoarthritic chondrocytes with 

miRNA subsequently cultured in hydrogel systems as the preparation to a potential cell therapy. 

Albeit high cellular levels of miRNA could be achieved, only MMP13 expression was affected, 

suggesting miRNA modulation is differentially regulated by concentration or cell environment. 

Still, the inhibition of the matrix-degrading enzyme holds promise for this approach as a 

potential alternative for cell therapy treating chronic diseases with tissue degeneration.
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ABSTRACT
Chronic low back pain due to intervertebral disc (IVD) degeneration is associated with increased 

levels of inflammatory mediators. Current medical treatment consists of oral anti-inflammatory 

drugs to alleviate pain. In this study, the efficacy and safety of a novel thermoreversible poly(N-

isopropylacrylamide) MgFe-layered double hydroxide (pNIPAAM MgFe-LDH) hydrogel was 

evaluated for intradiscal controlled delivery of the selective cyclooxygenase (COX) 2 inhibitor 

and anti-inflammatory drug celecoxib (CXB). Degradation, release behavior, and the ability of 

a CXB-loaded pNIPAAM MgFe-LDH hydrogel to suppress prostaglandin E
2
 (PGE

2
) levels in a 

controlled manner in the presence of a pro-inflammatory stimulus (TNFα) were evaluated in 

vitro. Biocompatibility was evaluated histologically after subcutaneous injection in mice. Safety 

of  intradiscal application of the loaded and unloaded hydrogels was studied in a canine model 

of spontaneous mild IVD degeneration by histological, biomolecular, and biochemical evaluation. 

After the hydrogel was shown to be biocompatible and safe, an in vivo dose-response study 

was performed in order to determine safety and efficacy of the pNIPAAM MgFe-LDH hydrogel 

for intradiscal controlled delivery of CXB. The results showed that CXB release correlated to 

hydrogel degradation in vitro. Furthermore, controlled release from CXB-loaded hydrogels was 

demonstrated to suppress PGE
2
 levels in the presence of TNFα. The hydrogel was shown to exhibit 

a good biocompatibility upon subcutaneous injection in mice. Upon intradiscal injection in a 

canine model, the hydrogel exhibited excellent biocompatibility based on histological evaluation 

of the treated IVDs. Gene expression and biochemical analyses supported the finding that no 

substantial negative effects of the hydrogel were observed. Safety of application was further 

confirmed by the absence of clinical symptoms, IVD herniation or progression of degeneration. 

Controlled release of CXB resulted in a non-significant maximal inhibition (~35%) of PGE
2
 levels in 

the mildly degenerated canine IVDs. In conclusion, this study showed biocompatibility and safe 

intradiscal application of a MgFe LDH-pNIPAAM hydrogel. Controlled release of CXB resulted in 

only limited inhibition of PGE2 in this model with mild IVD degeneration, and further studies should 

concentrate on application of controlled release from this type of hydrogel in animal models with 

more severe IVD degeneration.
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INTRODUCTION 
Chronic low back pain is a debilitating disorder associated with intervertebral disc (IVD) 

degeneration 260. As the exact pathogenesis is still poorly understood, current surgical and medical 

treatments aim at alleviating symptoms. Inhibiting or reversing the degenerative process by using 

advanced methods like cell and tissue engineering are in development, but are not clinically 

applicable thus far. In degenerative disc diseases, the specific composition of the nucleus pulposus 

(NP) and annulus fibrosus (AF) is disturbed, since the delicate equilibrium shifts toward the catabolic 

pathways 261,262. In the NP this results in a change from an extracellular matrix rich in proteoglycans 

and type II collagen, to a tissue containing mainly type I collagen, and in the AF in a loss of lamellar 

organization 263,264. The loss of proteoglycans causes a decrease in the water binding capacity of the 

NP and together with the changes in the AF, compromises the structural functionality of the IVD 264. 

A variety of inflammatory mediators has been investigated for their role in the catabolic 

processes of IVD degeneration; targeting the inflammation process is one of the emerging 

treatment strategies of chronic low back pain and IVD degeneration. Herniated degenerative disc 

tissue has been shown to spontaneously produce increased amounts of matrix metalloproteinases 

(MMPs), nitric oxide, prostaglandin E
2
 (PGE

2
) and interleukin 6 (IL-6), and to express interleukin 

1 (IL-1), interleukin 8 (IL-8), tumor necrosis factor α (TNFα) 265,266. TNFα and IL-1 upregulate 

expression of matrix degrading enzymes by NP cells 263,267,268. Furthermore, elevated levels of IL-1 

and PGE
2
 have been associated with aging and degeneration of the IVD 268,269. In the NP, PGE

2
 

negatively affects matrix integrity by inhibiting proteoglycan synthesis, possibly mediated by a 

decrease in insulin growth factor 1 and an increase in matrix degrading enzymes 269.

PGE
2
 is a well-known prostanoid and plays an important regulatory role in physiological 

as well as pathological processes like intervertebral disc degeneration. It is synthesized by 

two cyclooxygenase (COX) isoforms, COX-1 and COX-2, by conversion of arachidonic acid 

into PGH
2
 and isomerization of PGH

2
 to PGE

2 
by prostaglandin E synthases (PTGES).  COX-1 

is constitutively expressed in most tissues and is associated with the production of baseline 

PGE
2
 levels important for homeostasis. In contrast, COX-2 expression is highly restricted under 

physiological conditions, but can be rapidly induced in response to inflammatory stimuli and 

is therefore believed to play an important role in the PGE
2
 production involved in degenerative 

processes 270,271. Selective COX-2 inhibitors have been developed to reduce PGE
2
 production via 

this pathway. In several clinical trials the efficacy of COX-2 inhibitors in patients with low back 

pain has been established 272,273. However, their widespread application is hampered by severe 

side effects, such as cardiotoxicity. Although these inhibitors can be effectively introduced 

into the avascular IVD by intradiscal injection, they would achieve only short-lived clinical 

effects. Delivering drugs by using controlled release systems, e.g. hydrogels, would be a more 

attractive alternative to bolus injections, as a higher loading dose and long term delivery can be 

accomplished by a minimum of intradiscal interventions 274,275.

Temperature sensitive poly(N-isopropylacrylamide) (pNIPAAM)-based hydrogels have 

been extensively used in the field of controlled release 276. These gels could be particularly 

suitable for intradiscal injection as they are liquid at room temperature, and hence injectable 

through small diameter needles and form a solid gel at 37°C, preventing leakage of injected 

95



CHAPTER 6

6

materials from the IVD 277. In this study a hybrid thermoreversible biodegradable hydrogel 

served as a controlled release platform for the specific COX-2 inhibitor celecoxib (CXB). 

This release system consists of lower critical solution temperature (LCST) polymers with 

a low molecular weight, based on pNIPAAM with a sulfonate endgroup, ionically linked to a 

network of biodegradable platelet type MgFe layered double hydroxide (LDH) nanoparticles. 

LDH particles possess a positive surface charge, that can interact with the negatively charged 

LCST polymers. At room temperature these hybrid structures are simply made by mixing the 

polymer with the MgFe-LDHs and subsequent dispersion in water. This results in a solution of 

low viscosity that can easily be injected into the NP via a 29 Gauge needle. At body temperature 

(37 ºC), physical entanglements are formed due to hydrophobic interactions between the 

LCST polymers, resulting in the formation of a hybrid network, as polymers are linked to the 

MgFe-LDH particles. Furthermore, the easily ionizable carboxylic groups of CXB can interact 

with the biodegradable LDHs, which makes this unique for drug release. We hypothesize that 

pNIPAAM MgFe-LDH hydrogels are suitable vehicles for delivering a COX-2 inhibitor into 

the IVD, to reduce intradiscal PGE
2
 levels over time in a dog model with spontaneous IVD 

degeneration, showing pathophysiological aspects similar to those in man 278,279.

MATERIALS AND METHODS
After synthesis, preparation, and rheological analysis of the hydrogel, the degradation and 

release behavior of the CXB-loaded hydrogel was evaluated. Furthermore, in an in vitro model 

in the presence of a pro-inflammatory stimulus (TNFα) the ability of the CXB-loaded hydrogels 

to suppress PGE
2
 levels in a sustained manner was evaluated. Thereafter, biocompatibility upon 

subcutaneous injection was studied in mice. Safety of intradiscal application of the loaded and 

unloaded hydrogel was studied in a canine model of spontaneous mild IVD degeneration. After 

the hydrogel was shown to be biocompatible and safe, a follow up dose-response in vivo study 

was performed in order to determine safety and efficacy of the pNIPAAM MgFe-LDH hydrogel 

for intradiscal controlled delivery of CXB. 

Synthesis and preparation of poly(N-isopropylacrylamide) (pNIPAAM) 
MgFe-LDH hydrogels

The pNIPAAM polymer with sulfonate endgroup was synthesized as reported previously 280 and 

the modified synthesis is described in detail in Appendix D. To formulate the hydrogel, the 

pNIPAAM polymer was added to the LDH suspension in a vial and subsequently placed on a 

tube roller mixer for 48 hours at room temperature and sterilized by gamma radiation (25 kGy, 

Isotron BV, Ede). The final hydrogel contained 16 wt% pNIPAAM, 3.3 wt% MgFe LDH and water.

Rheological analysis of the pNIPAAM MgFe-LDH hydrogels

The viscoelastic properties of the unloaded pNIPAAm MgFe LDHs were determined by using 

an Anton Paar MCR301 rheometer (St. Albans, UK) with an oscillatory parallel plate geometry 
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(50mm diameter) with a constant strain of g = 0.5% at a frequency of f = 1 Hz. Temperature 

was increased from 22 °C to 37 °C at a rate of 15 °C/min. This heating rate was chosen based on 

calculating the minimum rate of heat transfer based on estimating the energy needed to heat 

up the hydrogel by taking into account, the surface of the hydrogel, the minimum temperature 

difference between the LCST and body temperature. LCST is the critical temperature above which 

the hydrogel undergoes a phase transition from a soluble to an insoluble state. This estimation 

is described in detail in Appendix D. The gelling was recorded by measuring the complex shear 

modulus |G*| which is a common parameter to determine the strength of a viscoelastic material 

like a hydrogel. The complex shear modulus |G*| is correlated to the storage modulus (G’) and 

loss modulus (G”). The storage modulus is a measure of the deformation energy stored in the 

sample during the shear process (elastic behavior), whereas the loss modulus is a measure of the 

energy dissipated in the sample during the shear process (viscous behavior), and is lost to the 

sample afterwards (viscous behavior). The relation between these parameters is the following:

Hydrogel samples were placed on the lower plate, and the upper plate was lowered to a 

0.5mm gap. The configuration of the rheological setup is shown in Figure 1A. The viscoelastic 

properties of the loaded hydrogel were not determined. The CXB concentrations were as low 

as 10-6 M to 10-4M, i.e. 0.38 -38 mg of celecoxib per liter, or 3.8 ×105 - 3.8 ×103 wt%, and were not 

influencing the rheological properties.

Degradation and release behavior of CXB-loaded pNIPAAM MgFe-LDH hydrogels  

In vitro, the controlled release of CXB from hydrogels was measured in PBS (phosphate buffered 

saline pH 7.4, 44 mM Na
2
HPO

4
, 9 mM NaH

2
PO

4
, 72 mM NaCl, 0.02% wt NaN

3
) and 0.2% Tween 

80® (polyoxyethylenesorbitan monooleate; Sigma-Aldrich). Tween 80® was added to the buffer 

in order to increase the solubility of CXB 281 and thereby simulate the in vivo situation. CXB-

loaded pNIPAAM MgFe-LDH suspension was prepared by adding 6 or 10 mg/ml of CXB to the 

dispersion and stirring with a stirring bar over the weekend. A volume of 1 ml of CXB-loaded 

pNIPAAM MgFe-LDH suspension was pipetted into in a vial and placed for 30 minutes at 37˚C 

to ensure gelation of the hydrogel, and afterwards covered with 14 ml warm (37˚C) PBS/Tween 

80® solution. The release experiment was performed at 37˚C At day 1, 2, 5, 8, 15, 22, and 31, 12 

ml of the buffer solution was removed in order to analyze CXB and Mg concentrations and 12 

ml of fresh buffer was added. CXB concentrations were determined in a volume of 100 μl by 

using ultra performance liquid chromatography (UPLC) as described in detail recently by Petit 

et al. 282 . In vitro degradation was determined by measuring the relative cumulative release of 

Mg into the medium. Mg concentrations were determined by using a Prodigy High Dispersion 

Inductively Coupled Optical Emission Spectometry (ICP-OES) system (Leeman, Illinois, USA). 

Standards were prepared by using multi-element (23 elements in diluted nitric acid) standard 

solution IV (1000 mg/l) (Merck, Darmstadt, Germany). A volume of 0.5 ml of the solutions from 

the degradation experiment was diluted in 100 ml aqueous 1N HNO
3
, and subsequently diluted 

again tenfold in 1N HNO
3
. The effects of CXB loading (10 mg/ml versus 6 mg/ml), LDH content 

(single versus double) and type of LDH (Mg
3
Fe versus Mg

2.5
Fe) of the gels on release behavior 

and in vitro degradation were also investigated, as well as CXB solubility effects by using a buffer 

containing PBS and 0.2% or 2% Tween 80®.
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Sustained release of CXB in vitro

The balance between anabolic and catabolic pathways in articular chondrocytes as well as NP cells 

can be directed towards catabolism by TNFα 10,13. Bovine articular chondrocytes were used in the 

in vitro experiments, as they were more easily available in our laboratory. Articular chondrocytes 

were isolated from bovine carpometacarpal joints by enzymatic digestion overnight with 2 mg/ml 

collagenase A (Roche, Mannheim, Germany) at 37˚C. Chondrocytes were seeded at 5*106 cells/

ml density (P0) into cylindrical (diameter and height 6 mm) 2% agarose (Type VII, Sigma Aldrich) 

constructs and left to gel at room temperature. The constructs were then cultured in 12-wells plates 

in high glucose Dulbecco’s modified Eagle’s medium (hgDMEM; Gibco, Life Technologies Europe, 

Bleiswijk, The Netherlands) with 20% fetal bovine serum (Greiner Bio-One, Alphen aan den Rijn, 

The Netherlands), 0.1% amphotericin (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands), 

1% Pen-Strep (Biochrom GmbH, Berlin, Germany), 1% non-essential amino acids (Lonza, Basel, 

Switzerland) 1% essential amino acids (Lonza), and 50 mg/ml ascorbate 2-phosphate (Biochrom). 

During the first 5 days of culturing, these constructs were stimulated with 10 ng/ml TNFα to 

induce an inflammatory response reflected by elevated PGE
2
 levels (Figure 2A). A concentration 

of 1 μM CXB has been described to effectively lower PGE
2
 levels in osteoarthritic chondrocytes 

and corresponds with mean pharmacological plasma levels 283. CXB was dispersed in the pNIPAAM 

MgFe-LDH mixture at a concentration of 0.1 mg/ml, aiming to establish a concentration of 

approximately 1 μM CXB per culture medium renewal over the 28-day culture period. Controlled 

release of the CXB is achieved by dissolution of the CXB crystals present a depot within the 

hydrogel and diffusion of the solubilized CXB. A volume of 100 μl of the hydrogel suspension was 

pipetted at the bottom of a 12-wells plate and placed in an incubator at 37°C to ensure gelation 

of the hydrogels. Subsequently, defined as day 0 of the experiment, cell constructs and culture 

medium were added to the 12-wells plate. For the “bolus injection” of CXB, only cell constructs 

were placed on the bottom of the well, and CXB was added to the medium every 2 days, starting 

at day 0, at a concentration of 1 μM. Media were renewed every 2-3 days, collected on days 0, 2, 

7, 9, 11, 14, 21, and 28 and stored at -80°C for analysis of CXB content. For the in vivo experiments 

based on formulation of higher doses of CXB, in vitro experiments were also carried out with 

a higher dosage of CXB to evaluate release profiles at higher dosing. To this end, 1 mg of CXB-

loaded per ml of hydrogel, aiming to establish a concentration of 10 μM CXB per culture medium 

renewal was used. Conditioned media were analyzed for CXB content and PGE
2
 levels. Inhibition of 

COX-2 activity was determined by measuring PGE
2
 in culture medium. A colorimetric competitive 

enzyme immunoassay kit (PGE
2
 EIA kit, ENZO Life Sciences BVBA, Antwerp, Belgium) was used to 

determine PGE
2
 levels in culture medium according to the manufacturer’s instructions.

In vivo biocompatibility in mice after subcutaneous implantation

All animal procedures were approved and performed in accordance with the guidelines set by 

the Animal Experiments Committee (DEC) of Utrecht University (experiment numbers: DEC 

2010.III.03.046; DEC 2012.III.05.046 and DEC 2013.III.02.017). Six healthy female adult (8 – 10 wks) 

BALB/c mice, (Harlan-Olac, Bicester, United Kingdom) were used for testing biocompatibility and 
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biosafety of the pNIPAAM MgFe-LDH polymer hydrogel and 7 other biomaterials. Four different 

biomaterials were injected at least 1 cm apart from each other into the dorsal subcutaneous tissue 

of each mouse in a randomized fashion. Buprenorphine 100 μg/kg was given intraperitoneally (i.p.) 

as premedication and analgesic and subsequently all animals were anesthetized with isoflurane via 

an induction mask (vaporizer setting 2.5 %) in a 1:1 oxygen:air mixture. A blood sample was drawn to 

perform a white blood cell count and differentiation at day 0, to rule out systemic inflammation. A 

volume of 200 μl of each biomaterial was injected subcutaneously with a 27G needle under sterile 

conditions. PBS (200 μl) served as a control. All injection sites were marked with a waterproof 

marker. Immediately after injection, Dermabond® (Ethicon, Cornelia, USA) was applied to the 

injection site to prevent leakage and the injection site was heated by an infrared lamp for 1 minute. 

Mice were monitored daily for signs of distress or pain (e.g. lethargy, weight loss, automutilation, 

and abnormal posture) and injection sites were monitored for inflammation (e.g. swelling, redness, 

pain, and heat). Three animals were sacrificed 7 days after injection, and three after 28 days. At the 

end of the experimental period, animals were anesthetized with isoflurane, blood was collected by 

cardiac puncture for white blood cell count and differentiation, and euthanasia was performed by 

cervical dislocation. The injection sites were removed for histological analysis. Tissues were fixated 

in a 4% neutral buffered formaldehyde solution (Klinipath B.V., Duiven, The Netherlands) and after 

fixation routinely embedded in paraffin. Sections of 4 μm were stained with hematoxylin and eosin.  

Infiltration of inflammatory cells, giant cells, necrosis, neovascularization, fatty infiltration, and the 

encapsulation of the biomaterial by a fibrotic capsule were histologically assessed as parameters for 

a biological response at the application site, at 7 and 28 days by a blinded board-certified veterinary 

pathologist (GG) and the principal investigator (NW) using an Olympus BX41 microscope. 

Intradiscal application of CXB-loaded pNIPAAM MgFe-LDH hydrogels  
in laboratory beagle dogs 

Data from two in vivo studies in beagle dogs were combined and analyzed. Both studies were set 

up as randomized block designs. In the first study CXB-loaded (7.7 μM) and unloaded pNIPAAM 

MgFe-LDH hydrogels, a bolus injection of CXB (7.7 μM) and 0.9% NaCl were intradiscally 

injected. In other levels two other materials irrelevant to this study were injected. The second 

study served as a dose response study, including a 10- and 100-fold higher dosage of CXB (77 

μM and 770 μM) in addition to the 7.7 μM dose. For preparation of the CXB-loaded hydrogels, 

CXB was prepared from a CXB stock solution in ethanol (60 μg/ml) by sterile filtration. Water 

was added to this ethanolic solution of CXB  to obtain a dispersion with small CXB crystals (Ø 

approximately 1 μm). This dispersion was freeze-dried overnight and the pNIPAAM MgFe-LDH 

mixture was added and incubated overnight on a tube roller mixer at room temperature.

In total eighteen intact female beagle dogs (Harlan, Gannat, France) with a median age of 1.7 

years (range 1.3 – 1.8 years) and a median weight of 8.4 kg (range 6.2 – 13.8 kg) were used. Nine dogs 

with a median age of 1.6 years (range 1.3 – 1.8 years) and a median weight of 8.2 kg (range 6.2 – 11 

kg) were used in the first study. Nine dogs with a median age of 1.7 years (range  1.6 – 1.8 years) and 

a median weight of 9.3 kg (range 8.3 – 13.8 kg) were used in the second study. All dogs underwent 

general, orthopedic, and neurologic examination by a board-certified veterinary surgeon (BM).
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Surgical procedure

To determine the grade of degeneration of the IVDs prior to surgery, MR images of the lumbar 

vertebral column were obtained in fully anesthetized dogs. A blood sample was drawn from 

the jugular vein to assess white blood cell count and differentiation, to exclude systemic 

inflammation. Dogs were placed in a dorsal recumbent position and throughout the complete 

scan protocol heart rate, respiration rate, temperature, carbon dioxide, and oxygen levels were 

monitored. The MRI was performed using a 0.2 Tesla open magnet (Magnetom Open Viva, 

Siemens AG, Munich, Germany). All lumbar IVDs were assessed according to the Pfirrmann 

score by a veterinary radiologist on sagittal T2-weighted FSE images (3.0 mm slices, TR 4455 

ms, TE 117 ms) 284. Only lumbar IVDs with a Pfirrmann score II were included for injection. 

The anesthesia protocol during surgery was similar to the one used during MRI scanning. 

Analgesia was provided by a combination of fentanyl (loading dose 10 μg/kg, 15-20 μg/kg/hr 

continuous rate infusion, c.r.i.) and ketamine (0.5 mg/kg loading dose, 10 μg/kg/min c.r.i.) 

intravenous (i.v.). Throughout the complete procedure heart rate, respiration, temperature, 

carbon dioxide, oxygen levels, and blood pressure (noninvasive) were monitored. Surgical sites 

were prepared according to standard protocol. A detailed description of the surgical procedure 

has been described previously 285. Briefly, dogs were positioned in right recumbence to expose 

and inject the T13-L1 until L6-L7 via a left lateral approach. To diminish injury of the m. iliopsoas 

and sciatic nerve traction injury, the surgical approach in the second study was adjusted and 

L6-L7 and L7-S1 were injected via a dorsal approach, while the dogs were positioned in ventral 

recumbence. In the first study a 100 μl syringe (7638-01 Model 710 RN, Hamilton Company USA, 

Reno, Nevada, USA), and in the second study a 100 μl gastight syringe (7656-01 Model 1710 RN) 

with a 29G needle (25 mm, 12° beveled point; Hamilton Company USA, Reno, Nevada, USA) 

was used to inject 30 μl of the earlier mentioned compounds through the AF into the NP. The 

smallest possible needle diameter was chosen to minimalize injury to the treated IVDs. Wound 

closure was performed according to standard protocol. Postoperative pain management in all 

dogs consisted of methadone 0.3 mg/kg intramuscular (i.m.) quaque (q).6.h. during the first 

24 hours postoperatively and buprenorphine 20 μg/kg IM q.4.h. and/or tramadol 2-5 mg/kg 

per os (p.o.) q.6.h. the following 7 days. All dogs were treated postoperatively with antibiotics 

(amoxicillin/clavulanic acid 12.5 mg/kg q.12.h p.o.) during 5 days. Dogs were monitored daily 

throughout the study by a veterinarian to assess pain symptoms according to the short form of 

the Glasgow composite pain scale. Dogs that showed signs of pain, received tramadol and/or 

buprenorphine and/or gabapentin (5 mg/kg p.o. q.12.h). Furthermore, animals were monitored 

daily by a veterinarian for clinical signs of illness, neurologic deficits and lameness.

Injected substances

In the first study spontaneously degenerated IVDs (Pfirmann grade 2) of the dogs were injected 

with a volume of 30 μl of NaCl 0.9% (sham), a bolus of CXB (7.7 μM), a CXB-loaded (7.7 μM) and an 

unloaded pNIPAAM MgFe-LDH hydrogel. Based on studies in cadaveric spines (unpublished data, N. 

Willems, and B.P. Meij) a volume of 30 μl could be injected into the NP without substantial resistance. 
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The volume of 30 μl contained 7.7μM CXB, to achieve a final concentration of 1 μM (=7.7× 10-6 × 30 μl 

gel/(230 μl NP volume plus gel)) for the bolus of CXB, in the canine NP of beagle laboratory dogs 

with a mean weight of 8 – 9 kg and taking into account the volume of the nucleus (200 μl) 286. All 

substances were injected into the IVDs in the T12-L6 spinal segment in a randomized fashion, except 

for the sham treatment (NaCl 0.9%), which was injected into T12-T13. An interim statistical analysis 

was performed after the first study to evaluate treatments and study design. Results were used to 

perform a new power analysis and to adapt the study design of the second study. In the second 

study, all substances were administered in a random order within each animal and IVDs of the T12-S1 

spinal segment were injected with NaCl 0.9%, a bolus of CXB (7.7 μM), CXB-loaded (7.7 μM, 77 μM 

and 770 μM) hydrogels, and an unloaded pNIPAAM MgFe-LDH hydrogel. IVDs adjacent to those 

injected with hydrogel loaded with the highest dose of CXB (770 μM) remained untreated.

Post-mortem collection of materials

Dogs were euthanized 4 weeks post-injection. First, they were sedated with dexmedetomidine 

0.04 mg/kg IV, followed by pentobarbital 200 mg/kg IV. Immediately after euthanasia, the vertebral 

column (T12 – S1) was harvested by using an electric multipurpose saw (Bosch, Stuttgart, Germany). 

All muscles were removed and the vertebrae were transected transversely with a band saw (EXAKT 

tape saw, EXAKT Advanced Technologies GmbH, Norderstedt, Germany), resulting in nine spinal 

units (endplate – IVD – endplate). These units were then transected sagittally by using a diamond 

band pathology saw (EXAKT 312 saw; EXAKT diamond cutting band 0.1 mm D64; EXAKT Advanced 

Technologies GmbH, Norderstedt, Germany), generating two identical parts. One half was resected 

with a surgical knife by removing the endplate and the vertebra attached to it on one side, and 

the remaining IVD tissue was snap frozen in liquid nitrogen stored at -80˚C for biochemical and 

biomolecular analyses. The other half was photographed (Olympus VR-340, Hamburg, Germany) 

for macroscopic evaluation of the IVD (Thompson score, see below) and stored for 14 days in 50 ml 

of 4% buffered formaldehyde at 4˚C for histological analyses (Figure 3B).

Histology, COX-2 immunohistochemistry, and TUNEL assay

Samples were decalcified in 35% formic acid and 6.8% sodium formate in a microwave oven 

(Milestone Microwave Laboratory Systems, Italy) overnight at 37˚C, during 7 nights 287 and 

embedded in paraffin. Five μm thick sections were stained with hematoxylin and eosin and with 

picrosirius red/alcian blue and evaluated according to a grading scheme according to Bergknut 

et al. 288. Histological slides were scored blinded and in random order by two independent 

investigators (NW, AT) using an Olympus BX41 microscope. In case of doubt, samples were also 

scored by a board-certified veterinary pathologist (GG). All photographs of the macroscopy 

of the IVD segments were evaluated by two independent blinded investigators (NW, AT) 

according to the Thompson grading scheme, which has been validated in dogs 289.

Immunohistochemistry for COX-2 was performed on 5 μm sections mounted on KP 

plus glass slides. After deparaffinization and rehydration sections were treated with Dual 

Endogenous Enzyme Block (Dako S2003, California, USA) for 10 min at room temperature 
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to block nonspecific endogenous peroxidase, followed by 2 washing steps of each 5 

min with tris buffer saline 1% Tween 20® (TBS-T). Sections were treated with TBS bovine 

serum albumin (BSA) 5% solution to block non-specific binding for 60 minutes at room 

temperature, were carefully rinsed and subsequently incubated with a primary mouse anti-

human monoclonal COX-2 antibody (Cayman, Ann Arbor, USA) diluted 1:50 in TBS-BSA 

5% overnight at 4°C. The following day sections were incubated with peroxidase-labelled 

polymer (Envision anti-mouse (K4001, Dako). Antibody binding was visualized by using 

diaminobenzidine (DAB; Dako). Sections were counterstained with hematoxylin solution 

(Hematoxylin QS, Vector, Peterborough, UK) and mounted in permanent mounting medium. 

A commercial available terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL; 

Millipore, Darmstadt, Germany) assay was used according to the manufacturer’s instructions to 

determine apoptosis. The percentage of COX-2 positive and TUNEL positive chondrocytes over 

the total number of cells was determined by manual counting in the NP, and in the ventral (VAF) 

and dorsal AF (DAF), by two blinded independent investigators (NW, SP).

 Biomolecular and biochemical analyses

Cryosections (60 μm) of the spinal units were cut with a cryostat (Leica CM1800 cryostat, Leica 

Microsystems Inc., Bannockburn, USA) and collected on RNA-se free glass slides. The NP and AF 

tissues were separated and half of the slides were collected in respectively 400 μl and 750 μl Ambion® 

KDalert™ lysis buffer solution (Life Technologies, Bleiswijk, Netherlands) in the first study, and in 

cOmplete lysis M EDTA-free buffer (Roche Diagnostics Nederland B.V., Almere, The Netherlands) 

in the second study and stored at -80°C until biochemical analyses were performed. The other 

half was collected in 300μl RLT buffer containing 1% β-mercapto-ethanol (Qiagen, Venlo, The 

Netherlands) and stored at -80°C until biomolecular analyses were performed. Quantitative PCR 

(qPCR) was performed to assess the effects of (controlled release of) CXB at gene expression levels 

of the NP with regards to: 1) ECM anabolism; aggrecan (ACAN), collagen type II (COL2A1), collagen 

type I (COL1A1); 2) ECM catabolism (a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS5), matrix metalloproteinase 13 (MMP13), tissue inhibitor of metalloproteinase 1 

(TIMP1); 3) inflammation: tumor necrosis factor-alpha (TNFA), interleukin-1β (IL1B), interleukin-6 

(IL6) and interleukin-10 (IL10); 4) COX pathway and PGE
2
 synthesis: prostaglandin E synthase 1 

(PTGES1), prostaglandin E synthase 2 (PTGES2), cyclooxygenase 1 (COX1), and cyclooxygenase 

2 (COX2); 5) notochordal markers: brachyury (T), cytokeratin-8 (CK8), cytokeratin-18 (CK18); 6) 

the indirect effect of CXB on Wnt signaling pathway: axin-2 (AXIN2), c-Myc (c-Myc) and cyclin-D1 

(CCND1) and 7) apoptosis: caveolin-1 (CAV1), caspase 3 (CASP3), fas ligand (FasL) and Bcl-2 (BCL2). 

The primer pairs used for qPCR are given in Appendix D (Table S1).

The RNeasy Fibrous Tissue Mini Kit (Qiagen, Venlo, The Netherlands) was used to isolate total 

RNA. To maximize RNA yield, the incubation period with proteinase K was reduced to five minutes. 

After on-column DNase-I digestion (Qiagen RNase-free DNase kit) RNA was quantified by using 

a NanoDrop 1000 spectrophotometer (Isogen Life Science, IJsselstein, The Netherlands). cDNA 

was synthesized from 20 ng total RNA in a total volume of 15μl using the iScriptTM cDNA Synthesis 

Kit (Bio-Rad, Veenendaal, The Netherlands). qPCR was performed in duplicate using  an iCycler 
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CFX384 Touch thermal cycler, and IQ SYBRGreen Super mix (Bio-Rad). All dog-specific primers 

were designed in-house using Perlprimer 290 except for MMP13 291. Primer specificity was evaluated 

with BLAST, and the designed amplicon was tested for secondary structures using MFold 292. 

Primers were purchased from Eurogentec, Maastricht, The Netherlands. Amplification efficiencies 

ranged from 80% to 115%. Relative expression levels were determined by normalizing the Ct value 

of each target gene by the mean Ct value of 3 reference genes, i.e. glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), ribosomal protein S19 (RPS19), and TATA-binding protein (TBP). 

To measure glycosaminoglycan (GAG) and DNA in content in the NP and AF, samples in 

Ambion® KDalert™ lysis buffer solution were homogenized in a tube rotator O/N at 4 ̊ C, whereas 

samples in cOmplete lysis M EDTA-free buffer were homogenized in a TissueLyser II (Qiagen) 

for 2x 30 s at 20 Hz. The supernatant and pellet of each NP and AF were digested overnight in a 

papain buffer (250 μg/ml papain (Sigma-Aldrich) in 50 mM EDTA and 5 mM L-cysteine) at 60˚C. 

GAG content was quantified by using a 1,9-dimethylmethylene blue assay 293. The Quant-iTTM 

dsDNA Broad-Range assay kit in combination with a QubitTM fluorometer (Invitrogen, Carlsbad, 

USA) was used in accordance with the manufacturer’s instructions to determine DNA content 

in the papain digested NP and AF supernatant and pellets. DNA content in the supernatants of 

the NP and AF were negligible and therefore not included in the total content. 

PGE
2
 levels were measured with the same colorimetric competitive enzyme immunoassay 

kit (PGE
2
 high sensitivity EIA kit, ENZO Life Sciences BVBA) that was used for the in vitro 

experiments.  Both buffers that were used to lyse tissue, were validated and standards were 

diluted in the same lysis buffer as the samples, which did not show strong interference with the 

performance of the kit. Total GAG content and PGE
2
 levels were normalized for DNA content in 

the pellet and were measured in the NP as well as the AF.

Statistical analyses 

Power analyses were performed prior to both in vivo studies by using free software (http://www.

stat.uiowa.edu/~rlenth/Power), and are described in detail in Appendix D, PGE
2
/DNA in the NP 

was considered to be the main read-out parameter. Biochemical and biomolecular data were 

analyzed by using R statistical software, package 2.15.2 (http://www.r-project.org/). A linear mixed 

effect model was used to analyze the effect of the injected treatments. Factors incorporated into 

the model as a fixed effect were ‘treatment’ (NaCl, CXB 7.7 μM, CR, CR+7.7 μM, CR+77 μM, CR+770 

μM), ‘tissue’ (NP and AF), and their interaction. Random effects ‘dog’ (dog 1-18) and ‘study’ (study 

1 and 2) were incorporated to capture the correlation between multiple measurements within one 

dog. Residual plots and quantile-quantile(QQ)-plots were used to check for possible violations 

of normality assumptions. In case of violation, data were logarithmically transformed. The Cox 

proportional hazards regression model was used to estimate the effect of the injected treatments 

on gene expression levels. Calculations were performed on Ct values for each target gene and the 

mean Ct value of 3 reference genes was incorporated into the model as a covariate. If proportional 

hazard assumptions were violated, the ratio of the Ct values for each target gene to the mean Ct 

value of the reference genes was used for analysis. Ct values ≥ 40 were right censored. Regression 

coefficients were estimated by the maximum likelihood method. Model selection was based on 
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the lowest Akaike Information Criterion (AIC). Confidence intervals were calculated and stated at 

the 99% confidence level to correct for multiple comparisons. Differences between treatments 

were considered significant if the confidence interval did not include 0, whereas hazard ratios 

were considered significant if the confidence interval did not include 1.

RESULTS
Rheological properties and handling of  the pNIPAAM MgFe-LDH hydrogels

At low temperatures (22 °C) the complex modulus |G*| = 10Pa and at high temperatures (37 °C) 

the complex modulus |G*|= 2kPa. Typical mechanical properties of a NP are in the range of 7-21 

kPa 294,295. However, this hydrogel was not intended to be used as a replacement for the NP and 

therefore no load-bearing properties were needed. The slightly lower modulus of the hydrogel 

was sufficient for the purpose of controlled drug release, and for the intradiscal injection of a 

small volume, without increasing intradiscal pressure with inherent effects on homeostasis of 

the resident cells. Sterilization with gamma radiation did not have a significant effect on the 

rheological properties of the gel (Figure 1B). The viscous hydrogel transitioned from a low-

viscous state to a stable hydrogel state within 10 seconds due to the hydrophobic interactions 

between the isopropyl groups of pNIPAAM upon increasing the temperature above its Lower 

Critical Solution Temperature (LCST) 32 °C (Figure 3A). The low viscosity solution could easily be 

injected at room temperature via a 29 Gauge needle.

Degradation and controlled release of CXB from pNIPAAM MgFe-LDH 
hydrogels in vitro

A cumulative release of 14% CXB from hydrogels loaded with 10 mg/ml CXB was shown after 31 

days, whereas a cumulative release of 11% Mg was detected, the former indicating that CXB is 

still present in the hydrogel and controlled release of CXB is most probably accomplished over 

more than 31 days. The release of CXB showed a similar pattern as dissolution of the MgFe LDH 

particles in PBS/0.2% Tween® (Appendix D, Figure S7). An increase in the concentration of Tween® 

is known to accelerate gel degradation and increase CXB solubility and resulted in a 3-fold higher 

Mg release and a 2- to 3- fold higher release of CXB (Appendix D, Figure S8A) 279. Neither an 

increase in the amount of LDH particles, nor the charge of Mg affected the CXB release profile. 

Furthermore, a 1.5-fold increase in the cumulative release of CXB could be detected in gels with 

a 6 mg/ml loading dose of CXB compared with a 10 mg/ml loading dose. However, the absolute 

amount of CXB was comparable (20% of 10 mg/ml vs 30% of 6 mg/ml) (Appendix D, Figure S8A). 

Hydrogels with higher amounts of LDH particles showed a lower amount of cumulative Mg 

release (Appendix D, Figure S8B). Degradation of pNIPAAM MgFe-LDH hydrogels and controlled 

release of CXB in vitro are illustrated in the figures depicted in Appendix D (Figure S8).

Agarose–cell constructs incubated with 10 μM CXB bolus for 2 consecutive days apparently had 

taken up CXB by diffusion, leading to detectable amounts of CXB in the medium up to 7 days, which 

then dropped to zero (Figure 2B). CXB released from the 0.1 mg/ml loaded hydrogels into the culture 
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Figure 1. Rheological setup and results of the complex shear modulus |G*| of the pNIPAAM MgFe-LDH hydrogel. 
A. Configuration of the rheological setup to measure |G*| of the pNIPAAM MgFe-LDH hydrogel. B. |G*| of the 
pNIPAAM MgFe-LDH hydrogel as a function of temperature. The dashed red line connects the time point where 
the |G*| starts to increase to the temperature curve, and indicates a lower critical solution temperature (LCST) of 
32°C. NS = non-sterilized, AS = after sterilization, ASC = after sterilization separate components.

medium ranged from 1.1 – 4.2 μM (Appendix D, Figure S9). CXB released from hydrogels loaded with 

1 mg/ml CXB resulted in CXB concentrations in the medium ranging from 3 – 15.9 μM. To determine 

the activity of the released CXB, cells in the constructs were stimulated by 10 ng/ml TNFα, which 

resulted in detectable PGE
2
 levels in the culture medium at day 9. Application of the 10 μM bolus of 

CXB during 2 consecutive days resulted in suppression of PGE
2
 levels from day 9 to 11, and PGE

2
 levels 

started to increase afterwards to similar levels as the TNFα stimulated constructs. In the constructs 

cultured I the presence of 1 mg/ml CXB-loaded hydrogels, TNFα induced PGE2 production was 

completely inhibited throughout the whole culture period of 28 days (Figure 2C).

In vivo biocompatibility in mice

Subcutaneous injection of the different hydrogels showed no adverse local or systemic effects. 

At 7 days post-injection a fibrous capsule of varying thickness (57 – 76 μm) was present in all 

hydrogel-injected tissue samples. At the interface between the hydrogel and this capsule 

mainly neutrophils and macrophages were present, consistent with an acute/subacute 

pyogranulomatous reaction (Figure 4). At 28 days post-injection, the hydrogel and fibrous 

capsules were also present. In two samples a decreased thickness of the fibrotic capsules (35 

and 40 μm) was observed, whereas in one sample a thickened capsule (236 μm) was observed. 
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Figure 2. In vitro controlled release of CXB results into sustained suppression of PGE

2
 levels in the presence of a pro-

inflammatory stimulus. A. Experimental setup to evaluate the controlled release of celecoxib (CXB) in vitro. During 
the first 5 days of culturing, 3D-chondrocyte constructs were stimulated with a pro-inflammatory cytokine TNFα (10 
ng/ml). At day 0 of the experiment, a 10 μM bolus injection of CXB was applied for 2 consecutive days or pNIPAAM 
MgFe-LDH hydrogels loaded with 1 mg/ml CXB (CR CXB). Media were refreshed every 2-3 days and collected on 
days 0, 2, 7, 9, 11, 14, 21, and 28. On days 14 and 28 the constructs were evaluated for cell viability. B. Celecoxib (CXB) 
concentrations (μM) were measured in medium samples after administering the bolus injection of CXB or the 
pNIPAAM MgFe-LDH hydrogel loaded with 1 mg/ml CXB (CR CXB) C.  PGE

2
 concentrations (ng/ml) measured in 

medium samples in the following conditions: unstimulated, stimulated with 10 ng/ml TNF-α (TNF- α stimulated), 
TNF- α stimulated in the presence of a 10 μM bolus injection of celecoxib (CXB bolus) for 2 consecutive days, or 1 
mg/ml CXB-loaded pNIPAAM MgFe-LDH hydrogels (CR+CXB). Data are expressed as mean ± standard deviation.

In all three samples macrophages constituted the predominant cell type in the intermediate 

layer, consistent with a granulomatous reaction. Some of these macrophages showed marked 

evidence of phagocytic activity. In two samples injected with PBS (control), a slight increase in 

macrophages was seen at day 28 compared with day 7. Giant cells, necrosis, neovascularization, 

and fatty infiltration were not observed at either time point. 

Intradiscal application and controlled release of CXB-loaded hydrogels  
in laboratory beagle dogs

Surgical follow up 

Before surgery a total of 162 IVDs were graded on MR images. 9/162 IVDs were assigned a grade 

I according to the Pfirrmann system, whereas 153/162 IVDs were assigned a grade II, of which 88 

were injected in this study. Six out of nine dogs in the first study were ambulant the day after 

the injections of the test substances in the IVD and showed a slight reduction in spinal reflexes 

that recovered within the following 7 days. Three dogs also showed reduced weight bearing 

of the left hind limb, and received pain medication for a longer period of time. Two dogs that 

received pain medication for 7 more days, recovered completely. In one of these dogs slight 

dehiscence of the wound was detected and antibiotics were given for a total of 14 days. In one 
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Figure 3. A. Schematic diagram of the formation of stable hybrid hydrogels. Positively charged layered double 
hydroxides (LDH) in a pNIPAAM solution (pNIPAAM chain) transit from a low-viscous state to a stable hydrogel due 
to hydrophobic interactions between the isopropyl groups of pNIPAAM upon increasing temperature. The celecoxib 
(CXB) is present in the hydrogel in small crystals, forming a depot, from which dissolution and diffusion takes place.  
B. At 37°C gelation occurs within 10 seconds. C. One month after intradiscal injection the pNIPAAM MgFe-LDH hydrogel 
(white arrow) is visible in the nucleus pulposus (NP; **). The annulus fibrosus (AF) is indicated with a black arrow. 

dog the reduction in spinal reflexes and weight bearing of the left hind limb persisted and this 

dog was also treated with gabapentin 5 mg/kg p.o. q.12.h. All dogs in the second study showed 

uneventful recovery from surgery, were ambulant the next day and showed minor reductions 

in spinal reflexes that recovered within 7 days. 

IVD integrity

Post-mortem, Thompson score grade II was assigned to 87/88 IVDs; a grade III was assigned to 

1/88 IVDs, which had been injected with the unloaded hydrogel. In 17/52 IVDs injected with the 

hydrogel, the tan colored hydrogel was visible in the mid-sagittal sections of the NP (Figure 3C). 

Histological evaluation of the total of 88 IVDs was performed according to the grading scheme 

according to Bergknut et al. 288. Scores ranged from 4 – 14. The median histological grade in the 

first study was 9.5 (4 – 13) and in the second study 11 (8 – 14). No significant differences were 

found between the injected treatments. In one of the IVDs injected with the empty hydrogel 

(level L6-L7), fibrotic tissue was present in the dorsal AF; in another IVD injected with the empty 

hydrogel (level L7-S1), the central parts of both sides of the EPs were very irregular and clusters 

of chondrocytes were present in the dorsal AF at both sides of the AF-EP interface. In one of 

the IVDs injected with NaCl (level T12-T13), acellular material was detected in the ventral AF. At 

macroscopic examination slight bulging of the ventral AF was noticed.
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Figure 4. Representative histological images of subcutaneous injection sites in mice (hematoxylin and eosin stain). 
A-C show the skin and subcutis of a control animal at 7 days revealing the epidermis (arrow in A), hair follicles 
(arrowhead in A) and striated muscle (panniculus carnosus; asterisk in A, B and C). The panniculus carnosus 
(arrow in C) and an occasional mast cell (arrowhead in C) are visible in the subcutis. D-F show the skin 7 days after 
injection of the hydrogel. The hydrogel is visible as a grey, granular substance (white arrow in E) positioned below 
the panniculus carnosus (arrowhead in E) surrounded by a capsule of loosely arranged fibroblasts (asterisk in E). 
Multifocally infiltrates of eosinophils (white arrow in F), neutrophils (arrowhead in F) and macrophages (black 
arrow in F) separating the hydrogel from the fibrous capsule. Figures 5G-I show the skin of a control animal at 28 
days after injection without significant pathological changes. J-L depict the histological changes in the subcutis 
28 days after injection of the hydrogel with the epidermis and panniculus carnosus indicated by an arrow and 
arrowhead respectively in J. K shows a more compact fibrous capsule (arrow) compared to the loose capsule seen 
after 7 days post-injection. The cellular reaction directly surrounding the hydrogel show a more granulomatous 
nature indicated by the presence of macrophages often containing brown pigment (L).
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Relative gene expression levels of BCL2, a regulatory gene of cell death (apoptosis) were 

significantly downregulated in the CXB-loaded hydrogel compared with the sham (HR = 8.28, 

CI 99% 1.45 – 47.19)(Figure 5A). However, gene expression levels of other apoptotic markers, 

i.e. CAV1, CASP3, and FasL showed no signs of increased apoptosis in any of the treatments. 

Percentages of TUNEL-positive cells per total cell count showed no differences between 

treatments either (median 0%, range 0% - 82%). Furthermore, there were no significant 

differences in gene expression levels of notochordal cell markers T, CK8, CK18, nor in levels of 

AXIN2, c-Myc, and CCND1, associated with the Wnt pathway between the treatments. 

Extracellular matrix metabolism

Relative gene expression of the catabolic gene ADAMTS5 was significantly upregulated in the 

NP samples treated with the CXB bolus (HR = 10.35, CI 99% 1.74 – 61.57) and the CXB-loaded 

hydrogel (HR = 10.66, CI 99% 1.70 – 66.67) (Figure 5B) compared with the unloaded hydrogel. 

Gene expression levels of other catabolic (MMP13) and anti-catabolic (TIMP1) genes were 

not significantly different between treatments (Figure 5B). However, genes associated with 

extracellular matrix (ECM) components, i.e. ACAN, COL2A1, COL1A1did not significantly differ 

between treatments (Figure 5C). These findings were consistent with normalized GAG content 

(GAG/DNA) in the NP as well as the AF, which did not significantly differ between treatments 4 

weeks post-injection. GAG/DNA levels were significantly higher in the NP than in the AF in all 

treatments (M = 0.58, SD = 0.03, CI 99% 0.50 – 0.66) (Figure 6B).

COX pathway and PGE
2
 levels 

In all CXB-loaded hydrogels, a decrease in PGE
2
/DNA levels in the NP was detected relative to 

the NaCl injected NPs, with a maximum reduction of 35% for the 77 μM CXB-loaded hydrogel. 

However, PGE
2
/DNA levels in the NP as well as the AF showed high standard deviations and were 

not significantly different between the treatments 4 weeks post-injection. Gene expression levels 

of genes involved in PGE
2
 biosynthesis, i.e. PTGES1, PTGES2, COX1, and COX2, showed no significant 

differences between treatments either. Relative gene expression levels of genes associated with 

inflammation, i.e. TNFA, IL1B, IL6, and IL10 were below the detection level for all conditions. Cells 

expressing positive immunohistochemical COX-2 staining were detected in only 3 sites out of a total 

of 162 (54 IVD levels), Percentages of COX-2 positive cells in the NP and VAF of two IVDs injected with 

770 μM CXB-loaded hydrogel were low, 0.5% and 2% respectively, and 0.6% in an IVD injected with 

unloaded hydrogel. Regardless of the treatment, PGE
2
/DNA levels in the NP were significantly lower 

than those detected in the AF (M = -0.64, SD = 0.08, CI 99% -0.85 – -0.43) (Figure 6C).

DISCUSSION
To the authors’ knowledge this is the first study that describes biocompatibility and safe 

intradiscal application of a thermoreversible pNIPAAM MgFe-LDH hydrogel in vivo. The 

hydrogel was successfully employed as a vehicle for the delivery of a COX-2 inhibitor into the 
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Figure 5. Relative gene expression levels in nucleus pulposus (NP) tissue per treatment and representative 
histological images of early degenerate canine NP. A. BCL2 expression levels were significantly down regulated in the 
celecoxib (CXB)-loaded hydrogel compared with the sham (NaCl). B. Relative gene expression levels of ADAMTS5 
were significantly upregulated in the NP treated with the CXB bolus and the CXB-loaded hydrogel, compared 
with the unloaded hydrogel. C. Gene expression levels of ACAN, COL2A1 and COL1A1 did not significantly differ 
between treatments. Gene expression with the NaCl treatment (sham) in NP tissue is set at 1. Data are expressed 
as n-fold changes ± standard deviation, compared to sham. In early degenerated canine NP injected with NaCl (D) 
or the 7.7 μM CXB-loaded hydrogel (E), in which sections were stained with a COX-2 antibody and counterstained 
with hematoxylin, no significant differences were found between the treatments. Chondrocyte-like cell (asterisk) 
density is increased, and small size clones are present (arrow), indicative of early IVD degeneration. None of the 
cells in this NPs demonstrated positive staining for the COX-2 antibody. Treatments: NaCl = NaCl (sham); CXB = 
celecoxib bolus 7.7 µM; CR = unloaded pNIPAAM MgFe-LDH hydrogel; CR + CXB  = pNIPAAM MgFe-LDH hydrogel 
loaded with 7.7 µM CXB. * Indicates the significant difference at a 99% confidence level.

IVD. The selective COX-2 inhibitor celecoxib (CXB) was selected, as this drug is commonly used 

to alleviate pain symptoms associated with degenerative IVD conditions. 

In vitro controlled release of CXB results in sustained suppression of PGE
2 
levels associated 

with inflammation. 
 
In vitro, degradation behavior of the thermoresponsive hydrogel was 

comparable for different loading dosages of CXB. Although an increase in the cumulative 

release of CXB as percentage of the total amount loaded was detected in gels with a lower 

loading dose, the absolute amounts measured in the medium were comparable, demonstrating 

a CXB solubility-dependent release. Hydrogels with higher amounts of LDH particles showed 

a lower cumulative Mg release, most likely due to an increase in anionic exchange with the 

medium 296. Neither an increase in the amount of LDH particles, nor changes in the charge of 
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Figure 6. Representative macroscopic and histopathologic image stained with alcian blue/picrosirius red of an 
IVD treated with NaCl (A) and GAG and PGE

2
 levels normalized for DNA in nucleus pulposus (NP) and annulus 

fibrosus (AF) tissue. B and C. The NP in figure A has a bulging aspect due to the processing method. B. GAG/DNA 
levels were significantly higher in the NP than in the AF in all treatments. C. In all treatments PGE

2
/DNA levels 

were significantly lower in the NP than those in the AF. Data are expressed as mean values ± standard deviation. 
Treatments: NaCl = NaCl (sham); CXB = celecoxib bolus 7.7 µM; CR = unloaded pNIPAAM MgFe-LDH hydrogel; 
CR + CXB 7.7 µM = pNIPAAM MgFe-LDH hydrogel loaded with 7.7 µM CXB; CR + 77 µM = pNIPAAM MgFe-LDH 
hydrogel loaded with 77 µM CXB; CR + CXB 770 µM = pNIPAAM MgFe-LDH hydrogel loaded with 770 µM CXB. 
* Indicate significant difference at a 99% confidence level.
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Mg affected the CXB release profiles. In vitro, stimulation of 3D chondrocyte constructs with 

10 ng/ml TNFα, resulted in increased PGE
2
 levels in the culture medium. Furthermore, in this in 

vitro model, we confirmed the controlled release of CXB into the medium from 0.1 mg/ml and 

1 mg/ml CXB-loaded hydrogels, respectively. Unfortunately, CXB values measured by the UPLC 

method showed high variances most probably due to fact that the values were measured in the 

lower region of the UPLC detection method 282. TNFα-induced PGE
2
 production was completely 

inhibited by 1 mg/ml CXB-loaded pNIPAAM MgFe-LDH hydrogels, thereby proving the efficacy 

of the CXB controlled release system to suppress in vitro PGE
2 

production for a prolonged 

period in contrast to the short lived effect of a bolus of CXB.

Safe subcutaneous and intradiscal application of the thermoreversible pNIPAAM MgFe-LDH 

hydrogel. In vivo, subcutaneous injection of the hydrogel did not result in local or systemic adverse 

effects; histology showed a moderately irritant reaction with a shift from a pyogranulomatous 

reaction into a granulomatous reaction with formation of a fibrous capsule, consistent with a 

foreign body reaction to biomaterials 297. Based on these clinical and histological findings, in 

combination with the avascular nature of the IVD 298,299, we concluded that the hydrogel would be 

well tolerated when applied intradiscally. Indeed, safe intradiscal injection of thermo-responsive 

CXB-loaded and unloaded pNIPAAM MgFe-LDH hydrogels was demonstrated in a large animal 

model, i.e. chondrodystrophic dogs, with naturally occurring IVD degeneration. This was 

corroborated by IVD histology, further determination of the anabolic/catabolic state of the ECM 

and cell viability by means of gene expression and biochemical analyses. The presence of the 

hydrogel in the NP, in contrast to the subcutaneous location, was not accompanied by a foreign 

body reaction. Histological findings in the majority of the canine IVDs were unremarkable. 

Notably, in one IVD injected with unloaded hydrogel, fibrous tissue in the AF was detected, 

whereas in another one irregular EPs and clustering of chondrocytes in the dorsal AF were 

present. In one of the IVDs injected with NaCl, acellular material and bulging of the ventral AF 

were noted. These irregularities cannot be attributed with certainty to the injections, and may 

also reflect spontaneous progression of IVD degeneration. This study was conducted in mildly 

degenerated IVDs without fissures in the AF and we demonstrated safe intradiscal injection of 

30 μl hydrogel through a 29G needle. However, we did not study the ability of the pNIPAAM 

MgFe-LDH hydrogel to form an interface with NP tissue and therefore we cannot exclude the 

risk of extrusion of the biomaterial in severely degenerated IVDs that contain annular fissures.

Viability of the resident NP cells of the NP was not affected by the in vivo intradiscal application 

of the pNIPAAM MgFe-LDH hydrogel loaded with CXB over a wide dose range. Relative gene 

expression levels of the anti-apoptotic gene BCL2 were significantly downregulated in the NPs of 

IVDs injected with the CXB-loaded hydrogel compared with the NaCl injected IVDs. In numerous 

cancer cell lines overexpressing COX-2, CXB has been shown to activate the intrinsic apoptotic 

pathway 300,301. However, in our study, gene expression levels of other apoptotic markers, i.e. CAV1, 

CASP3, and FasL together with results of the TUNEL assay showed no evidence that apoptosis 

was affected by the intradiscal application of (un)loaded pNIPAAM MgFe-LDH hydrogel in vivo. 

Altogether this indicates that the differences of BCL2 on gene expression level may not be of 

biological relevance. In line with the aforementioned, expression levels for notochordal cell 
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markers T, CK8 and CK18 did not differ between groups indicating that neither the injection nor 

the (un)loaded biomaterial had an adverse effect on IVD health. 

Safe intradiscal application of the thermoreversible pNIPAAM MgFe-LDH hydrogel loaded with 

a wide range of CXB dosages. The pNIPAAM MgFe-LDH hydrogel loaded with CXB over a wide dose 

range, also appeared to be biocompatible and safe for intradiscal application at a biomolecular and 

biochemical level. Intradiscal injection was not associated with IVD herniation, nor with progression 

of degeneration. Overall, there were no significant differences between treatments on expression 

levels of other catabolic (MMP13) and anti-catabolic (TIMP1) genes, genes of extracellular matrix 

(ECM) components, i.e. ACAN, COL2A1, COL1A1, and the GAG/DNA content. Furthermore, gene 

expression levels of ADAMTS5 were significantly upregulated in NPs treated with the CXB bolus and 

the CXB-loaded hydrogel, independent of the dose, compared with NPs treated with the unloaded 

hydrogel, suggestive of a catabolic effect of CXB. In line with this, ADAMTS5 gene expression levels 

did not significantly differ between IVDs injected with unloaded hydrogels and NaCl. Our findings 

do not correspond with upregulated levels of ADAMTS4 reported in bovine NPCs cultured in HA-

pNIPAAM hydrogels compared with NPCs cultured in alginate beads. Nevertheless, these results 

should be compared to our results with care, as the relevant fold-change in gene expression was 

limited to a 2-fold difference in our study, and the experimental environment (i.e. in vitro versus 

in vivo), as well as the tissue and the composition of the hydrogel differed 181. Altogether, the 

pNIPAAM MgFe-LDH hydrogel is biocompatible and can be safely injected in the IVD without 

affecting the IVD health based on the overall results of histological scores, immunohistochemical 

indices gene expression profiles, and biochemical analyses. 

Controlled release of CXB in mildly degenerated IVDs had a limited effect on PGE
2
 levels 

over the period of 28 days and there was no dose-dependent effect in a wide range of CXB 

concentrations. Due to technical limitations we were not able to determine the CXB tissue levels in 

vivo and hence cannot elaborate on the in vivo release profile of the loaded hydrogels specifically 

in the matrix-rich NP environment. As CXB has a relatively high protein binding capacity, the 

protein-rich NP might have enhanced CXB solubility, hence an increased release of CXB from the 

hydrogel 302. Given that the only available reports on the effect of CXB on PGE
2 
 production by IVD 

cells are from in vitro experiments, the discussion of the results is further limited by differences 

between cell responses in an in vivo and an in vitro situation. Furthermore, PGE
2
 levels detected 

in these in vitro experiments are expressed in PGE
2
/ml medium or PGE

2
/total protein, and in none 

of them in PGE
2
/DNA 265,266,268,269,303. When correcting the PGE

2
 levels for protein content in the NP 

(Appendix D, Figure S10), the results are consistent with findings in 7-day cultures of human grade 

3 degenerated tissue, which showed no inhibition of PGE
2
 production in the presence of 1 μM CXB 

303. Although we cannot rule out a suboptimal effect of the CXB-loaded hydrogels in the intradiscal 

environment, the lack of PGE
2
 inhibition by CXB in the current study may have been attributable 

to the constitutive activity of COX-1 and the absence of inflammation-induced COX-2 activity. 

The low percentage of COX-2 positive cells detected at the immunohistochemical level supports 

this theory. Furthermore, in patients with degenerative joint cartilage, treatment with CXB for 

a period of 28 days has been shown to have a beneficial effect on GAG turnover, mainly due to 

COX-2 inhibition. GAG/DNA was not significantly different for any of the treatments, which may 
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also be associated with the absence of COX-2 activity in this model. Insufficient statistical power 

because of the modest sample size (N = 18) may have played a role in limiting the significance of 

the statistical comparisons conducted (Appendix D). 

Although MR images, macroscopic, and histologic findings were consistent with mild 

degeneration, this phase in the degenerative cascade may actually not be associated with 

increased PGE
2
 levels, suggesting that inflammation occurs at a later time point, i.e., when disc 

protrusion and/or clinical signs are present. Incorporation of general COX inhibitors into the 

hydrogel may provide clarity on this. 

Interestingly, regardless of the treatment condition, PGE
2
/DNA levels measured in the AF 

in our study were significantly higher than the levels detected in the NP for all conditions, while 

GAG/DNA levels in the AF were significantly lower than levels in the NP, in accordance with 

previous studies 264,279. In contrast, Miyamoto et al. (2006) described similar PGE
2
/ml levels in 

control NP and AF cell cultures, but showed a higher production of PGE
2
 by AF cells compared 

with NP cells in response to a cyclic mechanical load 304.

Inflammation is thought to play an important role in the process of IVD degeneration and 

disease 13. Addressing the origin of inflammatory responses and hence an earlier stage of the 

degenerative cascade, may be more successful in suppressing inflammation and restoring IVD 

homeostasis. Emerging treatment strategies aiming at controlled release of anti-inflammatory 

medication that target pro-inflammatory mediators, e.g. TNFα and PGE
2
 levels in the IVD, will 

need to focus on IVDs in human and/or veterinary patients with clinical signs of IVD disease, 

that may be more clearly associated with upregulated COX-2 activity 13,275,305. PGE
2
 levels elevated 

in the course of a true inflammatory response in NP and/or AF tissue may be effectively 

decreased by selective COX-2 inhibitors, such as CXB. However, CXB release and bioavailability 

in the intradiscal environment should be understood in more detail. If these issues are solved, 

pNIPAAM MgFe-LDH hydrogels loaded with CXB might be a promising long-term treatment in 

patients with herniated discs and chronic low back pain that can be minimally invasive injected 

into the diseased IVD assisted by fluoroscopy or computer tomography.

CONCLUSION
We have demonstrated the biocompatibility and safety of a pNIPAAM MgFe-LDH hydrogel via 

subcutaneous application in mice and via intradiscal administration in a large animal model. 

Furthermore we have shown its capability for sustained delivery of the anti-inflammatory drug 

CXB, resulting in suppressed PGE
2
 levels in a TNFα stimulated 3D tissue engineered model system 

for up to 28 days. The controlled release of CXB from this hydrogel resulted in limited inhibition of 

PGE
2
 production in a large animal model with spontaneous IVD degeneration. This may be due to 

the stage of degeneration rather than the efficacy of the controlled release system.
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SUMMARY AND GENERAL DISCUSSION

SUMMARY
For treating degenerate musculoskeletal tissues, strategies to deliver therapeutic compounds 

or small RNA molecules, with the use of biomaterials, are studied in this thesis. 

The background and aims are described in Chapter 1. In Chapter 2, a new in vitro inflammatory 

model was used to measure the bioactivity of anti-inflammatory agents released from novel 

poly(thioester)-functionalized PLGA microspheres. In the bioactivity assay where osteoarthritic 

(OA) chondrocytes were batch-wise thawed for new cell culture every 3 days, prostaglandin E
2 

(PGE
2
) levels induced by TNFα were reduced extensively when microspheres loaded with 1 nmol 

of celecoxib (CXB) or triamcinolone acetonide (TA) were added. Gradually resumed PGE
2
 levels 

were observed within 21 days if 0.1 nmol of CXB or TA was loaded into microspheres. 

The potential application of RNAi for treating cartilaginous diseases was examined from the 

aspects of safety and delivery efficiency. In Chapter 3 non-specific effects of siRNA transfection 

with the use of lipid-based or naturally-derived transfection reagents were studied in different 

types of mesenchymal cells. Variable viability, changes in DNA content and differential cell cycle 

regulations all together showed the complexity of siRNA transfection, in addition to affecting 

target gene expression. In Chapter 4 a novel injectable and thermoresponsive hydrogel based 

on poly(N-isopropylacrylamide)  (pNIPAAM) and layered double hydroxides (LDHs) was 

shown for its use in supporting siRNA delivery in OA chondrocytes. In another approach pre-

transfection of hsa-miR-148a for modulating chondrogenic phenotype in OA chondrocytes, 

prior to incorporation in hydrogel systems as a means of strategic delivery, was studied in 

Chapter 5. Although high levels of hsa-miR-148a were found until 14 days, the effect was limited 

to a decreased MMP13 expression compared to other previously shown regenerative effects.

To translate the application of the thermoresponsive hydrogel described in Chapter 4 into future 

clinical practice, in Chapter 6 the hydrogel incorporated with the anti-inflammatory drug – CXB was 

studied for safety and efficacy in a canine model with spontaneously degenerated intervertebral 

discs (IVD). After the intradiscal injection, no clinical symptoms (i.e. of IVD herniation or progression 

of degeneration) were observed. Controlled release of CXB resulted in a non-significant inhibition 

of PGE
2
, possibly because of the absence of its target, cyclooxygenase-2, in the model.

The studies presented in this thesis provided new insights into future regenerative therapies 

for OA or degenerate IVD, in a scope investigating safety and efficacy from in vitro to in vivo 

situations. These strategies have shown encouraging research outcomes. Further studies could 

promote translation into in vivo application and ultimately clinical practice. 

GENERAL DISCUSSION
Controlled local release of therapeutic agents for treating diseased 
cartilaginous tissues

Controlled release systems have emerged as a potent tool for local delivery of therapeutic 

agents, offering the additional advantages of prolonging the presence of therapeutic agents 

over the time course necessary to achieve desired cellular responses, and at the same time 
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reducing dosing frequency. Controlled release systems may feature different forms and 

combinations of materials depending on the need, for example, of therapeutic purposes 

or tissue engineering/regeneration, as well as of spatiotemporal control. These methods 

have been used in various tissues such as transdermal, ocular, dental, cardiovascular and 

musculoskeletal tissues; therapeutic agents of delivery include small molecule compounds, 

proteins, antibodies, as well as DNA and small RNA molecules. However, some applications 

have not yet reached beyond the preclinical stage.

Controlled release systems in current clinical applications

Materials of delivery devices commonly used include polymers, either naturally derived or synthetic 
306. Despite the various applications in different tissues, essential requirements of biomaterials are 

generally characterized as good biocompatibility, low immunogenicity and ideally biodegradability 306.

The systems for controlled delivery mostly applied in the clinic currently are for treating 

cancers. Doxil, the PEGylated liposomal doxorubicin, has been approved for various types of tumors 
307-309. Abraxane, the albumin-bound nanoparticle of paclitaxel, features elimination of the toxicity 

of the formulation of praclitaxel 310. The temperature-responsive liposomes ThermoDox, which can 

deliver doxorubicin when external heating is applied, are currently under clinical evaluation 311,312. In 

addition to these small molecule compounds of delivery, a PEGylated formulation of L-asparaginase 

OncaSpar was developed and approved by the FDA for treating acute lymphoblastic leukaemia 
313. Agents such as plasmid DNA and small interfering RNA (siRNA) have also been formulated into 

liposomes or polymer-based nanoparticles aiming at treating solid tumors 314,315.

In the musculoskeletal system, growth hormones in injectable controlled release formulations 

are at the stage of clinical studies for treating bone diseases 316,317. Additionally, a bone graft 

consisting of DNA plasmids encoding growth factors is under study as well 318. For patients with 

OA or low back pain, current development of sustained release is mainly in the area of pain 

management with the use of small molecule compounds for treatment. Tablets of extended 

release or controlled release of the analgesic compound tapentadol were developed and studied 

in the clinic. Despite improved gastrointestinal tolerability, the incidence of treatment-associated 

adverse events has led to a discontinuation of the study 319. However, other controlled release 

formulations of compounds for pain alleviation are also under clinical investigations 320-322. 

Development of controlled release systems for diseased cartilaginous tissues

For cartilaginous diseases, controlled release of biologic macromolecules aiming at restoring 

healthy tissue has drawn a great attention in regenerative approaches. The relatively confined cavity 

of cartilaginous joints holds advantages of allowing for injectable local-delivery and thereby higher 

therapeutic efficacy and less-frequent administration. In general, drug delivery should be tunable 

by changing properties of the release system to maintain therapeutic levels of a drug. Additionally, 

biomaterials composing the release systems may also meet the need of specific tissues. 

For cartilaginous joints, biomaterials should allow for injection, and may ideally also serve 

as a framework to structurally reinforce a tissue defect or degenerate tissue to facilitate the 
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maintenance of chondrogenic phenotype, or to accommodate for and sustain mechanical 

loading. Biodegradable materials for controlled release of therapeutic agents not only could 

provide temporarily structural and mechanical support, but would also allow for diseased 

tissues to regain the balance towards healthy condition in which endogenously produced 

matrix could gradually replace degrading biomaterials, achieving the ultimate goal of tissue 

regeneration. Among different platforms, microparticles are the most commonly used for 

their adjustable size correlating to modifying release profile, as well as their suitability for 

injection 323. Biomaterials in a bulk form including hydrogels on the other hand could provide 

a three-dimensional scaffold for tissue engineering. However, introduction of a bulk platform 

in vivo requires a more invasive procedure and thus limits the applicability. Thermo-responsive 

hydrogels that transit from a solution to a gel state upon injection could overcome such limit.   

In knee joints, microspheres composed of naturally-derived polymers, including albumin 

and chitosan, have been studied for controlled release of nonsteroidal anti-inflammatory drugs 

(NSAIDs) or corticosteroids. Despite the advantage of biocompatibility and biodegradability, 

these systems showed an initial burst release in vitro and limited sustained release effect of 

intra-articular administration in vivo 64,324. In the use of PLGA-PTE for CXB delivery (Chapter 2), 

a sustained and long-term release was achieved in vitro, and the released CXB showed good 

bioactivity. PLGA nanospheres loaded with betamethasone sodium phosphate have also 

shown a prolonged drug release profile in vitro, and also prolonged anti-inflammatory action 

intra-articularly in an antigen-induced arthritic animal model 325. For PLGA or PLGA-based 

microspheres, many other in vivo studies have proved good biocompatibility in murine animal 

models performed with intra-articular injections 326-328.

For degenerate IVDs, thermoresponsive hydrogels composed of chitosan- or hyaluronic 

acid-grafted gelatin have been used as a drug-delivery platform for a sustained release of an 

antioxidant compound or as a scaffold for tissue regeneration 329,330. Another thermoresponsive 

pNIPAAM-based hydrogel with a combination of clay particles has also been shown for its 

delivery capacity for CXB (Chapter 6). Despite that a pNIPAAM-grafted hydrogel has been 

applied as a tissue scaffold 173, the hybrid gel of pNIPAAM and clay particles needs to be studied 

further for its potential in supporting cartilaginous tissues. 

Challenges in translation of drug delivery for a local release

Despite the advancing progress in the development of controlled release systems, there are still 

challenges to be resolved. One of the first is the translation from the in vitro to the in vivo situation. 

The critical physiochemical properties of drug delivery systems may be impacted by their 

applications in vivo. Therapeutic agents characterized by a sustained release profile in vitro could 

display a different pharmacokinetics in vivo, such as a burst release 331. Although some parameters 

such as pH, physiological electrolytes and osmotic pressure could be simulated in vitro 331,332, the 

effects on release systems of biochemical mediators and other macromolecules present in the 

body fluid or produced by cells could be overlooked, as well as the effect of resident cells. 

In OA knee joints, various enzymes produced locally or peripherally can specifically degrade 

extracellular matrix proteins or other biomolecules 333-337. They could potentially also (in)directly 
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mediate the degradation of the release or delivery systems. With the presence of tissue-specific 

cells in an in vitro model, the characterizations of release kinetics and material degradation may 

help a better prediction of pharmacokinetics in vivo. Such a model could thus play an important 

intermediate role in translating in vitro findings to in vivo applications. By using a protocol in which 

cells are thawed periodically from cryopreservation following cell-culture expansion from the 

same donor (Chapter 2), cellular responses contributing to release behavior of therapeutic agents 

and the reciprocal effects can be studied in a standardized model. Moreover, the bioactivity of the 

released compounds is accounted for, as opposed to the common buffer-mediated release.  

Despite the importance and the economical aspect of translational studies, local tissue 

responses or systemic reactions (e.g. inflammatory responses determining biocompatibility 

or clearance rates affecting physiochemical properties 338,339) are still of critical evaluations in 

vivo. In arthritis, small animal models of induced disease are commonly used. Although these 

studies on small animals can provide primary understanding, human spontaneous arthritis, e.g. 

with variations in cytokine profiling, can not be entirely simulated 325. In addition, there are 

also concerns on translating weight and mechanical loadings on joints between small animals 

and humans.  Higher loadings such as in the human situation might accelerate the release of 

compounds from intra-articularly injected biomaterials, for example by fragmentation inside 

the joint. Therefore, the choice of an animal model also plays an important role in translational 

medicine. Larger animal models, such as goats or sheep, with spontaneous pathological 

developments would be a better option for studies of arthritis or degenerate IVD. However, 

variations in pathogenic process might still possibly affect in vivo evaluations (Chapter 6).

RNA interference (RNAi) for treating cartilaginous diseases – controlled 
release-based approaches

RNAi is an efficient endogenous process of gene regulation by silencing the expression at the 

post-transcriptional stage 55. The non-coding RNA molecules of biopharmaceutic potentials 

include small interfering RNA (siRNA), short hairpin RNA (shRNA) and microRNA (miRNA). siRNA 

and shRNA can specifically silence expression of their target mRNA, and miRNA is involved in 

the regulation of many cellular functions. Therefore, these small RNA molecules have drawn 

increasing attention on approaches of gene-silencing therapies or phenotype modulations.  

Since the first clinical trial for age-related macular degeneration in 2005 340, RNAi technology 

has been applied in many other clinical trials for treating various diseases. In addition to many 

applications in treating cancers by using siRNA or shRNA 37,341, siRNA has also been applied in 

other diseases such as hypercholesterolemia and Ebola infection 342,343. For treating degenerate 

cartilaginous diseases, although applications of the technology have not yet entered clinical 

evaluations, numerous RNAi-based therapies are in preclinical development 46,127,344,345.

Strategies of in vivo or ex vivo delivery

With adequate modification or suitable carriers, therapeutic RNA molecules could be delivered to 

cells via an in vivo or ex vivo route. An in vivo RNAi therapy approach aims at direct silencing of genes 
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involved in the pathogenic process of tissues in situ. In systemic administration, the main challenges 

need to be overcome are the limited half-life of RNA molecules, and directing the loaded-carriers to 

the target tissues where sometimes penetration could be an issue, e.g. in the blood-brain barrier 346. 

Alternatively, local administration can be applied 347. For degenerate cartilaginous tissues 

in OA or degenerate IVD, an in vivo and local delivery of therapeutic RNA molecules would 

allow direct silencing of destructive enzymes and modulation towards a healthy cartilage 

phenotype. Using a controlled release vehicle could satisfy both the need for prolonged 

silencing as well protection against degradation. The thermo-responsive and biodegradable 

hydrogel presented in this thesis may be a suitable delivery medium designed for local injection 

(Chapter 6), in addition to providing for efficient transfection (Chapter 4). 

Delivery issues can also be overcome by an ex vivo RNAi approach. Cells could be isolated 

and transfected with therapeutic RNA molecules in vitro, prior to implantation to the diseased 

tissue. Normally autologous cells are more desired than cells of other origins to avoid tissue 

rejection 348. MSCs are commonly used for their readily accessibility and multipotency 349. For 

example, by silencing growth arrest-specific 6 (GAS6) a chondrogenic phenotype can be 

maintained in MSCs 41. Introducing MSCs displaying a cartilage phenotype into degenerate 

tissue might tip the local balance from destructive or inflammatory to regenerative. However, 

the tendency of hypertrophic differentiation in MSCs in vivo 350-352 should not be overlooked. 

Autologous chondrocytes expanded in vitro have shown good clinical outcome in patients with 

damaged articular cartilage, following the procedure of autologous chondrocyte implantation 

(ACI) 228. With a combination of RNAi therapy in vitro and/or the use of biomaterials functioning 

as cell carrier and temporary tissue replacement (Chapter 5), the demand of cell amount might 

be less than in ACI while achieving similar clinical outcome. However, the choice of biomaterials 

for such ex vivo approach needs to be carefully evaluated to prevent non-specific effects.

Available small RNA molecules and their limits in RNAi-based therapy

Normally shRNA has higher potency compared to siRNA 353. The expression of shRNA in cells 

could be achieved by the delivery of plasmids or viral vectors including adenovirus, adeno-

associated virus and lentivirus 354-356. Once introduced, expressed shRNA is processed to siRNA 

duplexes in the cytoplasm via the miRNA machinery and further enter the RNAi process 357. 

Depending on the need, such a gene-therapy-like approach of lenti- or retroviral transduction 

could mediate the most long-term silencing among all the delivery methods. 

Despite the long-term effect and high potency of shRNA mediated via viral delivery, insertional 

mutagenesis is a potential hazard in clinical applications.  Choice of promoter types (e.g. RNA 

polymerase III or II promoters, or inducible systems) plays an important role in spatial and temporal 

controls of transcription 358-361. Moreover, since shRNA is processed similarly to endogenous miRNA, 

there is a possible competition with endogenous miRNA or saturation of the machinery. Because 

miRNA is involved in other regulations such as cell growth, differentiation and apoptosis, the 

consequence of such competition or saturation could be toxic or even lethal 362.

Cytosolic delivery of synthetic siRNA features a more direct silencing via RNAi machinery. 

However, as siRNA molecules cannot be replicated or produced by cells, they need to be 
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chemically synthesized, a scale-up manufacture is more expensive. On the other hand, 

synthetic production would enable a higher and more refined degree of chemical modifications 

of siRNA molecules for improving stability or minimizing immunogenicity 363,364. However, as 

siRNA enters the RNAi machinery directly in the cytoplasm, its effect on gene silencing is rather 

transient due to the susceptibility to nuclease degradation and dilution in dividing cells 365,366. 

Yet this short-term effect allows a more flexible temporal control on dosing for gene silencing. 

All in all, the choice of therapeutic RNA molecule depends on the need which is influenced by 

factors such as cell type and time demands. For instance, siRNA might be a better option for 

silencing degenerating factors to facilitate tissue regeneration; and shRNA would be suitable 

for treating chronic viral infections by targeting viral mRNA.

Besides chemical modifications for stabilizing RNA, synthetic RNA molecules are often 

conjugated or complexed to carriers which provide protection from nuclease degradation 

and can also facilitate transfection 158,159,367. Various non-specific effects could be caused by the 

introduced foreign RNA, delivery materials or transfection per se 368. Cells can recognize foreign 

RNA via innate cellular defense pathways which could lead to inhibition of cell proliferation 

and stimulation of apoptosis 369,370. Furthermore, as previously discussed, saturation of RNAi 

machinery could cause toxic effects 362,371. 

In chondrocyte (-like) cells, inhibited proliferation could be found when a higher amount 

of siRNA was used in Lipofectamine and PEI mediated transfection (Chapter 3). However, this 

might partly also be caused by cytotoxicity resulted from lipid- or polymer-based transfection. 

Lipid-based transfection mediators were shown to have an effect on DNA damage, early 

apoptosis and even global gene expression in different cell lines 52. Polymer-induced effects 

such as defense responses, cell proliferation and apoptosis have been suggested to depend 

on cell type and the characteristics of the transfection reagent-RNA complex, including the 

structural architecture of the transfection polymer 148,149. Additionally, materials which could 

potentially provide a resource in the metabolism of target cells could also cause non-specific 

effects, as suggested by the upregulated GAPDH activity in chondrocytes-(like) cells in 

relation to chitosan-mediated transfection (Chapter 3). However, the effect of cartilage tissue 

regeneration in vivo using the RNAi-based therapy will need further studies in which valid 

target genes are silenced, for example runx2.  

miRNA for modulating cartilage phenotype

The attracting feature of miRNA lies in the capacity to simultaneously regulate multiple genes. 

miRNA modulation is one of the intrinsic biological mechanisms to epigenetically regulate cell 

phenotype, which has been found in cartilage development and pathology 372. Several miRNAs were 

identified down- or upregulated in chondrogenesis, inflammation-induced matrix breakdown and 

OA 372-374. The application of miRNA modulation for cartilage tissue engineering has great potential by 

targeting miRNAs involved in chondrogenic differentiation. Also in OA, miRNAs that are regulated 

in the disease processes may be targeted as a basis for regenerative approaches 373. 

One of the promising candidates for regeneration in OA is hsa-miR-148a. In a high cell-

density culture, hsa-miR-148a simultaneously affected the expression of several genes involved 
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in regeneration, including an upregulation of type II collagen synthesis, allowing for more 

proteoglycan deposition, and a down-regulation of the matrix degrading proteases MMP13 and 

ADAMTS5 47, thereby inhibiting degradation. 

Transfection of miR148a into OA chondrocytes prior to incorporation in a hydrogel, 

however, resulted only in a decrease of MMP13 expression (Chapter 5). A possible explanation 

might be the differential role of hsa-miR-148a depending on cell environment. Also threshold 

expression levels may have affected target regulation, which remains to be investigated. 

Since miRNAs have been suggested to select their target genes for regulation based on their 

own expression levels 251, another explanation might lie in whether the expression level was 

below the threshold to affect target regulation. This implies that application in vivo should be 

preceded by detailed dose-response studies. 

In IVD physiology data on miRNA regulation are very scarce. Up to date only 16 publications 

were found. Several miRNAs are differentially expressed in degenerate IVD, also here suggesting 

possible targets for treatment 375,376. Most of these miRNAs were shown to have a role in apoptosis 
377,378 and cell proliferation 379,380. At least one, miR-146a, was found to be involved in extracellular 

matrix metabolism, where it inhibited inflammation and MMP13 and ADAMTS5 gene expression 

in nucleus pulposus cells stimulated by interleukin-1 381.

Considerations and perspectives for future medicine

For a safe application of RNAi-based therapy, non-specific effects should be prevented. With the use 

of gene expression profiling, off-target gene regulation by RNAi can be identified 382 which would 

be helpful selecting the most optimal siRNA for a specific application. Chemical modifications 

on siRNA have also been demonstrated to reduce miRNA-like off-target effects 383 or immune 

stimulation 384,385. By selecting suitable or modifying delivering materials, non-specific effects caused 

by the materials or transfection per se could be minimized. For example, linear PEI induced the 

production of proinflammatory cytokines in contrast to branched PEI 386 and lipids containing a 

biodegradable linker showed lower cytotoxicity 387. Optimizing physical properties of transfection 

complexes could also improve the safety of use. Undesirable size of transfection complexes could be 

lethal 388. Adjusting NP ratio and masking cationic charges could also further reduce cytotoxicity 389.

Although local delivery of controlled release systems provides a great advantage over 

systemic administration, still several tissues are part of this local environment. Each of them may 

require different treatments. Moreover, multiple injections of these systems are undesirable, 

and dosing is not controllable once they are injected. Therefore there is a growing interest in 

more advanced approaches, for example using stimuli-responsive biomaterials. In addition to 

temperature as stimulus, various smart materials have been shown responsive to stimuli such as 

chemically reactive species (e.g. reactive oxygen species), temperature, pH, light, electric field 

and ultrasound 390. Many of these have potential for the application in degenerate cartilaginous 

diseases. Other strategies of multi-responsive materials 391-393 might provide even more optimal 

controlled release for different diseased tissues.

In OA joints, high level of reactive oxygen species (ROS) could be found which is possibly 

due to the proinflammatory condition 394. Among all the derivatives of ROS, hydrogen peroxide 
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(H
2
O

2
) is the less aggressive product and could diffuse in the cytoplasm and cross the cell 

membrane 394. This increased level of H
2
O

2 
could potentially be a stimulus to responsive carriers 

of therapeutic agents 395. Ultrasound has been studied for its stimulating role to responsive 

materials loaded with drugs 396. The application allows for a spatial and an instantly temporal 

control of the release of therapeutic agents. As ultrasound has been shown for its efficacy 

in pain-relief and improvement of physical functions in knee OA 397, ultrasound-guided drug 

release in OA might result in a therapeutically synergy effect. 

In the degenerate IVD, low oxygen tension could lead to an anaerobic metabolism and 

consequently result in a high concentration of lactic acid and low pH 6.3 398. Acidic pH levels 

have been observed in degenerate and symptomatic discs 399,400. A hydrogel based on pNIPAAM 

which transits from a liquid state at pH 7.4 (37 °C) to a physical gel state at pH 6.8 (37 °C) 392 could 

provide another approach for treating degenerate IVD where the hydrogel would gelate upon 

injection, followed by sustained release of therapeutic agents.

 Although evidence of local drug concentration, systemic distribution and metabolism 

can be obtained by analyzing synovial fluid, blood plasma and urine, little is known about local 

distribution of injected biomaterials and released therapeutic compounds. For understanding 

these distributions, contrast agents could be used to label the delivering materials or therapeutic 

agents 401-403, if the therapeutic actions are not compromised. Although this option will not 

improve efficacy, it can enable monitoring the real-time distribution of materials and material 

degradation in vivo, providing insights to local preference of cellular uptake of the biomaterials 

and release kinetics of therapeutic compounds. Accordingly, formulation of delivery platform 

or dose per injection could be adjusted to improve delivery efficiency and drug efficacy. 

Recently, in addition to using radioisotopes to label biomaterials for in vivo imaging, label-

free imaging techniques, such as time-of-flight secondary ion mass spectrometry (TOF-SIMS) 
404,405, Raman spectroscopy 406,407 or X-ray  phase contrast 408,409, might provide a safer option 

concerning the risks of exposure to radioactive compounds.

GENERAL CONCLUSION
To achieve a better clinical outcome from the treatment for joints of diseased cartilaginous 

tissues, local delivery systems of therapeutic agents hold advantages of application of a 

minimized-invasive procedure, higher efficacy and less-frequent administrations. The use of 

RNAi-based treatments allows for specific silencing of mediators involved in the diseased process 

and modulation towards a healthy phenotype, and thus ultimately for tissue regeneration. 

Designs of delivery materials that respond to specific diseased tissues for controlled-release 

of therapeutic agents will be the next step. Also labeling the delivery materials combined 

with the use of imaging technology could be a robust tool for a better understanding of in 

vivo conditions. Nevertheless, non-specific effects related to therapeutic agents or delivery 

materials should be carefully evaluated and optimized prior to clinical applications, to assure 

safety and therapeutic potency of the treatments. 
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APPENDIX A

APPENDIX A

Figure S1. Cytotoxicity assessed by measuring LDH activity at day 3 in articular chondrocytes (AC) and 
mesenchymal stem cells (MSC) with polyethylenimine (PEI) -siRNA complexes at different N:P ratios, ranging 
from 2.5 to 40. Transfection complexes were prepared with a final siRNA 200 nM. Cells treated without any 
transfection complexes were included as the control.
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Figure S2. Cytotoxicity assessed by measuring LDH activity at day 3 in mesenchymal stem cells (MSC) with 
chitosan-siRNA complexes at different N:P ratios of 40, 50 and 60. Transfection complexes were prepared with a 
final siRNA 200 nM. Cells treated without any transfection complexes were included as the control.

Figure S3. Cytotoxicity assessed by measuring LDH activity at day 3 in articular chondrocytes (AC) with hyaluronic 
acid (HA)-siRNA complexes at different N:P ratios, ranging from 1.25 to 80. Transfection complexes were prepared 
with a final siRNA 200 nM. Cells treated without any transfection complexes were included as the control.

0

0,002

0,004

0,006

0,008

0,01

0,012

control NP:	60 N:P	50 N:P	40

Ab
so
rp
ti
on
	n
or
m
al
iz
ed
	b
y	
D
N
A

MSC

siRNA	scrambeled

 

0,000
0,001
0,002
0,003
0,004
0,005
0,006
0,007
0,008
0,009

Ab
so
rp
ti
on
	n
or
m
al
iz
ed
	b
y	
D
N
A

AC

siRNA	scrambled

132



&

APPENDIX B

APPENDIX B

Figure S4. Formulation composed of LDHs and a pNIPAAM without sulfonate-containing chain transfer agent. 
The formulation stayed in the liquid form at 37°C.

Figure S5. Cellular uptake of siGLO in hyaluronan (HA) and fibrin when using Lipofectamine RNAiMAX to facilitate 
siGLO delivery.
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APPENDIX C

Figure S6. Type II collagen production in pre-transfected OA chondrocytes cultured in HA or fibrin gel for 14 
days. No type II collagen in the cells was found using immunohistochemistry. Nuclei and cytoplasm were 
counterstained with Weigert’s haematoxylin and fast green, respectively. Scale bars represent 50 µm.
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APPENDIX D
Materials and Methods

Synthesis of poly-(N-isopropylacrylamide) (pNIPAAM) MgFe-LDH hydrogels

The poly(N-isopropylacrylamide) (pNIPAAM) polymer with sulfonate endgroup was 

synthesized through radical polymerization of NIPAAM (Sigma Aldrich, St. Louis, USA) with 

an initiator, 2,2’-azobis(2-methylpropionitrile) (AIBN, Fluka), and in the presence of a chain 

transfer reagent (CTA), HS(CH
2
)

3
SO

3
Na (Sigma-Aldrich), at a molar ratio NIPAAM/AIBN/CTA of 

80/0.20/1. Methanol (120 ml) (ABS, Sigma-Aldrich) was added to 33.9 g of NIPAAM and 0.668 

g CTA agent under nitrogen, and the mixture was stirred for 30 minutes. After addition of 123 

mg of AIBN, the mixture was immediately brought to refluxing conditions. After a reaction 

time of 48 hours, the reaction mixture was cooled to room temperature and the solvent was 

removed by evaporation. The crude polymer was dissolved in 150 ml dioxane (Sigma-Aldrich) 

and precipitated by the drop wise addition to a fifteen-fold volume of diisopropyl ether (Sigma-

Aldrich). This precipitation was repeated two times to make sure that NIPAAM monomers 

were removed.  The precipitated polymer was filtered, washed two times with 500 ml of 

diethyl ether (AR, ≥99.5%), stabilized with butylhydroxytoluene (Biosolve BV, Valkenswaard, 

The Netherlands), and dried overnight at room temperature. This precipitation was repeated 

two times to make sure that NIPAAM monomers were removed  (Yield 98%). The polymer was 

characterized by 1H NMR (1H NMR (CDCl
3
, 400 MHz): δ 1.0-1.2 (br, 6H), 1.3-1.9 (br, 2H), 2.1-2.2 

(br, 1H), 3.9-4.1 (br, 1H), 6.0-6.6 (br, 1H)), as well as Gel Permeation Chromatography (GPC) using 

a GPC KD-804 column (Shodex, 300 x 8.0 mm) and polyethylene glycol calibration samples. 

DMF with 10 mM LiBr was used as mobile phase at a rate of 1.0 ml/min at 50°C. The GPC was 

equipped with a refractive index detector to determine Mn (6600 g/mol), Mw (26500 g/mol), 

and PDI 4.0. S-elemental analysis gave 0.65 wt% sulfur (0.70 wt% calculated).

The inorganic MgFe-LDH was synthesized by co-precipitation of the metal salts with 

NaOH under nitrogen atmosphere. To obtain pristine MgFe-LDH, MgCl
2
·6 H

2
O and FeCl

3
·6 

H
2
O (Sigma-Aldrich) were dissolved in deionized water to a concentration of 1.05M and 

0.35M, respectively, and another solution was prepared using NaOH and NaCO
3
 (Sigma-

Aldrich) in deionized water to a concentration of 2.35M and 0.22M respectively. Both 

solutions were simultaneously added to a stirred beaker using syringe pumps, stirred for 

another 10 minutes and then dialyzed to remove excess salts (conductivity 108 μS/cm, pH 

9,5). The purified MgFe-LDH suspension was aged at 110°C for 18 hours. The dispersions 

were then cooled and stored at room temperature. To obtain a 6 wt% LDH dispersion, 

dispersions were concentrated using a rotary evaporator.

Powder X-ray diffraction (pXRD) was used to study the structural properties of LDHs. 

PXRD spectra/patterns were obtained using an X-ray diffractometer (Philips X’Pert SR5068; 

PANalytical, Almelo, the Netherlands) with Cu Kα radiation (λ=1.54 Å) at 45 kV and 40 mA, 

and at a scanning rate of 0.8°/min. Peaks were observed at the following positions: 2θ = 

11.3°(003), 22.9°(006), 34.7°(009), 37.9°, 46.8°, 59.4°(Fe), 60.8°(110).The full width at half-

maximum  (FWHM) of the first order peak (11.3°) was 0.36°, leading to an average size of 
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25 nm using the Scherrer equation. The ratio Mg:Fe was determined to be 2.6:1 using 

a Prodigy High Dispersion Inductively Coupled Plasma Optical Emission Spectometry 

(ICP-OES) system (Leeman, Illinois, USA). Standards were prepared by using multi-element 

(23 elements in diluted nitric acid) standard solution IV (1000 mg/l) (Merck, Darmstadt, 

Germany). A volume of 0.5 ml of the solutions from the degradation experiment was 

diluted in 100 ml aqueous 1N HNO
3
, and subsequently diluted again tenfold in 1N HNO

3
.

Heating rate employed in rheological analysis of the pNIPAAM MgFe-LDH hydrogels

It is expected that after injection in the body, the hydrogel is heating up fast due to the high 

conductivity of the hydrogel. An estimate calculation (assuming the hydrogel has similar 

properties as water) gives the following:

Energy needed to heat up 100 μl of hydrogel = 4.185 kJ/kgK * 0.1 g * 17 K = 7.1 Joule. 

Heat transfer Q= k * A * dT * d = 0.6 W/mK (thermal cond. Water) * 10-4 m2 (minimum 

surface of gel particle of 100 μl) * 5K (minimum temperature difference between LCST and 

body temperature)/2.88 * 10-3 m (max. radius of gel particle of 100 μl) = 0.11 J/s as the 

minimum rate of heat transfer. 

To transfer 7,1 Joule max. 65 seconds are needed. Therefore, a heating rate of 15 

degrees in 60 seconds appeared to be a good estimation for the real time situation. In the 

beginning, heating up will be faster due to a higher temperature gradient, and the fact 

that the hydrogel is in a needle, increasing the surface and decreasing the transfer radius. 

Altogether this is difficult to translate one-on-one to the rheological measurement.

Power analysis of the studies in laboratory Beagle dogs

Power analyses were performed prior to both in vivo studies by using free software (http://www.

stat.uiowa.edu/~rlenth/Power). A power analysis for the first study was based on in vivo data from 

a pilot study (N =3), i.e. not described in this manuscript, and for study II based on data from 

study I reported in this manuscript. To calculate the number of animals needed for each study, a 

randomized complete block design was selected via ‘balanced ANOVA’. Given that we employed 

this model to determine whether the controlled release of CXB in an intradiscal environment 

would result into sustained suppression of PGE
2
 levels, SD[block] and SD[residual] were calculated 

with a linear mixed effect model on log transformed PGE
2
/DNA NP data. Alpha was set at 0.05 and 

a Bonferroni test was selected to correct for multiple comparisons. Power was set at 0.85. 

To determine the sample size for the in vivo study I, five levels of treatment and 4 relevant 

comparisons between these treatments were included. SD[block] and SD[residual] were set at 

0.18 and 0.35 respectively. A detectable contrast (= difference between the means log(PGE
2
/

DNA) of NaCl and CR  + CXB 7.7 μM) of 0.62 was estimated and resulted in a sample size of 

9 dogs. Reevaluation of the power analysis after completion of study I showed a detectable 

contrast of 0.29, hence a sample size that was too small. Based on the interim analysis of study I 

and complete reduction of PGE
2
 in vitro by hydrogels loaded with a 10-fold higher loading dose 

of CXB (77 μM), the study design was adapted and study II was performed. Next to hydrogels 
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loaded with the initial concentration of CXB (7.7 μM), hydrogels loaded with 10- and 100-fold 

higher dosages of CXB were also included. To calculate the number of dogs to be included 

in study II, six levels of treatment and 9 relevant comparisons were included. SD[block] and 

SD[residual] were set at 0.28 and 0.48 respectively. A decrease of 60% in PGE
2
/DNA by the CXB 

77 μM was estimated, resulting in a detectable contrast calculated at 0.91 and a sample size of 

9 dogs. However, after completion of study II the calculated contrast of the second study was 

0.49, indicating insufficient power to detect a difference. 

Results 

In vitro release of CXB and Mg from pNIPAAM MgFe-LDH hydrogels

Figure S7. The cumulative release (%) of celecoxib (CXB) and Mg ions from the pNIPAAM MgFe-LDH hydrogels 
in PBS/0.2% Tween®.
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Figure S8. The cumulative release (%) of celecoxib (CXB) (A) and Mg (B) from pNIPAAM MgFe-LDH hydrogels 
with 1% wt CXB or 0.6% wt CXB, with single LDH or double LDH content, and with Mg

2.5
Fe LDH, or Mg

3
Fe LDH in 

PBS with 0.2% Tween 80® and once in 2%. Data are expressed as mean ± standard deviation.
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Figure S9. Celecoxib (CXB) concentrations (μM) measured in medium samples of 3D chondrocyte constructs 
after administering a 1 μM bolus injection of CXB (CXB bolus) for 2 consecutive days and pNIPAAM MgFe-LDH 
hydrogels loaded with 0.1 mg/ml CXB (CR CXB). Data are expressed as mean ± standard deviation.

Figure S10. PGE
2
 normalized for total protein (TP) in nucleus pulposus (NP) tissue. No significant differences 

were detected between different treatments. (NaCl = NaCl (sham); CXB = celecoxib bolus 7.7µM; CR = unloaded 
pNIPAAM MgFe−LDH hydrogel; CR + CXB 7.7 µM = pNIPAAM MgFe−LDH hydrogel loaded with 7.7 µM CXB.)

PGE
2
 normalized for total protein
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Table S1. Primers used for qPCR analysis of target genes aggrecan (ACAN), collagen type II (COL2A1), collagen type I 
(COL1A1), a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS5), matrix metalloproteinase 
13 (MMP13), tissue inhibitor of metalloproteinase 1 (TIMP1), tumor necrosis factor-alpha (TNFA), interleukin-1β 
(IL1B), interleukin-6 (IL6), interleukin-10 (IL10), prostaglandin E synthase 1 (PTGES1), prostaglandin E synthase 2 

(PTGES2), cyclooxygenase 1 (COX1), and cyclooxygenase 2 (COX2), brachyury (T), cytokeratin-8 (CK8), 
cytokeratin-18 (CK18), axin-2 (AXIN2), c-Myc (c-Myc), cyclin-D1 (CCND1), caveolin-1 (CAV1), caspase 3 (CASP3), fas 
ligand (FasL), Bcl-2 (BCL2) and reference genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal 
protein S19 (RPS19), and TATA-binding protein (TBP).

Protein  Forward sequence 5’ -> 3’ EXON Reverse sequence 5’ -> 3’ EXON
Amplicon  

size 
Annealing 
temp (°C) Accession no. 

Reference genes 

GAPDH TGTCCCCACCCCCAATGTATC 7 CTCCGATGCCTGCTTCACTACCTT 8 100 58 NM_001003142

RPS19 CCTTCCTCAAAAAGTCTGGG 2/3 GTTCTCATCGTAGGGAGCAAG 3 95 61 XM_005616513

TBP CTATTTCTTGGTGTGCATGAGG 1 CCTCGGCATTCAGTCTTTTC 1 96 61 XM_849432.3

Target genes

ACAN GGACACTCCTTGCAATTTGAG 13/14 GTCATTCCACTCTCCCTTCTC 14 111 62 XM_005618252

COL2A1 GCAGCAAGAGCAAGGAC 52 TTCTGAGAGCCCTCGGT 53 151 62 XM_005636674

COL1A1 GTGTGTACAGAACGGCCTCA 2 TCGCAAATCACGTCATCG 2 109 61 NM_001003090

ADAMTS5 CTACTGCACAGGGAAGAG 5 GAACCCATTCCACAAATGTC 6 149 61 XM_846025.3

MMP13 CTGAGGAAGACTTCCAGCTT 1 TTGGACCACTTGAGAGTTCG 2 250 65 XM_536598

TIMP1 GGCGTTATGAGATCAAGATGAC 2 ACCTGTGCAAGTATCCGC 3 120 66 NM_001003182

TNFA CCCCGGGCTCCAGAAGGTG 1 GCAGCAGGCAGAAGAGTGTGGTG 1 83 65 NM_001003244

IL1B TGCTGCCAAGACCTGAACCAC 4 TCCAAAGCTACAATGACTGACACG 4 115 68 NM_001037971

IL6 GAGCCCACCAGGAACGAAAGAGA 1 CCGGGGTAGGGAAAGCAGTAGC 2 123 65 NM_001003301

IL10 CCCGGGCTGAGAACCACGAC 3 AAATGCGCTCTTCACCTGCTCCAC 4 157 63 NM_001003077

PTGES1 CCAGTATTGCCGGAGTGACCAG 3 AAACGAAGCCCAGGAACAGGA 4 97 68 NM_001122854

PTGES2 GCTCTCAAGACCTACCTGG 3 AGTCACTTCCTTTCCCTGG 4 98 61 NM_001131050

COX1 GCCCTACATGTCCTTCCAGG 9 TCCAAGGCATCAATGTCTCCA 10 86 65 NM_001003023

COX2 TTCCAGACGAGCAGGCTAAT 7 GCAGCTCTGGGTCAAACTTC 8 112 60 NM_001003354

T AGACAGCCAGCAATCTG 5 TGGAGGGAAGTGAGAGG 6 115 56.5 NM_001003092

CK8 CCTTAGGCGGGTCTCTCGTA 9 GGGAAGCTGGTGTCTGAGTC 9 149 63 XM_543639

CK18 GGACAGCTCTGACTCCAGGT 6 AGCTTGGAGAACAGCCTGAG 6 97 60 XM_534794

AXIN2 GGACAAATGCGTGGATACCT 1 TGCTTGGAGACAATGCTGTT 1 141 60 XM_548025

c-Myc GCCGGCGCCCAGCGAGGATA 1 GCGACTGCGACGTAGGAGGGCGAGC 1 108 61 NM_001003246

CCND1 GCCTCGAAGATGAAGGAGAC 1 CAGTTTGTTCACCAGGAGCA 1 151 60 NM_001005757

CAV1 CGCACACCAAGGAAATCG 1 AAATCAATCTTGACCACGTCG 2 72 60 NM_001003296

CASP3 ATCACTGAAGATGGATGGGTTGGGTT 8 TGAAAGGAGCATGTTCTGAAGTAGCACT 8 139 58 NM_001003042

FasL GGGGTCAGTCCTGCAACAACAA 4 ATCTTCCCCTCCATCAGCATCAG 4 93 54 NM_001287153

Bcl-2 TGGAGAGVGTCAACCGGGAGATGT 3 AGGTGTGCAGATGCCGGTTCAGGT 3 87 62 NM_001002949

Primers used for quantitative PCR
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Table S1. Primers used for qPCR analysis of target genes aggrecan (ACAN), collagen type II (COL2A1), collagen type I 
(COL1A1), a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS5), matrix metalloproteinase 
13 (MMP13), tissue inhibitor of metalloproteinase 1 (TIMP1), tumor necrosis factor-alpha (TNFA), interleukin-1β 
(IL1B), interleukin-6 (IL6), interleukin-10 (IL10), prostaglandin E synthase 1 (PTGES1), prostaglandin E synthase 2 

(PTGES2), cyclooxygenase 1 (COX1), and cyclooxygenase 2 (COX2), brachyury (T), cytokeratin-8 (CK8), 
cytokeratin-18 (CK18), axin-2 (AXIN2), c-Myc (c-Myc), cyclin-D1 (CCND1), caveolin-1 (CAV1), caspase 3 (CASP3), fas 
ligand (FasL), Bcl-2 (BCL2) and reference genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal 
protein S19 (RPS19), and TATA-binding protein (TBP).

Protein  Forward sequence 5’ -> 3’ EXON Reverse sequence 5’ -> 3’ EXON
Amplicon  

size 
Annealing 
temp (°C) Accession no. 

Reference genes 

GAPDH TGTCCCCACCCCCAATGTATC 7 CTCCGATGCCTGCTTCACTACCTT 8 100 58 NM_001003142

RPS19 CCTTCCTCAAAAAGTCTGGG 2/3 GTTCTCATCGTAGGGAGCAAG 3 95 61 XM_005616513

TBP CTATTTCTTGGTGTGCATGAGG 1 CCTCGGCATTCAGTCTTTTC 1 96 61 XM_849432.3

Target genes

ACAN GGACACTCCTTGCAATTTGAG 13/14 GTCATTCCACTCTCCCTTCTC 14 111 62 XM_005618252

COL2A1 GCAGCAAGAGCAAGGAC 52 TTCTGAGAGCCCTCGGT 53 151 62 XM_005636674

COL1A1 GTGTGTACAGAACGGCCTCA 2 TCGCAAATCACGTCATCG 2 109 61 NM_001003090

ADAMTS5 CTACTGCACAGGGAAGAG 5 GAACCCATTCCACAAATGTC 6 149 61 XM_846025.3

MMP13 CTGAGGAAGACTTCCAGCTT 1 TTGGACCACTTGAGAGTTCG 2 250 65 XM_536598

TIMP1 GGCGTTATGAGATCAAGATGAC 2 ACCTGTGCAAGTATCCGC 3 120 66 NM_001003182

TNFA CCCCGGGCTCCAGAAGGTG 1 GCAGCAGGCAGAAGAGTGTGGTG 1 83 65 NM_001003244

IL1B TGCTGCCAAGACCTGAACCAC 4 TCCAAAGCTACAATGACTGACACG 4 115 68 NM_001037971

IL6 GAGCCCACCAGGAACGAAAGAGA 1 CCGGGGTAGGGAAAGCAGTAGC 2 123 65 NM_001003301

IL10 CCCGGGCTGAGAACCACGAC 3 AAATGCGCTCTTCACCTGCTCCAC 4 157 63 NM_001003077

PTGES1 CCAGTATTGCCGGAGTGACCAG 3 AAACGAAGCCCAGGAACAGGA 4 97 68 NM_001122854

PTGES2 GCTCTCAAGACCTACCTGG 3 AGTCACTTCCTTTCCCTGG 4 98 61 NM_001131050

COX1 GCCCTACATGTCCTTCCAGG 9 TCCAAGGCATCAATGTCTCCA 10 86 65 NM_001003023

COX2 TTCCAGACGAGCAGGCTAAT 7 GCAGCTCTGGGTCAAACTTC 8 112 60 NM_001003354

T AGACAGCCAGCAATCTG 5 TGGAGGGAAGTGAGAGG 6 115 56.5 NM_001003092

CK8 CCTTAGGCGGGTCTCTCGTA 9 GGGAAGCTGGTGTCTGAGTC 9 149 63 XM_543639

CK18 GGACAGCTCTGACTCCAGGT 6 AGCTTGGAGAACAGCCTGAG 6 97 60 XM_534794

AXIN2 GGACAAATGCGTGGATACCT 1 TGCTTGGAGACAATGCTGTT 1 141 60 XM_548025

c-Myc GCCGGCGCCCAGCGAGGATA 1 GCGACTGCGACGTAGGAGGGCGAGC 1 108 61 NM_001003246

CCND1 GCCTCGAAGATGAAGGAGAC 1 CAGTTTGTTCACCAGGAGCA 1 151 60 NM_001005757

CAV1 CGCACACCAAGGAAATCG 1 AAATCAATCTTGACCACGTCG 2 72 60 NM_001003296

CASP3 ATCACTGAAGATGGATGGGTTGGGTT 8 TGAAAGGAGCATGTTCTGAAGTAGCACT 8 139 58 NM_001003042

FasL GGGGTCAGTCCTGCAACAACAA 4 ATCTTCCCCTCCATCAGCATCAG 4 93 54 NM_001287153

Bcl-2 TGGAGAGVGTCAACCGGGAGATGT 3 AGGTGTGCAGATGCCGGTTCAGGT 3 87 62 NM_001002949
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Ziektes van het steun- en bewegingsstelsel komen vaak voor en zijn wereldwijd de belangrijkste 

oorzaken voor chronische pijn en invaliditeit. De klachten van patiënten met artrose of 

gedegenereerde tussenwervelschijven zijn pijn, stijfheid en verlies van bewegingsvrijheid en 

een beperkte belastbaarheid. Behandelingen voor artrose en chronisch lage rugpijn omvatten 

toediening van ontstekingsremmers zoals NSAIDs of corticosteroïden en fysiotherapie bij 

matige ernst van de klachten, en invasieve chirurgie bij ernstige klachten. Fysiotherapie 

versterkt de spieren rond het gewricht en ontstekingsremmers werken pijnstillend. Echter, deze 

middelen hebben vaak veel bijwerkingen omdat ze oraal toegediend worden. Locale toediening 

in het aangetaste gewricht of in de tussenwervelschijf van deze ontstekingsremmers, verpakt 

in dragers van biomaterialen, maakt locale en langdurige afgifte mogelijk. Hierdoor worden 

bijwerkingen voorkomen en zijn herhaalde injecties niet nodig. 

Naast deze behandelingen die vooral het reduceren van de symptomen tot doel hebben, wordt 

meer en meer onderzoek gewijd aan meer gerichte behandelingen. Dit kan zijn regeneratieve 

(herstellende) behandelingen, bijvoorbeeld de injectie van cellen, of behandelingen die 

specifiek een factor uitschakelen die een belangrijke rol speelt in het ziekteproces. Het gebruik 

van RNA interferentie (RNAi) is bij uitstek geschikt hiervoor. Omdat RNA oligonucleotiden 

alleen in de cel actief kunnen zijn, is een vehikel nodig. Diverse transfectiereagentia zijn 

beschikbaar om dit te bewerkstelligen. Reagentia naast efficiënte transfectie ook nog in staat 

zijn de oligonucleotiden te beschermen tegen enzymatische afbraak verdienen hierbij de 

voorkeur. Dit kunnen bijvoorbeeld injecteerbare hydrogels zijn.

Het doel van dit proefschrift is om methoden te ontwikkelen die het degeneratieve proces 

in kraakbeenachtige weefsels tegengaan of omkeren door het minimaal invasief toedienen 

van therapeutische moleculen, gebruik makend van biomaterialendragers die deze voor een 

langere tijd ter plekke afgeven. De specifieke doelen zijn een in vitro assay ontwikkelen die 

gebruikt kan worden om zowel afgifteprofiel als activiteit van afgegeven ontstekingsremmers 

te bepalen en de optimale omstandigheden zoeken voor toepassing van RNAi in het moduleren 

van metabolisme in kraakbenige weefsels.

Dit proefschrift begint met een introductie over de relevante achtergrond in hoofdstuk 1. 

Hoofdstuk 2 beschrijft een nieuwe assay op basis van een in vitro ontstekingsmodel die gebruikt 

kan worden voor het over tijd meten van de activiteit van afgegeven ontstekingsremmers. In dit 

hoofdstuk zijn microsferen gebruikt op basis van een nieuw poly-thioester-gefunctionaliseerd 

PLGA-platform. De assay gaat uit van artrotische chondrocyten die batch-gewijs en 

gestandaardiseerd worden uitgeplaat en gestimuleerd met TNFα. Maat voor ontsteking was de 

productie van PGE
2
, een van de eindproducten van het enzym COX-2, dat in verhoogde mate 

wordt aangemaakt in ontstekingsprocessen. Een sterke en constante verlaging van de PGE
2
-

productie werd gezien als microsferen geladen werden met in totaal 1 nmol celecoxib (CXB) of 

triamcinolon acetonide (TA). Bij een belading van 0.1 nmol, liep de PGE
2
 productie aan het eind 

van de kweekperiode geleidelijk op.
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De toepasbaarheid van RNAi in de behandeling van degeneratie van kraakbenige weefsels, 

met het oog op effecten van transfectie op de doelcellen, zoals mesenchymale stamcellen, 

nucleus pulposuscellen en chondrocyten werd geadresseerd in hoofdstuk 3. Een vergelijking 

van transfectie met reagentia op lipidebasis en natuurlijke materialen liet zien dat aspecifieke 

effecten als veranderingen in celaantal, celcyclus en celfenotype afhingen van het reagens dat 

gebruikt werd, en van het celtype.

In hoofdstuk 4 werd de toepasbaarheid van een injecteerbare en thermoresponsieve hydrogel 

van poly(N- isopropylacrylamide) (pNIPAAM) en layered double hydroxides (LDH) voor 

siRNA-transfectie van artrotische chondrocyten aangetoond. Transfectie van artrotische 

chondrocyten als mogelijke “voorbehandeling” leek echter een beperkt effect te hebben.  In 

hoofdstuk 5 blijkt dat cellen, die voorafgaande aan hun incorporatie in klinisch toegepaste 

hydrogelen met hsa-miR-148a zijn behandeld, alleen een remming van MMP13 laten zien, 

terwijl eerder gepubliceerde data met hsa-miR-148a in een kweeksysteem zonder gelen en met 

hertransfectie ook een duidelijk regeneratief effect te zien gaven.  

Om de klinische toepasbaarheid in vivo van de thermoresponsieve gel die in hoofdstuk 4 beschreven 

is, werd in hoofdstuk 6 deze hydrogel geladen met de onstekingsremmer celecoxib en geïnjecteerd 

in een hondenmodel van spontane tussenwervelschijfdegeneratie. Intradiscale injectie was veilig, 

zonder symptomen van herniëring of progressie van de degeneratie. De afgifte van celecoxib 

resulteerde in een niet- significante daling van de PGE
2
 productie, mogelijk omdat het doelenzym 

COX-2 niet of in mindere mate actief was in dit diermodel of dit stadium van degeneratie.

De studies in dit proefschrift leveren nieuwe inzichten op in de mogelijkheden van 

toekomstige nieuwe behandelingen voor artrose of chronisch lage rugpijn door 

tussenwervelschijfdegeneratie. De onderwerpen omvatten veiligheid en efficiëntie op cel- 

en preklinisch niveau en laten zien dat er mogelijkheden maar ook uitdagingen zijn. Verder 

onderzoek zou vertaling naar de klinische praktijk uiteindelijk mogelijk kunnen maken.
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