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1.    INTRODUCTION 

 

Musculoskeletal disorders are the major cause of disability and discomfort 

among adults in the United States [1]. Osteoarthritis, trauma, developmental issues, 

sports injuries, and motor accidents commonly cause cartilage and its underlying 

subchondral bone damage. Currently, there are no effective treatment such as 

autologous chondrocyte implantation, osteochondral autograft transfer system and 

marrow stimulation as they don’t have the potential to regenerate the native like 

cartilage [2-5]. Therefore, cartilage, bone or osteochondral tissue engineering are 

expected to provide a solution by offering functional native-like cartilage, bone or 

osteochondral interfaces. One of the major issues in translating major breakthroughs of 

tissue engineering to clinics is the lack of adequate non-invasive characterization 

procedures at all stages of tissue growth, from cell seeding to post-implantation. 

Magnetic resonance spectroscopy (MRS) and imaging (MRI) are leading non-invasive 

characterization techniques for engineered cartilage and bone tissues [6-10]. The major 

advantage of MR techniques is in their easy translation to clinics. Much of the current 

efforts in MR characterization of engineered tissues are focused on a single tissue type, 

however, in particular region such as osteochondral interfaces, the comparative MR 

properties of cartilage and bone tissues is of utmost interest.  

In the first study, as a first step to characterize osteochondral tissues, we 

established an MRI characterization protocol for tissue-engineered bone and tissue-

engineered cartilage. For this study, osteogenic and chondrogenic tissue constructs 
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were developed by seeding HMSCs (2 million/ml) in collagen/chitosan gel at the ratio 

of 1:1 and differentiated with osteogenic and chondrogenic growth media. We 

compared proton and sodium MRI properties of these tissue constructs and the control 

collagen/chitosan gel at 11.7 T (1H freq. = 500 MHz) microimaging MRI system. We 

found that, the development of bone and cartilage was clearly distinguishable using 

both proton and sodium MRI.  

In second study, we present preliminary MRI data for chondrogenic 

differentiation of human bone marrow derived stem cells seeded onto the specially 

designed “polymer-hydrogel” osteochondral matrices to separate out various 

contributions in water MR parameters. The scaffold system used in this study is 

uniquely designed to best support osteochondral defect repair and regeneration. The 

proton T1, T2 and diffusion MRI experiments were performed on these chondrogenic 

scaffolds for scaffold only, tissue-engineered cartilage (scaffold with cells and ECM), 

and fixed tissue-engineered cartilage using a 11.7 T (1H freq. = 500 MHz) microimaging 

MRI system. Though the contribution of scaffold in MR parameter is found to be the 

most dominate, we made an attempt to identify the contribution of ECM and cells in 

water T2 relaxation time.  
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 2.    THEORY 

 

 

2.1 Tissue Engineering 

Tissue engineering is an emerging multidisciplinary field involving 

engineering, medicine and biology to replace damaged tissue or organs to promote the 

health and quality of life for patients worldwide. It uses a combination of cells, 

biocompatible scaffolds, and suitable signaling molecules to improve or replace 

biological functions. In the early stage of tissue engineering, readily available 

biocompatible materials were used that had potential for growth. However currently, 

advanced complex tissue engineered materials strategies are being employed that have 

potential to replace the native tissue using the natural mechanisms for repair, 

remodeling and regeneration [11]. The central paradigm underlying tissue engineering 

is the creation of neotissue, which is achieved by seeding cells onto a bioadsorbable 

scaffold matrix with incorporated growth factors [12]. This matrix acts as a three-

dimensional scaffold until proliferating cells produce sufficient ECM, which is followed 

by scaffold degradation, neotissue formation, and growth. The basic building blocks of 

tissue engineering are illustrated in Figure 1 and explained in following sections.  
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Figure 1: Basic building blocks of tissue engineering. This figure is inspired by [13]. 

 

2.1.1. Cells 

Cells are the most basic functional and structural units of tissues and organs. 

Tissue engineering uses either autologous cells (stem cells from same person) or stem 

cells from other donor. Stem cells are derived from different sources like embryonic 

tissues, fetal tissues, cord blood and adult tissues (different kind throughout the body). 

Based on their origin these stem cells possess varying capacity to multiply and 

differentiate. The fertilized egg, Zygote, is referred as totipotent as it has the highest 

degree of plasticity.  After fertilization, zygote begins to divide and form a blastocyst. 

Cells derived from the blastocyst of embryo are called embryonic stem cells. They have 

the capability of dividing into endodermal cells, ectodermal cells and mesodermal cells. 

These cells are also called ‘pluripotent’ stem cells as they have the potential to become 

more than 200 types of cells in the body. After 8 weeks, embryo referred as fetus and 

these fetal stem cells as designed as “multipotent”, as they are more tissue specific [14]. 

A more advanced stage of development is the adult stem cells, and they can be found in 
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blood, bone marrow, cornea, brain, skin, liver, skeletal muscle, gastrointestinal tract, 

dental pulp of teeth and pancreas [15].   Figure 2 illustrates the differentiation of stem 

cells from zygote to adult tissue specific stem cells. 

 

 

Figure 2: Stem cell differentiation diagram. This figure is inspired by [14]. 
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2.1.2. Biomaterials/ Scaffold 

When a tissue is severely damaged, it will cause damage to a large number of 

functional cells and also tissue matrix that is called extracellular matrix (ECM).  Small 

molecule drugs or recombinant proteins do not potential to restore this loss.  Therefore, 

for creating a neotissue, we need to provide an artificial or biologically derived ECM for 

cells. In tissue engineering, scaffolds ac as a substitute for native ECM.  The scaffold 

provides a three-dimensional (3-D) structure for the proliferation of cells into the 

targeted tissue. The important function of scaffold is to create an environment that 

enables 3-D cell growth and neotissue formation for providing a structure for 

organizing dissociated cells into an appropriate tissue [19].  There are two types of 

biomaterials/polymers utilized for scaffold fabrication: natural and synthetic. These 

biomaterials are selected based on their biocompatibility, mechanical property and 

bioadsorbability. Mostly, natural biodegradable polymers have been explored as they 

have the advantage of potential for offering more biocompatible template on which 

cells grow [16]. Table 1 lists some commonly used polymers in tissue engineering 

applications.  
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Natural Biomaterial 

 

Synthetic Biomaterial 

 

Collagen 

Chitosan 

Fibrin 

Elastin 

Glycosaminoglycan [GAG] 

 

Poly (glycolic acid) [PGA] 

Poly (L-lactic acid)[PLLA] 

Copolymer poly (lactic-co-glycolic 

acid)[PLGA] 

Poly (ethylene glycol)[PEG] 

Polyhydroxyalkanoate [PHA] 

 

Table 1: Some common natural and synthetic polymers used in tissue 

engineering [11]. 

 

2.1.3. Growth factor 

Regulatory biomolecules (growth factors) and cytokines are released by 

different sorts of cells in a diverse manner to carry out a specific reaction. The factors 

that are associated with cells involved in the immune system are referred as cytokine, 

but in many instances it is used as a synonym for cytokines. Depending upon the tissue 

and the site where the regeneration is expected, different growth factors are used. Here 

are commonly used growth factors in tissue engineering: epidermal growth factors 

(EGFs), fibroblast growth factors (FGFs), platelet derived growth factors (PGFs), insulin 

like growth factors (IGFs), transforming growth factors (TGF-B), and bone morphogenic 

proteins (BMPs) [17]. 
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2.2 Cartilage Tissue Engineering  

Currently, the diseased or damaged cartilage tissue is treated using marrow 

stimulation, autologous chondrocyte implantation and osteochondral autograft transfer 

system [9, 18]. However these treatment options are inadequate for long-term 

restoration of cartilage function. Tissue engineered cartilage is expected as a potential 

alternate to regenerate the biomechanical and functional properties of native like 

cartilage. The main components of cartilage tissue are chondrocyte cells and ECM. The 

cartilage ECM is made up of tissue water, type II collagen, proteoglycans, glycoproteins 

and non- collagenous proteins.  The engineered cartilage also has the components of 

native articular cartilage but with a higher quantity of stem cells, chondrocytes, along 

with a high amount of proteoglycans than collagen and random/short collagen, type II 

fibrils. Figure 3 highlights few key differences between native articular cartilage and 

engineered cartilage derived from stem cells and scaffold based tissue engineering [9].  
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Figure 3: Schematic diagram of native articular cartilage tissue and engineered cartilage 

tissue [20] 

 

2.3 Bone Tissue Engineering  

Tissue engineered bone has been viewed as a potential method to replace the 

conventional use of bone grafts, bone bracing and many more methods used to treat 

bone damages. Bone is developed by two distinct processes: Intramembranous 

ossification and Endochondral ossification. Intramembranous ossification is a process in 

which mesenchymal stem cells (MSC) are differentiated into osteoblasts and directly 

form bone. Endochondral ossification is another process, which involves the formation 

of primitive cartilaginous tissue, which then undergoes calcification resulting in the 

formation of new bone by mesenchymal stem cells. [18] 

The cells that are responsible for synthesis and mineralization of bone during 
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bone formation are osteoblasts. They are formed by the differentiation of osteogenic 

cells or osteogenic differentiation of mesenchymal stem sells. During cellular 

differentiation, osteoblasts produce many cell products including the essential enzyme 

alkaline phosphatase, hormones such as osteocalcin and collagen, type I. Alkaline 

phosphatase (ALP) converts organic phosphate to inorganic phosphate, resulting in the 

formation of calcium phosphate crystals which get deposited on the newly synthesized 

ECM that provides further cues for mineralization. 

 

2.4 Osteochondral Tissue Engineering 

Osteochondral tissue engineering is a developing strategy that combines both 

cartilage and bone tissue engineering fundamentals for the regeneration of cartilage, 

bone and  cartilage-bone interface. Cartilage can be distinguished into four different 

zones as shown in Figure 4. The outermost layer is the superficial zone, which is 

composed of 10-20% of the cartilage. The next layer is the middle zone, which 

comprises the most part of cartilage around 40-60%, and the last layer is deep and 

calcified cartilage zone, which is comprised of remaining thickness [21].  
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Figure 4: Osteochondral structure showing different zones of cartilage, bone and their 

interface. The figure is inspired by [53] 

 

Each of these zones is defined by unique composition of cells and different 

proportions of ECM components. The superficial zone has a low amount of 

proteoglycan, densely packed cells and collagen fibrils that are parallel to the articular 

surface [22-25]. Middle zone is rich in proteoglycan and has less number of cells and 

obliquely oriented collagen fibrils [26,27]. The deep zone contains even smaller amount 

of proteoglycans compared with the middle zone and here, the cells and collagen fibrils 

are perpendicularly oriented to the articular surface [25]. Below the deep zone, there is 

a thin layer called “tide mark” that marks the transition from the deep zone to the 
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calcified zone. This zone has a smallest amount of collagen fibrils when compared with 

the deep zone that traverse through this tidemark layer [28]. Subchondral bone is the 

innermost region of the osteochondral structure and is composed of bony lamella and 

the trabeculae. This area provides most of the mechanical support to the joint. 

Underneath the subchondral bone is a region called cancellous bone with a solid mass 

of bone [29]. Because of the difference in the mechanical properties and biological 

composition of cartilage and bone, this interface is a complex tissue. Hence the design 

and fabrication of engineered osteochondral construct is a challenging task for the 

tissue engineers. 

 

2.5 Magnetic Resonance Imaging (MRI) 

Magnetic resonance imaging (MRI) is one of the most powerful and complex 

analytical techniques used worldwide in many different fields. MRI is a non-

destructive technique with resolution of tens of microns and is used to produce high 

quality images of a given sample [30]. MRI relies on the magnetic properties of the 

atomic nucleus. When nuclei are placed in a strong magnetic field, nuclei resonate at a 

particular frequency in the radio frequency (RF) range of the electromagnetic spectrum.  

An important feature of MRI is that the excitation is done by RF pulses that are low 

energy non ionizing radiations [31]. Therefore, MRI is considered safe when 

compared to X-ray when applied to humans in clinical settings.  As MRI is a 
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noninvasive technique; it can generate 2- dimensional and 3-dimensional images 

without slicing or dicing the sample [32].  

 

2.5.1. Principles of MRI 

a) Nuclear spin and magnetic moment. 

Nuclei with odd number of protons and neutrons exhibit a special property 

called nuclear spin. All the atoms have atomic and mass number, from which we can 

calculate the nuclear spin, I.  

Mass Number (No. of 

proton + No. of 

Neutron) 

Atomic Number (No. of 

proton) 

Nuclear Spin (I) 

Even Even 0 

Odd Even or odd ½, 3/2, 5/2… 

Even Odd 1,2,3…. 

 

Table 2: Rules for determining the net spin of a nucleus [34]. 

According to quantum mechanics, a nucleus whose nuclear spin is I, will have 2I + 1 

possible orientations when placed in an external magnetic field. Normally, in the 

absence of a magnetic field, nuclei will be randomly oriented with equal energy. 

However, when these nuclei are placed in an external magnetic field (B0), the energy 

levels split and their directions will be aligned in the direction of external magnetic 

field or oppose the external magnetic field as shown in Figure 5. The difference in 

energy ΔE between the two levels is proportional to the strength of the external 
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magnetic field strength.  

ΔE = hν0 =  hγB0/2π 

Where h is Planck’s constant,  ν0 is resonant frequency and γ is the gyromagnetic ratio. 

Proton 1H  is the most abundant (99.9%) naturally occurring nucleus with a non-

zero spin and hence 1H – MRI is frequently used in measurements [48]. Water is the 

most abundant substance in human body, therefore, water proton MRI is a common 

diagnostic tool used in clinics. There are other biologically relevant nuclei like sodium 

(23Na), carbon (13C), oxygen (17O), nitrogen (15N), phosphorus (31P) etc., that possess 

nuclear spins and hence can be observed using MRI.  

 

 

Figure 5: Magnetic   moment vectors pointing   (a) in random directions   in the absence of 

external magnetic field b) aligned in the presence of external magnetic field. The figure is 

inspired by [32]. 
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b) Larmor Frequency 

When an external magnetic field is applied to the system, the nuclei precess 

around (B0). The frequency of precession is proportional to the strength of the magnetic 

field and is as termed the Larmor frequency (ω0). The Larmor frequency is equivalent to 

the resonant frequency that cause the transition between the two energy levels of the 

spin and it is given by the following equation:  

ω0 = γB0 

c) Encoding 

Normally, in any system image is obtained by two steps. First, spatial 

information is encoded into a measurable signal and then, encoded signal is decoded to 

produce an image. In MRI, the spatial encoding process is accomplished by acquiring 

NMR signal. Encoding comprises of slice selection and spatial encoding within the 

slice.  

 Slice selection is achieved by applying a slice-selective RF excitation 

pulse that excites the spins in the chosen particular slice.   

 Spatial encoding within the slice is then done by the application of 

frequency encoding and phase encoding gradients which allow the 

encoding of spatial location. 

  The frequency encoding gradient encode signals into different 

frequencies, depending upon the spatial information toward the 

gradient 
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 The phase encoding gradient encodes the spatial signal location by 

different spin phases.  The number of phase encoding gradients is 

directly related to the spatial resolution. 

 K space is defined as the space covered by the frequency encoding and 

phase encoding data. Hence the number of points in the k-space is 

dictated by the number of frequency encoding steps and phase encoding 

steps indicated   in the pulse sequence.  Once all the k space has been 

assembled, Fourier transform (FT) is applied to reconstruct the image. 

 

d) Relaxation processes  

When RF signal is applied, the nuclei that have been aligned along the magnetic field 

are excited from lower to higher energy state. Once the excitation pulse has been turned 

off, these nuclei then return back to their lower energy equilibrium state. This process is 

known as relaxation. There are two mechanisms of relaxation for nuclear spins: Spin - 

lattice (longitudinal) relaxation and Spin - spin (transverse) relaxation.  

 

i. Spin - lattice relaxation (T1) 

 
Equilibrium magnetization M0  is the net magnetization vector along the 

direction of the applied magnetic field B0 at equilibrium condition. When RF pulse is 

applied, it turns away magnetization from z to xy direction. When the RF pulse is 

terminated, nuclei in the higher energy state will lose their excess energy to 
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surrounding environment (or lattice). The time taken by the nuclei to returns back to its 

equilibrium state is called the spin lattice relaxation time (T1). The Longitudinal 

magnetization, MZ  is given by following equation,  

 Mz = Mo ( 1 - e-t/T1) 

 

ii. Spin - spin relaxation (T2) 

 
  The net magnetization which is placed in the XY plane will rotate about their Z 

axis and starts to dephase after the 90° pulse. The time constant, which describes the 

rate of decay of transverse magnetization, MXY to its equilibrium state, is called the 

spin-spin relaxation time, T2. In biological samples, usually, the recovery of 

magnetization in the Z-axis occurs slower than the decay of the magnetization from the 

transverse plane.  Consequently, T2 is always less than or equal to T1 [33]. 

MXY =MXYo e-t/T2 

 

e) Pulse sequence 

  A pulse sequence is a series of defined RF pulse and magnetic field gradient 

pulse arranged in a time sequence to control NMR signal reception. Fourier transform 

is a mathematical operation, which converts these signals from the time domain to the 

frequency domain as the NMR Spectrum. There are two most important time 

parameters in the pulse sequence: Repetition time (TR- Time between consecutive 90° 
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RF pulse) and the echo time (TE - Time between the application of 90° RF pulse and the 

echo). There are an infinite number of possibilities of pulse sequences.  NMR signal, 

free induction decay  (FID) is the primary transient signal in MRI. When RF pulse is 

turned off, magnetization M in the xy plane precess about z and this oscillating signal, 

decays as a function of time. This process is called FID. 

 

i. Spin Echo 

The spin echo sequence is the most commonly used pulse sequence in MRI 

experiments. In this sequence, a 90° RF pulse is applied to the system, which rotates the 

magnetization down to XY plane. This is followed by a 180° refocusing pulse, which 

causes the magnetization to recover and form an echo as shown in Figure 6. By varying 

TR and TE in the sequences, we can get T1-weighted image (short TR and short TE), 

Proton or spin density (a long TR and short TE {first echo}), or T2-weighted images (a 

long TR and long TE {second echo}). 

 

Figure 6: Spin echo pulse sequence timing diagram [35]. 
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ii. Inversion Recovery (IR) 

 IR pulse sequence is a commonly used pulse sequence for T1 measurement. In this 

pulse sequence, a 180° inverting pulse is first applied. This rotates the net 

magnetization MZ, through 180°. The magnetization undergoes T1 relaxation and 

relaxes back to B0. A 90° RF pulse is applied before it reaches an equilibrium (Figure 7). 

The time interval between the starting 180° pulse and the following 90° pulse is known 

as Inversion time. This 90° RF pulse brings the remaining longitudinal magnetization 

into the transverse plane where it can be detected by the RF coil. 

 

 

Figure 7: Inversion recovery pulse sequence timing diagram [49]. 
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iii. Carr-Purcell-Meiboom-Gill pulse sequence (CPMG) 

CPMG pulse sequence is commonly used pulse sequence to measure T2 relaxation 

times.  In this sequence, 90° RF pulse is applied, followed by an echo train (series of 

180° RF rephrasing pulses and their corresponding echoes) induced by successive 180° 

pulses as shown in Figure 8. 

 

 

Figure 8: CPMG pulse sequence timing diagram [50]. 

 

iv. Multi slice Multi Echo Sequence (MSME) 

Multi Slice Multi Echo (MSME) pulse sequence uses CPMG pulse sequence 

with slight variation. In CPMG pulse sequence, 90° RF pulse is applied, followed by 

successive 180° pulses with TE and acquisition periods as shown here. 90°)-(TE/2)-

(180°)-(TE/2)-(acq). In MSME, the same sequence is repeated for n times as (90°)-
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(TE/2)-(180°)-(TE/2)-(acq) -(TE/2)-(180°)-(TE/2)-(acq)-(TE/2)-(180°)-(TE/2)-(acq)-...  as 

illustrated in Figure 9 and this sequence produces n images. 

 

Figure 9: Multi slice multi echo sequence timing diagram [51]. 

 

v. Diffusion weighted spin echo pulse sequence 

 Diffusion weighted spin echo sequence is commonly used pulse sequence to 

measure ADC value.  In this sequence, 90° RF pulse is applied, followed by two 

symmetrical gradient lobes placed on either side of the 180° refocusing pulse in a spin 

echo sequence (Figure 10).  The strength of the applied gradient field and the square of 

the diffusion time during which the gradients are switched on are proportional to 

dephasing. Diffusion weighting becomes more feasible because of this sensitive 

gradient sequences and the use of high field gradient systems. 
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Figure 10: Diffusion weighted spin echo sequence timing diagram [52]. 

 

2.5.2. MRI Hardware 

 

The MRI system consists of the following hardware components, which 

is shown in Figure 11. 

 The most important and expensive component of MRI system is the main 

magnet. These magnets are of superconducting type and produce a static 

magnetic field B0. The superconducting magnet is made of superconducting 

alloy (Nb/Ti) wire and is which is immersed in a liquid helium bath at 4.2K 

temperature. The coil and liquid Helium are placed in a can called Dewar, 

which is insulated by a vacuum jacket. The dewar is further cooled by liquid 

nitrogen at a temperature of 77.4K. When the sample is placed in this static 
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magnetic field B0, the nuclei of the sample will be aligned to this magnetic field 

and generate a net magnetization M along Z direction.  

 

 

Figure 11: Schematic diagram of MRI scanner and components. This figure is inspired by 

[36]. 

 

 There are 3 different types RF coils; 1) transmit and receive coils that transmits 

RF energy to nuclei of the sample that make them excite from lower energy to a 

higher energy level. They also receives NMR signal from the imaged object and 

convert them into electric signals. 2) transmit only coils, and 3) receive only 

coils. RF coils can also be grouped into two different classes. Volume coils, 

which provides a homogeneous RF excitation across a large volume and surface 
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coils, which is specially designed for small area samples to provide a high RF 

sensitivity.  

 The gradient system consists of three sets of coil in each direction. These coils 

are used to produce spatially varying gradients in the magnetic field, B0. These 

gradient coils play the vital role in the image slice selections as well as 

frequency and phase encoding. 

 

2.5.3. Sodium MRI 

Sodium is the second largest NMR active abundant nuclei found in human 

body. Sodium plays an important role in physiology and cellular metabolism in human 

body; therefore sodium MRI is a subject of increasing interest [37]. Sodium MRI has the 

potential to provide complimentary information that is available from standard water 

1H MRI. However, sodium MRI is a challenging technique due to the relatively low 

concentrations of sodium in biological tissues and low gyromagnetic ratio of sodium 

compared to protons. Many vital cellular functions depend on the maintenance of 

sodium concentration gradient. Healthy cells always maintain this concentration 

gradient while the impaired cell function leads to shift in this concentration gradient. 

Therefore, sodium is used as a biomarker for cancerous tissue. Sodium MRI is also used 

for quantification of sodium tissue for monitoring disease or the observing the tissue 

sodium in intracellular component. 
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3.    MRI CHARACTERIZATION OF OSTEOGENIC AND CHONDROGENIC 
TISSUE CONSTRUCT 

 

 

 

In this study, we characterized tissue-engineered bone and tissue-engineered 

cartilage using MRI. We performed T1, T2 and ADC proton MRI experiments as well as 

sodium MRI experiments.  

 

3.1 Materials and Methods 

3.1.1. Sample Preparation 

HMSCs (2 million/ml) were seeded in a matrix gel containing 1 mg/mL type I 

collagen and 1 mg/mL chitosan at 1:1 ratio. The osteogenic differentiation of HMSCs 

was directed with the aid of 100 g/mL ascorbic acid, 10 mM -glycerophosphate, and 

10 mM dexamethasone in the differentiation media, whereas the chondrogenic 

differentiation was directed with the aid of 1% FBS, 1 mM dexamethasone, 50 mg/mL 

ascorbate-2 phosphate and 10 mg/ml TGF- in MEM differentiation media [6]. The 

samples were decellularized and kept in the refrigerator at -4 °C prior to MRI 

experiments. Figure 12 illustrates the schematic of sample preparation. 
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Figure 12: Schematic of chondrogenic and osteogenic construct preparation 

 

3.1.2. Biochemical analysis 

The figure 13 illustrates the confocal images of osteogenic and chondrogenic 

constructs stained for different ECM proteins. Fibronectin was used as positive control 

and tubulin served as negative control for the presence of intracellular protein.  It is 

evident from the image that osteogenic proteins such as DMP1 were present in 

negligible quantities in the chondrogenic construct.  Additionally, VEGF, the pro 

angiogenesis growth factor was absent in the chondrogenic construct.  Cartilage being 

an avascular tissue necessitates that the chondrogenic constructs should not promote 

vascularization in vivo.  Therefore, the absence of VEGF and reduced DMP1 indicated 

that the chondrogenic construct was anti osteogenic and pro chondrogenic in nature. 
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Figure 13: Confocal images of osteogenic and chondrogenic constructs stained for 

different ECM proteins. 

 

3.1.3. Proton MRI measurements 

The MRI measurements were performed using a Bruker 500 MHz (11.7 T) 

micro-imaging facility controlled by the Bruker imaging software Paravision 4.0 using a 

5 mm proton RF coil (Figure 14). The samples were washed by HBSS (Hank's Balanced 

Salt Solution) and placed on top of 1% agarose gel in a 5 mm tube. Fluorinert oil was 

added for filling the RF coil volume. The T2 weighted image was acquired using a 

FLASH sequence [54]. The experimental parameters were: TE = 13ms, TR = 1000ms, 

FOV = 6 mm x 6 mm, matrix size = 128 x 128, slice thickness = 0.5 mm. The T1 

parametric map was acquired using RAREVTR pulse sequence (RARE with variable 

TR) [55]. The experimental parameters were TE = 11.5 ms, TR (12 steps) = 114, 303, 512, 

745, 1010, 1314, 1674, 2112, 2675, 3460, 4772, and 5500 ms, FOV = 6 mm x 6 mm, matrix 

size = 128 x 128, slice thickness = 0.5 mm. The T2 relaxation time measurements were 
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measured using MSME pulse sequence (multi slice multi echo) [51]. The experimental 

parameters were TE = 7.2 ms, TR = 4000 ms, FOV = 6 mm x 6 mm, matrix size = 128 x 

128, slice thickness = 0.5 mm. The apparent diffusion coefficient (ADC) was obtained 

using diffusion weighted spin echo MRI sequence [52]. The experimental parameters 

were TE = 25.643ms, TR = 5000ms, b values (mm^2/s) = 13, 213, 513, 813, 1213, 1613, 

FOV = 6 mm x 6 mm, matrix size = 128 x 128, slice thickness = 0.5 mm. The T1, T2 and 

ADC maps were calculated by fitting voxel-by-voxel signal intensity to the single 

exponential fitting curve using a custom written Matlab program. The average value 

was derived from ROI of sample area. 

 

 

Figure 14: (a) Bruker 500 MHz (11.7 T) micro-imaging facility, (b) Proton and proton/ 

sodium double tuned 5mm RF coil. 
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3.1.4. Sodium MRI measurements 

The 23Na MRI measurements were performed using a Bruker 500 MHz (11.7 T) micro-

imaging facility controlled by the Bruker imaging software Paravision 4.0 using a 5 mm 

double tuned proton/sodium RF coil. The 23Na MRI images were acquired using the 

gradient echo with flow compensation (GEFC) pulse protocol.  The experimental 

parameters were TE = 2 ms, TR = 100ms, FOV = 6 mm x 6 mm, matrix size = 128 x 128, 

slice thickness = 0.5 mm. The sodium concentration was calculated by using PBS (23Na 

conc. = 154 mM) as a reference. 

 

3.2 Results and Discussions 

3.2.1. Proton MRI experiment 

 

 

 

 

 

Figure 15: Axial slices from T2 weighted MRI images of osteogenic scaffolds (left) and 

chondrogenic scaffolds (right) 

 

 

We acquired T1, T2 and ADC maps for osteogenic and chondrogenic constructs along 

with control collagen/chitosan gel. Figure 16 shows T1, T2 and ADC maps for 
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chondrogenic construct, osteogenic construct and the control along with the region of 

interest (ROIs) used for parameter calculation. Table 2 gives the calculated T1, T2 and 

ADC values for these samples along with their standard deviation. From the table, it is 

clear that there is no significant difference in the T1 values of both osteogenic and 

chondrogenic constructs. However, the T2 is found to be lower for osteogenic constructs 

when compared to chondrogenic constructs and both these values are lower than the gel 

T2. It is interesting to note that the T2/T1 ratio of osteogenic constructs is smaller as 

compared to the chondrogenic constructs. The values are: Osteo: T2/T1 = 0.025, Chondro: 

T2/T1 = 0.044. Also from the T2 weighted proton MRI images of osteogenic and 

chondrogenic constructs (shown in Figure 15) we can notice a clear difference in these 

constructs. The T2 weighted MRI image of osteogenic constructs is much darker as 

compared to chondrogenic constructs because of the shorter T2 for osteogenic construct. 

It also shows dark spots that may be coming from the mineral deposits in these 

constructs.  
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Figure 16: T1, T2 and ADC maps of chondrogenic construct, osteogenic construct and 

control gel in Fluorinert oil. 
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 Proton relaxation times 

for osteogenic and 

chondrogenic tissue 

constructs 

Proton relaxation times (in Fluorinert 

oil) 

T2  

(ms) 

 

T1 

(s) 

 

ADC  

10-3 (mm2/s) 

 

Chondrogenic  39.4 ± 1.9 0.89 ± 0.3 0.0016 ± 0.0002 

Osteogenic  
24.7 ± 3.6 

 

0.97 ± 0.5 

 

0.0019 ± 0.0006 

 

Collagen/Chitosan Gel 
67.4 ± 2.7 

 

0.99 ± 0.3 

 

0.0019 ± 0.0007 

 

 

Table 3: Calculated mean and standard deviation of proton MRI parameters in 

collagen/chitosan gel, osteogenic and chondrogenic constructs 

 

Apparent diffusion coefficient (ADC) is a well-known method, for measuring 

magnitude of water molecules mobility within the sample [38]. From the calculated 

value, we found that the ADC values were higher in the osteogenic construct than the 

to chondrogenic constructs. It is noted from the maps that chondrogenic constructs are 

very homogeneous whereas the osteogenic construct shows mixture of very low and 

high ADC values. These low ADC spots may be due to mineral deposits in osteogenic 

constructs. 

 

3.2.2. Sodium MRI experiment 

Finally, we utilized sodium MRI for proteoglycans quantification. As the 

Proteoglycans are negatively charged macromolecules, it will bind with positive 

sodium ions. Hence sodium concentration in the chondrogenic samples is 
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proportional to the concentration of proteoglycans (PG) and this method can be 

potentially used for PG quantification in engineered cartilage tissues [39]. Figure 13 

shows sodium MRI image acquired using the double tuned sodium/proton RF coil 

at 11.7 T MRI system. Table 4 shows the Calculated average sodium concentration 

for osteogenic and chondrogenic tissue constructs.  From the calculated values, we 

noticed that higher sodium concentration in chondrogenic constructs as compared 

to osteogenic constructs because of high amount of proteoglycans in these 

constructs. 

 

 

 

Figure 17: Image obtained from sodium MRI 

experiment at 11.7 T (left – osteogenic construct 

and right – chondrogenic construct) 
 

Table 4: Calculated average sodium 

concentration for osteogenic and chondrogenic 

constructs using sodium MRI 

 Sodium Concentration 

Chondrogenic 

construct 
189 mM ± 12 mM 

Osteogenic 

construct 
152 mM ± 20 mM 

 

 

 

 

 

  

  

  



 

34 
 

3.3 Conclusion 

These results demonstrate the potential of multinuclear MRI in 

characterization of chondrogenic and osteogenic tissues. These techniques may 

be especially useful in preclinical and clinical studies for monitoring 

osteochondral interfaces that exhibit both bone and cartilage layers. 
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4.    MRI CHARACTERIZATION OF POLYMER - HYDROGEL SCAFFOLD, 
ECM, CELLS 

 

 

Current MRI characterization technique for engineered cartilage tissues are 

based on correlation of water MR parameters, for example the relaxation times T1 or T2, 

with extracellular matrix components, proteoglycans and collagen [7, 9]. This approach 

is based on such correlation of MR parameter with ECM in natural cartilage tissue [7]. 

However, engineered tissues have high amount of cells (stem cells and chondrocytes) 

and a biocompatible scaffold not found in natural tissues (show in Figure 3), therefore 

there is a need to develop new tools. Currently, MRI characterization of engineered 

cartilage ignores the interaction of water protons with cells that includes both 

intracellular and extracellular spaces, and biocompatible scaffolds. These are often the 

dominating contributions in water MR parameters of growing engineered tissues. In 

the current study, we present preliminary MRI data for chondrogenic differentiation of 

human bone marrow derived stem cells seeded onto the specially designed “polymer-

hydrogel” osteochondral matrices to separate out various contributions in water T2 

relaxation time. The scaffold system used here is uniquely designed to best support 

osteochondral defect repair and regeneration. The MRI characterization of these 

chondrogenic scaffolds was performed for scaffold only, scaffold with cells and ECM, 

and acellular scaffold with ECM. We identified the contribution of ECM and cells in 

water T2. 
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4.1 Materials and Methods 

 

4.1.1. Scaffold Preparation 

Stem cell differentiation is regulated by numerous cues in their 

microenvironment.  The porous 3D tissue scaffold provides those cues and is the basis 

of tissue engineering. These scaffolds provide more physiological conditions to stem 

cells and allow for the development of discrete tissues [40, 41]. In tissue engineering, 

the most important thing is the design of a proper scaffold, which provides necessary 

biological and mechanical environment to the encapsulated cells. In order to yield 

functional native like cartilage tissues, 3D encapsulation of stem cells with hydrogels 

have been identified as excellent materials. These scaffolds are remodeled into tissue 

like structures by the deposition of ECM proteins produced by the cells within the 

scaffold. Hydrogels possessing high water content were used as biomaterials for tissue 

engineering because of their efficiency in transporting nutrients and waste products 

and unique biocompatibility [42]. 

In this project, we used hydrogel-based scaffold “Polymer-Hydrogel” with 

tuned gradient properties [43, 44]. Oil-in water emulsion of poly (85 lactide-co-15 

glycolide) (PLGA) polymer solution was fabricated into microspheres. These PLGA 

microspheres were combined with increasing NaCl porogen from bottom to top using 

the thermal sintering and porogen leaching matrix fabrication method [39]. Then bone 

marrow derived human mesenchymal stem cells (BM-hMSCs) were combined with 

puramatrix hydrogel. This human bone marrow stromal cells (500 K/scaffold) 

embedded in the hydrogel were added to the pores of the gradient matrix and the cell-
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seeded matrices were cultured in chondrogenic media for cellular differentiation and 

matrix formation [45]. The figure 18 illustrates the schematic diagram of the scaffold 

fabrication process. The scaffolds were 4 mm in diameter and 8 mm in height. For 

comparing the MRI parameters, we performed experiments in empty scaffold, scaffold 

on day 7, 19 and 26with and without cells. These Acellular measurements were done by 

fixing the samples using formalin overnight. The next day samples were washed three 

times in culture medium before MRI measurements to remove any excess formalin. 

 

 

Figure 18: Schematic diagram of “Polymer-Hydrogel” scaffold    fabrication 
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4.1.2. Biochemical Analysis 

Immunofluorescence staining was performed on the scaffold after 500,000 cells 

were seeded and cultured for 21 days is shown in Figure 19.  From this biochemical 

analysis, the production of proteoglycans and collagen was confirmed. 

 

 

Figure 19: Immunofluorescence staining on the “Polymer Hydrogel “scaffold 

showing chondrogenesis of stem cells 

 

 

4.1.3. Proton MRI measurements 

The MRI measurements were performed using a Bruker Avance DRX 11.7 T 

(500 MHz) micro-imaging facility controlled by the Bruker imaging software Paravision 

4.0 using a 5 mm proton RF coil. The experiments were performed in chondrogenic 

growth media to preserve the natural environment of engineered tissues. The 1H MRI 

experimental parameters were. The T1 parametric map was acquired using RAREVTR 

pulse sequence (RARE with variable TR) [55]. The experimental parameters were TE = 

11.447ms, TR (ms) = 113.8, 303.1, 511.9, 745.4, 1009.7, 1314.2, 1673.7, 2112.3, 2674.7, 

3460.2, 4771.8, 5500 with 12 steps, FOV = 10 mm x 10 mm, matrix size = 128 x 128, slice 
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thickness = 0.5 mm, In-plane resolution = 0.078 mm x 0.078 mm, number of slices = 7. 

The T2 relaxation time measurements were measured using MSME pulse sequence 

(multi slice multi echo) [51]. The experimental parameters were TE = 7.2ms, TR = 

4000ms, FOV = 10 mm x 10 mm, matrix size = 128 x 128, slice thickness = 0.5 mm, In-

plane resolution = 0.078 mm x 0.078 mm, number of slices = 7. The apparent diffusion 

coefficient (ADC) was obtained using diffusion weighted spin echo MRI sequence [52]. 

The experimental parameters were TE = 25.6 ms, TR = 5000 ms, b-values (s/mm^2) = 

13.3, 212.8, 512.8, 812.8, 1212, 1612, FOV = 10 mm x 10 mm, matrix size = 128 x 128, slice 

thickness = 0.5 mm, In-plane resolution = 0.078 mm x 0.078 mm, number of slices = 7. 

 

4.2 Results and Discussions 

The various contributions in MR relaxation times and diffusion coefficients can 

be written as  

(1) 

The T2 values for cells and ECM were calculated using the above equation 1 [47]. Table 1 

presents the measured T2 values in first three columns and calculated T2 values for cells 

and ECM independently as highlighted boxed for Day 7, 19 and 26. Figure 20 shows the 

T2 maps of these scaffolds with and without cells at day 7 and day 26 along with empty 

scaffold. Table 5 presents T1 and ADC values for scaffolds on Day 7, 19 and 26 along 

1

T2 (cells,  scaffold, ECM)
=

1

T2,scaffold

+
1

T2,cells

+
1

T2,ECM
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with empty scaffold.  

 

Polymer 

Hydrogel 

Scaffold with 

HMSCs 

T2 

(Cells 

+ECM+ 

Scaffold) 

(ms) 

T2 

(ECM+ 

Scaffold) 

(ms) 

T2 (Scaffold) 

(ms) 

T2 (ECM) 

(ms) 

T2 (Cells) 

(ms) 

Day 7 
88.04 (±0.2) 

[B] 

89.64 (±0.21) 

[D] 

96.88 (±0.34) 

[A] 
1251.8 894.2 

Day 19 89.33 (±0.31) 
101.91 

(±0.57) 

96.88 (±0.34) 

[A] 
880.9 608.6 

Day 26 
90.1 (±0.32) 

[C] 

113.7 (0.46) 

[E] 

96.88 (±0.34) 

[A] 
1016.2 619.8 

 

Table 5: Measured and calculated T2   for the scaffold system with and without cells, T2 for 

ECM growth only and T2  for cells at day 7,19 and 26. 

 

 

 

Figure 20: T2 maps for (A) scaffold (B) engineered cartilage (scaffold + cells + ECM) at day 7 

(C) engineered cartilage at day 26 (D) engineered cartilage-without-cells (ECM + scaffold) at 

day 7 (E) engineered cartilage-without-cells at day 26. The color bar is in ms. 
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It is clear from the table that the contribution of water-scaffold interaction in T2 

is the most dominating contribution for these engineered tissues. It would hinder the 

observation of growing ECM and proliferating and differentiating BM-hMSCs in 

chondrocytes if not accounted for.  

Polymer 

Hydrogel 

Scaffold 

with 

HMSCs 

T1 

(Cells 

+ECM+ 

Scaffold) 

(s) 

T1 

(ECM+ 

Scaffold) 

(s) 

T1 

(Scaffold) 

(s) 

ADC 

(Cells 

+ECM+ 

Scaffold) 

(10-3 

mm2/s) 

ADC 

(ECM+ 

Scaffold) 

(10-3 

mm2/s) 

ADC 

(Scaffold) 

(10-3 

mm2/s) 

Day 7 
3.59 

(±0.005) 

3.62 

(±0.004) 

3.39 

(±0.006) 

2.46 

(±0.002) 

2.57 

(±0.001) 

2.54 

(±0.001) 

Day 19 
3.26 

(±0.007) 

3.76 

(±0.005) 

3.39 

(±0.006) 

2.49 

(±0.001) 

2.51 

(±0.002) 

2.54 

(±0.001) 

Day 26 
3.23 

(±0.007) 

3.37 

(0.007) 

3.39 

(±0.006) 

2.51 

(±0.001) 

2.47 

(±0.001) 

2.54 

(±0.001) 

 

Table 6: Measured T1 and ADC for the scaffold system with and without cells at day 7, 19 

and 26. 

 

4.3 Conclusions 
 

This study shows that MR parametric imaging is sensitive to changes in 

scaffold properties, cell densities and ECM growth in growing engineered cartilage. We 

show that the contribution of scaffold and cells are non-negligible in water MR 

parameters. This contribution should be accounted for non-invasive MRI quantification 

of tissue growth for engineered tissues. T2 maps were found to be more sensitive to 

these contributions.  
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5. CONCLUSIONS AND FUTURE WORK 
 

 

 

From these studies, we can demonstrate the potential of multinuclear MRI in 

characterization of chondrogenic and osteogenic tissues. These techniques may be 

especially useful for osteochondral constructs which exhibit both bone and cartilage 

layers and can be used in preclinical and clinical studies. Hence we conclude that MRI 

is a powerful and sensitive tool to assess growing osteochondral tissue regeneration. 

Further work is underway to apply these techniques for non-invasive monitoring of 

osteochondral graft in vitro and in vivo in animal models. 
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