
 

 

 

An Integrated Approach to Optimize Vitrification of Articular Cartilage 

by 

Kezhou Wu 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

in 

Experimental Surgery 

 

 

Department of Surgery 

University of Alberta 

 

© Kezhou Wu, 2020



ii 

 

Abstract 

Articular cartilage (AC) is a few-millimetres-thick hyaline cartilage tissue covering the bone end 

in articulating joints. AC is composed primarily of cells called “chondrocytes” and abundant 

surrounding cartilage matrix components. AC is a vital structure in daily joint mobility function. 

Thus, it is important to maintain an intact AC structure. Due to the avascular and aneural 

anatomical nature, AC has a poor self-repair capacity after injuries. AC defects over 1 cm2 often 

progress into osteoarthritis if not properly treated. While osteochondral graft transplantation is an 

effective method of AC defect repair, it is limited by several factors such as donor availability and 

perioperative preparations, which make AC defect repair a challenging clinical issue. 

Cryopreservation of chondrocytes and AC for long-term storage is a promising solution that can 

provide clinical surgeons with a long and flexible timeframe for performing cartilage 

transplantation. However, this requires a well-designed tissue banking system with appropriate 

cryopreservation protocols to store donated AC tissues. 

 

Cryoprotectants (CPAs) are capable of reducing ice formation within cells and tissues during the 

cooling–warming procedures, which plays an essential role in AC cryopreservation. However, 

they can exhibit undesirable effects such as osmotic or oxidative stress on chondrocytes which 

leads to cell dysfunction and damage. Additionally, the long CPA permeation process required for 

AC cryopreservation might aggravate the severity of CPA toxicity on the chondrocytes. It remains 

challenging to eliminate all adverse effects induced by the CPA compounds and the CPA 

permeation procedures. In the past decades, several promising cryopreservation approaches 

emerged as tools to guide the design of cryopreservation protocols for preserving AC at cryogenic 

temperatures. The proposed approaches include slow graded freezing (stepwise cooling), multiple 
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steps of cryoprotectant addition and removal, modelling of cryoprotectant transport, etc. With the 

emergence of vitrification, an ‘ice-free’ method to preserve tissue in a “glassy” solid that avoids 

ice crystal formation at −196 °C, more approaches have been developed including liquidus 

tracking of cryoprotectants, minimization of cryoprotectant toxicity by using cryoprotectant 

mixtures, mathematical calculation of cryoprotectant permeation and vitrifiability, etc. All of these 

approaches have provided information to promote the advancement of AC vitrification. 

Furthermore, this knowledge has been applied to intact human AC.  

 

In this thesis, different strategies have been investigated to improve AC cryopreservation protocols 

from several perspectives: 1) to validate the efficiency of vitrification protocols generated via 

engineering optimization of CPA concentration, permeation temperature, duration of CPA 

permeation; 2) to improve heat transfer of AC during cooling and warming processes by the 

optimization of container size and packaging method; 3) to mitigate the toxicity of CPAs by 

inclusion of additives in the CPA mixtures composed of multiple types of CPAs.    

 

The research presented in this thesis focuses on the investigation of a combination of different 

strategies within the continuously evolving cryopreservation protocols for porcine and human AC, 

and the evaluation of their protective as well as damaging mechanisms on the chondrocytes. The 

findings from these studies provide us better understanding and new knowledge to establish 

successful cryopreservation protocols for intact human AC. 
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Chapter One: Introduction 

1.1 Thesis overview 

Articular cartilage (AC) is a thin connective tissue covering the bone ends of articulating joints. 

Defects of AC result in painful joint movements and reduction of normal activities. Large AC 

defects often develop into osteoarthritis without proper treatments. Resurfacing of AC using 

cartilage allografts is an accepted procedure used by orthopaedic surgeons to treat AC defects. 

However, due to the relatively short storage period currently available for fresh AC allografts, the 

process of allograft resurfacing is limited to the availability of donated AC allografts in a very 

restricted number of tissue banks. Preservation of AC grafts with extended storage time is a way 

to alleviate the shortage issue in current orthopaedic practice. Cryopreservation via vitrification is 

a promising approach to store viable and functional AC to repair AC defects. Cryopreservation of 

AC has been developed over the past decades with significant progresses even though this 

technology requires optimization for clinical translation. This thesis aims to study the current 

obstacles and possible resolutions to successfully cryopreserve AC via vitrification for long-term 

storage at cryogenic temperatures.  

 

Chapter One introduces the anatomic structure of AC, the current situation of AC defect repair, 

and strategies that have been developed and main challenges that remain in order to successfully 

cryopreserve AC. Based on the clinical settings, Chapter Two to Chapter Five of this thesis present 

potential vitrification protocols to cryopreserve three scales of AC grafts for different surgical 

repair purposes. Chapter Two validated two engineering optimized vitrification protocols for small 

particulated cartilage cubes with a size of 1 mm3. Chapter Three compared three vitrification 
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protocols for medium osteochondral grafts with two sizes of 6.9 mm diameter and 10 mm diameter. 

In addition to the validating the effectiveness of an engineering model, Chapter Three investigated 

the relationship between the vitrification outcomes and tissue sizes and container sizes. Chapter 

Four evaluated five potential additives for their protective effects on chondrocytes that have been 

exposed to high concentrations of multiple cryoprotectant mixtures. Chapter Five incorporated the 

best approaches obtained from the previous chapters for the vitrification of large femoral condyle 

grafts with a size of approximately 50×30×20 mm3. Chapter Five provided a new perspective for 

vitrification and storage of large AC tissue at cryogenic temperatures. From these experiments, 

this thesis demonstrated a practical pathway to optimize vitrification of AC with encouraging 

results. The knowledge presented from these studies will further promote the development of AC 

vitrification to address the clinical shortage of AC grafts.   

 

 

1.2 Articular cartilage anatomy 

Articular cartilage (AC) is a few-millimeter-thick hyaline cartilage tissue that covers articulating 

joint surfaces. The main function of AC is to produce near frictionless motion between two joint 

surfaces for daily joint movement and weight-bearing. Grossly, AC is a semi-transparent 

connective tissue with a smooth, firm surface that relies on synovial fluid for nutrient exchange 

and waste transportation76,184. Unlike other tissue, it does not contain blood vessels or lymphatic 

systems and is not innervated219, and thus the ability of the AC to regenerate or adapt to mechanical 

changes is very limited. AC has a varied thickness depending on its location with a mean thickness 

of 2.4 mm in adult knee AC of medial femoral condyles101. AC is composed of an extracellular 

matrix (ECM) structure with a highly specialized cell type called chondrocyte. Chondrocytes play 
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an important role in the development, maintenance, and repair of the ECM. The chondrocytes 

present in AC account for only up to 10% of the total cartilage volume33 with a density of 

approximately 10,000 chondrocytes per mm3 of AC tissue, and the mean diameter of chondrocytes 

is 13 µm under microscopic analysis101. From the AC lamina splendens to the tidemark that 

connects subchondral bone, AC is divided into four zones with varied amounts of chondrocytes 

and ECM: the superficial zone, the middle zone, the deep zone, and the calcified zone76,100,184. In 

recent years, some literatures reported a very few stem cell like progenitor cells in the presence of 

the superficial zone in AC18,57,94,107, which may play a role in the cartilage healing process after 

mild injury.  

 

Within the AC, the amount of chondrocytes in relation to the amount of ECM is relatively small. 

The semi-transparent structure surrounding the chondrocytes, the ECM (see Table 1.1), is mostly 

composed of water, collagen, and proteoglycans, with other non-collagenous proteins and 

glycoproteins present in lesser amounts219. The water content in AC ranges from 80% in the 

superficial zone to 65% in the deep zone. The major collagen synthesized by chondrocytes in AC 

is collagen type II, which accounts for 90~95%, while the other minor collagens are type V, VI, 

IX, X and XI95. These collagens are uniquely orientated in different AC zones to provide AC a 

strong tensile property. Proteoglycans are secreted by chondrocytes into the ECM and they 

contribute 10~15% of the wet weight of AC. The proteoglycan is a large molecule with a protein 

core covalently bound with a glycosaminoglycan (GAG) side chain, and numerous proteoglycans 

linked to a long hyaluronic acid chain via the link proteins will turn into a complex structure called 

a proteoglycan aggregate184. There are three major types of disaccharide units on a GAG side chain, 

including chondroitin sulfate (CS), keratin sulfate, and dermatan sulfate. These disaccharide units 



4 

 

hold a negative charge that further interacts with positively charged ions such as Ca2+ and Na+, 

which can cause interstitial water movement within the ECM. The fixed negative charge of 

aggrecan plays a key role in the osmotic swelling and shrinking resulting from the interstitial water 

movement, giving an elastic nature to support AC compressive strain during weight loading and 

relaxing phases219. 

 

Table 1.1 Composition List of Articular Cartilage76  

Components Amount by wet weight (%) 

Chondrocytes 5~10% 

Water  65~80% 

Collagen (type II) 10~20% 

Proteoglycans 10~15% 

Collagen (type V, VI, IX, X, XI) <5% 

Aggrecan <5% 

Hyaluronate <5% 

Lipids <5% 

 

1.3 Articular cartilage defects  

As a highly complicated structure, AC plays an important role in providing normal joint motility. 

AC defects do not heal spontaneously after injury because the avascular and aneural structure of 

AC provide limited self-repair capacity34,76. Once AC is injured, its repair has been an extremely 

challenging problem. According to the Outerbridge classification for AC defects (see Table 1.2)179, 
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the development of injured AC into osteoarthritis is divided into five grades based on the 

morphological changes of the AC surface and subchondral bone base. Large cartilage defects over 

1 cm2 often progress into osteoarthritis if not properly treated33. An animal study by Schinhan et 

al.206 documented that focal AC defects of 1.4 cm diameter on the ovine medial femoral condyles 

developed into severe osteoarthritis with significant degeneration of meniscus after 3 months. 

Osteoarthritis (OA) is a worldwide leading cause of work disability which results in a massive 

socioeconomic burden both to the individual and general society, with an affected population of 

3.6 million in Canada and over 30 million in the USA210. Early intervention to prevent the 

development of OA in joints will improve patients’ quality of life and reduce the medical cost for 

the treatment of OA disease.  

 

Table 1.2 Outerbridge Classification: Grade of Articular Cartilage Defects179 

Grade level Description of articular cartilage defect morphology 

Grade 0 Intact articular cartilage with normal, smooth surface 

Grade 1 Intact joint surface with cartilage softening and swelling, focal color change 

Grade 2 Fissuring appearance in superficial layer of articular cartilage 

Grade 3 Formation of fissures and fragments extended to deep articular cartilage matrix 

Grade 4 Development of erosions affecting subchondral bone and bone eburnation 

 

1.4 Resurfacing technique for articular cartilage defects 

Over the past decades, orthopedic surgeons have developed different approaches to repair AC 

defects and helped patients to return to work and recreational activities with a better quality of life. 
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There are several surgical procedures proposed to treat AC defects, e.g., microfracture217,221,254, 

drilling91, autogenous chondrocyte implantation19,117,133,164, osteochondral autograft 

transplantation104,160 and osteochondral allograft transplantation37,83,87,118,173. In addition, stem cell 

and cartilage tissue engineering are also being investigated and reported as potential resurfacing 

techniques in both animal and clinical studies109,131,154,201,231. 

 

1.4.1 Microfracture 

With a small cartilage defect after joint injury, microfracture is one of the quickest 

interventions217,221,254. The basic concept in microfracture is to stimulate new AC growth by 

providing a blood supply near the AC defect. After removing the damaged AC, multiple holes are 

generated via a sharp awl into the subchondral bone beneath the AC defect site. This procedure 

leads to migration of bone marrow derived cells into the AC defect, which enables a 

fibrocartilaginous healing process. This procedure is convenient, inexpensive and can be done 

under arthroscopy with one visit254. However, this technique is limited to small AC defects217, 

usually in young patients with a single chondral lesion. 

 

1.4.2 Drilling 

AC repair by drilling is another procedure in an orthopedic surgery41,79,214. In this procedure, 

several holes are made through the AC matrix and the subchondral bone in the AC defect area 

using a surgical drill. The drilling will penetrate the subchondral bone and provide small channels 

to allow cell migration and stimulate the new growth of healthy AC. Drilling is similar to 

microfracture and it can be performed under arthroscopy.  
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1.4.3 Autogenous chondrocyte implantation 

Autogenous chondrocyte implantation (ACI)19,47,164,172,174, is a stepwise technique which involves 

laboratory assistance. In this procedure, at the first stage, healthy articular cartilage from the non-

weightbearing area of the donor joint is harvested, and chondrocytes are isolated and cultured to 

increase the cell number for the following 3−6 weeks. At the second stage, these chondrocytes 

after cell culture will be transplanted to cover the AC defect area for AC regeneration19,164,189. In 

short, this technique applies new grown healthy chondrocytes to repair the AC defect using the 

donor chondrocytes from the patient themselves. This procedure is advantageous because of less 

immune rejection after transplantation and it is more common in younger patients with a single 

defect with a size > 2 cm diameter. However, this AC repair approach is expensive and time-

consuming, and requires more operations in hospital.  

 

1.4.4 Cartilage tissue engineering 

Tissue engineering involves a wide range of research using stem cells, platelet-rich plasma, and 

growth factors for the regeneration of AC for cartilage repair123,201,231. Stem cells isolated from 

bone marrow have been differentiated and cultured to produce cartilage grafts targeting AC 

repair7,109,131,231. Platelet-rich plasma is a therapy using concentrated platelets with autologous 

blood growth factors, and it has been used in clinical trials to evaluate its potential in AC 

regeneration132,214. Chondrocytes cultured with growth factors, such as transforming growth factor 

beta 1 (TFG β1), have been shown to successfully induce cartilage regeneration for repairing AC 

defects175. Animal studies on rats, rabbits, and goats have documented the encouraging 
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effectiveness of regenerated cartilage tissues7,175. However, the engineered cartilage tissues were 

mostly under laboratory investigations and have not been used in human clinical transplantation. 

 

1.4.5 Osteochondral autograft transplantation 

Osteochondral autograft transplantation is another technique for focal AC repair. The main concept 

of this procedure is to harvest and transplant healthy AC grafts from the non-weightbearing area 

to repair AC defects in the same patients using their own cartilage tissues. The AC defect size 

indication for osteochondral autograft transplantation is 1 to 4 cm2 full thickness lesion104,160. This 

procedure is a one-stage operation for repair of small AC defects, which is performed by using a 

single osteochondral autograft or multiple osteochondral autografts (mosaicplasty91,160). One of 

the major drawbacks of this technique is that it will induce AC defects on the joints that may lead 

to development of OA in the non-weightbearing area160. In addition, the osteochondral 

autografting will depend on the available healthy AC in the patient joints because the grafts can 

only be taken in limited areas of the joints; therefore, this procedure is not practical for large AC 

defects.  

 

1.4.6 Osteochondral allograft transplantation 

Osteochondral allograft transplantation is a joint resurfacing procedure to transplant healthy AC 

donated by a deceased donor to a patient who has AC defects173,244. The use of osteochondral 

allografts is a vital option in the treatment of a variety of osteochondral lesions in the knee, ankle, 

or elbow joints23. This resurfacing technique can restore an intact joint surface by filling the AC 

defect with a healthy osteochondral allograft on a bone base regardless of the size of AC 
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defects227,244,250. The allograft is harvested after the donor death and stored in a tissue bank under 

sterile conditions. The allograft is measured for graft size matching and tested for any infectious 

diseases before shipping to the orthopedic surgeons who make a request. Upon sample arrival in 

the operating room, the osteochondral allograft is prepared into a matched size graft and implanted 

into the patient joints that have large AC defects. This resurfacing technique is a one-time 

procedure and has shown satisfying outcomes according to clinical follow ups; however, it is 

limited by the available cartilage allograft donors37,83,227,244. 

 

1.5 Fresh osteochondral allografts 

Using fresh osteochondral allografts for cartilage transplantation is a popular treatment for 

resurfacing AC defects in orthopedic clinics. Hypothermic preservation of fresh osteochondral 

allografts at 4 °C has been established in most tissue banks around the world to provide healthy 

human cartilage grafts for the repair procedure242,246. However, the major limitation of 

hypothermic preservation is its short timeframe for storage of cartilage grafts. The standard shelf 

time of fresh human osteochondral allografts stored at 4 °C in a Ringer’s lactate solution is usually 

28 days in the tissue banks86,242. Although some studies reported using fresh donated AC that had 

been kept in the tissue bank for up to 6 weeks (42 days) before clinical transplantation31,145, 

evidence has shown that chondrocytes in AC start declining after 1 week of storage at 4 °C243,246. 

This finding is consistant with an early investigation of osteochondral autografts stored in tissue 

culture medium using hypothermic preservation that showed chondrocyte decline after 10 days151. 

More importantly, fresh osteochondral allografts are required to be screened for transmissible 

diseases, e.g., hepatitis B virus (HBV), human immunodeficiency virus (HIV), or syphilis, for a 
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minimum of 14 days to finish the reglulatory process, according to the standards of the American 

Association of Tissue Banks and the Food & Drug Adminstration regulations86,141. Thus, the tight 

timeframe of fresh stored cartilage grafts at 4 °C makes it challenging for the surgeon to transplant 

these cartilage grafts in time, and the avaliability of fresh osteochondral allografts limits the 

clinical practice of using this resurfacing technique. 

 

1.6 The need for articular cartilage preservation 

Fresh osteochondral allograft transplantation has been proven to be an effective surgical 

procedure87 for large cartilage defects over 1 cm2 , but it is limited by the availability of fresh joint 

donors, and by the long duration for the essential medical testing before the transplant procedure36. 

Preservation of fresh AC in tissue banks has been a routine procedure to aid AC repair in clinical 

practice. Currently, the shelf life of fresh AC is limited according to the protocols in standard tissue 

banks. Fresh osteochondral allografts are currently stored for a minimum of 2 weeks to undergo 

reglulatory clearance, e.g. microbiological testing, and a study by Laparde et al. showed an average 

age of 20 days for the stored grafts to be implanted into the patients138. When the shelf life of 

cartilage allograft expires, the stored allografts have to be discarded. The lack of suitable 

preservation protocols for human AC has resulted in a large amount of cartilage graft waste every 

year, according to reports of tissue banks located in the US23,83. 

 

The storage of either isolated chondrocytes or osteochondral grafts requires a well-designed tissue 

banking system with appropriate preservation protocols. Successfully cryopreserved cartilage 

allografts should allow storage for months or years, and provide surgeons with the practical 
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flexibility to handle medical issues such as graft size matching, infectious disease testing, blood 

and human leukocyte antigen (HLA) typing, and graft transportation to the operating room191.  

 

In short, preservation of AC for the long term is a challenging issue in tissue banks. Successful 

cryopreservation of AC should extend the availability of the tissue and allow long-term banking 

of AC. This would enable cartilage defect repair, and would ease the difficult situation of fresh 

AC allograft shortage. Therefore, modern tissue banks with well-performing standard protocols 

for preserving donated AC tissues would enable future clinical transplantation to repair AC defects. 

 

1.7 Approach for cryopreserving articular cartilage 

1.7.1 Cryopreservation  

Cryopreservation, also known as “cryogenic preservation”, is a widely used approach for long-

term storage of biological products in a tissue bank. Cryopreservation is a process that uses 

cryoprotective agents to preserve biological constructs such as organelles, cells, tissues, 

extracellular matrix, or organs at cryogenic temperatures that mitigate any cell decline caused by 

unregulated chemical kinetics, typically stored at −80 °C in a deep freezer or at −196 °C in liquid 

nitrogen105. There are two typical approaches in cryopreservation, slow programmable freezing 

and ice-free vitrification that are two basic methods of cryopreservation156,198. The discovery of 

cryoprotective agents greatly promoted the development of cryopreservation; see Fig 1.1 for the 

timeline of discovery for several commonly used cryoprotective agents. 
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1.7.1.1 Cryoprotective agents 

A cryoprotective agent, also called a “cryoprotectant” (CPA), is a solute that can be used in a 

medium to reduce freezing injury during the cryopreservation cycle (freeze–thaw) for improving 

cell recovery124. In 1940, Luyet149 found that ice crystals account for cell death during cooling to 

subzero temperatures; he concluded that mitigating ice formation would benefit preserving cells 

at low temperatures. Later, the discoveries that certain molecules could function as CPAs led to 

the finding that ice formation can be inhibited by adding CPAs124,147,148,190. Since then, CPAs have 

become popular and are widely used to protect cells from cryoinjury when cooled to cryogenic 

temperatures. There are two major classifications of CPAs: penetrating CPAs and non-penetrating 

CPAs, based on their ability to permeate into cells (penetrating CPAs form one group of CPAs 

which can penetrate across cell membranes while non-penetrating CPAs cannot penetrate cell 

membranes) during CPA loading (a step usually required before cooling to low temperature)186. 

Glycerol (Gly), dimethyl sulfoxide (DMSO), ethylene glycol (EG), and propylene glycol (PG) 

were discovered to be cryoprotective in the 1960s (see Fig. 1.1), and are four permeating CPAs 

commonly used in many cryopreservation protocols163. Sucrose, trehalose, lactose, and mannitol 

are four typical non-permeating CPAs used in combination with permeating CPAs in some 

established protocols as reviewed by Karow124.  

 

1.7.1.2 Protective effects of cryoprotective agents 

In addition to inhibiting ice crystal formation during cell freezing at low temperatures, the other 

cryoprotective mechanisms of CPAs have been studied by numerous researchers. As defined by 

Karow124, CPAs are divided into two classes based on their molecular weight, small molecular 

weight (penetrating) CPAs and high molecular weight (non-penetrating) CPAs, and the major 
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properties of both penetrating and non-penetrating CPAs include freezing point depression, ice 

formation inhibition, and ion concentration reduction during cooling to super low temperatures. 

Theories have been proposed to explain the mechanisms of CPA protection for cryogenic storage. 

Nash171 was one of the first who studied erythrocyte cryopreservation and he proposed that CPA 

protection was associated with hydrogen bonding ability with water. Doebbler55 reviewed the 

ability of CPAs to hydrogen bond with water, and he concluded that this property was strongly 

correlated with the protective effects of different CPAs. Doebbler and his colleagues56 also 

investigated the physical properties of aqueous solutions including different CPAs, and pointed 

out that the viscosity of these aqueous solutions would increase as the temperature decreased, 

which would affect the ice nucleation kinetics and ice crystal growth. Another opinion was 

reported by Arakawa et al13, where the toxicity level of CPAs was temperature-dependent; they 

concluded that CPAs could stabilize proteins on cell membranes during freezing at low 

temperature and destabilize them at elevated temperature. 

 

It is instructive to name a few representative CPAs and their cryoprotective capacities. Glycerol 

was the first cryoprotective compound and it was discovered by Polge and Smith190 in 1949. 

Glycerol was used previously as an agent to immobilize sperm for microscopic examination. 

Glycerol interacts with polar head groups of phospholipids on the cell membrane lipid bilayers10, 

thereby providing stabilization of the cell membrane. It has since been proven to be cryoprotective 

in sperm of various species12,90 and in many other cell types146,162,186. DMSO is the most commonly 

used penetrating CPA. An early study by Odink et al.176 reported the influence of DMSO and 

cooling conditions on the cryopreservation of human platelets. It was reported to be a membrane 

protein stabilizing compound, according to Baxter and Lathe22, that demonstrated protein 
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stabilizing or destabilizing tendency after addition and removal of DMSO. As reported by Wolker 

et al.220, DMSO can decrease the cell membrane disturbance at low temperature (−40 °C) and also 

delay protein denaturation during rewarming to physiologic temperature (37 °C) of cryopreserved 

human pulmonary endothelial cells. EG is another typical penetrating CPA that been applied in 

many cryopreservation protocols, such as human erythrocytes56, mouse blastocysts262, human 

oocytes42 etc. The protective mechanism of EG involves two aspects in reducing osmotic effects 

and membrane disturbance by specific interactions with membrane phospholipids. Trehalose is a 

typical non-penetrating cryoprotectant commonly used in sperm cryopreservation, which is known 

to preserve the membrane structure of sperm from oxidative and cold shock damage6. It can induce 

a hypertonic environment in media which further leads to cellular osmotic dehydration before 

freezing, and in return decreases cell injury due to ice crystal formation224.  

 

1.7.1.3 Adverse effects of cryoprotective agents 

As a new class of drug, CPAs have been investigated for their adverse effects in both 

cryobiological and non-cryobiological applications124. CPAs are usually non-toxic at lower 

concentration26; they only become toxic to cells when used at a high concentration (e.g. 2M DMSO 

is non-toxic to chondrocytes while 6M DMSO is toxic at room temperature (22 °C) after 15 min 

exposure63). These high concentrations (usually up to several molar) of CPAs are often required 

for achieving “vitrification”70. A recent study by Fahmy et al. investigated CPA injury to human 

chondrocytes using different doses of CPAs65. They concluded that CPA toxicity was 

concentration-dependent and demonstrated that glycerol and PG were more toxic compared to 

DMSO and EG. Some strategies such as a combining several CPAs as a mixture have been used 

to lower the adverse effects of high CPA concentrations in chondrocytes and AC vitrification113, 
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as well as other cells such as mouse blastocysts103 and animal and human embryos125 with 

moderate success. 

 

According to Arakawa et al.13, DMSO, PG, and EG were usually excluded from the hydration 

shell of proteins at low temperatures; however, at higher temperatures these solvents could interact 

hydrophobically with proteins and act as protein destabilizers. They presented important evidence 

that CPAs (e.g. DMSO) were effective in cryoprotection but that they can be toxic to cells at higher 

temperatures, which may be due to the temperature-dependent capacity of these molecules to 

interact with cell membrane proteins. CPA cytotoxicity can depend on the target cells. For instance, 

EG was reported to be metabolized by alcohol dehydrogenase to glycoaldehyde and then by 

aldehyde dehydrogenase to produce glycolic acid in the liver and caused metabolic acidosis in 

cells81,96. PG has less toxic effects in certain conditions as evidenced by the fact that it has been 

safely used in many food products at low concentration, while it often exhibits high toxicity when 

used as a CPA in high concentrations51. PG can increase serum hyperosmolality and anion gap 

metabolic acidosis259. A study by Aye et al.15 evaluated genotoxicity of three CPAs including 

DMSO, EG, and PG when used for human oocyte vitrification and they showed that EG was 

significantly genotoxic in the presence of an external cytochrome-based P450 oxidation system 

while DMSO was not, and that both EG and PG were clastogenic and could induce in vitro 

chromosomal loss in eukaryotic cells. In summary, the diversities of adverse effects reported for 

these compounds make it more challenging when designing an appropriate cryopreservation 

protocol for a specific cell type, and even more complicated for larger tissues that include several 

cell types. 
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1.7.1.4 Application of cryoprotective agents in chondrocytes 

Cryopreservation of chondrocytes has been investigated by numerous researchers since the 1950s, 

and promising successes have been achieved in modern studies39,52, outlining the possibility of 

storing chondrocytes for clinical transplantation. The first report of chondrocyte cryopreservation 

was in 1956 by Curran and Gibson49; however, the unsuccessful experiment of cartilage slice 

preservation by their group led to the development of cryopreservation of isolated chondrocytes. 

Later, Heyner97 reported promising results on cryopreserved chondrocytes isolated from rabbits, 

dogs, monkeys, and followed by Smith215 in adult mammals, see Fig 1.1. Cetinkay and Arat39 

conducted a study using slow freezing for preservation of isolated bovine knee chondrocyte cell 

suspensions with positive results for cell viability, membrane integrity, and metabolic functionality 

after post-thaw procedures. However, isolated chondrocytes have limited regenerative potential 

without extracellular matrix (ECM) for healing large size cartilage defects212.  

 

 

Figure 1.1 The discovery of cryoprotective agents and their first application in chondrocytes 
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1.7.2 Slow freezing and two-stage cooling 

Slow freezing is an approach to use CPAs to prevent ice formation in cells when being cooled to 

cryogenic temperatures. The basic principle of preserving cells via freezing is to reduce or stop 

cell metabolism at super-low temperatures, therefore maintaining the cell structure and 

functionality186. Slow freezing has been used widely to cryopreserve numerous cell lines. However, 

slow freezing can be harmful to cells because the process allows ice crystal formation outside the 

cells156. Early in the 1940s, Luyet149 documented that avoidance of ice formation in the cells was 

critical for keeping the cell intact and functional after freezing. Intracellular ice formation during 

the slow freezing process can result in rupture of cell membranes and cell death. Two-stage cooling 

is a more complex approach aimed at controlling the cooling rates to minimize the effects of 

freezing injury incorporating the two factor theory, i.e., to avoid the solute effects caused by 

cooling too slowly and the intracellular ice formation caused by cooling too rapidly74. 

 

1.7.3 From slow freezing to vitrification  

Vitrification is an “ice-free” technique developed for cell and tissue preservation without ice 

crystal formation. Vitrification is one of most popular methods in many biological disciplines and 

is regarded as the ideal technology for long-term preservation of intact tissue in a “glass” state at 

extremely low temperatures (e.g., −196 °C)230. Physically, vitrification is a process whereby a 

liquid being cooled below the glass transition temperature becomes an amorphous solid without 

crystalline formation245. Theoretically, this “glassy” solid will last sufficiently long if stored 

appropriately at a low enough temperature (e.g., −196 °C).  
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Ice formation within the AC matrix is an important factor that alters the mechanical properties of 

cryopreserved AC. The high proportion of water content (65~80% of wet weights) within the 

chondrocytes and AC matrix make it challenging to cryopreserve AC without ice crystal formation. 

Eliminating ice crystal formation during cooling and warming processes is a key to achieve 

successful cryopreservation of AC. Both the slow freezing and two-stage cooling of AC induced 

ice crystal formation in the cartilage matrix, and this practice has been shown to alter the 

mechanical properties of AC169,204, and this was demonstrated by the AC having a shorter graft life 

after allograft transplantation in a sheep model169. Jomha et al.114 also showed unsatisfactory 

results for cryopreserved intact human AC using the slow freezing approach. This previous 

knowledge indicated that an advanced method was required to solve the ice problem in AC 

cryopreservation. Fig. 1.2 shows the path of AC cryopreservation from slow freezing to 

vitrification. The potential of vitrification has resulted in it being the most used approach in 

attempts to preserve AC at cryogenic temperatures over the last two decades, including work by 

Song et al.218, Pegg et al.185, Brockbank et al.30, and Jomha et al.113, each expending great effort 

on vitrifying animal and human AC such as small osteochondral dowels. 

 

Figure 1.2 From slow freezing to vitrification: the path of articular cartilage cryopreservation 



19 

 

 

1.7.4 Vitrification of articular cartilage 

Cryopreservation by vitrification of articular cartilage has emerged as one promising pathway to 

aid in clinical repair of articular cartilage defects3,113. A variety of studies have been conducted to 

develop successful vitrification protocols for osteochondral dowels with a bone base, which 

resulted in numerous techniques that have been introduced into this field52,113,187,249. Pegg and his 

colleagues have done many studies on chondrocytes and AC cryopreservation, and used the 

“liquidus-tracking method”185,237 to design a preservation protocol for AC. Brockbank et al.30 

conducted a study on vitrification of porcine AC and reported vitrification was superior to 

conventional cryopreservation, and suggested an advanced technology that focused on vitrification 

of AC be developed for long-term storage. Jomha et al.113 reported successful vitrification of 10-

mm osteochondral dowels and large fragments of human knee AC with promising chondrocyte 

cell recovery, cellular metabolic function, and extracellular matrix generation potential. See Table 

1.3 for a summary of the current vitrification protocols for animal and human AC grafts. Although 

some progress has been achieved in AC cryopreservation, successful cryopreservation on large 

portions of knee joints (e.g. full condyles) remains unsolved and an extremely difficult challenge 

in the field of tissue banking. 
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Table 1.3 Summary of vitrification protocols for articular cartilage grafts 

 
DMSO: dimethyl sulfoxide; EG: ethylene glycol; Fm: formamide; Gly: glycerol; PBS: phosphate buffered saline; PG: propylene glycol

Group Year Approach Sample Cryoprotectant

Cooling 

protocol Storage

Warming 

protocol

Cryoprotectant 

removal

Chondrocyte 

assement

Clinical 

relavance

Song et al.
218

2004 Vitrification

Rabbit;

osteochondral 

graft (4 mm 

diameter)

Multiple CPAs 

(DMSO, Fm, PG)

43 °C/min from 

4 °C to −100 °C,

slow cool 3 °C/min 

to −135 °C/min

Stored at 

−135 °C 

for 24 h

Slow warming 

(30 °C/min) to 

−100 °C followed by 

rapidly warming 

(225 °C/min)

Sequential CPA 

removal HE staining

Animal 

model

Pegg et al.
185

2006 Vitrification

Lamb;

6 mm diameter 

discs DMSO

Liquidus-tracking 

with step changes

Stored at −80 °C 

for 18 h

Stepwise accelerated 

warming

Stepwise CPA 

removal 35S uptake

Animal 

model

Brockbank 

et al.
30

2010 Vitrification

Porcine; 

osteochondral 

graft (6 mm 

diameter)

Multiple CPAs

(DMSO, Fm, PG)

43 °C/min from 

4 °C to −100 °C,

slow cool 3 °C/min 

to −135 °C/min

Stored at 

−135 °C 

for 24 h

Slow warming 

(30 °C/min) to 

−100 °C followed by 

rapidly warming 

(225 °C/min)

Sequential CPA 

removal

alamarBlue™ 

assay

Animal 

model

Jomha et al.
113

2012 Vitrification

Human;

osteochondral 

graft (10 mm 

diameter) and 

12.5 cm
2
 large 

piece

Multiple CPAs 

(DMSO, Gly, PG, 

EG)

Liquidus-tracking with

stepwise CPA loading

with fixed temp at each 

step

Stored at 

−196 °C 

up to 3 months

Rapidly warming 

to 37 °C

Passive CPA 

removal

Cell membrane 

intergrity assay;

alamarBlue™ 

assay;

Histology

Human 

articular 

cartilage

Onari et al.
178

2012 Vitrification

Rabbit;

osteochondral 

graft (2.7 mm 

diameter)

Two CPAs 

(EG, Surcose) Two step CPA loading

Stored at 

−196 °C

for 20 min 

Rapid warming 

to 22 °C

Two step in PBS + 

Sucrose

Cell membrane 

integrity assay;

HE staining;

Transmission 

electron 

microscopy

Animal 

model

Wu et al.
248 

(Chapter Three) 2020 Vitrification

Porcine;

osteochondral 

graft (6.9 mm 

and 10 mm 

diameter)

Multiple CPAs 

(DMSO, Gly, PG, 

EG)

Liquidus-tracking with

stepwise CPA loading

with fixed temp at each 

step

Stored at 

−196 °C 

for 1~7 days

Rapidly warming 

to 37 °C

Passive CPA 

removal

Cell membrane 

intergrity;

alamarBlue™ 

assay

Animal 

model
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1.8 Current obstacles to articular cartilage cryopreservation 

The mechanisms of cryoinjury were detailed in a comprehensive review by Gao and Critser21,78. 

Cryopreservation was widely used to preserve living cells and diminishing their metabolic activity 

at low temperatures162. However, the process of cryopreservation can be harmful to the cells that 

is called cryoinjury155,157,158, such as solute effects, intracellular ice formation, recrystallization, 

etc. Successful cryopreservation of AC has been limited due to several factors including CPA 

permeation, CPA toxicity, osmotic stress, heat transfer, and tissue storage3,85,186(see Fig. 1.3). The 

main obstacles in AC cryopreservation included questions such as: 1) how to achieve sufficient 

CPA permeation within a practical time frame; 2) how to achieve rapid cooling and warming while 

resulting in less thermal-mechanical stress to the AC; 3) what kind of appropriate storage can be 

used for AC vitrification at cryogenic temperatures; 4) how to reduce toxicity of CPAs to an 

acceptable level, etc. These questions will be discussed in the following sections. 

 

Cryopreservation by vitrification is a preserving method based on vitrifying an aqueous solution 

into a glassy state using high concentrations of CPAs and a sufficiently rapid cooling rate. However, 

the application of vitrifiable concentrations of CPAs brings both high toxic effects65 and osmotic 

stress60 to the chondrocytes. Many investigations on using different CPAs26 or a combination of 

CPAs9,116 to reduce the toxic effects have proven to be promising. In addition to CPA toxicity, 

another problem in AC cryopreservation is the CPA permeation into the AC105, which is a basic 

component of cryopreservation. CPA permeation is a process that describes the permeation of CPA 

into chondrocytes and AC matrix in order to have sufficient amounts everywhere to inhibit ice 

formation when AC is cooled to low temperatures. Because of the dense AC matrix and the AC 
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thickness, it is difficult to permeate CPA within a short time period. For example, for 2-mm thick 

AC, it will take 7 h to 9.5 h to achieve a vitrifiable concentration of CPAs in the AC113,208. The 

long duration of CPA permeation makes the process impractical to be completed in a reasonable 

amount of time in a tissue bank and requires shortening and optimization. 

 

Osmotic stress is one type of cell injury induced by exposure to the CPAs60. Osmotic stress that 

results in membrane disturbance is induced by the high concentration of solutes and the resultant 

water movement, which are unavoidable in many cryopreservation protocols10. According to 

Rowe202, the cell membrane is one of the major targets of freezing injury to cells. This theory was 

further supported by Crowe’s group48 who focused on the cell membrane stability and used Fourier 

Transform Infrared spectroscopy (FTIR) to target the hydrophobic interactions among membrane 

bilayers, amino acids, and sugars. Osmotic rupture of chondrocyte membrane caused by freezing 

injury has been investigated by Muldrew et al.166,168 and further used to guide the design of 

cryopreservation protocols for AC1,62,194. 

 

Convective heat transfer is the method commonly used in many cryopreservation protocols based 

on heat transfer from a surrounding fluid that has fluid motion17. Cryopreservation by vitrification 

is easier for small size samples and isolated cells, because they can be cooled and warmed more 

quickly in their entirety and therefore require lesser concentrations of CPAs to be vitirified69,186. 

According to Manuchehrabadi et al., convective cooling can be used to achieve vitrification in 

large volumes; however, only fast convective warming of ≤ 3 ml in a vial is predicted to be 

successful without failure152. Due to the underlying principles of heat transfer, there is a size limit 
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in the case of surface heating beyond which crystallization cannot be prevented at the center of the 

specimen.  

 

Tissue storage is now a popular topic in the cryopreservation field. Although it is possible to 

physically vitrify large tissues up to 80 ml152 , the technology of tissue storage and the following 

rewarming approach is limited and difficult to translate into other cryopreservation protocols such 

as for AC grafts to reproducibly rewarm AC grafts at sufficiently fast and uniform rates to avoid 

failure by devitrification and cracking187,260. Therefore, it remains impractical to vitrify large sized 

tissues such as whole femoral condyles with present knowledge, and new technologies such as 

nanowarming27,216 or new methods by temperature control are required to solve this problem. 

 

 

Figure 1.3 The current challenges to improve outcomes of articular cartilage cryopreservation 

 



24 

 

1.9 The mainstream strategies for articular cartilage cryopreservation 

1.9.1 Strategies to reduce osmotic stress on chondrocytes 

Osmotic stress is physiological dysfunction in cells that have been exposed to a rapid change in a 

high solute concentration extracellularly that results in extensive movement of water across the 

cell membrane177. Water movement across chondrocyte membranes may cause cell rupture and 

cell death, a reason that osmotic stress needs to be avoided or mitigated during cryopreservation. 

Fig 1.4 demonstrated the development of strategies to reduce osmotic stress on chondrocytes for 

the cryopreservation of AC. Osmotic stress on chondrocytes has been shown to affect the 

chondrocyte GAG production in human AC207, and it can further activate the chondrocyte 

apoptotic pathway that leads to chondrocyte apoptosis197. 

 

McGann et al.161 investigated the osmotic water movement in isolated chondrocytes and explored 

its potential application to AC cryopreservation. They measured the cell response based on the 

kinetic volume change of chondrocytes in a hypertonic solution at different temperatures, 

determining the hydraulic conductivity of chondrocyte plasma membrane and the Arrhenius 

activation energy that describes its temperature dependence. And they concluded that the least 

damaging cooling rate for chondrocytes in suspension without the presence of CPA solutes is 

10 °C/min. In addition, they found that the isolated chondrocytes contained a higher percentage of 

osmotically bound water than other cell types, which provided information about the osmotic water 

permeability characteristics of chondrocytes for development of new cryopreservation protocols 

for chondrocytes and AC tissue. The osmotic resistance in chondrocytes was also confirmed by 

Pegg et al.187 in the later practice of AC cryopreservation. 
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Muldrew et al.168 studied the osmotic rupture of cells under the osmotic driving force from water 

movement and they proposed a hypothesis that the cell membrane could fail if the pressure 

exceeded the tensile strength of the cell plasma membrane. Muldrew166,167 demonstrated that 

intracellular ice formation during rapid cooling was harmful to the chondrocytes in AC and other 

mammalian tissues, and this finding supported the design of two-stage cooling protocols for AC 

cryopreservation. 

 

As mentioned earlier in the AC anatomy, the fixed charge of aggrecan throughout the AC matrix 

plays a vital function in AC deformation, e.g. AC swelling, and this knowledge was developed 

into a biphasic theory that included the fluid and solid phases. Lai et al.137 incorporated the biphasic 

theory with an ion phase that became a triphasic theory. In their work, they pointed out that this 

triphasic model can be applied to both equilibrium and non-equilibrium swelling of AC, and this 

knowledge aided in the explanation of compressive stiffness of AC, and volume change of AC that 

can occur and may be relevant to osmotic effects experience by the chondrocytes. The triphasic 

approach was further expanded into a biomechanical model by Abazari et al.1 that incorporated 

thermodynamically non-ideal solutions and fit to experimental data to determine the transport 

parameters (e.g., water permeability, solute permeability, diffusion coefficient of solute) of the 

transport equation when AC was exposed to a CPA solution. Based on this model, they were able 

to predict the increase of CPA solute in the AC matrix, which provided valuable direction for 

designing successful AC cryopreservation protocols (Fig. 1.4). 
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Figure 1.4 Developing strategies to reduce osmotic stress on articular cartilage  

 

1.9.2 Strategies to improve cryoprotective agent permeation 

CPA permeation is an essential component of a cryopreservation protocol. Fig 1.5 describes the 

brief history of development in CPA permeation strategies that have promoted the 

cryopreservation of intact AC. Achieving an efficient CPA permeation will determine the success 

of AC cryopreservation. CPA permeation into AC depends on the CPA diffusion kinetics into the 

cartilage matrix and the thickness of the AC, and this procedure is also partially limited by the 

CPA toxicity, practical processing time etc3. Kawabe and Yoshinao127 investigated the viability 

and function of chondrocytes in rabbit cartilage slices after CPA exposure to a combination of 

different CPA concentrations, times of exposures, and temperatures followed by cooling to −80 °C. 

This study provided information indicating CPA kinetics were closly associated with the 

cryopreservation outcomes for AC slices. Muldrew et al.170 determined the permeation kinetics of 

DMSO in AC, and following that, more CPA kinetics have been measured in porcine AC115,211, 

e.g. for PG, EG, and Gly. The kinetic parameters obtained from these studies were helpful for 

modelling CPA transport in AC165,209. 
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In 1965, Farrant73 evaluated the mechanism of cell injury during the freezing and thawing cycle 

and he realized that by staying above the freezing point ice crystals in the cells being cooled can 

be eliminated or avoided, which was regard as the origin of “liquidus-tracking theory”. This theory 

has greatly promoted the development and advances of cryopreservation of AC. Pegg et al.185 

applied the liquidus-tracking approach to improve CPA permeation of DMSO gradually to achieve 

a high enough concentration in the AC matrix that is required for ice-free cryopreservation of AC.  

 

CPA permeation optimized by engineering modelling is a new advanced approach to efficiently 

generate protocols for improving cryopreservation of AC. Based on Fick’s law of CPA diffusion 

kinetics, Shardt et al.208 combined calculation of spatial, temporal transport of CPA with 

vitrifiability scoring239, to make predictions of CPA concentration, freezing point, and vitrifiability 

of the AC tissue using available CPA molarity, CPA permeation duration and temperature. Using 

this approach, they were able to shorten an AC CPA permeation protocol while maintaining a 

similar vitrifiability for a given thickness of cartilage208.  
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Figure 1.5 Developing strategies to improve cryoprotective agent permeation into articular 

cartilage  

 

In the current thesis, I validated several new CPA permeation protocols that were generated from 

the engineering model developed by Shardt et al.208 for the vitrification of both porcine and human 

AC. In Chapter 2, I applied two 2-step CPA permeation protocols for the vitrification of 1 mm3 

particulated porcine and human AC. In Chapter 3, I compared three CPA permeation protocols for 

their effectiveness in the vitrification of 6.9-mm and 10-mm diameter porcine osteochondral 

dowels. And in Chapter 5, I used the optimized 7-hr protocol developed by Shardt et al.208 for the 

vitrification of full porcine femoral condyles. The findings from this thesis provide important 

experimental evidence to support the accuracy of the engineering model developed by Shardt et 

al.208. 
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1.9.3 Strategies to improve heat transfer during cryopreservation of articular 

cartilage 

Heat transfer is a critical factor that affects the outcome of cryopreservation of AC. Scientists have 

been working on heat transfer for decades and have developed automatic machines to cool and 

warm isolated cells at superfast speeds126, but the practice of cooling and warming a large sample 

at a superfast speed remains very challenging236. The traditional approach in most current protocols 

to achieve fast cooling and warming rates is the use of convection heat transfer whereby the 

specimen is exposed to a temperature-controlled environment59. 

 

Fig 1.6 illustrates the investigations of cooling and warming (heat transfer) for cryopreservation 

of chondrocytes and AC over the last four decades. In 1986, Schachar and MaGann205 identified 

an optimal cooling rate of 1.3 °C per min for slow-cooling of isolated bovine chondrocytes and 

documented that it would provide a chondrocyte survival of 53.6% after cryopreservation and 

storage in a deep freezer at −70 °C. Muldrew et al.167,169 showed that a two-stage cooling approach 

can reduce the osmotic stress due to intracellular ice formation on ovine chondrocytes by the 

avoidance of cooling too rapidly. Pegg et al.185 applied a multi-step cooling-loading method using 

DMSO as a CPA to cryopreserve lamb cartilage disk with 6 mm diameter. Brockbank et al.30 

investigated a controlled cooling approach to vitrify porcine osteochondral plugs with a diameter 

of 2 mm and 4 mm. Jomha et al.113 first documented the possibility of vitrification of intact human 

AC tissue (10 mm diameter osteochondral dowels and 12.5 cm2 osteochondral fragments) using a 

multi-step, multi-temperature and multi-CPA permeation approach followed by plunge in liquid 

nitrogen in a Falcon tube filled with 5 ml CPA solution at a cooling rate of approximately 60 K/min 

according to Weiss et al.239. 
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Gao et al.181 investigated the technique of electromagnetic resonance heating using magnetic 

nanoparticles and documented a promising fast warming rate of 200 °C per min for the 10 ml bulk 

CPA solutions. Nanowarming is a new emerging technology for uniform, rapid warming with the 

combination of radio-frequency heating and the use of nanoparticles, e.g. iron oxide27. The 

application of nanowarming technology in AC cryopreservation has not been investigated. 

Preliminary assessments such as permeability of nanoparticles into AC or rewarming with the 

radio-frequency heating approach may be valuable for improving AC cryopreservation. 

 

 

Figure 1.6 Developing strategies to improve heat transfer for cryopreservation of articular 

cartilage  

 

In this thesis, I evaluated the role of heat transfer by comparing the responses of two container 

sizes (15 ml and 50 ml Falcon tube for tissue storage) for the vitrification of porcine osteochondral 

grafts (see Chapter 3). When AC tissue is stored with a large container, the heat transfer from the 

surroundings to the AC tissue is slowed and further results in injuries to the chondrocytes such as 

those caused by devitrification, therefore showing a low chondrocyte survival after vitrification. 
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Conversely, AC tissue stored in a small but sufficient container has faster cooling and warming 

rates and the AC undergoes vitrification and rewarming procedures with a high chondrocyte 

survival. The findings from this thesis provided data reinforcing that smaller container sizes for 

the storage of osteochondral grafts increase the ease of obtaining successful vitrification outcomes 

for AC, and this provided direct information for the design of AC vitrification protocols (see 

Chapter 5). 

 

1.9.4 Strategies to avoid tissue cracking during cryopreservation of articular 

cartilage 

The thermo-mechanical stress that develops during the cooling and warming of a solid from the 

outside can result in the solid cracking, which is a big challenge for tissue vitrification. Fig 1.7 

highlights the developments of strategies to minimize the cracking effects during cryopreservation 

of AC. Kroener and Luyet134 reported observation of crack formation in a glycerol solution during 

cooling below the glass transition temperature for vitrification. Rall and Meyer199 investigated the 

fracture damage of cryopreserved mammalian embryos. They concluded that solution fracturing 

was induced by rapid temperature changes and this phenomenon was blamed for further zona 

pellucida damage in the embryos. Rubinsky et al.203 found that glass cracks during the liquid–solid 

phase change due to the development of aggressive thermal stress in the liquid–solid mixture.  

 

Solution cracks are harmful to biological tissue and result in tissue fractures. Williams241 pointed 

out that solution fracturing could initiate an interface for ice nucleation and result in the 
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development of tissue devitrification. Pegg et al.188 studied the fracture of cryopreserved arteries 

and showed that solution cracks could be limited by the controlling of cooling and warming rates 

of the cryopreservation solution near the glass transition temperatures. Rabin et al.196 investigated 

the thermal stress of freezing biological samples, and they demonstrated that the thermal expansion 

of biological structures can be predicted and calculated. However, the calculation of thermo-

mechanical stress is complicated for AC grafts. Thermal expansion of AC during cryopreservation 

has been investigated by Xu et al.252 and they found that inhomogeneous thermal expansion in 

cryopreserved AC was the main reason for cryopreservation failure. In addition, they showed that 

a higher concentration of CPA (e.g. 60% DMSO) used for cryopreservation can contribute to a 

smaller thermal strain change when AC was cooled close to the glass transition temperature. 

Eisenberg et al.59 investigated a new approach by combining the technology of nanowarming with 

thermo-mechanical stress modelling, and they found that volumetric heating during the rewarming 

phase could alleviate the size limit of the VS55 cocktail solution (a mixture of 3.1 M DMSO, 2.2 

M PG and 3.1 M formamide (Fm)198); however, the strong mechanical stress in a large volume 

still resulted in structural fracture in the vitrified solution. 

 

Figure 1.7 Developing strategies to avoid tissue cracking during cryopreservation of articular 

cartilage  
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In this thesis, I evaluated a novel method for storing vitrified AC at cryogenic temperature (see 

Chapter 5). Since CPA permeation was already completed to provide a sufficient amount of CPA 

into the chondrocytes and AC matrix, the vitrification could occur without the presence of the 

surrounding CPA solutions. After CPA permeation with the 7-hr optimized protocol208, I removed 

the surrounding CPA solution and vitrified porcine AC grafts (both 10 mm diameter osteochondral 

dowels and full femoral condyles) in vacuumed storage bags. The findings in this chapter 

documented a new approach to store intact AC for vitrification. This new approach may change 

the current vitrification practice of solid tissues. 

 

1.9.5 Strategies to reduce cryoprotective agent toxicity 

CPA toxicity is a major limitation in the development of cryopreservation protocols. Many 

investigations have been done to minimize the toxicity of CPA on cells and tissues being 

cryopreserved. Fig 1.8 shows the development of strategies to reduce or neutralize CPA toxicity 

on chondrocytes for AC cryopreservation. Tomford et al.232 measured the toxicity limits of DMSO 

and glycerol on bovine chondrocytes, and they pointed out that a high concentration of CPA was 

associated with high toxicity to chondrocytes during the CPA permeation processes. Fahy et al.198 

proposed the use of a CPA mixture including DMSO, PG, and formamide for the successful 

vitrification of mouse embryos, and, later, they demonstrated that a single CPA at a higher 

concentration was more lethal to the cells than a mixture of multiple CPAs using lower 

concentrations of each individual CPA68. Elmoazzen et al.63 determined the DMSO toxicity on 70-

µm thick porcine AC slices; they provided information to systematically analyze the toxicity to 
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chondrocytes in situ and the evaluation was further extended to other CPAs, e.g. PG, EG and 

formamide115,116. Brockbank et al.30 applied a CPA mixture solution containing DMSO, PG, and 

formamide for the vitrification of porcine AC. When using the same total molarity concentration, 

Almansoori et al.9 confirmed that multi-CPA solutions were less toxic than a single-CPA solution 

on isolated human chondrocytes with the best chondrocyte survival after exposure to a 6 M 

DMSO-EG-Gly-Fm solution for 30 min at 0 °C. Fahmy et al.65 further explored the dose 

relationship of multi-CPA toxicity on human AC slices. Cell injury caused by different CPAs plays 

an important role in AC cryopreservation, indicating the choice of CPAs needs to be optimized or 

their oxidative effects need to be mitigated when developing a protocol. 

 

In addition to careful selection of CPA types and concentrations, another approach to reduce CPA 

toxicity is to include additives into the CPA cocktail solution. Additives, such as antioxidants, have 

been shown to provide protective effects on cells after cryopreservation20,32. Cryopreservation has 

been proven to induce oxidative stress on the target cells being preserved both intracellularly and 

extracellularly during the freeze–thaw procedures24,225,226. Oxidative stress is one factor that may 

aggravate cell sensitivity to high concentrations of CPA. The oxidative reaction between cells and 

CPAs is an important side effect during CPA loading, and may lead to severe cell injury during 

CPA loading and cooling to super low temperature in the presence of CPA. Additives, for instance 

chondroitin sulphate, have been included in AC cryopreservation30,113. Hahn et al.89 conducted a 

study to compare the protective effects of several potential additives on human AC during CPA 

exposure to glycerol, and they found the inclusion of additives in the  glycerol solution was 

beneficial to reduce the damage induced by  glycerol and to improve chondrocyte survival.  
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Figure 1.8 Developing strategies to reduce cryoprotective agent toxicity on articular cartilage 

 

In this thesis, in addition to using the stepwise CPA addition strategy to minimize CPA toxicity on 

chondrocytes (see Chapter 3), I evaluated the efficiency of different additives (e.g. chondroitin 

sulphate (CS), glucosamine (GlcN), ascorbic acid (AA), and tetramethylpyrazine (TMP)) for their 

protective effects on porcine chondrocytes in a CPA loading protocol via exposure to several high 

concentration of multi-CPA cocktail solutions including DMSO, EG, and PG (see Chapter 4). I 

further compared the effects between chondroitin sulphate (CS) and ascorbic acid (AA) on 

vitrification of porcine AC (see Chapter 5). The findings from this thesis provide information to 

guide the usage of additives in the cryopreservation of AC and to aid in the development of 

protocols for the long-term storage of AC tissue 
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2.1 Abstract 

Preserving viable articular cartilage is a promising approach to address the shortage of graft tissue 

and enable the clinical repair of articular cartilage defects in articulating joints, such as the knee, 

ankle and hip. In this study, we developed two 2-step, dual-temperature, multi-cryoprotectant 

loading protocols to cryopreserve particulated articular cartilage (cubes approximately 1 mm3 in 

size) using an engineering approach, and we experimentally measured chondrocyte viability, 

metabolic activity, cell migration, and matrix productivity after implementing the designed loading 

protocols, vitrification, and warming. We demonstrated that porcine and human articular cartilage 

cubes can be successfully vitrified, and rewarmed, maintaining high cell viability and excellent 

cellular function. This is the first report of vitrified articular cartilage stored for a period of six 

months with no significant deterioration in chondrocyte viability and functionality. Our approach 

enables high-quality long-term storage of viable articular cartilage that can alleviate the shortage 

of grafts for use in clinically repairing articular cartilage defects.   

 

 

2.2 Introduction  

Articular cartilage defects are difficult to self-repair due to the avascular and aneural structure of 

articular cartilage100. Particulated articular cartilage transplantation can provide viable 

chondrocytes in situ for articular cartilage repair, and it is regarded as a reliable treatment for 

articular cartilage defects in the early stage, especially for focal chondral lesions159,200,233. Since 

2007, approximately 8,700 particulated articular cartilage transplantations have been performed 

and significant improvement was reported in the clinical outcomes of patients with articular 
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cartilage defects201. However, this procedure is limited by the availability of donated articular 

cartilage. Fresh articular cartilage is most commonly stored for up to 28 days at 4 °C in a tissue 

bank, and chondrocyte viability starts to decline after 14 days of storage at this temperature84,242. 

This short window of time for viable articular cartilage makes successful cartilage transplantation 

challenging in the clinical scenario, because it takes approximately 2 weeks to obtain regulatory 

clearance for disease screening and make clinical preparations such as patient matching, disease 

checking, operation scheduling and sample delivery83,84. The lack of appropriate preservation 

protocols for storage results in large amounts of articular cartilage waste every year around the 

world83. If viable articular cartilage could be stored for extended periods of time beyond 28 days, 

the shortage of articular cartilage tissue in clinics would be eased, and more widespread clinical 

use of articular cartilage grafts (e.g., particulated articular cartilage) for cartilage defect repair 

would be possible. 

 

Preservation of articular cartilage has been a challenge for decades, especially for large specimens 

(e.g., osteochondral grafts, hemicondyles) containing live cells that are very sensitive to osmotic 

stress, chemical toxicity, and ice growth during the cooling and warming processes3,168,169, and this 

sensitivity compromises cell survival and function. Cryopreservation by vitrification is an ice-free 

storage method that can be achieved by superfast cooling or in the presence of high concentrations 

of cryoprotectants to inhibit ice crystallization inside the tissue69. Porcine articular cartilage has 

been used as a successful animal model for articular cartilage research due to its biological 

similarity to human articular cartilage, especially related to its thickness in the hind stifle joint 

relative to the human knee joint3,113. Past work in the vitrification of articular cartilage tissue has 

investigated the use of single or multi-cryoprotectant solutions at one or several progressively 
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decreasing temperatures: Pegg et al.185 permeated dimethyl sulfoxide into thin lamb articular 

cartilage slices at progressively lower temperatures that traced the liquidus line of the solid–liquid 

phase diagram to a sufficiently high concentration of cryoprotectants inside the cartilage before 

storage at −80 °C; Brockbank and co-workers loaded multiple cryoprotectants (dimethyl sulfoxide, 

formamide, propylene glycol) into porcine articular cartilage plugs (6 mm diameter osteochondral 

plugs) gradually from low to high concentrations at 4 °C before rapid cooling to −135 °C30,218; our 

group developed a stepwise multi-cryoprotectant loading method that permeates multiple 

cryoprotectants (dimethyl sulfoxide, ethylene glycol, propylene glycol, glycerol) at progressively 

lower temperatures from 0 °C down to −20 °C to reach a high concentration of cryoprotectants 

within human articular cartilage dowels (10 mm diameter osteochondral plugs and 12.5 cm2 large 

fragments) before plunging into liquid nitrogen at −196 °C for vitrification113.  

 

Given the practically inaccessible range of potential cryoprotectant combinations, temperatures, 

and times of exposure, engineering modelling provides a systematic framework for screening and 

identifying successful cryoprotectant loading protocols. Such models can make simultaneous 

calculations of pertinent properties—cryoprotectant concentration, cytotoxicity, solution freezing 

point, vitrifiability, and/or temperature—as a function of location in the cartilage and time of 

exposure. For example, cryoprotectant concentration has been calculated using biomechanical 

models1,2,5 and Fick’s law139,165,209; a mathematical toxicity cost function was introduced by 

Benson et al. to quantify the cumulative toxicity experienced by cells over the course of 

cryoprotectant loading25; and vitrifiability208,239 and freezing point61,208,263 have been accurately 

modeled. These engineering models usually require parameterizations extracted from 
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experimental data that can depend on tissue type and size, cryoprotectant type and concentration, 

and temperature.  

 

To implement engineering models for articular cartilage preservation, the kinetic diffusion 

parameters in porcine articular cartilage, osmotic virial coefficients, and contributions to multi-

cryoprotectant solution vitrifiability of three common cryoprotectants—dimethyl sulfoxide 

(DMSO, also known as Me2SO), ethylene glycol (EG), and propylene glycol (PG)—have 

previously been obtained by our group: Abazari et al.4 determined parameters for the temperature-

dependent diffusion kinetics of these cryoprotectants in porcine articular cartilage via fitting Fick’s 

law of diffusion to experimental measurements (using these empirically-fitted diffusion 

coefficients for kinetic predictions of cryoprotectant diffusion has been shown to agree reasonably 

with predictions obtained using the non-ideal triphasic biomechanical model that considers water 

transport2 and with experimental measurements of efflux from human cartilage209); Zielinski et al. 

determined osmotic virial coefficients for common cryoprotectants by fitting the multi-solute 

osmotic virial equation proposed by Elliott et al.61,193,194,263 to experimental data of freezing point; 

and Weiss et al.239 quantified the vitrifiability of multi-cryoprotectant saline solutions using a 

statistical model fit to experimental observations obtained for 5-ml solutions cooled at a rate of 

approximately 60 K/min. Our group’s first successful vitrification protocol113 was developed for 

osteochondral dowels (articular cartilage with underlying bone), where each of four 

cryoprotectants was loaded sequentially in a separate loading step to attain a specified minimum 

concentration of each cryoprotectant at the cartilage–bone junction over a total loading time of 9.5 

hr. Then, our group investigated the diffusion dynamics of this 2012 protocol, proposing a 

hypothetical 3-step loading procedure totaling 7 hr in duration that still attained the targeted 
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minimum concentration of each cryoprotectant209. In Shardt et al.208, we further modified the 2012 

protocol by (i) reducing all cryoprotectant loading solution concentrations, (ii) removing glycerol 

as a cryoprotectant, and (iii) introducing an equilibration step. In addition, Nadia Shardt calculated 

the spatial and temporal distribution of vitrifiability, and based on this calculation, our group 

designated potential loading protocols as having sufficient cryoprotectant permeation once the 

minimum vitrifiability exceeded the threshold determined by Weiss et al.239 arriving at a more 

optimal 7-h protocol208 for osteochondral dowels shown experimentally to be successful at 

preserving chondrocyte viability and metabolism in porcine articular cartilage248 Chapter 3. The 

vitrification of particulated articular cartilage (whether human or from an animal model) has not 

yet been reported in the literature. Herein, we present two 2-step, dual-temperature, multi-

cryoprotectant protocols for vitrifying particulated articular cartilage (cubes approximately 1 mm3 

in size) for extended periods of time (6 months) at cryogenic temperatures while maintaining high 

cell viability and function for use in a clinical setting. Nadia Shardt used engineering modelling to 

determine optimal cryoprotectant exposure times and temperatures (via calculations of spatially- 

and temporally-resolved cryoprotectant concentration, solution freezing point, and vitrifiability, 

while qualitatively minimizing cytotoxicity with an appropriate selection of cryoprotectant type 

and concentration in the loading solution and not unnecessarily exceeding required loading times. 

We prove the success of these protocols by experimentally measuring chondrocyte viability, 

metabolic activity, cell migration, and matrix productivity after cryoprotectant loading, 

vitrification, and rewarming of both porcine and human particulated articular cartilage. Pigs are 

considered the best animal model for articular cartilage cryopreservation150; thus we include 

porcine samples to show the best case scientific results when tissue is harvested immediately post 
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mortem from young individuals compared with the more clinically applicable results for human 

where tissue is harvested from deceased older donors some hours after death. 

 

2.3 Materials and Methods  

2.3.1 Computational Methods 

To design our loading protocols, Nadia Shardt calculated the spatial and temporal distribution of 

cryoprotectant concentration, solution freezing point, and vitrifiability, bringing together the work 

of Abazari et al.4,115 on diffusion coefficients; Prickett et al.194, Elliott et al.61, and Zielinski et 

al.263 on the multi-solute osmotic virial equation61,193,194,263 for predicting freezing point; and Weiss 

et al.239 on solution vitrifiability. We first presented this three-part engineering model in a previous 

paper where we proposed an optimal protocol for preserving articular cartilage dowels208 that was 

shown to yield high cell viability when implemented experimentally (see Chapter 3)248. Herein, 

Nadia Shardt used our group’s three-part model to develop protocols for articular cartilage cubes. 

 

The first step of developing a vitrification protocol is to choose the cryoprotectant types and 

concentrations. Protocol E–D–P is based on our previous work on articular cartilage dowels208, 

and as we did there, here we select EG, DMSO, and PG to load at progressively lower temperatures. 

In the first loading step at a temperature of 0 °C, we select EG and DMSO because these permeate 

the quickest and depress the freezing point quickly for the subsequent loading step to take place. 

In the second loading step, propylene glycol is added. In both steps, the concentrations of EG and 

DMSO are 3 M (the same concentration as we used previously for cartilage dowels208 based on 

experimental evidence that 3 M solutions of these cryoprotectants are associated with low 
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toxicity116), while the concentration of PG is 2 M (a concentration selected to permit the attainment 

of a vitrifiable concentration at the end of the loading protocol within a reasonable time period). 

 

Protocol E–D is designed to avoid the use of PG, which has been identified as more toxic than EG 

and DMSO. For this protocol, we select a loading solution of 3 M EG in the first loading step at a 

temperature of 0 °C. In the second loading step, we select a solution with DMSO and EG both at 

4 M (a concentration selected to expedite the diffusion into the cartilage for the protocol to take a 

similar amount of time as Protocol E–D–P). 

 

Given the above defined concentrations for the loading solutions of each protocol, the only 

remaining variables to be defined are the times of each loading step and the temperature of the 

second loading step. From the practical perspective, we note that a single loading step cannot be 

less than 10 min long because of the time taken for the experimental procedure. Therefore, Nadia 

Shardt varied the time of each loading step between 10 min and 40 min in intervals of 5 min. For 

the initial iteration of protocol development, Nadia Shardt set the temperature of the second step 

to be 0 °C and calculated the expected spatial and temporal distributions of cryoprotectant 

concentration, solution freezing point, and solution vitrifiability for each combination of loading 

step times. Of all the possible protocols, Nadia Shardt selected the shortest protocol that predicts 

a vitrifiability score at all spatial points in the cartilage to exceed the minimum vitrifiability score. 

Based on the predicted maximum freezing point at the end of this protocol’s first step, Nadia Shardt 

chose a temperature for the second loading step that is greater than this freezing point. Finally, 

Nadia Shardt confirmed that this new temperature also ensures that all spatial points in the cartilage 

remain vitrifiable. 



44 

 

 

2.3.1.1 Cryoprotectant Concentration 

Fick’s law of diffusion is used in one dimension to calculate the spatial and temporal evolution of 

cryoprotectant permeation: 

 

 
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 (1) 

 

where 𝐶 is cryoprotectant concentration (mol/L), 𝑡 is time (s), 𝐷 is the diffusion coefficient (m2/s), 

and 𝑥 is position in the cartilage. The diffusion coefficient is calculated as a function of absolute 

temperature (𝑇) using the Arrhenius expression: 

 𝐷 = 𝐴 exp (−
𝐸𝑎

𝑅𝑇
) (2) 

 

where 𝐴 is the pre-exponential factor (m2/s) and 𝐸𝑎 is the activation energy (kcal/mol), as listed in 

Table 2.1 for each cryoprotectant; 𝑅 is the ideal gas constant. 

 

Table 2.1. Coefficients for use in calculating the diffusion coefficient of each cryoprotectant in 

porcine cartilage (Equation (2)) 4. 

 

 𝑨  

(m2/s) 

𝑬𝒂  

(kcal/mol) 

DMSO 2.9895×10−7 3.9 ± 1.6 

PG 1.6971×10−5 6.63 ± 0.04 
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EG 1.833×10−7 3.8 ± 0.7 

 

Experimentally, condyles are minced into cubes with side lengths of 1 mm. Based on this 

geometry, Nadia Shardt selected a one-dimensional line from the centre of one cube face to the 

centre of the cube (length of 0.5 mm) for her calculations, as illustrated in Fig. 2.1A. Nadia Shardt 

selected this dimension for her diffusion calculations because 0.5 mm is the shortest distance from 

the cartilage–solution boundary to the center of the cube. Using this geometry, the calculated 

concentration at the center is a lower bound on the expected concentration, given that diffusion 

also occurs from each side of the exposed cube. 

 

The following boundary and initial conditions are used to solve Equation (1) for calculating the 

spatial and temporal distribution of cryoprotectant concentration during loading. First, the 

concentration of each cryoprotectant at the outer surface of the cube is equal to the concentration 

in the solution: 

 𝐶(𝑥 =  0.5 mm, 𝑡) = 𝐶solution (3) 

 

At the center of the cube, there is no flow of cryoprotectant: 

 
𝜕𝐶

𝜕𝑥
(𝑥 = 0 mm, 𝑡) = 0 (4) 

 

Finally, the initial condition at the beginning of the first loading step is: 

 𝐶(0 < 𝑥 < 0.5 mm, 𝑡 = 0) = 0 (5) 
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The concentration profile of each cryoprotectant at the end of the first loading step is used as the 

initial condition for the second loading step. 

 

2.3.1.2 Vitrifiability 

Given the distribution of cryoprotectant concentration calculated using Equation (1), the 

corresponding spatial distribution of vitrifiability can be determined for the volume and cooling 

rate expected during the vitrification of cartilage cubes. For our predictions, Nadia Shardt used the 

statistical model of vitrifiability developed by Weiss et al.239, where 5 mL solutions containing 

between 6 M and 9 M of cryoprotectants were placed in 10 mL polypropylene tubes and plunged 

into liquid nitrogen (a ~60 K/min cooling rate112,239) for 30 min. The solutions were then immersed 

in a 37 °C water bath until they liquified completely, for which an ordinal score was assigned 

based on visual inspection (on a scale from 0 to 4 outlined in Table 2.). The following statistical 

model was developed with proportional-odds logistic regression based on the experimental scores 

of ordinal vitrifiability for 164 cryoprotectant solutions239: 

 

∑ [𝛽𝑖𝐶𝑖 + ∑ 𝛽𝑖𝑗𝐶𝑖𝐶𝑗

𝑖

𝑗=1

]

𝑝

𝑖=1

≥ |𝛼𝑛|   (6) 

 

where 𝛽𝑖  and 𝛽𝑖𝑗  are single and interaction terms (including self-interactions) for each 

cryoprotectant 𝑖 and cryoprotectant pair 𝑖𝑗, respectively, as listed in Table 2.239, and 𝐶𝑖 is the molar 

concentration (mol/L). If the summation calculated over the 𝑝 cryoprotectants exceeds a threshold 

value of 𝛼𝑛, the solution will reach a vitrifiability score of at least 𝑛 (Table 2.). The coefficients 

listed in Table 2. are only valid for predicting vitrifiability under the same or more favorable 

conditions as the experiments in Weiss et al.239, i.e., for 5 mL solutions in 10 mL polypropylene 
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tubes cooled at ~60 K/min and thawed in a 37 °C water bath. Herein, cartilage cubes are placed 

into a 1.8 mL Cryovial tube for vitrification and warming, which is a smaller volume than that 

used by Weiss et al.239. A smaller volume increases the rate of cooling and warming and improves 

the vitrifiability of the cryoprotectant solution within the cartilage matrix. Thus, any protocol that 

satisfies the vitrifiability criterion determined by Weiss et al.239 is also expected to be vitrifiable 

under the experimental conditions used herein. 

 

Table 2.2. Ordinal scores for the ordinal model of vitrifiability239 

Ordinal Score Description  

0 No vitrification  

1 Complete devitrification 

2 Partial devitrification 

3 Devitrification at edges  

4 No devitrification 

 

 

Table 2.3. Numerical thresholds (𝛼) and coefficients (𝛽) for the ordinal model of vitrifiability239 

Parameter Estimate  

𝜶𝟏  167.6 ± 29.2 

𝜶𝟐  184.0 ± 31.5 

𝜶𝟑  186.8 ± 31.8 

𝜶𝟒  190.5 ± 32.0 

𝜷𝑷𝑮  57.1 ± 10.6 
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𝜷𝑬𝑮  39.9 ± 8.0 

𝜷𝑫𝑴𝑺𝑶  36.4 ± 6.7 

𝜷𝑷𝑮_𝑬𝑮  −5.9 ± 1.3 

𝜷𝑫𝑴𝑺𝑶_𝑷𝑮  −5.9 ± 1.2 

𝜷𝑷𝑮_𝑷𝑮  −4.1 ± 0.9 

𝜷𝑫𝑴𝑺𝑶_𝑬𝑮  −3.7 ± 0.9 

𝜷𝑬𝑮_𝑬𝑮  −2.3 ± 0.6 

𝜷𝑫𝑴𝑺𝑶_𝑫𝑴𝑺𝑶  −1.4 ± 0.4 

 

2.3.1.3 Freezing Point 

The distribution of freezing point as a function of position in the cartilage is calculated 

using61,194,263 

 

𝑇FP
0 − 𝑇FP =

[𝑊1/ (𝑠1
0L − 𝑠1

0S)] 𝑅𝑇FP
0 𝜋

1 + [𝑊1/ (𝑠1
0L − 𝑠1

0S)] 𝑅𝜋
 (7) 

 

where 𝑇FP
0  is the freezing point of pure water (273.15 K), 𝑇FP  is the freezing point of the 

cryoprotectant mixture, 𝜋 is the osmolality (osmol/kg solvent), 𝑊1 is the molar mass of pure water, 

and 𝑠1
0L − 𝑠1

0S = 22.00 J/mol K is the change in molar entropy between pure liquid and pure solid 

water at 𝑇FP
0 . 

 

The multi-solute osmotic virial equation61,193,194,263 is used to calculate solution osmolality with 

the fitting coefficients determined by Zielinski et al.263. Only the second-order virial coefficients 
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(𝐵) are needed to accurately describe cryoprotectant solutions containing DMSO, PG, and EG with 

an isotonic amount of NaCl: 

 
𝜋 = ∑ 𝑘𝑖𝑚𝑖

𝑟

𝑖 = 2

+ ∑ ∑
𝐵𝑖 + 𝐵𝑗

2
𝑘𝑖𝑚𝑖𝑘𝑗𝑚𝑗

𝑟

 𝑗 = 2

𝑟

𝑖 = 2

 (8) 

 

where 𝑘 is the dissociation constant and 𝑚 is the molality, which is calculated with: 

 

𝑚𝑖 =
(1000

L
m3) 𝐶𝑖

𝜌1[1 − ∑ 𝐶𝑖𝑉𝑚,𝑖
𝑟−1
𝑖 = 2 ]

 

(9) 

 

where 𝜌1 is the density of pure water (998 kg/m3 at 22 °C140) and 𝑉𝑚 is the molar volume (L/mol) 

at 22 °C54. Dissociation constants, osmotic virial coefficients, and molar volumes are listed in 

Table 2. for each cryoprotectant. The volume of mixing and the volumes of NaCl (and other minute 

additives) are assumed negligible in Equation (9). 

 

Table 2.4. Dissociation constants and virial coefficients for Equation (8)263 and the molar volume54 

of each cryoprotectant for Equation (9). 

 

𝒌 

𝑩  

(molal-1) 

𝑽𝒎 

(L/mol) 

DMSO 1 0.108 ± 0.005 0.0709 

PG 1 0.039 ± 0.001 0.0735 

EG 1 0.020 ± 0.001 0.0559 

NaCl 1.678 0.044 ± 0.002 – 
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2.3.1.4 Code and Data Availability 

MATLAB code is available upon request, and all pertinent calculations are listed in the 

supplementary information. 

 

2.3.2 Experimental Methods 

2.3.2.1 Porcine articular cartilage cube preparation 

Hind legs with joints (N = 23 porcine hind legs) from sexually mature pigs aged over 54 weeks 

were obtained from a meat-processing plant slaughter house in Wetaskiwin, Alberta, Canada. No 

animals were specifically euthanized for this research. Porcine joints were harvested and immersed 

in phosphate buffered saline (PBS) immediately then transported to the research laboratory within 

4 hours. After joint dissection, articular cartilage was shaved from the condyles, minced into cubes 

approximately 1 mm3 in size using a sterile scalpel blade and cleaned with 50 ml sterile PBS 

(Ca2+/Mg2+ free) plus antibiotics [100 units/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml 

amphotericin B (Gibco)] for 15 minutes under a biological safety cabinet (NuAire, MN, USA).  

 

2.3.2.2 Human articular cartilage cube preparation 

Healthy knee joints (N = 3 donors) from deceased donors aged 48, 50, and 59 years (Mean ± SD: 

52.3 ± 5.8 years) were obtained from the Comprehensive Tissue Center in Edmonton, Alberta, 

Canada with consent from patients’ families to use donated cartilage for research. Human research 

ethics approval was obtained from the University of Alberta Research Ethics Office. After tissue 

harvesting, knee joints were stored in 500 ml X-VIVO 10 (Lonza, California, USA, a serum-free 

medium has been approved for clinical use) and transported to the research laboratory within 24 

hours. Healthy articular cartilage was shaved from the condyles, minced into cubes approximately 
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1 mm3 in size using a sterile scalpel blade, and immediately immersed in PBS, then cleaned with 

50 ml sterile PBS (Ca2+/Mg2+ free) plus antibiotics [100 units/ml penicillin, 100 µg/ml 

streptomycin (Gibco)] for 15 minutes under a biological safety cabinet.  

 

2.3.2.3 Cryoprotectant cocktail solution preparation and stepwise cryoprotectant loading 

protocol  

Multi-cryoprotectant cocktail solutions were made from three cryoprotectants: ethylene glycol 

(EG) (Fisher), dimethyl sulfoxide (DMSO) (Fisher) and propylene glycol (PG) (Fisher). Fresh 

cryoprotectant cocktail solutions were prepared in 50 ml final volumes with Dulbecco’s Modified 

Eagle Medium F12 (DMEM) (Gibco) for porcine cartilage or with X-VIVO 10 serum-free medium 

for human cartilage on the same day of the experiment, using the following concentrations of 

cryoprotectants (M = molar): Protocol E–D–P: Solution One [3 M EG + 3 M DMSO] and Solution 

Two [3 M EG + 3 M DMSO + 2 M PG]; and Protocol E–D: Solution One [3 M EG], and Solution 

Two [4 M EG + 4 M DMSO]. After weighing, cartilage cubes were transferred into the prepared 

50 ml cryoprotectant cocktail solutions for cryoprotectant permeation at specific temperatures and 

times: Protocol E–D–P: Solution One at 0 °C for 10 min, followed by Solution Two at −10 °C for 

20 min; Protocol E–D: Solution One at 0 °C for 20 min, followed by Solution Two at −5 °C for 

15 min. After the cryoprotectant loading into the cartilage, the particulated cartilage cubes were 

quickly removed from the Falcon tubes with a mesh strainer, and transferred into a sterile 1.8 mL 

Cryovial tube using a chemical spoon. After closing the vial lid, the Cryovial tube was placed onto 

a Cryovial cane and quickly plunged into liquid nitrogen for vitrification.  

 



52 

 

2.3.2.4 Cryoprotectant removal from articular cartilage cubes  

The Cryovial tube containing vitrified cartilage cubes was quickly removed from the liquid 

nitrogen and warmed in a 37 °C water bath until the glass was melted. The cartilage cubes were 

extracted with a sterile spatula and washed three times in 25 ml DMEM (for porcine cartilage) or 

25 ml X-VIVO 10 serum-free medium (for human cartilage) for 30 min each wash to remove the 

permeated cryoprotectants from the cartilage cubes. 

 

2.3.2.5 Assessment of chondrocytes in situ  

2.3.2.5.1 Chondrocyte viability by cell membrane integrity stain 

Chondrocyte viability was assessed by a cell membrane integrity stain [6.25 µM Syto 13 and 9.0 

µM propidium iodide mixed in PBS] using a membrane-permeant nucleic acid stain (Syto 13; 

Molecular Probes) which fluoresced green, and a membrane-impermeant stain (propidium iodide; 

Sigma) that penetrates only into cells with disrupted cell membranes, fluorescing red. After 

incubation of cartilage cubes in the dyes for 20 min, cartilage cubes were rinsed in PBS (Ca2+/Mg2+ 

free) and imaged using a laser scanning confocal fluorescent microscope (model: TCS SP5; Leica). 

The dual filters used to image all the cartilage cubes in this study had the following spectra peak 

maxima wavelengths: excitation/emission: 488 nm/503 nm and 535 nm/617 nm. Three replicate 

cartilage cubes from one Cryovial were imaged at each time point. Cartilage cubes were imaged 

at three time points, t1 = positive control before cryoprotectant loading (fresh cartilage cubes after 

mincing), t2 = after vitrification in LN2 (< 24 hours, Day 0) and tissue warming followed by 

cryoprotectant removal in medium, t3 = after vitrification for 180 days (Day 180) and tissue 

warming followed by cryoprotectant removal in medium. A positive control (fresh cartilage cubes 

after mincing) and a negative control group (freeze/thaw in liquid nitrogen (LN2) without 



53 

 

cryoprotectants) from the same condyle were used to screen sample viability. A minimum 80% 

absolute chondrocyte viability in the positive (fresh) controls before cryoprotectant exposure 

(chondrocyte viability at t1) was used to screen out unhealthy cartilage donors.  

 

2.3.2.5.2 Chondrocyte metabolic activity by alamarBlue 

Chondrocyte metabolic activity was assessed by an alamarBlue assay (Invitrogen, Burlington). 

Rewarmed articular cartilage cubes (approximately 0.2 g wet weight) after cryoprotectant removal 

were washed in 5 ml sterile PBS (Ca2+/Mg2+ free) plus antibiotics for 15 minutes in a biological 

safety cabinet. Cartilage cubes were incubated with the alamarBlue assay solution [5 ml X-VIVO 

10 medium supplemented with 0.1 mM ascorbic acid, 10 nM dexamesasone, 10 ng/ml 

transforming growth factor (TGF) beta 1 and mixed with 500 µl alamarBlue] at 37 °C for 48 hr. 

Images of the fluorescence color change of alamarBlue assay solutions of the culture plates were 

taken at 0 hr, 24 hr and 48 hr using a digital camera (Canon PowerShot ELPH 180). The average 

of two replicate readings of the blank samples (alamarBlue assay solution without cartilage sample) 

was subtracted from the average of the experimental samples to yield a value in relative fluorescent 

units (RFU) divided by gram weight. The RFU were determined by the CytoFluor II software with 

emission wavelengths of 580/50 nm, excitation wavelengths of 485/20 nm and a fluorescent 

intensity gain set to 45. 

 

2.3.2.6 Assessments of isolated chondrocytes  

2.3.2.6.1 Articular cartilage digestion for chondrocyte isolation 

After cryoprotectant removal, 0.2 g of porcine cartilage cubes or 0.5 g of human cartilage cubes 

were weighed and cleaned with 5 ml sterile PBS (Ca2+/Mg2+ free) plus antibiotics [100 units/ml 
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penicillin, 100 µg/ml streptomycin (Gibco)] for 15 minutes under a biological safety cabinet. The 

cartilage cubes were then transferred to an empty 50 ml Falcon tube and 5 ml of 0.15% collagenase 

solution was added under sterile conditions [for 10.5 ml of collagenase solution, prepare: 10 ml 

DMEM supplemented with antibiotics (PS), 15 mg of 300 units type II collagenase (Filtered, 

Worthington), and 0.5 ml FBS]. The Falcon tubes containing cartilage cubes were placed in an 

orbital shaker (250 rpm) at 37 °C for cartilage digestion for 22 hours. Once the cartilage digestion 

was finished, a sterile 100 µm cell strainer was used to filter the digested chondrocytes. The 

collagenase was neutralized by adding 10 ml of DMEM supplemented with 10% fetal bovine 

serum (FBS). The chondrocytes were collected by centrifugation for 10 min at 433 g at 22 °C, 

followed by two washes in 10 ml sterile PBS (Ca2+/Mg2+ free), then resuspended in 12 ml of 

DMEM complete for chondrocyte recovery.   

 

2.3.2.6.2 Chondrocyte recovery and chondrocyte collection 

After chondrocyte recovery in an appropriate tissue culture flask (BD, Falcon) in a humidified 

incubator with 20% O2 and 5% CO2 at 37 °C for 72 hr, the chondrocyte monolayer was washed 

with 5 ml sterile PBS (Ca2+/Mg2+ free) twice. 2 ml 1×0.02% trypsin-EDTA solution (Gibco) was 

added to the tissue culture flask to disassociate chondrocytes for 5 min at 37 °C, then neutralized 

with 5 ml of DMEM complete supplemented with 10% FBS. Chondrocytes were collected for cell 

counting via centrifugation for 10 min at 433 g at 22 °C. 

 

2.3.2.6.3 Chondrocyte counting by Trypan blue  

After chondrocytes were resuspended in DMEM complete media, 15 µl cell suspension and 15 µl 

Trypan blue were mixed by pipetting. Then 10 µl of this mixture was gently placed in a 
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hematocytometer using a pipette for chondrocyte counting, where the cell count was determined 

by adding the counted cells in four equally-sized areas, dividing by 4, and then multiplying by a 

dilution factor of 10,000 and the total volume of chondrocyte suspension solution. Trypan blue is 

a vital stain used to selectively color dead cells with a blue color, and live cells with intact cell 

membranes remain unstained. Since live chondrocytes are excluded from staining, this staining 

method can be used as a dye exclusion method to identify the number of living chondrocytes.  

 

2.3.2.6.4 Scratch wound healing assay and chondrocyte migration quantification 

After chondrocyte recovery for 72 hr, chondrocytes were counted with Trypan blue and seeded 

onto a 24-well tissue culture plate (Aaka Scientific Inc.) with a density of 105 per well and cultured 

in a humidified incubator with 20% O2 and 5% CO2 at 37 °C for 168 hours. Chondrocytes were 

grown until they reached over 90% confluence as a monolayer in the culture plate in 2 ml DMEM 

complete supplemented with 10% FBS with the medium changed twice a week. For the scratch 

wound healing assay, a sterile 200 µl pipette tip was used to slowly scratch the confluent 

monolayer (90% or higher) from left to right across the center of the well and introduce a 1 mm 

wide empty gap in the wells43. The wells were refilled with 2 ml fresh DMEM complete and images 

of the well were taken at 0 hr, 24 hr, and 48 hr to monitor the migration of chondrocytes. Image J 

software was used to calculate chondrocyte migration percentage every 24 hr. Chondrocyte 

migration was normalized to the initial empty gap width at 0 hr and plotted to show the 

chondrocyte migration speed based on the 24 hr and 48 hr timepoints. 

 

2.3.2.6.5 Chondrocyte aggregate by pellet culture for 21 days  

http://en.wikipedia.org/wiki/Vital_stain
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Cell_membrane
http://en.wikipedia.org/wiki/Cell_membrane
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After isolated chondrocytes were plated for 72 hr for cell recovery, chondrocytes were washed 

with sterile PBS (Ca2+/Mg2+ free) twice. Then chondrocytes were trypsinized for 5 min at 37 °C 

and centrifuged at 433 g for 5 min to collect chondrocytes for making pellets following the 

procedure below142. After a cell wash and cell counting with Trypan blue, 5×105 chondrocytes 

were resuspended in 500 µl defined serum-free medium [SFM: high glucose DMEM, HEPES (10 

mM), human serum albumin (125 mg/ml), ascorbic acid 2-phosphate (365 lg/ml), dexamethasone 

(100 nM), and L-proline (40 lg/ml) (Sigma-Aldrich), ITS + 1 premix (5 µl, 100x) (Corning, 

Discovery Labware, Inc.), 100 units/ml penicillin, 100 µg/ml streptomycin, TGF-b3 (10 ng/ml; 

ProSpec, NJ, USA, ] in a 1.5 ml sterile conical microtube (Bio Basic Inc, Ontario, Canada). Then, 

chondrocytes were centrifuged at 433 g and 22 °C for 5 min to form a pellet at the bottom of the 

microtube using an Allegra X-22R centrifuge (Beckman Coulter, US). The pellets were cultured 

in the SFM under 3% O2 and 5% CO2 at 37 °C in a humidified incubator for 21 days, with SFM 

changes twice a week. 

 

2.3.2.6.5 Assessment of pellets after a 21-day culture 

2.3.2.6.5a Wet weight and histology of pellets 

After a 21-day culture, pellets were rinsed with sterile PBS (Ca2+/Mg2+ free) and wet weights were 

measured using an electric balance (Mettler Toledo; Switzerland). Pellets were imaged with a 

Zeiss camera (AxioCam ERc 5s) for gross morphology and fixed with 10% formalin for 24 hr 

before paraffin embedding. A microtome (Leica) was used to prepare pellet sections with 

thicknesses of 5 µm, followed by section drying at 37 °C overnight in a dry incubator. Pellet 

sections were then processed with Safranin O staining to quantify and identify proteoglycan 

content in the pellets. Stained sections were imaged with a Nikon digital camera (model: DS-Fi2) 



57 

 

equipped on a Nikon inverted microscope (model: ECLIPSE Ti-5): exposure time for 100× 

magnification = 8 ms; exposure time for 200× magnification = 40 ms; gain = 0. 

 

2.3.2.6.5b GAG/DNA measurement                                                                  

Glycosaminoglycan (GAG) content of pellets was quantified by a dimethylmethylene blue 

(DMMB) assay. Pellets were weighed and rinsed with PBS and stored in a −80 °C freezer before 

use. After warming, pellets were digested in 250 µl of 1 mg/ml proteinase K overnight at 56 °C 

using a dry block heater (Thermo Fisher Scientific). PBE/cysteine buffer (100 mM Na2HPO4, 10 

mM Na2EDTA, pH = 6.5, 1.75 mg/mL cysteine, Sigma) and ~0–100 µg/mL chondroitin sulphate 

A sodium salt (CS, Sigma-Aldrich) were used as controls for a standard curve. The standard curve 

was prepared in 8 Eppendorf tubes with a total volume of 100 µL and an increasing concentration 

of CS. After protein digestion, a 5 µL digested sample was pipetted into an ultra-clear 96 well plate 

in triplicate (NUNC, Thermo Fisher Scientific). The digested sample in each well was mixed with 

5 µL PBE/cysteine buffer and diluted by 1:50 in concentration by adding 250 µL DMMB dye 

(Sigma-Aldrich). Each plate was read at 525 nm and data was normalized to the blank reading of 

H2O (260 µL, without DMMB) and the CS standard controls. DNA content was quantified by 

using the CyQUANTTM proliferation assay kit for cells in culture (Invitrogen, ON, Canada). After 

cartilage digestion with 1 mg/mL Proteinase K, a 5-µL sample was pipetted into a 96-well plate in 

triplicate. In each well, 195 µL working buffer was added to make the total volume equal to 200 

µL. DNA solutions and working buffer were prepared using an assay kit142. For 20 mL working 

buffer, 50 µL CyQUANT® GR dye, 1 mL Cell-lysis buffer were mixed with 19 mL Milli-Q water. 

The spectra peak maxima for excitation of 450/50 nm and emission of 530/25 nm were used to 

read the plates, and the supplied λDNA of bacteriophage was used as standard reference. 
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2.3.2.7 Statistical analysis                                                               

The numerical data are presented as means ± standard deviation (SD). Based on the Mauchly’s 

test of sphericity or the Levene’s test of equality, the analysis of variance (ANOVA) with post hoc 

test (Tukey’s multiple comparison) was performed on the experimental groups, otherwise, the 

nonparametric test (Kruskal–Wallis with pairwise comparison) was performed to compare 

experimental variables in multiple groups. Sample size and the p values are reported in the figure 

legends. All data were analyzed using SPSS 20.0 software for statistical significance and figures 

were plotted using GraphPad Prism 8 software. 

 

2.4 Results 

2.4.1 Computational generation of cryoprotectant loading protocols for 

particulated articular cartilage 

Optimized protocols are developed based on a combined consideration of the spatial and temporal 

distribution of cryoprotectant concentration, solution freezing point, and cryoprotectant 

vitrifiability, an approach that our group used for the development of successful protocols for 

preserving articular cartilage dowels113,208,248. Based on the toxicity studies of Almansoori et al.9 

and Jomha et al.116 that ranked the relative toxicity of commonly-used cryoprotectants for human 

and porcine chondrocytes, we selected the least toxic compounds for our protocols: EG, DMSO, 

and PG. Our first protocol loaded all three cryoprotectants (named Protocol E–D–P), and the 

second protocol loaded only two cryoprotectants (EG and DMSO; named Protocol E–D) because, 

of the three cryoprotectants, PG is associated with the most cytotoxicity65.  
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To predict spatial and temporal distributions of concentration, Nadia Shardt used Fick’s law of 

diffusion over a one-dimensional line through a cube of cartilage (see Fig. 2.1A) with effective 

diffusion coefficients previously obtained by fitting to experiments that measured the uptake of 

cryoprotectant in porcine cartilage as a function of time and temperature4,115.  It has been 

previously noted that Fick’s law underestimates cryoprotectant diffusion when compared to 

experimental measurements and to our group’s nonideal triphasic model, but it is within an average 

of 15% from experimental measurements of cryoprotectant efflux from human cartilage dowels 

(using Fick’s law in 2-dimensions with diffusion coefficients from porcine cartilage as an 

approximation of those in human)1,2,5. Thus, Nadia Shardt used Fick’s law in one-dimension to 

ensure that we developed conservative protocols that will be robust to small variations in, for 

example, cube size, diffusion coefficients (inhomogeneities in the cartilage matrix may cause 

deviations), and heat transfer rates during vitrification (in our experiments, we achieve a cooling 

rate of approximately 140 K/min, where 0.5 g of articular cartilage cubes after cryoprotectant 

permeation are placed in a dry 1.8 mL cryovial and plunged in liquid nitrogen, reaching −150 °C 

from −10 °C in ~60 s based on 5 independent measurements).  

 

To predict spatial and temporal distributions of freezing point accounting for the nonideal behavior 

of highly-concentrated cryoprotectant solutions, Nadia Shardt used the multi-solute osmotic virial 

equation61,193,194,263 with the osmotic virial coefficients determined by Zielinski et al.263 combined 

with the Gibbs–Duhem equation61,193,194,263. To predict spatial and temporal distributions of 

vitrifiability, Nadia Shardt used the statistical model developed by Weiss et al. via fitting to 

experimental results of 5 mL cryoprotectant solutions with concentrations between 6 M and 9 M 



60 

 

placed in 10 mL polypropylene tubes and plunged in liquid nitrogen (a ~60 K/min cooling 

rate112,239) for 30 min, followed by warming in a 37 °C water bath239. Nadia Shardt used 

vitrifiability as the criterion for assessing the predicted success of a protocol, because it can be 

used to screen protocols with various cryoprotectant types and concentrations, as we showed in 

our previous work on cartilage dowels208. Based on this criterion of achieving a minimum level of 

vitrifiability throughout the cube, Nadia Shardt and Janet Elliott developed two new protocols 

(Protocol E–D–P and Protocol E–D) for 1 mm3 particulated cartilage cubes, as summarized in Fig. 

2.1B, with more details of the design process outlined in the Methods. Fig. 2.1C shows the spatial 

distribution of cryoprotectant concentration, freezing point, and vitrifiability at the end of each 

loading step for Protocol E–D–P and Protocol E–D. By the end of the second loading step, both 

protocols are predicted to exceed the minimum vitrifiability criterion (𝛼1 = 167.6) at all locations 

in the cartilage from the center of the cube to the edge in contact with the cryoprotectant solution. 
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Figure 2.1 Overview of theoretical calculations. A. Schematic of the 1 mm3 articular cartilage 

cubes. For our theoretical calculations, Nadia Shardt considered a one-dimensional line for 

diffusion with length 0.5 mm extending from the center of the cube to the edge of the cube that is 

in contact with the cryoprotectant solution. B. Summary of cryoprotectant concentrations, 

loading times, and temperatures for each step of Protocol E–D–P and Protocol E–D. Each 

protocol consists of two steps, with the second step introducing an additional cryoprotectant at a 

reduced temperature. C. Calculations of the spatial distribution of cryoprotectant 

concentration, solution freezing point, and vitrifiability at the end of each loading step. For 

these calculations, Nadia Shardt used Fick’s law of diffusion, the multi-solute osmotic virial 
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equation combined with the Gibbs–Duhem equation194,263, and a statistical model of 

vitrifiability239. In panels (e)–(h), 𝛼1  indicates the minimum vitrifiability score required for 

vitrification under the experimental conditions described in Weiss et al239.  

 

2.4.2 Experimental vitrification of articular cartilage cubes 

Based on the modelling results (Fig. 2.1) for cryoprotectant permeation into particulated articular 

cartilage, we developed the processing protocol to vitrify, store and warm particulated articular 

cartilage, illustrated in Fig. 2.2.  Briefly, after harvesting articular cartilage from healthy femoral 

condyles it is sliced into 1 mm3 cubes under sterile conditions (see Fig. 2.2A). Approximately 0.5–

0.8 g wet weight of particulated articular cartilage per protocol treatment were loaded in 50 mL of 

multi-cryoprotectant cocktail solution in 50-mL Falcon tubes. Then two 2-step cryoprotectant 

loading protocols (Protocol E–D–P and Protocol E–D in Fig. 2.1B) with calculated loading times 

and preset temperatures at each step were followed to permeate sufficient amounts of 

cryoprotectants into the cartilage cubes. After the cryoprotectant permeation procedure, the 

particulated cartilage cubes were quickly removed from the Falcon tubes with the mesh strainer 

and transferred into a sterile 1.8 mL Cryovial tube with a residual amount of cryoprotectants 

remaining with the cartilage cubes, then plunged into liquid nitrogen on a cryovial cane (see Fig. 

2.2B). After storage in liquid nitrogen at −196°C for the desired experimental time period (one 

tube warmed at Day 0 and one tube warmed at Day 180), the cryovial tube containing vitrified 

cartilage cubes was quickly removed from the liquid nitrogen and rewarmed in a 37 °C water bath 

until the glass was melted, which took approximately 30 s for warming (see Fig. 2.2C). The 

cartilage cubes were extracted with a sterile lab spoon and washed in a beaker filled with 25 mL 
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fresh medium (see Methods) to remove the cryoprotectants at 4 °C for 30 min and the wash was 

repeated three times before chondrocyte assessments. 

 

 

Figure 2.2 Vitrification process of particulated articular cartilage.  

A. Harvesting articular cartilage cubes from fresh healthy knee joints. 1. A typical porcine 

stifle joint with exposed fresh healthy femoral condyles; 2. A typical human knee with exposed 

fresh healthy femoral condyles; 3. The surgical tool set, from left to right: #20 steel surgical blade, 
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surgical scalpel handle, curved forceps, towel forceps, straight forceps, non-toothed tissue forceps, 

toothed tissue forceps, double-ended spoon, Sharpie marker, and digital caliper; 4. Cartilage 

prepared into 1 mm3 pieces and placed in medium before vitrification. B. The vitrification tool 

set.  1. Mesh strainer used for transferring cartilage cubes; 2. The 50 ml Falcon tube for 

cryoprotectant loading into articular cartilage; 3. 1.8 ml Cryovial for sample vitrification and 

storage in liquid nitrogen. C. Flowchart of the vitrification process for articular cartilage. 

Weighed cartilage cubes were transferred into a 50 ml prepared multi-cryoprotectant solution at 

the concentration, time, and temperature listed in Fig. 1B under Loading Step 1, followed by a 

second solution at the condition listed under Loading Step 2 in Fig. 1B. Once cryoprotectant 

permeation was finished, cartilage cubes were quickly transferred into a 1.8 ml Cryovial tube and 

plunged into liquid nitrogen on a Cryovial cane.  Upon cartilage rewarming on Day 0 or on Day 

180, the Cryovial tube was removed from the liquid nitrogen and plunged into a 37 °C water bath 

for warming the glassy cartilage, following by cryoprotectant removal and chondrocyte 

assessments. 

 

 

2.4.3 Assessment of chondrocytes after vitrification/tissue rewarming 

After vitrifying and rewarming porcine and human particulated cartilage, we assessed the viability 

and function of chondrocytes both in situ in intact cartilage and after isolation from the cartilage 

matrix. We quantified chondrocyte membrane integrity, metabolic activity, migration ability, and 

matrix productivity.  
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2.4.3.1 Chondrocyte membrane integrity stain of post-vitrified articular cartilage 

Maintaining a high chondrocyte viability after storage is vital for articular cartilage transplantation, 

where a cell viability greater than 70% facilitates improved outcomes in the clinical scenario37,242. 

To evaluate chondrocyte viability after our proposed vitrification protocols, we used fluorescent 

dyes (Syto 13 and propidium iodide) to quantify the percentages of chondrocytes with intact or 

disrupted membranes. For porcine particulated articular cartilage (see Fig. 2.3A-B), the fresh 

positive control group had an absolute cell membrane integrity of 94.2 ± 4.8% (Mean ± SD), and 

the experimental groups treated with either Protocol E–D–P or Protocol E–D had 85–90% cell 

membrane integrity (see Supplemental Table 2.S3 for numeric data). After vitrification and 

warming, approximately 90% normalized chondrocyte membrane integrities were maintained in 

both Protocol E–D–P and Protocol E–D groups. Importantly, there were no statistically significant 

differences in chondrocyte viability between Protocol E–D–P and Protocol E–D groups after 

vitrification and warming at Day 0. After 6 months of storage in liquid nitrogen, the chondrocyte 

viability of porcine particulated articular cartilage remained as high as that vitrified and warmed 

at Day 0 using either Protocol E–D–P or Protocol E–D. For human particulated articular cartilage 

(see Fig. 2.5A-B), the absolute chondrocyte viability of the fresh positive control group was 91.6 

± 4.0%. After vitrification and warming, greater than 80% normalized chondrocyte membrane 

integrities were maintained in both Protocol E–D–P and Protocol E–D groups (see Supplemental 

Table 2.S4 for numeric data). There were no statistically significant differences in the absolute 

chondrocyte viability between Protocol E–D–P and Protocol E–D groups at Day 0. Storage of 

human particulated articular cartilage for 6 months in liquid nitrogen showed no statistically 

significant differences using either Protocol E–D–P or Protocol E–D when compared to the 

particulated articular cartilage that had been vitrified and warmed at Day 0.    
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2.4.3.2 Chondrocyte metabolic activity of post-vitrified articular cartilage 

A defining function of viable chondrocytes is their metabolic activity associated with various 

physiologic pathways within the normal cellular contents. We used alamarBlue to determine 

metabolic activity of viable chondrocytes indicated by a change from non-fluorescent resazurin 

(blue color) to highly-fluorescent resorufin (red color) through the reduction reaction of active 

living cells213,258. Porcine particulated articular cartilage vitrified using either Protocol E–D–P or 

Protocol E–D and warmed at Day 0 demonstrated a similar metabolic activity to the fresh positive 

control after 48 hr, and showed a higher cell metabolic activity than the positive control after 96 

hr. These findings are consistent with our recent work113,248, which showed that articular cartilage 

that maintained high chondrocyte viability after vitrification had a level of chondrocyte metabolic 

activity that was  activated or enhanced upon sample warming, possibly due to some sort of 

hypermetabolic rebound from cryogenic temperatures accompanied with mitochondrial repair 

inside the post-vitrified chondrocytes. A confirmatory low chondrocyte metabolic activity was 

observed in the negative control which remained a blue color for both 48 hr and 96 hr time points 

(see Fig. 2.3C-D, for numeric data see Supplemental Table 2.S5). Similarly, human particulated 

articular cartilage vitrified using either Protocol E–D–P or Protocol E–D and rewarmed at Day 0 

demonstrated similar metabolic activity to the fresh positive control after 48 hr or after 96 hr 

incubation (see Fig. 2.5C-D, for numeric data see Supplemental Table 2.S6). A similar 

hypermetabolic rebound was observed in the post-vitrified human chondrocytes using either 

Protocol E–D–P or Protocol E–D and rewarmed after 6 months. The alamarBlue results showed 

that both porcine and human particulated articular cartilage vitrified in liquid nitrogen and warmed 
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after 6 months maintained a high level of metabolic activity comparable to the articular cartilage 

vitrified in liquid nitrogen and warmed at Day 0 and to fresh positive controls.  

 

2.4.3.3 Chondrocyte migrating ability from post-vitrified articular cartilage 

In order for articular cartilage repair to occur after implantation, chondrocytes must maintain their 

ability to migrate from the cartilage matrix and proliferate159,233. An in vitro culture of porcine 

particulated articular cartilage showed chondrocytes migrating from the cartilage matrix between 

two cartilage cubes (see Fig. 2.3E). This observation demonstrated that chondrocytes maintained 

good cellular function, an important characteristic for orthopaedic surgeons to consider in the 

clinical scenario233. To further confirm that chondrocytes from vitrified articular cartilage 

maintained a high functionality, we evaluated the ability of chondrocytes isolated from the 

cartilage matrix to proliferate in vitro. Isolated chondrocytes from articular cartilage cubes were 

seeded on a 24-well culture plate and grown with culture medium as described in the Methods 

section. Both porcine and human chondrocytes isolated after vitrification using either Protocol E–

D–P or Protocol E–D demonstrated a similarly strong proliferating ability to become confluent in 

the culture plates after 168 hr (see Fig. 2.3F, Fig. 2.5F). To further investigate the migration ability 

of chondrocytes, a 1-mm wide section of expanded cells was removed by scratching and then 

followed by another 48-hr cell culture in the incubator, during which time the viable and active 

chondrocytes migrated to fill the gap. The results confirmed that our vitrification approaches for 

articular cartilage storage up to 6 months do not impair chondrocyte migration ability as shown in 

Fig. 2.3G and Fig. 2.5G.  
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2.4.3.4 Cartilage matrix productivity by chondrocytes after vitrification 

The properties of the articular cartilage matrix generated by chondrocytes are important criteria to 

evaluate the functionality of viable chondrocytes. First, after culture for 21 days, we compared the 

wet weight of the cultured pellets to represent the amount of extracellular matrix produced. For 

both the porcine and human chondrocyte pellets, there were no significant differences between the 

fresh positive control, Protocol E–D–P and Protocol E–D groups, as shown in Figs. 2.4A and 2.6A. 

Secondly, Fig. 2.4B and Fig. 2.6B show the gross morphology of chondrocyte pellets with pink-

colored Safranin-O staining for sulfated glycosaminoglycans (sGAG) of cartilage sections after 

the 21-day culture period. Glycosaminoglycan production is essential in maintaining the integrity 

of normal cartilage. A similar pink color was observed for the fresh positive control groups and 

the vitrified groups: Protocol E–D–P and Protocol E–D. Thirdly, the amount of GAG per DNA is 

an important parameter to evaluate the chondrocyte synthesis functionality. To document this, we 

quantified the GAG content using a dimethylmethylene blue (DMMB) assay to detect the amount 

of GAG being produced by post-vitrified chondrocytes, and the DNA content in the pellets using 

a DNA kit (see Methods). There were no statistically significant differences between the fresh 

positive control, Protocol E–D–P and Protocol E–D groups for both porcine and human 

chondrocyte pellets, as shown in Fig. 2.4C–E and 2.6C–E.  
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Figure 2.3 Assessment of porcine chondrocytes after vitrification and subsequent 

rewarming.  

A: Representative images of porcine cartilage samples showing live (green) and dead (red) 

chondrocytes by a cell membrane integrity stain using two fluorescent dyes: Syto 13 and 

propidium iodide and imaged by a laser scanning confocal microscope (×100 magnification); B: 

Quantification of porcine chondrocyte viability of the positive control, negative control, Protocol 

E–D–P at Day 0, Protocol E–D–P at Day 180, Protocol E–D at Day 0, and Protocol E–D at Day 

180 (n = 21 replicates per group: no statistical differences between the protocols and the storage 

times, p = 0.261, based on two–way ANOVA); C: Representative images of the alamarBlue assay 

showing porcine chondrocyte metabolic activity from particulated articular cartilage after 

vitrification at 0 hours, 48 hours and 96 hours; D: Quantification of porcine chondrocyte metabolic 

activity (n = 7 replicates per group: significant rebound of chondrocyte metabolic activity at 96 

hours in the experimental groups compared to the positive control, pa = 0.003; pb = 0.011; pc < 

0.001; pd = 0.035, based on two–way ANOVA and Tukey’s test); E: Active porcine chondrocytes 

from particulated articular cartilage migrated from the cartilage matrix and proliferated in vitro 

culture at Day 7 and Day 14; F: Isolated porcine chondrocytes from post-vitrified articular 

cartilage dedifferentiated into fibroblast-like cells and migrated to the center of the culture plates 

(×100 magnification); G: Isolated porcine chondrocytes from particulated articular cartilage 

migrated at similar speed to heal the wound scratch when cultured in vitro (n = 8 replicates per 

group: p = 0.811, based on two–way ANOVA).  
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Figure 2.4 Assessment of porcine chondrocyte matrix productivity.  

A: Porcine pellets after a 21-day culture show a similar wet weight among the control, Protocol 

E–D–P, and Protocol E–D groups (n = 5 replicates per group, p = 0.074, based on one–way 

ANOVA). B: Representative histological images showing the gross appearance of pellets after a 

21-day culture with chondrogenic media under hypoxic conditions (3% O2, 5% CO2 at 37 °C). 

Safranin-O stain showing GAG content synthesized by viable and active chondrocytes for the 

control, Protocol E–D–P, and Protocol E–D groups.  C. GAG content in the porcine pellets among 

the control, Protocol E–D–P, and Protocol E–D groups after a 21-day culture and measured via 

dimethylmethylene blue (DMMB) assay. D. DNA content in the porcine pellets quantified by 

CyQUANTTM proliferation assay. E. GAG/DNA quantification of porcine pellets show similar 
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matrix productivity among the control, Protocol E–D–P, and Protocol E–D groups (n = 4~5 

replicates per group, p = 0.106, based on one–way ANOVA). 
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Figure 2.5 Assessment of human chondrocytes after vitrification and subsequent rewarming. 

A: Representative images of human cartilage samples showing live (green) and dead (red) 

chondrocytes by a cell membrane integrity stain using two fluorescent dyes: Syto 13 and 

propidium iodide and imaged by a laser scanning confocal microscope (×100 magnification); B: 

Quantification of human chondrocyte viability of the positive control, negative control, Protocol 

E–D–P at Day 0, Protocol E–D–P at Day 180, Protocol E–D at Day 0, and Protocol E–D at Day 

180 (n = 6–9 replicates per group: no statistical differences between the protocols and the storage 

times, p = 0.706, based on two–way ANOVA); C: Representative images of the alamarBlue assay 

showing human chondrocyte metabolic activity from particulated articular cartilage after 

vitrification at 0 hours, 48 hours and 96 hours; D: Quantification of human chondrocyte metabolic 

activity with a similar level comparing the experimental groups to the positive control (n = 3 

replicates per group, p = 0.823, based on two–way ANOVA) and a hypermetabolic rebound 

between 48 hours and 96 hours in both Protocol E–D–P and Protocol E–D groups; E: Age, sex and 

body mass index of human articular cartilage donors; F: Isolated human chondrocytes from post-

vitrified articular cartilage dedifferentiated into fibroblast-like cells and migrated to the center of 

the culture plates (×100 magnification); G: When samples were stored for 6 months, isolated 

human chondrocytes from particulated articular cartilage using Protocol E–D migrated to heal the 

wound scratch with a faster migrating speed than the positive control, and the Protocol E–D group 

showed a faster migration than the Protocol E–D–P group at 24 hours when cultured in vitro (n = 

6 replicates per group, pa = 0.016, pb = 0.004, pc = 0.043, based on two–way ANOVA with Tukey’s 

test).  
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Figure 2.6 Assessment of human chondrocyte matrix productivity.  

A: Human pellets after a 21-day culture show a similar wet weight among the control, Protocol E–

D–P, and Protocol E–D groups (n = 5 replicates per group, p = 0.054, based on one–way ANOVA). 

B: Representative histological images showing the gross appearance of pellets after a 21-day 

culture with chondrogenic media under hypoxic conditions (3% O2, 5% CO2 at 37 °C). Safranin-

O stain showing GAG content synthesized by viable and active chondrocytes for the control, 

Protocol E–D–P, and Protocol E–D groups. C. GAG content in the human pellets among the 

control, Protocol E–D–P, and Protocol E–D groups after a 21-day culture and measured via 

dimethylmethylene blue (DMMB) assay. D. DNA content in the human pellets quantified by 

CyQUANTTM proliferation assay. E. GAG/DNA quantification of human pellets show similar 
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matrix productivity among the control, Protocol E–D–P, and Protocol E–D groups (n = 3 replicates 

per group, p = 0.334, based on one–way ANOVA). 

 

2.5 Discussion 

Our approach lengthens the time available for clinical transplantation to six months, compared to 

the current standard of 28 days242, providing an extended period of time for arranging surgical 

procedures. This six-month storage time will alleviate the shortage of grafts and thus permit a 

larger number of particulated articular cartilage transplantations to take place, which is a clinically 

significant advance. Theoretically, storage as proposed in this paper can be indefinite without any 

expected change in results due to the absence of chemical and biologic activity at the storage 

temperature but we only tested out to six months to prove the concept. According to the United 

States Food and Drug Administration (FDA) guideline for donor eligibility, tissue donors for 

clinical transplantation are required to be screened and identified for the potential of transmission 

diseases83,84,141. The testing is performed on every tissue to confirm the safety of the tissue donated 

for clinical transplantation. However, these tests take about 14 days to complete, which, given the 

decline in chondrocyte function and viability after this time, makes the time frame for scheduling 

operations very short for surgeons in practice. In our study, we validated a stepwise vitrification 

approach using porcine articular cartilage, and further translated the method to human articular 

cartilage, providing a promising outcome that meets the requirement of 70% chondrocyte viability 

for clinical transplantation: our vitrification approach yields a high (> 80%) normalized 

chondrocyte viability in human particulated articular cartilage, a critical result for successful 

clinical implementation and use.  
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Particulated articular cartilage grafting is an accepted method of clinical chondral repair. 

Performed as a single stage procedure, small particulated articular cartilage allograft (from a 

deceased donor) is used to fill cartilage defects using fibrin fixation, such that a new articulating 

surface is developed in joints such as knees, and ankles93,200. Currently, the most used particulated 

cartilage grafts are provided by Zimmer, branded as DeNovo® NT (natural tissue) graft. A follow-

up of 25 patients age 37 ± 11 years reported significant improvement in clinical outcomes as well 

as histologically indicated repair of hyaline-like cartilage after 24 months72. Another mid-term 

follow up study showed a progressive improvement in sequential MRIs with 70% achieving 

complete filling of knee cartilage defects in 26 patients after 4.4 years182. Although many cases 

using particulated articular cartilage have been performed on patients with full-thickness chondral 

defects, this treatment is limited by the availability of viable articular cartilage. In this study, based 

on engineering modelling we provide effective protocols to preserve particulated articular cartilage 

(approximately 1 mm3 in size) with high viability of chondrocytes in porcine and human articular 

cartilage and validate their functionalities experimentally. Chondrocytes in porcine particulated 

articular cartilage migrated out of the cellular matrix and proliferated in vitro as shown in Fig. 

2.3E; this evidence is consistent with the experiments reported by Tompkins et al.233 for human 

particulated articular cartilage, an important property for cartilage repair. In our study, we further 

isolated the chondrocytes from vitrified articular cartilage to assess their proliferation and 

synthesis capacities: our results showed that the chondrocytes isolated from vitrified articular 

cartilage of both porcine and human species maintain a similar capacity when compared to their 

respective fresh control chondrocytes that did not undergo vitrification and rewarming. With our 



78 

 

current findings, vitrified particulated articular cartilage can be a potential source of tissue for use 

in clinical cartilage repair.  

 

The chondrocyte viability of human particulated articular cartilage declined by ~15–20% after 

vitrification when compared to the fresh control group. In contrast, the porcine samples’ viability 

declined only by ~5–10%. This difference may be attributed to the quality of the donated human 

tissue (although we have healthy articular cartilage with a positive control viability > 90%), one 

factor that may affect cartilage quality being the age of donor. Articular cartilage becomes mature 

in humans at the age of 20 years128,228, characterized by a significant deposition of 

glycosaminoglycans in the extracellular matrix. As age increases to 50–60 years old, proteoglycans 

start to degenerate240 and chondrocyte density decreases in comparison to articular cartilage in 

children aged younger than 13 years233. Over time, aged chondrocytes undergo slow apoptosis that 

worsens with more frequent and more intense daily activity accumulated over several decades, 

with a significant loss of water content in the cartilage matrix144. These changes to the cartilage 

increase the sensitivity and survival of chondrocytes when exposed to extracellular stimuli 

compared to that of chondrocytes in juvenile articular cartilage. In this study, we collected human 

articular cartilage from three donors (two male and one female, age 48, 50, 59 years, see Fig. 2.5E), 

ages at which cartilage quality would be expected to have declined. Conversely, the pigs are 

sexually mature but would be considered the equivalent to teenagers or young adults relative to 

humans. Second, the length of time between tissue harvesting and laboratory use can be 

detrimental to cell survival. In this study, the human articular cartilage from the three donors was 

harvested approximately 24 hours after donor death and kept in the tissue bank before same day 

delivery to the lab. Our previous research showed that porcine articular cartilage stored at 4 °C for 
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24 hours after slaughter and harvest had a lower tolerance to the chemical toxicity of a high 

concentration of cryoprotectants247, when compared to those slaughtered and delivered to the lab 

within 6 hours, which could be due to the reactive oxidative species produced during the 

cryoprotectant loading procedure89. Therefore, it is likely that the lower chondrocyte viability of 

human tissues compared to porcine tissues in this study is due to both donor age and processing 

time of human articular cartilage. To improve chondrocyte viability in the clinical setting, juvenile 

or young adult articular cartilage could be vitrified, and a processing protocol in the tissue bank to 

guide the vitrification of human articular cartilage needs to be established in a future investigation. 
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2.6 Supplemental Information 

Calculations from Engineering Modelling 

Table 2.S3 Minimum cryoprotectant concentrations and vitrifiability scores, as well as maximum 

freezing point, calculated at the end of each loading step in Protocol E–D–P. These quantities are 

at the center of the cartilage cube where 𝑥 = 0 mm. 

Protocol E–D–P Minimum 

Concentrations  

Minimum 

Vitrifiability 

Score  

Maximum 

Freezing Point  

Loading Step 1 

1.57 M EG 

1.99 M DMSO 

 

113 −12 °C 

Loading Step 2 

2.68 M EG 

2.87 M DMSO 

0.64 M PG 

169 −29 °C 
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Table 2.S4 Minimum cryoprotectant concentrations and vitrifiability scores, as well as maximum 

freezing point, calculated at the end of each loading step in Protocol E–D. These quantities are at 

the center of the cartilage cube where 𝑥 = 0 mm. 

Protocol E–D Minimum 

Concentrations 

Minimum 

Vitrifiability 

Score 

Maximum 

Freezing Point 

Loading Step 1 2.47 M EG 84 −6 °C 

Loading Step 2 

3.51 M EG 

3.12 M DMSO 

171 −33 °C 

 

 

Table 2.S3 Absolute chondrocyte viability of porcine particulated articular cartilage after 

vitrification and assessment with a cell membrane integrity stain. 

Chondrocyte viability (%) Mean 

Standard 

Deviation 

95% Confidence 

Interval 

Positive control 94.2 4.8 [92.0, 96.4] 

Negative control 0.1 0.1 [0, 0.1] 

Protocol E–D–P: Day 0 84.7 11.0 [79.7, 89.7] 

Protocol E–D–P: Day 180 86.5 9.4 [82.2, 90.8] 

Protocol E–D: Day 0 85.4 11.6 [80.1, 90.7] 

Protocol E–D: Day 180 90.2 5.1 [87.9, 92.6] 
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Table 2.S4 Absolute chondrocyte viability of human particulated articular cartilage after 

vitrification and assessment with a cell membrane integrity stain. 

Chondrocyte viability (%) Mean 

Standard 

Deviation 

95% 

Confidence 

Interval 

Positive control 91.6 4.0 [88.6, 94.6] 

Negative control 0.2 0.4 [−0.1, 0.6] 

Protocol E–D–P: Day 0 79.1 10.4 [71.1, 87.1] 

Protocol E–D–P: Day 180 82.5 11.4 [70.5, 94.5] 

Protocol E–D: Day 0 74.7 17.2 [61.4, 87.9] 

Protocol E–D: Day 180 76.3 12.1 [63.6, 88.9] 

 

 

Table 2.S5 Relative fluorescence units (mean ± standard deviation) of porcine particulated 

articular cartilage after vitrification and assessment by alamarBlue. 

Relative fluorescence units  48 hr 96 hr 

Positive control 68663 ± 1946  58913 ± 2497 

Negative control 10636 ± 976 15140 ± 1215 

Protocol E–D–P: Day 0 72026 ± 2283 68993 ± 3155 

Protocol E–D–P: Day 180 71636 ± 3084 67789 ± 5754 

Protocol E–D: Day 0 71763 ± 2815 71875 ± 4941 

Protocol E–D: Day 180 69620 ± 4030 66602 ± 6100 
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Table 2.S6 Relative fluorescence units (mean ± standard deviation) of human particulated 

articular cartilage after vitrification and assessment by alamarBlue. 

Relative fluorescence units  48 hr 96 hr 

Positive control 63317 ± 7668  66137 ± 3752 

Negative control 5309 ± 2022 9275 ± 1743 

Protocol E–D–P: Day 0 56727 ± 5245 72280 ± 11261 

Protocol E–D–P: Day 180 54577 ± 221 68845 ± 4047 

Protocol E–D: Day 0 53159 ± 9816 69682 ± 5471 

Protocol E–D: Day 180 44304 ± 9151 65784 ± 7895 
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3.1 Abstract 

Vitrification is a cryopreservation technique for the long-term storage of viable tissue, but the 

success of this technique relies on multiple factors. In 2012, our group published a working 

vitrification protocol for intact human articular cartilage and reported promising chondrocyte 

recovery after using a four-step multi-cryoprotectant (CPA) loading method that required 570 min. 

However, this protocol requires further optimization for clinical practice. Herein, we compared 

three multi-step CPA loading protocols to investigate their impact on chondrocyte recovery after 

vitrification of porcine articular cartilage on a bone base, including our group’s previous four-step 

protocol (original: 570 min), and two shorter three-step protocols (optimized: 420 min, and 

minimally vitrifiable: 310 min). Four different CPAs were used including glycerol, dimethyl 

sulfoxide, ethylene glycol and propylene glycol. As vitrification containers, two conical tubes (50 

ml and 15 ml) were evaluated for their heat transfer impact on chondrocyte recovery after 

vitrification. Osteochondral dowels were cored into two diameters of 10.0 mm and 6.9 mm with 

an approximately 10-mm thick bone base, and then allocated into the twelve experimental groups 

based on CPA loading protocol, osteochondral dowel size, and vitrification container size. After 

vitrification at −196 °C and tissue warming and CPA removal, samples in all groups were assessed 

for both chondrocyte viability and metabolic activity. The optimized protocol proposed based on 

mathematical modelling resulted in similar chondrocyte recovery to our group’s original protocol 

and it was 150 min shorter. Furthermore, this study illustrated the role of CPA permeation (dowel 

size) and heat transfer (container size) on vitrification protocol outcome. 
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3.2 Introduction  

Articular cartilage is a connective tissue that lacks blood vessels, nerves, and lymphatic supply. 

Consequently, the ability of articular cartilage to regenerate or adapt to mechanical changes is very 

limited33,87,184. Large cartilage defects over 1 cm2 often progress into osteoarthritis if not properly 

treated35,98. Osteochondral allograft transplantation has been proven to be an effective surgical 

procedure for large cartilage defect repair and prevents the development of osteoarthritis if 

performed in the early stage of disease progress37,46,227. This treatment can be used to postpone the 

timing of joint replacement in young patients with large articular cartilage defects, but it is limited 

by the availability of fresh donor joints119,242. To overcome the limited availability of fresh 

cartilage, harvested osteochondral grafts can be stored in a well-designed tissue banking system 

equipped with appropriate preservation protocols. Current cartilage storage is at hypothermic 

temperatures for a maximum of 28–42 days before significant cell deterioration begins84,242. This 

results in tight surgical timelines, extensive tissue wastage, and large costs210, which could be 

better managed if storage time were extended. Long-term preservation of cells and tissues beyond 

the times achievable at hypothermic temperatures can be possible with vitrification, a process that 

achieves a glassy state at super-low temperatures. Successful vitrification of intact osteochondral 

tissue will enable ultra-long term storage (i.e. years), resulting in improved circumstances for 

clinical transplantation of articular cartilage for cartilage defect repair.  

 

Vitrification of articular cartilage is a complex procedure relying on multiple factors3, such as CPA 

permeation into articular cartilage, CPA toxicity on chondrocytes, heat transfer and sample 

packaging for storage at cryogenic temperatures. Previously, our group published a working 

vitrification protocol for intact human articular cartilage, reporting promising cell recovery after 
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using a four-step multi-CPA loading method that required 570 min113. A typical trial of articular 

cartilage vitrification involves three phases including CPA permeation, sample vitrification, and 

sample warming as shown in Fig. 3.1. Harvested osteochondral tissue is immersed in pre-cooled 

CPA cocktail solutions in a stepwise manner for CPA permeation in a series of low temperature 

baths (Phase 1). The osteochondral tissue is transferred into a container filled with vitrifiable CPA 

cocktail solution and plunged into liquid nitrogen for vitrification (Phase 2) and storage. 

Subsequently, osteochondral tissues are removed from the liquid nitrogen tank and quickly 

warmed in a water bath and washed in medium to remove the CPAs for further testing (Phase 3). 

 

 

Figure 3.1 Processing flowchart for vitrification of osteochondral dowels. Phase 1 consists of 

stepwise CPA permeation, Phase 2 is the vitrification and storage of the sample in liquid nitrogen, 

and Phase 3 warms the sample for analysis. 
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Optimizing the vitrification of osteochondral tissue involves several challenges, such as to improve 

the CPA permeation into articular cartilage, or to improve the heat transfer during cooling and 

warming. CPA permeation is an essential step in a vitrification protocol, in which specified 

amounts of CPAs are loaded into the extracellular matrix and cells to achieve a glassy state after 

cooling at appropriate rates69,198,218. Pegg et al. developed the “liquidus tracking method” proposed 

by Farrant73 and used a single CPA for CPA permeation at a series of temperatures185; while the 

approach of Fahy et al.198 and Song et al.218 was to use a multi-CPA solution for CPA permeation 

at one fixed temperature followed by programmed cooling for vitrification. The overall challenge 

of CPA permeation in articular cartilage is to load sufficient CPA into the cartilage tissue with 

minimal CPA toxicity while achieving vitrifiable concentrations throughout the whole 

tissue25,66,113. CPA toxicity to chondrocytes is a major concern related to CPA permeation into 

articular cartilage. Our group measured CPA toxicity to chondrocytes of both porcine and human 

articular cartilage9,65,110 and developed a strategy to minimize the toxicity effects by using multiple 

permeating CPAs and adding antioxidative agents89,247. Our group proposed a vitrification method 

in 2012 that consisted of loading multiple types of CPAs sequentially into intact articular cartilage 

at a series of progressively lower temperatures, so as to minimize the chondrocyte toxicity of high 

concentrations of CPAs and to permeate vitrifiable concentrations of CPA within the whole 

articular cartilage tissue by the end of the multi-step loading. However, our group’s vitrification 

protocol required 570 min for sufficient CPA permeation into the articular cartilage, which was 

not ideal for practical use in tissue banks. Therefore, shortening the loading protocol is desired to 

provide a reasonable processing time frame. In this study, we compared three multi-step CPA 

loading protocols to evaluate their effectiveness in the vitrification of porcine osteochondral tissue. 

The first protocol was the original 570-min loading protocol from our group’s previous paper113. 
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The next two protocols were shorter loading protocols targeted for clinical practice. One 420-min 

optimized protocol was determined with mathematical modelling of permeation, vitrifiability, and 

freezing point208. The final 310-min protocol was an ad hoc protocol chosen as one expected to be 

minimally vitrifiable for intact articular cartilage. Unlike the original protocol, both shortened 

protocols make use of multi-CPA solutions in the first step and avoid use of a very high 

concentration CPA in the first step, a strategy aimed at reducing CPA toxicity9,65,67,68.  In addition, 

glycerol was removed from both shortened protocols since its potential toxicity when used in 

articular cartilage vitrification protocols was significant65. The size of the tissue sample is an 

important property that effects the extent of CPA permeation for a given protocol. Thus, we studied 

the effect of each protocol on two different tissue sample sizes. 

 

Along with CPA permeation, another consideration is that of heat transfer: how quickly the tissue 

can be cooled when it is immersed in liquid nitrogen, followed by how quickly it can be warmed 

after storage. If the rate of heat transfer during cooling and warming is too slow, ice can form and 

cell recovery can be compromised27,58,59,152,153. Factors that contribute to the rate of heat transfer 

can be divided into the amount of sample to be vitrified (tissue plus vitrification solution) and the 

properties of the container used for vitrification. As the size of the tissue sample grows, the 

required volume to be vitrified grows accordingly, which increases the time taken for 

cooling/warming to occur. That is, insufficiently fast heat transfer places a limit on the size of a 

sample that is amenable to conventional cooling and warming in vitrification processes58,59. 

Together with container size, container material affects the process of heat transfer. For instance, 

to achieve better heat transfer, Bos-Mikich et al.28 used a metal container to enhance mouse ovary 

recovery while Kim et al.129 found that a paper container was beneficial for vitrifying bovine 
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blastocytes. In this study, we focused on comparing two vitrification container sizes to evaluate 

the impact of their different heat transfer on vitrification of porcine osteochondral tissue. This will 

provide knowledge about heat transfer in the design of vitrification protocols for articular cartilage. 

 

We hypothesized that a mathematically modeled shortened protocol would provide biologic results 

as determined by cell viability and metabolic activity equal to, or better than, our group’s 

previously published protocol and that tissue sample size and container size would have a 

significant effect on these results. To investigate this, we compared three vitrification protocols 

(original, optimized, and minimally vitrifiable), two tissue sample sizes, and two container sizes. 

 

3.3 Materials and Methods  

3.3.1 Study design and method flowchart 

This study compared chondrocyte recovery from porcine osteochondral tissue after vitrification 

using three multi-step multi-CPA loading protocols. We investigated the impact of CPA loading 

protocol, osteochondral dowel size, and vitrification container size on cell recovery after 

vitrification in liquid nitrogen (LN2 at −196 °C). The method flowchart below (Fig. 3.2) shows the 

experimental preparation of the osteochondral tissue, the processes of CPA loading, sample 

vitrification, sample thawing and CPA removal. Chondrocyte recovery was determined by a cell 

membrane integrity fluorescent dual stain and a mitochondrial activity functional assay.  
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Figure 3.2 Method flowchart for the vitrification of porcine osteochondral dowels highlighting the 

experimental variables in red 

 

3.3.2 Porcine osteochondral dowel preparation 

Hind legs with joints from sexually mature pigs were obtained from a slaughter house in 

Wetaskiwin, Canada. All porcine stifle joints were from meat-processing plants and no animals 

were specifically euthanized for this research. An electric saw was used to split the condyles from 

the porcine femora and then these condyles were cored into osteochondral dowels consisting of 

two diameter sizes (10.0 mm and 6.9 mm) with bone bases that were approximately 10 mm thick. 

All osteochondral dowels were cleaned for 15 minutes by incubation in sterile phosphate-buffered 

saline (PBS) supplemented with 100 units/ml penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml 

amphotericin B (Gibco) under sterile conditions. Osteochondral dowels were randomly divided 

into the 12 experimental groups and incubated in a complete medium (DMEM complete: 

Dulbecco’s Modified Eagle Medium F12 (Gibco)) supplemented with 10% calf serum (Gibco), 
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100 units/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B, and 1 mM sodium 

pyruvate (Gibco) at 4 °C for less than 24 hours prior to vitrification.  

 

3.3.3 Multi-cryoprotectant loading protocols  

Three multi-step CPA loading protocols were used (Fig. 3.3): our group’s previously established 

four-step protocol (the original protocol; 570 min113), and two shorter three-step protocols, the 

optimized protocol (420 min, calculated by mathematical modelling208) and the minimally 

vitrifiable protocol (310 min, an ad hoc protocol). Four CPAs were used to make the CPA cocktail 

solutions in this study including glycerol (Gly), dimethyl sulfoxide (DMSO), ethylene glycol (EG) 

and propylene glycol (PG). The multi-step CPA loading procedure for each protocol was 

completed as follows. All CPA cocktail solutions were prepared in DMEM supplemented with 0.1 

mg/ml chondroitin sulfate. After the CPA loading in step 1, the osteochondral dowel was quickly 

transferred to the pre-cooled solution for step 2, followed by step 3 and step 4 if indicated. After 

the loading procedure, whole osteochondral dowels within the CPA loading containers were 

rapidly plunged into liquid nitrogen (−196 °C) for vitrification. The final volume in the 50 ml 

containers is 15 ml including the osteochondral dowel and surrounding CPAs; while the final 

volume in the 15 ml containers is 5 ml including the osteochondral dowel and surrounding CPAs. 
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Figure 3.3 Cryoprotectant concentrations, times, and temperatures for each step of three 

cryoprotectant loading protocols: the original protocol, an optimized protocol, and a minimally 

vitrifiable protocol 

 

3.3.4 Vitrification storage and warming procedure 

After vitrification and storage in liquid nitrogen for at least 72 hours, samples were removed from 

liquid nitrogen (−196 °C) and warmed in a 37 °C water bath. Once the glassy CPA surrounding 

the osteochondral dowel melted, the osteochondral dowels were quickly removed from the tubes, 

patted dry and placed into 25 ml DMEM plus chondroitin sulphate (0.1 mg/mL) for CPA removal 

at 4 °C for 30 min. The osteochondral dowels were then placed in another 25 ml of fresh DMEM 

with chondroitin sulphate for a second 30 min at 4 °C, followed by a third wash of 30 min at 4 °C.  
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3.3.5 Experimental groups 

In the present study, three vitrification protocols with different total lengths of time were tested for 

successful vitrification of porcine articular cartilage. Two sizes of conical tubes as CPA 

loading/sample vitrification containers and two dowel sizes were used to investigate how the 

container and dowel sizes impacted chondrocyte recovery for the three vitrification protocols. 

Dissected dowels were allocated into the experimental groups based on CPA loading protocol 

(original, optimized, or minimally vitrifiable protocol), osteochondral dowel size (10.0 mm or 6.9 

mm diameter) and container size (50 ml or 15 ml volume) (n = 4 replicate dowels per group). 

Dimensions of the sample container tubes (FalconTM, Fisher Scientific) and osteochondral dowels 

are shown in Fig. 3.4. 

 

 

Figure 3.4 Dimensions of sample containers and osteochondral dowels 
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3.3.6 Chondrocyte assessment 

The inclusion criteria for a healthy cartilage tissue sample was a minimum of 85% absolute 

chondrocyte viability in the fresh controls before CPA exposure. Following CPA removal, 

chondrocyte viability was quantified by a dual live–dead cell membrane integrity stain and the 

chondrocyte metabolic activity was measured by alamarBlue.  

 

3.3.6.1 Live–dead cell membrane integrity staining 

Chondrocyte viability was quantified using live–dead cell fluorescent microscopy based on cell 

membrane integrity stains (6.25 µM Syto 13 and 9.0 µM propidium iodide mixed in PBS). Syto 

13 (Syto 13; Molecular Probes) is a live cell nucleic acid dye that fluoresces green, and propidium 

iodide (PI; Invitrogen) is a membrane-impermeant dye that penetrates membrane-damaged cells 

and fluoresces red. Cartilage slices from each dowel were sectioned into 85-µm thick slices using 

a vibratome-1500 machine (The Vibratome Company, St. Louis, MO) and kept in PBS before 

staining. After sectioning, cartilage slices were placed on glass slides and gently patted dry with 

Kimwipes. Each slice was overlaid with approximately 50 µl of stain mixture and covered with a 

coverslip, then incubated in the dark for 15 min before imaging. Cartilage slices were observed 

under an inverted fluorescent microscope (model: Nikon ECLIPSE Ti-5) using a dual filter 

(excitation/emission: 488 nm/503 nm and 535 nm/617 nm) and imaged with a digital camera 

(model: Nikon DS-Fi2). Cell viability within slices was determined by counting the numbers of 

green-stained (viable) cells and red-stained (non-viable) cells, using a custom-made software 

Viability 3.2111. The chondrocyte viability after vitrification was normalized to its own fresh 

control before CPA loading. The normalized cell viability of the experimental samples was 

determined according to the following formula:   
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Normalized cell viability (%)= 

# of green cells after vitrification

# of green cells +# of red cells after vitrification 

# of green cells before CPA loading

# of green cells +# of red cells before CPA loading 

 ×100%                         (1) 

 

3.3.6.2 Chondrocyte metabolic activity by alamarBlue 

Chondrocyte metabolic activity was assessed by alamarBlue using our group’s previously 

published method113.  AlamarBlue (Invitrogen, Burlington, Canada) is a cell viability indicator in 

which the non-fluorescent resazurin (blue colour) is converted to highly fluorescent resorufin (red 

colour) via the reduction reaction of metabolically active cells180,213,258. After the warming 

procedure, cartilage disks from each experimental group were shaved off the bone and 

approximately 0.2 g of cartilage samples per group were washed with 5 ml sterile PBS 

supplemented with antibiotics for 15 minutes. The cartilage samples were then incubated in 5 ml 

DMEM complete for 5 days. Cartilage samples were then incubated in an alamarBlue assay 

solution containing 5 ml X-VIVO 10 (a serum-free medium (Lonza, California, USA)) 

supplemented with 0.1 mM ascorbic acid, 100 nM dexamesasone, and 10 ng/ml transforming 

growth factor (TGF) beta 1 that was mixed with 500 µl alamarBlue in a 6 well plate and incubated 

at 37 °C. Fluorescence was measured in duplicate for each sample per experimental group at 24 

hr, 48 hr, 72 hr, 96 hr, 120 hr, 144 hr and 168 hr. Positive controls consisted of articular cartilage 

that was neither exposed to CPAs nor vitrified. The average of two readings of blank samples 

(alamarBlue assay solution without cartilage samples) was subtracted from the average of the 

experimental samples to yield a value in relative fluorescent units (RFU) divided by weight in 

grams of articular cartilage. The Cytofluro 2.0 software was used to read the plates with 

fluorescence parameters set to emission wavelengths of 580/50 nm, excitation wavelengths of 

485/20 nm and a gain of 45 for fluorescent intensity. The RFU readings of chondrocytes after 

vitrification were normalized to their own fresh positive controls and presented as a percentage.  
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3.3.7 Statistical analysis 

The numerical data are presented as the means ± standard error (SE). The analysis of variance 

(ANOVA) with Tukey’s multiple-comparison post hoc test was performed on cell recovery if the 

variances of variables were equal as determined by Levene’s test. Otherwise, the nonparametric 

Kruskal–Wallis or Mann–Whitney U test was performed on cell recovery under different 

experimental conditions using SPSS 20.0 software.  The p-values are reported in the results section 

and numerical data with standard error are presented in the Supplemental Tables. In general, 

statistical significance in all the figures is indicated with asterisks: * indicates p < 0.05, and ** 

indicates p < 0.01. 

 

3.4 Results  

3.4.1 Chondrocyte viability by a cell membrane integrity stain 

The representative images in Fig. 3.5 show the chondrocytes in situ after staining with live–dead 

cell membrane integrity dyes. Fig. 3.5A shows an almost 100% chondrocyte viability of articular 

cartilage sections from fresh porcine joints without CPA permeation nor having been plunged into 

liquid nitrogen. Fig. 3.5B shows a 0% chondrocyte viability of articular cartilage sections after 

having been plunged into liquid nitrogen without CPA permeation. Fig. 3.5C shows approximately 

80% (high) chondrocyte viability of articular cartilage sections after CPA permeation with a 

vitrifiable CPA loading protocol and having been plunged into liquid nitrogen for vitrification. Fig. 

3.5D shows approximately 30% (low) chondrocyte viability of articular cartilage sections after 
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CPA permeation with a non-suitable CPA loading protocol and having been plunged into liquid 

nitrogen for vitrification. Chondrocyte viability was quantified by counting the green stained (live) 

chondrocytes and red or orange stained (dead) chondrocytes using a custom-made software 

Viability 3.2. 

 

 

Figure 3.5 Chondrocytes labelled with a live–dead cell membrane integrity stain 

A: Representative image of positive fresh control articular cartilage sections before cryoprotective 

agent permeation. 

B: Representative image of negative control articular cartilage sections after having been plunged 

into liquid nitrogen without cryoprotective agent permeation. 
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C: Representative image of high chondrocyte survival articular cartilage sections after 

cryoprotective agent permeation with the optimized protocol and plunging into liquid nitrogen for 

vitrification. 

D: Representative image of low chondrocyte survival articular cartilage sections after 

cryoprotective agent permeation with the minimally vitrifiable protocol and plunging into liquid 

nitrogen for vitrification. 

 

Fig. 3.6 shows the viability results of this study grouped according to each sample size and 

container size combination. The chondrocyte viability after vitrification of 10.0 mm diameter 

dowels in 15 ml sample containers using the optimized protocol was similar when compared to 

the original protocol (p = 0.063); while the chondrocyte viability was significantly higher using 

the optimized protocol when compared to the minimally vitrifiable protocol (p** = 0.008) (Fig. 

3.6A). The chondrocyte viability after vitrification of 10.0 mm diameter dowels in 50 ml sample 

containers was significantly higher for both the original protocol and the optimized protocol when 

compared to the minimally vitrifiable protocol (p*
 = 0.048 and p**

 = 0.006, respectively) (Fig. 

3.6B). The chondrocyte viability after vitrification of 6.9 mm diameter dowels in 15 ml sample 

containers showed no significant differences between the original, the optimized, or the minimally 

vitrifiable protocols (p = 0.130) (Fig. 3.6C). The chondrocyte viability after vitrification of 6.9 mm 

diameter dowels in 50 ml sample containers was significantly higher for the optimized protocol 

compared to the minimally vitrifiable protocol (p* = 0.015) (Fig. 3.6D). (For numeric data, see 

Supplemental Table 3.S1.)  
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Figure 3.6 Comparison of chondrocyte viability by vitrification protocol for each tissue 

sample size/container size combination 

A: The chondrocyte viability after vitrification of 10.0 mm diameter dowels in 15 ml sample 

containers was significantly higher for the optimized protocol compared to the minimally 

vitrifiable protocol. 

B: The chondrocyte viability after vitrification of 10.0 mm diameter dowels in 50 ml sample 

containers was significantly higher for both the original protocol and the optimized protocol when 

compared to the minimally vitrifiable protocol. 

C: The chondrocyte viability after vitrification of 6.9 mm diameter dowels in 15 ml sample 

containers did not show significant differences between the original, the optimized, or the 

minimally vitrifiable protocols.  
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D: The chondrocyte viability after vitrification of 6.9 mm diameter dowels in 50 ml sample 

containers was significantly higher for the optimized protocol when compared to the minimally 

vitrifiable protocol. 

 

Fig. 3.7 shows the viability results of this study grouped according to CPA loading protocol. 

Chondrocyte viability after vitrification using the original protocol or the optimized protocol did 

not show statistically significant differences between 10.0 mm and 6.9 mm diameter dowels 

whether CPA was loaded in 15 ml or 50 ml sample containers (p > 0.05) (Fig. 3.7A-B). Using the 

minimally vitrifiable protocol, the chondrocyte viability after vitrification of 6.9 mm diameter 

dowels in both 15 ml ( 𝑝15 ml
∗∗  = 0.002) and 50 ml ( 𝑝50 ml

∗  = 0.016) sample containers was 

significantly higher than that for the 10.0 mm diameter dowels, respectively; and chondrocyte 

viability after vitrification of 6.9 mm diameter dowels was significantly higher in 15 ml sample 

containers than in 50 ml sample containers (𝑝6.9 mm
∗  = 0.027) (Fig. 3.7C). (For numeric data see 

Supplemental Table 1.) 
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Figure 3.7 Comparison of chondrocyte viability by sample size/container size combination 

for each vitrification protocol 

A: Using the original protocol, there were no significant differences in chondrocyte viability after 

vitrification between 15 ml and 50 ml sample containers for both 6.9 mm and 10.0 mm dowels. 

B: Using the optimized protocol, there were no significant differences in chondrocyte viability 

after vitrification between 15 ml and 50 ml sample containers for both 6.9 mm and 10.0 mm dowels. 

C: Using the minimally vitrifiable protocol, the chondrocyte viability after vitrification of 6.9 mm 

diameter dowels was significantly higher than that for 10.0 mm diameter dowels in both 15 ml and 

50 ml sample containers; the chondrocyte viability after vitrification of 6.9 mm diameter dowels 

was significantly higher in 15 ml sample containers compared to 50 ml sample containers. 
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3.4.2 Chondrocyte metabolic activity by alamarBlue 

The chondrocyte metabolic activity of each experimental group was quantified by alamarBlue 

fluorescence normalized by each group’s positive control for 7 days at intervals of 1 day. The 

gradual increase in fluorescence, “normalized metabolic activity” of each experimental group 

showed continued mitochondrial function of chondrocytes after vitrification (Fig. 3.8). (For 

numeric data see Supplemental Table 3.S2.)  

 

 

Figure 3.8 Chondrocyte metabolic activity assessed by alamarBlue 

A: For samples in 15 ml containers, the normalized metabolic activity of 10.0 mm diameter dowels 

appeared to show increased chondrocyte metabolic activity for the optimized protocol compared 

to the original protocol, while the minimally vitrifiable protocol resulted in almost no chondrocyte 

metabolic activity from Day 1 to Day 7. 
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B: For samples in 50 ml containers, the normalized metabolic activity of 10.0 mm diameter dowels 

appeared to show increased metabolic activity for the original protocol compared to the optimized 

protocol, while the minimally vitrifiable protocol resulted in almost no chondrocyte metabolic 

activity from Day 1 to Day 7. 

C: For samples in 15 ml containers, the normalized metabolic activity of 6.9 mm diameter dowels 

appeared to show similar trends for the optimized protocol and the minimally vitrifiable protocol, 

and both the optimized protocol and the minimally vitrifiable protocol appeared to show increased 

metabolic activity compared to the original protocol from Day 1 to Day 7. 

D: For samples in 50 ml containers, the normalized metabolic activity of 6.9 mm diameter dowels 

appeared to show similar trends for the original protocol and the optimized protocol, while both 

the original protocol and the optimized protocol appeared to show increased metabolic activity 

compared to the minimally vitrifiable protocol from Day 1 to Day 7. 

Note: In all graphs in Figure 3.8, statistical significance was not achieved for metabolic assays due 

to the high variability and small sample size. However, the trends are consistent with the membrane 

integrity results. 

 

3.5 Discussion  

Vitrification is a complex, but promising, long-term preservation method for storing viable 

articular cartilage at cryogenic temperatures. Vitrification of articular cartilage is a stepwise 

procedure relying on multiple key factors: CPA permeation, CPA vitrifiability, CPA toxicity, and 

heat transfer. Our group has investigated methods of achieving optimal concentrations of 

CPAs110,113, CPA loading timings114, CPA loading temperatures63,211 and calculating the CPA 
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permeation kinetics4,208,209,211,257 and vitrifiability208,239 for the vitrification of articular cartilage. 

The investigation of CPA permeation and heat transfer in articular cartilage during the vitrification 

process can contribute to the design of successful vitrification protocols for articular cartilage.  

 

CPA permeation planning using our group’s mathematical approach208 (for calculating the 

required amount of CPA permeation within articular cartilage tissue to reach a vitrifiability target) 

is a new tool for developing successful vitrification protocols. Mathematical modelling is a critical 

tool because of its ability to quickly identify potential CPA loading protocols that minimize the 

total time required for CPA permeation, and in doing so, mathematical modelling importantly 

bypasses the need for a large number of empirical experiments 25,53,208. In our companion paper208 

to the current study, Nadia Shardt used engineering modelling to predict the spatially- and 

temporally-resolved CPA concentrations, solution vitrifiability, and solution freezing point for the 

three protocols. In that work 208, it was determined that the original and optimized protocols were 

both expected to reach a vitrifiable quantity of CPAs at all locations in the cartilage from the bone 

to the cartilage–solution boundary by the end of each loading protocol, while less than half of the 

cartilage thickness was predicted to be vitrifiable for the minimally vitrifiable protocol. These 

theoretical predictions of vitrifiability aligned well with the experimental data presented herein: 

porcine osteochondral dowels vitrified using either the original protocol or the optimized protocol 

demonstrated significantly higher chondrocyte viability compared to the minimally vitrifiable 

protocol when vitrifying the 10.0 mm dowels in either 15 ml or 50 ml volume containers (Fig. 

3.6A-B). This was supported by the evident chondrocyte metabolic activity of each experimental 

treatment as seen in Fig. 3.8A-B that showed similar trends to chondrocyte viability in Fig. 3.6A-

B, indicating that a significant number of chondrocytes remained intact and functional after the 
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stress of vitrification. Thus, this experiment demonstrated that optimized CPA loading protocols 

can be generated using an engineering modeling approach and the protocol used herein resulted in 

high cell viability and function.   

 

Another important variable for optimization of vitrification protocols is the rate of heat transfer 

from/to the sample during the cooling/warming phases. Heat transfer has been extensively studied 

for cryopreservation of tissues and organs58,59,152. Slow warming may cause crystallization in the 

specimen and result in cell death157. Radio frequency heating or laser nanowarming devices have 

been developed for ultrafast warming for cryopreservation of many tissue types27,50,64,152. However, 

these emerging technologies are not yet applicable in vitrification of articular cartilage, possibly 

due to the high cellular toxicity and poor permeability of iron nanoparticles into articular cartilage 

matrix135. Using convective heat transfer is still the mainstream method for cooling and warming 

articular cartilage samples for vitrification; thus, our group’s approach has been to develop 

protocols that vitrify consistently with convective cooling/warming.  

 

One novelty in this study is that we explored the relationship between the post-vitrified cell 

recovery and two variables that affect cell recovery: tissue size and vitrification container size. In 

the current study, two tissue sample sizes were tested in two container sizes as shown in Fig. 3.4. 

For the 10.0 mm diameter dowels, chondrocyte viability was significantly higher in the original 

protocol and the optimized protocol when compared to the minimally vitrifiable protocol using a 

50 ml CPA loading container (Fig. 3.6B). Importantly, this difference did not exist in the 6.9 mm 

diameter dowels using the 15 ml CPA loading containers (Fig. 3.6C). We emphasize that larger 

tissue sample sizes may have less CPA permeation for a given loading protocol while larger 
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vitrification containers slow down the heat transfer during cooling and warming. These factors 

need to be considered when considering clinical translation of a vitrification protocol.  

 

After evaluating the effect of changing loading protocols for each osteochondral dowel size and 

container size, we examined how the success of each loading protocol changed with changing 

dowel and container size. Differences in chondrocyte viability among the two dowel sizes and 

container sizes became significant when using the minimally vitrifiable protocol (Fig. 3.7C). The 

minimally vitrifiable protocol was successful in vitrifying 6.9 mm diameter dowels in the 15 ml 

container tube, with a chondrocyte recovery comparable to that achieved using the original or the 

optimized protocol with the same dowel size and same container size (Fig. 3.6C). This finding 

indicates that a favorable combination of experimental factors may result in a good outcome for 

vitrification of articular cartilage, that is a smaller tissue sample size for enhanced CPA permeation 

and a smaller container size for enhanced heat transfer. The cell viability results were supported 

by the chondrocyte metabolic activity measurements (Fig. 3.8) between the three CPA loading 

protocols, although not to the same statistical significance. It appears that after vitrification with a 

suitable protocol, cells were intact and functional which is important in the transplantation scenario.  

 

From the findings in this study, we conclude that CPA permeation and heat transfer during 

cooling/warming together contribute to the final chondrocyte recovery of post-vitrified articular 

cartilage. In this study, we identify three vitrification scenarios. In the best case (Fig. 3.6C; small 

dowel (6.9 mm diameter) in a small container (15 ml tube)), increased CPA permeation and faster 

heat transfer make it easier to vitrify articular cartilage successfully, possibly with less exposure 

of the chondrocytes to CPAs. For example, the minimally vitrifiable protocol showed similar 
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chondrocyte viability to the optimized protocol, and both were better than the original protocol. 

The original protocol may have higher CPA toxicity due to the longer duration of CPA exposure 

during loading. In the worst case (Fig. 3.6B; big dowel (10 mm diameter) in a big container (50 

ml tube)), the slower heat transfer is compensated by the slightly greater CPA permeation of the 

optimized protocol and the original protocol. Conversely, in the minimally vitrifiable protocol, 

there is insufficient CPA permeation to counter the detrimental effects of the slower heat transfer 

resulting in lower chondrocyte viability. In the intermediate cases (Fig. 3.6A; big dowel (10 mm 

diameter) in a small container (15 ml tube) with less CPA permeation but faster heat transfer in 

articular cartilage), or (Fig. 3.6D; small dowel (6.9 mm diameter) in a big container (50 ml tube) 

with more CPA permeation but slower heat transfer in articular cartilage), chondrocyte viability 

after the optimized protocol is always better than that after the minimally vitrifiable protocol. One 

possible explanation for poor CPA permeation in big osteochondral dowels is that CPA permeation 

into the central portion of the cartilage on a bone base takes longer due to the longer distance for 

permeation from the peripheral cut edges and the greater volume to surface area ratio. This finding 

is consistent with the result published in 2002110 that CPA permeation throughout the three 

articular cartilage layers of different locations contributed differently to their chondrocyte 

viabilities after rapid cooling and warming. In addition, cooling/warming osteochondral dowels 

to/from −196°C is faster in the small container compared to the big container. The heat transfer 

for cartilage cooling/warming in a 15 ml container is faster compared to that in a 50 ml container, 

which indicates that a large container can prevent heat transfer from occurring quickly enough 

during the cooling/warming procedures that can be damaging to the chondrocytes. Our result here 

is consistent with the findings in literature that small volumes (e.g., 1 ml) over large volumes (e.g., 

50 ml) are easier to successfully warm by convective heat transfer152,153.  
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3.6 Conclusions 

Chondrocyte viability and metabolic activity of osteochondral dowels after vitrification and 

warming rely on the several key variables: CPA loading protocol, tissue sample size, and container 

size. This study provides in vitro experimental data from porcine articular cartilage that confirm 

success of a vitrification CPA loading protocol predicted by mathematical modelling208. These 

findings demonstrate the effectiveness of mathematical modeling in shortening the cryoprotectant 

loading time while maintaining similar chondrocyte recovery after vitrification. A further 

advantage of our successful optimized protocol is its simplicity for clinical practice. With the 

presented experimental results, the new optimized protocol (420 min) shows comparable 

chondrocyte recovery to the original protocol (570 min), but it is one step less in manipulation and 

150 min shorter in duration. These improvements make this “optimized” protocol possible to 

complete within one 8-hour work shift in tissue banks. This study provides useful knowledge for 

the design of practical, successful vitrification protocols to aid in the long-term storage of articular 

cartilage. 
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3.7 Supplemental Information 

Supplemental Table 3.S1 Chondrocyte viability  

 

 

Groups 

Normalized chondrocyte viability (%) 

Mean ± SE 
 

Original 

protocol  

Optimized 

protocol 

Minimally 

vitrifiable 

protocol 

10 mm dowel; 15 ml tube 45.6 ± 4.4 64.4 ± 10.4 23.1 ± 8.6 

10 mm dowel; 50 ml tube 61.9 ± 11.9 77.7 ± 3.7 28.5 ± 7.5 

6.9 mm dowel; 15 ml tube 55.7 ± 11.5 77.3 ± 4.5 78.6 ± 6.4 

6.9 mm dowel; 50 ml tube 62.5 ± 6.6 79.1 ± 3.5 54.2 ± 2.0 

 

Supplemental Table 3.S2 Chondrocyte metabolic activity  

Normalized chondrocyte metabolic activity (%) Mean ± SE 

10 mm dowel; 15 ml tube Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Original protocol 23.4 ± 16.7 26.3 ± 17.9 28.9 ± 20.5 32.7 ± 21.0 37.7 ± 23.6 44.4 ± 28.8 49.2 ± 29.1 

Optimized protocol 29.0 ± 11.1 37.2 ± 12.7 50.1 ± 15.9 61.7 ± 19.5 79.5 ± 25.3 87.5 ±29.5 101.2 ± 35.2 

Minimally vitrifiable protocol -1.5 ± 1.6 0.9 ± 1.2  2.3 ± 1.0 3.3 ± 1.5 4.6 ± 1.7 6.9 ± 3.1 9.1 ± 3.2 

 
              

10 mm dowel; 50 ml tube Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Original protocol 49.9 ± 12.4 55.5 ± 12.8 65.7 ± 15.0 76.3 ± 13.9 85.1 ± 13.3 97.8 ± 15.0 113.7 ± 16.7 

Optimized protocol 13.5 ± 5.9 21.5 ± 7.5 31.1 ± 9.9 40.7 ± 12.2 56.6 ± 17.4 67.5 ± 21.7 80.4 ± 25.8 

Minimally vitrifiable protocol -3.8 ± 3.2 -1.9 ± 1.8 -0.7 ± 1.4 0.4 ± 1.9 0.6 ± 2.1 1.9 ± 2.7 2.4 ± 3.2 

                

6.9 mm dowel; 15 ml tube Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Original protocol 27.3 ± 12.0 31.7 ± 12.4 38.3 ± 12.7 45.4 ± 16.2 53.4 ± 18.1 65.8 ± 23.4 79.5 ± 26.3 

Optimized protocol 30.8 ± 7.0 40.1 ± 7.6 55.5 ± 8.4 71.9 ± 9.4 95.7 ± 12.3 112.7 ± 15.4 132.4 ± 18.1 

Minimally vitrifiable protocol 30.8 ± 16.1 40.4 ± 19.0 52.3 ± 24.1 66.2 ± 30.7 88.1 ± 41.0 104.2 ± 47.0 125.4 ± 57.6 

                

6.9 mm dowel; 50 ml tube Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Original protocol 28.1 ± 8.2 33.1 ± 9.4 42.0 ± 12.7 51.3 ± 14.0 61.0 ± 16.2 74.3 ± 19.7 91.6 ± 24.4 

Optimized protocol 24.7 ± 10.1 36.1 ± 13.8 46.2 ± 16.6 62.3 ± 22.0 83.5 ± 28.7 96.9 ± 33.5 117.3 ± 40.4 

Minimally vitrifiable protocol 0.7 ± 5.2 4.6 ± 4.5 7.9 ± 5.4 11.0 ± 7.9 15.6 ± 10.5 20.1 ± 13.9 29.4 ± 20.4 
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4.1 Abstract 

Cryoprotectant agents (CPAs) are used in cryopreservation protocols to achieve vitrification. 

However, the high CPA concentrations required to vitrify a tissue such as articular cartilage are a 

major drawback due to their cellular toxicity. Oxidation is one factor related to CPA toxicity to 

cells and tissues. Addition of antioxidants has proven to be beneficial to cell survival and cellular 

functions after cryopreservation. Investigation of additives for mitigating cellular CPA toxicity 

will aid in developing successful cryopreservation protocols. The current work shows that 

antioxidant additives can reduce the toxic effect of CPAs on porcine chondrocytes. Our findings 

showed that chondroitin sulfate, glucosamine, 2,3,5,6-tetramethylpyrazine and ascorbic acid 

improved chondrocyte cell survival after exposure to high concentrations of CPAs according to a 

live-dead cell viability assay. In addition, similar results were seen when additives were added 

during CPA removal and articular cartilage sample incubation post CPA exposure. Furthermore, 

we found that incubation of articular cartilage in the presence of additives for 2 days improved 

chondrocyte recovery compared with those incubated for 4 days. The current results indicated that 

the inclusion of antioxidant additives during exposure to high concentrations of CPAs is beneficial 

to chondrocyte survival and recovery in porcine articular cartilage and provided knowledge to 

improve vitrification protocols for tissue banking of articular cartilage.   

 

Abbreviations:  

AA: ascorbic acid; CPA: cryoprotectant agent; CS: chondroitin sulphate; DMEM: Dulbecco's 

Modified Eagle Medium; DMSO: dimethyl sulfoxide; EG: ethylene glycol; GlcN: glucosamine; 

PBS: phosphate buffered saline; PF-68: Pluronic F-68; PG: propylene glycol; TMP: 2,3,5,6-

tetramethylpyrazine. 
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4.2 Introduction 

Articular cartilage is a few-millimetres-thick tissue covering the bone end in articulating joints and 

it has very limited self-repair capacity219. Cartilage defects over 1 cm2 often progress into 

osteoarthritis if not properly treated33,100. Cartilage allograft transplantation is an effective surgical 

procedure for large cartilage defects86,87; however, it is limited by the availability of fresh donor 

joint tissue. Cryopreservation of articular cartilage would enable banking of these tissues for 

clinical transplantation3,30,113,114. Vitrification, also called “ice-free” cryopreservation, is proven to 

be a useful method for long-term preservation of cells30,42,113,187,198,261 and our group developed a 

working vitrification protocol for osteochondral tissue of human knee articular cartilage with 

promising chondrocyte recovery and cellular metabolic function113. Vitrification can be achieved 

by using high concentrations of cryoprotectant agents (CPAs) and a rapid cooling 

rate30,69,113,185,187,198,218. However, one of the major obstacles is toxicity of high concentrations of 

CPAs to cells9,26,65,89,116. Dimethyl sulfoxide (DMSO), ethylene glycol (EG), and propylene glycol 

(PG) are three CPAs commonly used in cryopreservation protocols30,42,44,113,185,187,198,218. These 

CPAs are toxic to cells when used at high concentrations9,13,65,116. There are several types of cell 

injury induced by CPAs, including membrane disruption and oxidative stress. Membrane 

disruption is induced by the high concentration of solutes outside the cell membrane, which is 

unavoidable in many current vitrification protocols60,136,177. Oxidative stress, an oxidative reaction 

between cells and CPAs, is one important toxic event during CPA loading130,192,226,235. Reducing 

oxidative reactions could improve cell recovery and benefit cryopreservation of cells and 

tissues20,89,106,235. To mitigate oxidative injuries, some researchers that employ vitrification have 

found that inclusion of antioxidant additives as supplements in the CPA loading solution can 

benefit cell viability after exposure to high concentrations of CPAs32,40,89,106,130. 
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In the current study, five additive compounds including chondroitin sulphate (CS), glucosamine 

(GlcN), 2,3,5,6-tetramethylpyrazine (TMP), ascorbic acid (AA), and Pluronic F-68 (PF-68) were 

examined. Among these, four additives: CS16,113, GlcN11,229,251, TMP71,120,143, and AA14,45 were 

proven to be antioxidants in previous studies. However, their protective effects on porcine articular 

cartilage in multi-CPA cocktail solutions remain unknown. CS is a sulfated glycosaminoglycan 

composed of a chain of alternating sugars and is an important structural component of articular 

cartilage75. CS was used previously in a vitrification study of human articular cartilage by our 

group and shown to be beneficial to cell viability in the rewarmed cartilage3,113. GlcN is an amino 

sugar and is a precursor for glycosaminoglycan which is an important articular cartilage structural 

component11,229. GlcN has been proven to beneficially influence cartilage structure and to alleviate 

arthritis pain in clinics102,229. TMP is one of the alkaloids contained in Ligusticum wallichii and 

possesses anti-inflammatory and antioxidative activities80,99,122 through inhibiting reactive oxygen 

species levels and increasing the antioxidant enzymes superoxide dismutase and catalase80,88,238. 

AA is an essential component in synthesis of collagen, a major component of cartilage extracellular 

matrix14,45. AA is a highly effective antioxidant, acting to lessen oxidative stress and is an enzyme 

cofactor for the biosynthesis of many important biochemicals8,29,45,108,183. All these effects of CS, 

GlcN, TMP, or AA could decrease the severity of CPA oxidation effects on chondrocytes. 

Although PF-68 is not reported to be antioxidative; it is a non-ionic surfactant reported to be 

effective in maintaining cell membrane integrity which could reduce the disruption of chondrocyte 

cell membranes82. Oxidative stress on chondrocytes may lead to cell death, followed by 

degradation of the extracellular skeleton and structural collagen92,256. Elimination of oxidative 

stress has been proven to be beneficial to the cryopreservation of cells and tissues16,32,40,130,226, 
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because oxidation is one major reaction that can cause cell death. The objective of this study was 

to evaluate chondrocyte recovery after using these five additives during CPA exposure and 

removal. In this study, we hypothesized that the inclusion of additives could provide cell protection 

through the antioxidation effects on chondrocytes and by mitigating CPA toxicity due to the high 

concentration of CPAs. Investigating the effects of additives will aid in the development of 

successful vitrification protocols for articular cartilage. 

 

4.3 Materials and Methods 

4.3.1 Study design 

This study investigated the protective effects of several additives on articular cartilage 

chondrocytes after CPA exposure at specified temperatures determined by a CPA loading protocol 

(see Table 4.1). In this study, we evaluated the effects of five additive compounds in a stepwise 

multi-temperature, multi-CPA addition protocol3,113 using sexually mature porcine articular 

cartilage as a model. The objective of this study was to assess the abilities of these additives to 

mitigate chondrocyte cell toxicity during the exposure to high concentrations of CPAs at 

temperatures down to −10 °C, the final CPA loading temperature that would be used in a 

vitrification protocol before plunge cooling in liquid nitrogen.  
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Table 4.1 Table of variables 

Study Additives When 

Added 

Source Cell viability 

Assessment 

Timepoint 

Goals of Study 

Experiment 1 1. CS 

 

2. GlcN 

 

3. TMP 

 

4. AA 

 

5. PF-68  

 

6. Control 

 

CPA 

exposure 

Pooled 1. t1: Cell viability 

after CPA 

exposure followed 

by CPA removal 

 

2. t3: Cell viability 

after 4-day DMEM 

incubation 

Compare effects of 

additives during 

CPA exposure to 

control with no 

additive 

Experiment 2 1. AA 

 

2. TMP 

 

1. CPA 

exposure 

 

2. CPA 

removal 

 

3. DMEM 

incubation 

1. Early 

Source 

 

2. Late 

Source 

1. t1: Cell viability 

after CPA 

exposure followed 

by CPA removal 

 

2. t2: Cell viability 

after 2-day DMEM 

incubation 

 

3. t3: Cell viability 

after 4-day DMEM 

incubation 

1. Compare effects 

of sources 

 

2. Compare effects 

of adding additive 

during CPA removal 

and DMEM 

incubation 

 

3. Compare effects 

of 2-day incubation 

and 4-day incubation 
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4.3.2 Sample source and preparation 

Hind legs with joints from sexually mature pigs aged over 54 weeks were obtained from 2 locations, 

a slaughter house in Wetaskiwin, Canada (Early Source), and from a deli store located in 

Edmonton, Canada (Late Source) (66 porcine hind legs resulting in 132 condyles were used in 

total). All joints were from meat-processing plants and no animals were specifically euthanized 

for this research. The joints from these two places were labelled as Early Source (< 6 hours post 

slaughter) and Late Source (> 24 hours post slaughter) based on the sample collection times after 

slaughtering. Porcine joints from the Early Source were harvested and immersed in phosphate 

buffered saline (PBS) immediately then transported to the research laboratory within 6 hours on 

the same day, while joints from the Late Source were hung for 24 hours after slaughtering in the 

butchery and stored in a 4 °C fridge before transportation to the laboratory. All joints were 

immersed in PBS prior to dissection. An electric saw was used to split the condyles from the 

femora and all condyles with approximately 20 mm thick bone base were cleaned by incubation 

in sterile PBS plus antibiotics [100 units/ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml 

amphotericin B (Gibco)] for 15 minutes under a biological safety cabinet.  Condyles were 

randomly divided into the different experimental groups and incubated overnight in a complete 

medium plus antibiotics [DMEM complete: Dulbecco's Modified Eagle Medium F12 (Gibco) 

supplemented with 10% heat-inactivated Fetal Bovine Serum, 100 units/ml penicillin, 100 µg/ml 

streptomycin, 0.25 µg/ml amphotericin B and 1 mM sodium pyruvate] at 4 °C for less than 24 

hours prior to CPA exposure. 
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4.3.3 Cryoprotective agent cocktail solutions preparation 

Three fresh CPA cocktail solutions in DMEM were prepared the same day of the experiment into 

175 ml final volume using the following concentrations of CPAs (M = molar): Solution One [3 M 

DMSO + 3 M EG], Solution Two [3 M DMSO + 3 M EG + 3 M PG], and Solution Three [3 M 

DMSO + 3 M EG + 1 M PG]. Additives were added to the CPA cocktail solutions based on preset 

experimental conditions (see Experimental design). All the CPA cocktail solutions were stirred 

vigorously at 4 °C using an electronic stirrer for 30 minutes, then cooled to the desired temperature 

before starting CPA exposure (Solution One at 0 °C, Solution Two at −10 °C, and Solution Three 

at −10 °C). 

 

4.3.4 Stepwise CPA exposure protocol  

A stepwise CPA exposure protocol with multiple CPAs added at progressively lower temperatures 

was used to mimic CPA-toxicity-minimizing strategies according to our group’s previous 

research9,65,89,116. All condyles were paired and incubated stepwise in the three 175 ml CPA 

cocktail solutions: Solution One at 0 °C for 90 min, followed by Solution Two, at −10 °C for 90 

min, and last in Solution Three at −10 °C for 130 min, then washed with 175 ml DMEM with or 

without additives at 4 °C for 45 min for CPA removal, then incubated with 100 ml DMEM with 

or without additives at 4 °C. Chondrocyte viability was assessed at four different time points: t0 = 

after overnight incubation before CPA exposure (fresh control), t1 = after the 3rd step CPA 

exposure followed by CPA removal in DMEM, t2 = after 2 days incubation at 4 °C post CPA 

removal, and t3 = after 4 days incubation at 4 °C post CPA removal (See Fig. 5.1). Percent cell 
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viability in each experimental sample was normalized to the percent cell viability of its own fresh 

control at t0. 

 

 

Figure 4.1 Description of multi-CPA stepwise exposure protocol: Chondrocyte viability of 

each condyle was determined by cell membrane integrity prior to any CPA exposure procedures 

(t0). Subsequently, the condyle was incubated in 175 ml of Solution One at 0 °C on ice and water 

for 90 minutes with shaking. Then the condyle was quickly taken out from Solution One and excess 

CPA surrounding the condyle was removed using paper towels. The condyle was then moved to 

175 ml of Solution Two held in a stirred alcohol bath at −10 °C for 90 minutes, then removed 

quickly, dried and moved to 175 ml of Solution Three at −10 °C for 130 minutes. After the three 

steps of CPA loading, the condyle was washed in 175 ml DMEM with shaking for 45 min for CPA 

removal (t1). Condyles were then incubated in 100 ml sterile DMEM complete for 2 days (t2) to 4 

days (t3) at 4 °C. 
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4.3.5 Experimental design  

Experiment 1:  Chondrocyte viability in experimental groups exposed to CPA solutions 

supplemented with additives compared to a control group exposed to CPA solutions without 

additives. 

The objective of this experiment was to compare the effects of five additives, when added during 

the three-step CPA exposure, followed by CPA removal and a 4-day incubation without the 

presence of additives in the removal and incubation solutions. Porcine condyles were randomly 

divided into six groups (dissected joints from the two sources were pooled together, n = 14 

condyles for each group). CPA cocktail solutions were prepared as described previously. Five 

additives were investigated separately in this study: 0.1 mg/ml CS (Sigma-Aldrich, St. Louis, 

Missouri), 400 µM GlcN (Medisca Pharmaceutique Inc., St-Laurent, Quebec), 400 µM TMP 

(Sigma-Aldrich, St. Louis, Missouri), 2000 µM AA (Sigma-Aldrich, St. Louis, Missouri), 0.1% 

PF-68 (vol/vol) (Gibco, Grand Island, New York), and compared with a control group exposed to 

CPA without additive. After the three-step CPA exposure for CPA permeation, condyles were 

washed in DMEM alone without additives for 45 min at 4 °C with shaking to remove the CPAs. 

A time of 45 min was expected to remove the majority of CPA based on our group’s previous 

research257. Chondrocyte viability was measured at three time points: before CPA exposure (t0), 

after the 3rd step CPA exposure followed by CPA removal in DMEM (t1), and after 4 days 

incubation at 4 °C post CPA removal (t3). 

 

Experiment 2: Chondrocyte viability determination by tissue freshness and the effects of AA 

and TMP when added during CPA exposure, removal, and DMEM incubation.  
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The first objective of this experiment was to compare chondrocyte viability after CPA exposure in 

porcine condyles obtained from two sources. The second objective was to study the effect of TMP 

and AA separately during the CPA exposure period, post removal and after incubation for 2 and 4 

days. Porcine joints collected from both the Early Source and the Late Source were dissected 

separately and condyles from the same source were randomly divided into four groups (n = 6 

condyles for each group). In the AA +/− group, 2000 µM AA was added during CPA exposure but 

not during CPA removal or incubation. In the AA +/+ group, 2000 µM AA was added during CPA 

exposure, as well as during CPA removal and incubation. In the TMP +/− group, 400 µM TMP 

was added during CPA exposure but not during CPA removal or incubation. In the TMP +/+ group, 

400 µM TMP was added during CPA exposure, as well as during CPA removal and incubation.  

Chondrocyte viability was measured at four time points: before CPA exposure (t0), after the 3rd 

step CPA exposure followed by CPA removal in DMEM (t1), after 2 days incubation (t2), and after 

4 days incubation at 4 °C post CPA removal (t3).  

 

4.3.6 Chondrocyte viability assessment  

Eighty-five-µm-thick cartilage slices were cut from each condyle using a vibratome-1500 (The 

Vibratome Company, St. Louis, MO) filled with 500 ml pre-cooled PBS at 4 °C. Chondrocyte 

viability within slices was assessed by measuring cell membrane integrity with a dual stain using 

a fluorescent live cell nucleic acid stain (Syto 13; Molecular Probes) which is a cell permeant dye 

and propidium iodide (PI; Sigma) which is a membrane-impermeant dye that penetrates only into 

cells with disrupted cell membranes [6.25 µM Syto 13 and 15.0 µM PI mixed in PBS]. After 

collecting slices, the remaining condyles were removed from the vibratome and washed with 

sterile PBS plus antibiotics for 15 minutes under sterile conditions, then stored in sterile DMEM 
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complete (see sample source and preparation) at 4 °C until the next imaging time point. Slices 

were gently placed on glass slides and patted dry with Kimwipes. Each slice was overlaid with 

approximately 50 µl of stain mixture and covered with a coverslip, then incubated in the dark for 

10 min. All slices were viewed under a Nikon inverted fluorescent microscope (model: ECLIPSE 

Ti-5) and imaged using a Nikon digital camera (model: DS-Fi2). The dual filters used to image all 

the slices in this study had the following spectra peak maxima:  Excitation/Emission: 488 nm/503 

nm and 535 nm/617 nm. Chondrocyte viability within slices was determined by counting the 

numbers of green-stained (viable) cells and red-stained (non-viable) cells, using a custom-made 

software Viability 3.2111. 

 

4.3.7 Data analysis 

All data were analyzed using SPSS 20.0 software. A minimum 85% absolute cell viability in the 

fresh controls before CPA exposure (t0 cell viability) was used as the inclusion criterion to identify 

healthy tissue samples. Normalized cell viability of the experimental samples was determined 

according to the following formula:  

Normalized cell viability (%) =  
% green cells after CPA exposure or DMEM incubation

% green cells before CPA exposure
 ×100% 

The numerical data are presented as the means ± SE. The p values are reported in the figure legends. 

In general, statistical significance in all the figures was indicated with asterisks respectively: * 

indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. The equality of variance for 

variables was determined by Levene’s test before multiple comparisons. The analysis of variance 

(ANOVA) with post hoc tests (Tukey test for multiple comparisons), paired t-tests and two-tailed 
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independent t-tests were performed on sample cell viability under different experimental 

conditions depending on the sample configuration.  

 

4.4 Results 

4.4.1 Gross appearance of articular cartilage before and after CPA exposure 

and chondrocyte viability 

All condyles were harvested from porcine stifle joints. All condyles were removed from the 

porcine femur with an electric saw, then allocated into different experimental groups randomly. 

Healthy condyles had a smooth and white hyaline cartilage surface (Fig. 4.2A). Fluorescent 

microscopy on slices from fresh healthy articular cartilage showed most chondrocytes stained 

green indicating viable cells (Fig. 4.2B).  However, when cartilage was exposed to CPA, a 

percentage of chondrocytes were stained red indicating cell death due to cell toxicity during CPA 

exposure (Fig. 4.2C). All samples with fresh control cell viability < 85% were excluded from this 

study to screen out unhealthy donors. The chondrocyte viability of the included condyles prior to 

CPA exposure ranged from 85 to 99 %.     
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Figure 4.2 Gross appearance of the condyle morphology and chondrocyte viability based on 

Syto 13/PI membrane integrity staining: (A) In the fresh control condyles of porcine femora, 

the cartilage was smooth and intact; (B) In the fresh control condyle, fluorescent microscopy 

imaging of an 85-µm-thick slice showed mostly viable chondrocytes that stained green  (Cross 

section, from left to right are the superficial to deep zones of articular cartilage, 100×); (C) In an 

experimental condyle exposed to CPAs, a percentage of cells died during CPA exposure, and dead 

cells were stained red (Cross section, from left to right are the superficial zone to deep zone of 

articular cartilage, 100×). 
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4.4.2 Chondrocyte viability assessment results 

Experiment 1:  Comparison of chondrocyte viability in experimental groups exposed to 

CPAs with additives to that of a control group exposed to CPA without additives. 

Cartilage slices from condyles exposed to CPA solutions with additives showed significantly 

higher chondrocyte viability in TMP, AA, CS, and GlcN groups when compared to the control 

group exposed to CPA without additives (Fig. 4.3A). The TMP treated group showed the highest 

chondrocyte viability after CPA exposure followed by CPA removal (76.4 ± 9.1%) (Fig. 4.3A). 

After 4-day incubation in DMEM complete, chondrocyte viability in the CS and GlcN treated 

groups was significantly higher than the control group as shown in Fig. 3B. The CS treated group 

had the highest chondrocyte viability after incubation for 4-day post CPA removal (74.5 ± 10.7%) 

(Fig. 4.3B). However, the chondrocyte viability after 4-day incubation in TMP and AA groups 

was significantly lower when compared to the chondrocyte viability under the same conditions 

after CPA exposure followed by CPA removal (Fig. 4.3C).  
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Figure 4.3 Chondrocyte viability in experimental groups exposed to CPAs with additives 

with results for the control group exposed to CPA without additives: Condyles from the two 

sources were mixed (n = 14). Condyles were exposed to the stepwise CPA protocol using five 

additives separately (CS: 0.1mg/ml; GlcN: 400µM; TMP: 400 µM; PF-68: 0.1% vol/vol; AA: 2000 

µM) and a control group without additive. Condyles were then washed in DMEM alone for CPA 

removal and incubated in DMEM complete without additive.  

 (A): After CPA exposure followed by CPA removal, chondrocyte viability was significantly 

higher in TMP, AA, CS, and GlcN groups compared to the control group (pCS-Control < 0.001, pGlcN-

Control = 0.005, pTMP-Control < 0.001, pAA-Control < 0.001);  



127 

 

(B): After 4-day incubation in DMEM complete, chondrocyte viability was significantly higher in 

CS and GlcN groups compared to the control group (pCS-Control = 0.001, pGlcN-Control = 0.007);  

(C): After 4-day incubation in DMEM complete, chondrocyte viability in TMP and AA groups 

were significantly lower compared to immediately after CPA exposure followed by CPA removal 

(pTMP = 0.025, pAA = 0.019).  

 

Experiment 2: Chondrocyte viability determination by tissue freshness and the effects of AA 

and TMP when added during CPA exposure, removal, and DMEM incubation.  

After exposure to CPA cocktail solutions supplemented with 2000 µM AA or 400 µM TMP, 

chondrocyte viability was significantly higher in the AA +/− group from the Early Source when 

compared to those obtained from the Late Source (Fig. 4.4A). After 2-day and 4-day incubation of 

condyles in DMEM complete without additives, both AA +/− groups and TMP +/− groups showed 

significantly higher chondrocyte viability in condyles from the Early Source when compared to 

those from the Late Source (Fig. 4.4A). The inclusion of AA in the DMEM wash solution during 

CPA removal significantly improved chondrocyte viability in AA +/+ group condyles from the 

Late Source compared to AA +/− group condyles from the Late Source washed without AA (Fig. 

4.4B). When TMP or AA was added only during CPA exposure, condyles in the TMP +/− group 

from the Early Source, or condyles in the AA +/− group from the Late Source, showed significantly 

higher chondrocyte viability after 2-day incubation than that after 4-day incubation (Fig. 4.4C). 

When AA was added during the CPA removal and DMEM incubation, condyles in AA +/+ group 

from both the Early Source and the Late Source showed significantly higher chondrocyte viability 

after 2-day incubation than that after 4-day incubation (Fig. 4.4C).  When incubating condyles for 
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4 days, condyles from the Late Source incubated with AA or TMP showed a significantly higher 

chondrocyte viability than those incubated without AA or TMP respectively (Fig. 4.4C). 

 

 

Figure 4.4 Chondrocyte viability determination by tissue freshness and the effects of AA and 

TMP when added during CPA exposure, removal, and DMEM incubation:  Four groups (AA 

+/−, AA +/+, TMP +/−, and TMP +/+, n = 6) were set with condyles from the Early Source (ES) 

and the Late Source (LS). In group AA +/－, 2000 µM AA was added during CPA exposure only; 

in group AA +/+, 2000 µM AA was added during CPA exposure, CPA removal, and DMEM 

incubation. In group TMP +/−, 400 µM TMP was added during CPA exposure only; in group TMP 

+/+, 400 µM TMP was added during CPA exposure, CPA removal, and DMEM incubation.  

(A): After CPA exposure followed by CPA removal, the AA +/− group showed a significantly 

higher chondrocyte viability in condyles obtained from the Early Source compared to those 

obtained from the Late Source (pAA-45min = 0.02). After 2 and 4-day incubation, chondrocyte 
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viability was significantly higher in the Early Source condyles treated with AA +/− or TMP +/− 

compared to the Late Source condyles (pAA-2day = 0.001, pAA-4day < 0.001, pTMP-2day = 0.008, pTMP-

4day = 0.001);  

(B): When AA was added during CPA removal, chondrocyte viability was significantly higher in 

the AA groups of the Late Source condyles (pLS-AA = 0.006);  

(C): During the condyle incubation with or without AA or TMP, chondrocyte viability was 

significantly higher in condyles incubated for 2 days when compared to those incubated for 4 days 

(pES:AA+/+ = 0.012, pES:TMP+/− = 0.004, pLS:AA+/− = 0.007, pLS:AA+/+ = 0.038); After the 4-day 

incubation, chondrocyte viability was significantly higher in condyles from the Late Source 

incubated with AA or TMP when compared to those incubated without AA or TMP (pAA-4day = 

0.049, pTMP-4day = 0.040). 

 

4.5 Discussion 

The main goal of this study was to investigate the effect of five additives on chondrocyte viability 

after exposure to high CPA concentrations. We hypothesized that CPA toxicity is linked to 

oxidative stress, which is induced during the exposure of cells to the CPAs. We firstly investigated 

the effects of CS, GlcN, TMP, AA and PF-68 on chondrocyte viability in full porcine condyles 

during exposure to high concentrations of CPAs. Condyles exposed to the stepwise CPA cocktail 

solutions supplemented with additives (CS, GlcN, TMP, or AA) showed higher chondrocyte 

viability compared to condyles in the control group exposed to CPA solutions without additives 

(Fig. 4.3B). Our findings showed decreased chondrocyte damage after CPA exposure in the 

presence of additives which confirmed the beneficial effect of these additives (CS, GlcN, TMP, or 
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AA) during tissue exposure to high concentrations of CPAs. Cryopreservation has been proven to 

induce oxidative stress on the target cells both intracellularly and extracellularly during the freeze–

thawing procedures40,130,226. Oxidative stress is one factor related to CPA toxicity that may 

aggravate cell sensitivity to high concentrations of CPA. The improvement in chondrocyte 

recovery of this study may be due to the antioxidative capacities of these compounds and this 

finding is consistent with previously reported work on the protective effects of antioxidants in 

cryopreservation20,29,32,77,89,113,183. However, unlike CS, GlcN, TMP, or AA, the use of PF-68 group 

did not statistically benefit chondrocyte viability. PF-68 is a non-ionic surfactant known to protect 

chondrocytes from shear stress on cell membranes82. In this study, PF-68 did not have a beneficial 

effect, possibly due to low permeation of PF-68 into the articular cartilage matrix. Another variable 

investigated was 4-day incubation post CPA exposure. The high cell recovery after the 4-day 

incubation in medium post exposure to CPA plus additives in treated groups showed that 

chondrocytes remained at a higher survival rate compared to the control non-treated group (i.e. no 

additives) (Fig. 4.3C). Interestingly, the chondrocyte viability was significantly lower after 4-day 

incubation in DMEM complete without additives in groups treated with TMP or AA (Fig. 4.3C) 

when compared to their own chondrocyte viability immediately after CPA removal. The 

underlying mechanism of this cell loss may be due to the therapeutic effect timeframe of these two 

antioxidants (TMP and AA) as the additives were not present in the 4-day incubation solution. 

Further research on the compounds’ half-life elimination would help to understand their effects.  

 

We investigated sample freshness that may be a factor in cell recovery after CPA exposure. For 

instance, the stifle joints received from the Early Source were harvested from pigs soon after the 

animal was slaughtered and transported directly to our lab within 4–6 hours of death. Alternatively, 
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joints received from the Late Source were harvested by meat plant employees and kept at 4 ⁰C for 

24 hours in the fridge before the stifle joints were transported to our lab. Although the chondrocyte 

viability from both sources indicated a high cell membrane integrity (85–99%) before CPA 

exposure, the ability of chondrocytes to tolerate oxidative stress might be different. Subsequent 

investigation (Fig. 4.4A) documented that chondrocytes in fresher condyles obtained from the 

Early Source tolerated CPA exposure better than those obtained from the Late Source, with a 

significantly higher chondrocyte viability after CPA exposure. CPAs may be falsely assumed to 

be toxic to the cells if cell membranes were breached or damaged due to time after death factors, 

or if enzyme function was impaired for other reasons26,60. We extended our work to the inclusion 

of additives during CPA removal and DMEM incubation using the two most promising additives—

TMP and AA as per our current findings. Supplementation of media with additives during CPA 

removal and DMEM incubation improved chondrocyte recovery (Fig. 4.4B-C). A previous study 

using different concentrations of TMP demonstrated that TMP could inhibit interleukin-1β-

induced iNOS expression and nitric oxide synthesis (NOS) in rabbit articular chondrocytes99, while 

nitric oxide oxidation was one important reaction in the development of cartilage degradation 

during experimental osteoarthritis and chondrocyte apoptosis92,120. Possible mechanisms of TMP 

and AA include antioxidant effects that might aid cell robustness during CPA exposure. Moreover, 

Yang et al.253 reported a protective effect of TMP on oxygen and glucose deprivation induced 

brain microvascular endothelial cell injury via the Rho/Rho-kinase signaling pathway. Wang et 

al.238  found that TMP could protect against glucocorticoid-induced apoptosis by promoting 

autophagy in mesenchymal stem cells and improve bone mass in glucocorticoid-induced 

osteoporosis in rats. Johnson et al.108 reported AA could reduce DNA damage in H2O2-treated 

human adipose-derived mesenchymal stem cells, and Alam et al.8 discovered that AA could 
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prevent protein aggregation into oligomers and fibrils by inhibiting human insulin aggregation, 

and further protects against amyloid induced cytotoxicity. The higher chondrocyte viability in the 

AA and TMP groups indicates that these compounds are more likely to have a clinically significant 

effect and are good candidates for inclusion in cryopreservation protocols for cell preservation. 

 

In addition, we investigated the effects of 2-day incubation vs 4-day incubation. The chondrocyte 

viability after incubation for 2 days was higher than that after incubation for 4 days (Fig. 4.4C). 

This is partially consistent with a study by Hahn et al.89 that reported that TMP had a significant 

beneficial effect on chondrocyte viability after exposure to 1.6 M glycerol also after a 2-day 

incubation period. That study did not test the 4-day incubation period. There is a concern that 

chondrocyte apoptosis may be the cause of the 4-day cell recovery decline and further investigation 

may confirm this. From the clinical perspective, it is possible that transplantation within the 2-day 

time frame after warming from vitrification would provide the cells the optimal environment for 

recovery.  

 

4.6 Conclusions 

CS, GlcN, TMP, or AA had a significant beneficial effect on chondrocyte viability after exposure 

to high concentrations of CPA. Fresh tissue contributed to higher cell recovery after CPA exposure 

and should be regarded as one factor in future experiments. CPA removal and incubation of 

condyles with the preferred additives (TMP or AA) improved chondrocyte recovery. Chondrocytes 

from articular cartilage incubated for a 2-day period had higher chondrocyte viability compared to 

chondrocytes from articular cartilage incubated for a 4-day period. Overall, using additives was 
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beneficial for achieving higher chondrocyte viability after exposure to high CPA concentrations 

and this may be beneficial when developing cryopreservation protocols for articular cartilage in 

future research.  
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5.1 Abstract 

Background: Vitrifying articular cartilage for long-term storage will increase its availability for 

surgical repair of cartilage defects. For successful vitrification, a sufficient amount of 

cryoprotectant (CPA) needs to permeate into the cartilage tissue. After CPA permeation, cartilage 

tissue is usually kept in a high concentration CPA solution for vitrification below −130 °C. 

However, warming cartilage tissue from a vitrified glass is time-consuming and can cause cell 

damage if handled improperly, especially for larger cartilage samples (e.g., intact femoral condyle).  

Hypothesis: We hypothesized that articular cartilage can be successfully vitrified and stored in 

liquid nitrogen once sufficient concentrations of CPA have permeated into the articular cartilage 

even if the surrounding vitrification solution has been removed before plunging into liquid nitrogen.  

Study design: Controlled laboratory study. 

Methods: Dimethyl sulfoxide, ethylene glycol, and propylene glycol were loaded using an 

optimized 7-hour stepwise protocol for appropriate CPA permeation into porcine cartilage tissue 

before vitrification. We compared two methods for storing cartilage tissue (10-mm diameter 

osteochondral dowels or full femoral condyles) at −196 °C after CPA permeation: (a) storage in a 

container surrounded by vitrification solution vs (b) storage in a vacuumed bag without a 

surrounding vitrification solution.  

Results: Our results show no significant differences in chondrocyte survival in the 10-mm 

diameter porcine osteochondral dowels after vitrification with or without the surrounding CPA. 

Importantly, chondrocyte survival was significantly higher in porcine full femoral condyles after 

vitrification without the surrounding CPA compared with those with the surrounding CPA due to 

faster cooling/warming rates without the surrounding CPA solution being more important for the 
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large volume of tissue. Moreover, articular cartilage fractures were identified in those full femoral 

condyles vitrified with a surrounding vitrification solution. 

Conclusion: An optimized 7-hr CPA permeation protocol was successful in vitrifying full femoral 

condyles of porcine articular cartilage grafts. Removing the surrounding vitrification solution is 

advantageous for the vitrification outcomes of articular cartilage of large sizes.  

Clinical relevance: This is the first report on vitrification of articular cartilage grafts using full 

knee condyles. Our findings provide a novel method to store vitrified articular cartilage tissue and 

will aid in the development of vitrification protocols for intact human articular cartilage.  

 

 

5.2 Introduction 

Articular cartilage defects are a common injury treated in orthopaedic clinics around the world35,98; 

defects can develop into osteoarthritis without proper intervention or treatment, especially in 

young and active adults who often suffer from acute trauma to the knee34,98. Osteochondral 

allografting has proven to be an effective surgical procedure to treat articular cartilage 

defects37,100,227. Depending on the size of the articular cartilage defect, the procedure requires grafts 

that range from small to large pieces of osteochondral tissue. Fresh articular cartilage grafts can 

be stored up to 28 days and may not be delivered to patients in the operating room in time due to 

the long time frame of surgical preparation such as regulatory clearance for infectious disease 

testing, graft size matching, patient preparation, and arrangement of a surgical suite84,121,242,243. The 

short storage period of fresh articular cartilage grafts and the absence of chondrocyte survival and 

matrix distortion in frozen grafts37,121 makes the long term preservation of large articular cartilage 
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grafts very important. Unfortunately, this has been a difficult challenge over the past fifty years. 

Successful cryopreservation of articular cartilage can increase the availability of articular cartilage 

allografts as an alternative transplantation source to treat large articular cartilage defects in clinical 

practice. 

 

Cryopreservation by vitrification has been reported to preserve small articular cartilage grafts such 

as rabbit218, porcine30,248, and human113 osteochondral grafts with a size from 3-mm to 10-mm 

diameter, and up to 12 cm2. However, vitrification of full knee condyles has not yet been reported 

in the literature, and this is important because of the potential for surgical repair of large articular 

cartilage defects3,113. In current practice, a sufficient amount of CPA needs to be permeated into 

the articular cartilage for successful vitrification (see Fig. 5.1)113. CPA permeation is the essential 

step to avoid ice formation in the articular cartilage matrix during the cooling/warming processes 

of vitrification30,110,113,178. The development of CPA permeation protocols can be optimized using 

mathematical modelling. Nadia Shardt from our group developed an optimized 7-hr stepwise CPA 

permeation protocol for articular cartilage with 2-mm thickness208, and the experimental results 

confirmed the efficiency of this protocol for 10-mm diameter porcine osteochondral dowels with 

a promising chondrocyte survival of approximately 75%248. Since our CPA permeation approach 

leads to a vitrifiable concentration of CPAs throughout the cartilage tissue and this has been 

successful in smaller osteochondral tissue fragments208, it is of essential to document its 

effectiveness on a larger scale of articular cartilage tissue, e.g., full femoral condyles. 

 

Sample packaging size is another critical factor in vitrification procedures. Vitrification of full 

femoral condyle articular cartilage is challenging due to its large volume. Following the CPA 
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permeation, articular cartilage is usually kept in a high concentration CPA solution30,113,248 and 

plunged into liquid nitrogen at −196 °C for vitrification. The requirement of storing articular 

cartilage tissue in extra CPA solution for vitrification has not been investigated. Scaling up the 

vitrification process for increased tissue size faces the challenge of decreased cooling and warming 

rates. The long time required to warm articular cartilage from a large vitrified glass (e.g., intact 

femoral condyle surrounded by a correspondingly large amount of vitrification solution) from 

−196 °C to 37 °C may affect the chondrocyte survival due to devitrification239. In addition, another 

problem associated with vitrifying large samples is the non-uniform temperature throughout the 

sample during cooling and warming196,216, which can cause tissue cracks or fractures188. Kroener 

and Luyet134 reported observations of glycerol solution forming cracks during the vitrification 

process. Stolberg-Stolberg et al.223 showed that fractures in cartilage allograft can increase the 

release of inflammatory makers that further impact the chondrocyte metabolic activity and 

viability via apoptosis. Tissue cracking caused by inhomogeneous thermal expansion of the glassy 

CPAs around the sample is an unsolved problem. Removing the surrounding CPAs from the tissue 

before storage in liquid nitrogen may be an appropriate approach to mitigate the cracking effect 

for the vitrification of large tissues.  

 

Using additives to protect cells from exposure to CPAs is another approach to improve 

cryopreservation protocols89. Chondroitin sulphate was used as an additive for the vitrification of 

both human113 and porcine248 articular cartilage to protect chondrocytes from the toxic effects of 

high concentrations of CPA in our previous works (see Chapter Four). Additives such as 

chondroitin sulphate, ascorbic acid, or glucosamine were shown to have great potential to improve 

porcine chondrocyte survival after exposure to a high molarity CPA cocktail solution247.  
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Herein, we present a study to compare two packaging methods (with a surrounding vitrification 

solution and without a surrounding vitrification solution) for storage of vitrified articular cartilage 

at −196 °C. We hypothesize that intact articular cartilage can be successfully vitrified once 

sufficient concentrations of CPA have permeated into the cartilage matrix and chondrocytes, even 

if the surrounding vitrification solution is removed before vitrification to −196 °C. In addition, we 

test the 7-hr CPA permeation protocol208 on full femoral condyles to evaluate its effectiveness for 

vitrification of large size articular cartilage grafts. Furthermore, we evaluate the effects of two 

potential additives, chondroitin sulphate and ascorbic acid, for their protective abilities on 

chondrocytes in the vitrification of articular cartilage.  

 

 

 

Figure 5.1 Cryoprotectant permeation into articular cartilage with a bone base before plunging 

into liquid nitrogen for vitrification 
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5.3 Materials and Methods 

5.3.1 Preparation of articular cartilage  

Healthy porcine stifle joints (n = 11) from sexually mature pigs (age 54 weeks) were collected 

within 6 hrs after slaughtering from a slaughterhouse. Porcine joints were immersed in phosphate 

buffered saline (PBS) and transported to the university lab in a cooler bag. Upon arrival in the lab, 

the joints were dissected and the femoral condyles were isolated from the tibia bone in a fume food 

designated for animal sample processing, followed by 15 min cleaning in 100 ml PBS + antibiotics 

(100 units/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B (Gibco)) under a 

sterile biosafety cabin. After the cleaning, the femoral condyles were immersed in sterile DMEM 

complete medium (Dulbecco's Modified Eagle Medium Nutrient Mixture F12 (DMEM-F12) 

(Gibco) supplemented with 10% calf bovine serum, 1 mM sodium pyruvate, 100 units/ml 

penicillin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B (Gibco)) and kept in the fridge 

at 4 °C until the vitrification experiments. When osteochondral dowels were required, they were 

cut from the tissue with a sharp cutting device with a 10-mm diameter opening. 

 

5.3.2 Experimental variables 

Fig. 5.2 shows the experimental variables for the vitrification experiments in red text. We 

evaluated two storage methods for articular cartilage vitrification (with surrounding solution, VS+; 

or without surrounding solution, VS−) using both 10-mm diameter osteochondral dowels (cartilage 

on a 10-mm thick bone base) and full femoral condyles (approximate length × width × height: 

50×30×20 mm3). In addition, we evaluated the inclusion of additives (chondroitin sulphate, CS or 

ascorbic acid, AA) to compare their effects on chondrocyte survival after vitrification.  
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Figure 5.2 Experimental variables (in red text) for vitrification of articular cartilage  

 

5.3.3 Vitrification flowchart 

During the vitrification experiments, samples of either 10-mm diameter osteochondral dowels or 

full femoral condyles were exposed to the multi-CPA loading solution (by immersion in 50 ml for 

dowels or 200 ml for full femoral condyles) prepared with DMEM-F12 medium following the 7-

hr three-step loading protocol developed previously208,248, see Fig. 6.3 for the CPA concentrations, 

durations, and temperatures of each step. Once the CPA loading procedure was finished, the 

cartilage samples were transferred to the containers (15 ml Falcon tube with 5 ml vitrification 

solution for the dowels, 250 ml plastic cup with 100 ml vitrification solution for the femoral 

condyles, VS+ in Fig. 5.3, see Fig. 5.4A), or to the freezing bags (one sample per bag, for both 

dowels and femoral condyles, VS− in Fig. 5.3, see Fig. 5.4B) which were vacuumed to remove the 

air and sealed quickly with a packaging machine. Solution 2 (3M DMSO + 3M EG + 3M PG) 

prepared with DMEM-F12 was precooled to −10 °C and used as the vitrification solution for 
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packaging, VS+. All samples (pre-labelled with ID number and experiment date) were then 

plunged into the LN2 dewar for storage.  

 

 

Figure 5.3 Flowchart for vitrification of articular cartilage using a three-step cryoprotectant 

loading protocol 
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Figure 5.4 The two packaging methods for vitrification of articular cartilage A. A 15-ml 

Falcon tube for the osteochondral dowel and a 250-ml plastic container with a white lid for the 

condyle to be vitrified with surrounding CPAs; B. A freezing bag and the vacuumed machine for 

the osteochondral dowel and the condyle to be vitrified without surrounding CPAs.  

 

5.3.4 Assessment of articular cartilage  

5.3.4.1 Chondrocyte viability via cell membrane integrity stain 

Chondrocyte viability was quantified via cell membrane integrity using fluorescent microscopy 

similar to our previous work248 (see Chapter Three). After tissue warming and CPA removal, a 

vibratome (vibratome-1000 plus, the Vibratome Company, St. Louis, MO) was used for sectioning 

cartilage slices. The vibratome basin was filled with 500 ml 1X PBS (4 °C) to avoid cartilage 

dehydration during sectioning. The osteochondral dowel was placed in a metal sample holder and 

cartilage slices with a thickness of 100 µm were sectioned in a transverse plane, then transferred 

to one labelled well of a 24-well plate filled with 2.0 ml X-Vivo 10 (Lonza) and kept on crushed 

ice with distilled water before sample staining. For imaging, a mixture of two fluorescent dyes: 
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6.25 µM Syto 13 (Molecular Probes ) and 9 µM Propidium Iodide (PI, Sigma) were used to label 

membrane-intact (live cell, green color) and membrane-damaged (dead cell, red color) 

chondrocytes. Cartilage slices were placed on labelled microscope slides and excess X-Vivo on 

the slices was removed with Kimwipe. Each slice was overlaid with approximately 50 µl stain 

mixture and covered with a coverslip. Cartilage slices were incubated in the dark for 10–15 min to 

allow dye permeation into chondrocytes. Cartilage slices were imaged using a Nikon digital 

camera (model: DS-Fi2) under a Nikon inverted fluorescent microscope (model: ECLIPSE Ti-5). 

Dual filters with the following spectra peak maxima: excitation/emission: 488 nm/503 nm and 535 

nm/617 nm were used to image all the slices. The cell viability for each cartilage slice was 

determined by counting the numbers of the green-stained (viable) cells and red-stained (non-viable) 

cells, using custom made software Viability 3.2 (Locksley McGann, University of Alberta)111. An 

inclusion criteria of positive control cell viability from fresh cartilage slices of greater than 85% 

was used to screen healthy cartilage for the study. 

Normalized cell viability of the experimental samples was determined according to the following 

formula:  

Normalized cell viability (%) = 

# of green cells after vitrification

# of green cells +# of red cells after vitrification 

# of green cells before CPA loading

# of green cells +# of red cells before CPA loading 

 ×100%                    (1) 

 

5.3.4.2 Chondrocyte metabolic activity assessed with alamarBlue 

Chondrocyte metabolic activity was determined by alamarBlue as documented in our previous 

work248 (see Chapter Three). AlamarBlue is a fluorescence indicator based on the reduction 

reaction of metabolically active cells to convert the blue-colored resazurin (non-fluorescent) into 

red-colored resorufin (highly fluorescent). Briefly, after tissue warming and CPA removal, 

cartilage from each experimental group was removed from the osteochondral dowel bone base and 



145 

 

weighed and washed in 5 ml sterile PBS supplemented with antibiotics for 15 minutes. Positive 

controls consisted of articular cartilage that was neither exposed to CPAs nor vitrified; negative 

controls were articular cartilage plunged into liquid nitrogen without CPAs. Cartilage samples 

were then incubated in an alamarBlue (Invitrogen, Burlington, Canada) assay solution containing 

5 ml X-VIVO 10 (a serum-free medium (Lonza, California, USA)) supplemented with 0.1 mM 

ascorbic acid, 100 nM dexamesasone, and 10 ng/ml transforming growth factor beta 1, and mixed 

with 500 µl alamarBlue in a 6-well plate and incubated at 37 °C for fluorescence readings every 

24 hr for 4 days using Cytofluor 2.0 software. The fluorescence parameters were set to emission 

wavelengths of 580/50 nm, excitation wavelengths of 485/20 nm, and a gain of 45. Fluorescence 

was measured for each sample per experimental group at 24 hr, 48 hr, 72 hr, and 96 hr. Readings 

of blank samples (alamarBlue assay solution without cartilage samples) were subtracted from 

readings of the experimental samples to yield a value in relative fluorescent units (RFU) divided 

by weight in grams of articular cartilage. The RFU readings of chondrocytes after vitrification 

were normalized to the fresh positive controls and presented as a percentage in the figures.  

 

5.3.4.3 Cooling and warming temperature profile of full femoral condyles 

To compare the cooling and warming rates of articular cartilage stored with different methods, a 

dual thermometer with two thermocouple detectors was used to determine the temperature as a 

function of time of full femoral condyles (N = 3 condyles per group, in a container or in a bag) as 

they were cooled from −10 °C to −196 °C then warmed to 37 °C. Two 2-mm deep holes were 

drilled on the weight bearing area of the condyle cartilage surface to place the thermal detectors 

for temperature measurement (see Fig. 6.6). The temperatures of articular cartilage at different 
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time points (0 min, 1 min, 3 min, 5 min, 10 min, 15 min, 20 min, 30 min) were recorded and plotted 

to observe the cooling and warming rates of articular cartilage. 

 

5.3.5 Statistical analysis 

The numerical data are presented as mean ± standard deviation (SD) of the results. The equality 

of variances for experimental variables was determined by Levene’s test before multiple 

comparisons. Analysis of variance (ANOVA) with post hoc tests (Tukey test) or nonparametric 

tests (Mann–Whitney U test) was performed for multiple comparisons on sample cell viability or 

metabolic activity based on the sample configuration for different experimental conditions. The 

numerical data were analysed using SPSS 20.0 software for statistical significance and figures 

were plotted with GraphPad prism 8.0 software. The p values are reported in the results or figure 

legends, statistical significance in the figures was indicated with asterisks respectively: * indicates 

p < 0.05, ** indicates p < 0.01. 

 

5.4 Results 

5.4.1 Comparison of chondrocyte viability of osteochondral dowels using two 

packaging methods 

Fig. 5.5A-D shows representative fluorescent images of cartilage slices from osteochondral dowels 

among the four experimental groups after vitrification. As shown in Fig. 5.5E, for the CS group, 

the normalized chondrocyte viability of osteochondral dowels stored with vitrification solution in 

a Falcon tube was 74.4 ± 8.9 % (mean ± SD); while the chondrocyte viability was 70.4 ± 6.3 % in 



147 

 

the osteochondral dowels stored without vitrification solution in a bag. For the AA group, the 

normalized chondrocyte viability of osteochondral dowels stored with vitrification solution in a 

tube was 67.4 ± 12.1 %; and the chondrocyte viability in the osteochondral dowels stored without 

vitrification solution in a bag was 69.8 ± 8.4 %. There were no statistical significances between 

the storage with or without vitrification solution and the usage of CS or AA as additives during 

the vitrification procedure (p > 0.05).  

 

 

Figure 5.5 Chondrocyte viability of osteochondral dowels after vitrification using two storage 

methods with (in a Falcon tube) or without (in a bag) a surrounding vitrification solution A. 

A representative image from an osteochondral dowel in the CS group after vitrification with 

surrounding cryoprotectants in a container; B. A representative image from an osteochondral 

dowel in the CS group after vitrification with surrounding cryoprotectants in a bag; C. A 

representative image from an osteochondral dowel in the AA group after vitrification with 

surrounding cryoprotectants in a container; D. A representative image of an osteochondral dowel 

in the AA group after vitrification with surrounding cryoprotectants in a bag; E. Quantification of 
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chondrocyte viability of osteochondral dowels after vitrification between two storage methods in 

two additive groups. 

 

5.4.2 Comparison of chondrocyte viability of full femoral condyles using two 

packaging methods 

Fig. 5.6A-D shows representative fluorescent images of cartilage slices from full femoral condyles 

among the four experimental groups after vitrification. As shown in Fig. 5.6E, for the CS group, 

the normalized chondrocyte viability of full femoral condyles stored without vitrification solution 

in a bag (69.8 ± 9.0 %) was significantly higher than the chondrocyte viability of the full femoral 

condyles stored with vitrification solution in a plastic container (35.6 ± 14.4 %) (p = 0.03). For the 

AA group the normalized chondrocyte viability of full femoral condyles stored without 

vitrification solution in a bag (67.3 ± 22.7 %) was significantly higher than the chondrocyte 

viability of the full femoral condyles stored with vitrification solution in a plastic container (7.9 ± 

9.6 %) (p = 0.01).  
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Figure 5.6 Chondrocyte viability of full femoral condyles after vitrification using two storage 

methods with (in a container) or without (in a bag) a surrounding vitrification solution A. A 

representative image from a full condyle in the CS group after vitrification with surrounding 

cryoprotectants in a container; B. A representative image from a full condyle in the CS group after 

vitrification with surrounding cryoprotectants in a bag; C. A representative image from a full 

condyle in the AA group after vitrification with surrounding cryoprotectants in a container; D. A 

representative image from a full condyle in the AA group after vitrification with surrounding 

cryoprotectants in a bag; E. Quantification of chondrocyte viability of full femoral condyles after 

vitrification between two storage methods in the two additive groups. 

 

5.4.3 Comparison of chondrocyte metabolic activity of full femoral condyles 

using two packaging methods 

Fig. 5.7A shows representative images of chondrocyte metabolic activity of cartilage post 

vitrification of full femoral condyles among the four experimental groups from Day 0 to Day 4. 
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After cartilage treatment with CS or AA and vitrification in a bag without vitrification solution, 

the viable chondrocytes showed an active metabolic function at Day 4 similar to the positive 

control group. However, chondrocytes from full femoral condyles vitrified in a container showed 

no cellular activity in both groups treated with either CS or AA, similar to the negative control 

group. In addition, a similar normalized chondrocyte metabolic activity was seen in groups treated 

with CS or AA when using the same storage method (either stored in a container or stored in a bag) 

during the vitrification procedure (see Fig. 5.7B). 

 

 

Figure 5.7 Chondrocyte metabolic activity of full femoral condyles after vitrification A. 

Representative alamarBlue images of chondrocyte metabolic activity in full femoral condyles after 
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vitrification with (in a container) or without (in a bag) a surrounding vitrification solution; B. 

Normalized chondrocyte metabolic activity of the four experimental groups after vitrification 

followed by the 4-day alamarBlue assessment (N = 2 replicates per group). 

 

5.4.4 Temperature profile of full femoral condyles during the vitrification and 

warming processes 

Fig. 5.8A shows a representative image of a full condyle with two positions on the cartilage surface 

for temperature measurement. Fig. 5.8B shows the temperatures during cooling and warming of 

full femoral condyles vitrified with (in a container) or without (in a bag) a surrounding vitrification 

solution during plunge into liquid nitrogen (−196 °C) followed by warming to 37 °C in a water 

bath. The temperature of full femoral condyles stored in a bag reached below −150 °C between 2–

3 min after plunge into liquid nitrogen, while full femoral condyles stored in a container took more 

than 15 min to reach below −150 °C. During the warming process, the full femoral condyles stored 

in a bag reached above 0 °C within 1 min, compared to full femoral condyles stored in a container 

that took more than 7 min to reach 0 °C.  

 

 



152 

 

 

Figure 5.8 Temperature profile of porcine femoral condyles. A. Two points on the porcine 

condyle cartilage surface for temperature measurement; B. The temperatures of full femoral 

condyles (N = 3) when vitrified with (in a container) or without (in a bag) a surrounding 

vitrification solution during plunge into liquid nitrogen followed by warming back to 37 °C in 

water bath.  

 

5.4.5 Gross morphology of porcine femoral condyles after vitrification  

Figure 5.9 shows the morphologies of full femoral condyles after vitrification and warming. The 

full femoral condyles were either stored with surrounding CPAs in a plastic cup (Fig. 5.9A) or 

stored without surrounding CPAs in a vacuumed bag (Fig. 5.9B). After warming and CPA removal, 

condyles stored with vitrification solution in the containers (either treated with CS, Fig. 5.9C or 

AA, Fig. 5.9E) demonstrated more visible fractures in the cartilage surface (indicated by blue 

arrows) compared to those condyles stored without vitrification solution in vacuumed bags (either 

treated with CS, Fig. 5.9D or AA, Fig. 5.9F).  
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Figure 5.9 Gross morphology of porcine femoral condyles after vitrification and storage with 

(in a container) or without (in a bag) a surrounding vitrification solution. A. A condyle 

vitrified with surrounding cryoprotectants in a plastic container; B. A condyle vitrified without 

surrounding cryoprotectants in a sealed vacuumed freezing bag; C. Gross appearance of a post-

vitrified condyle from the container and CS group (Blue arrows: cartilage fracture); D. Gross 

appearance of a post-vitrified condyle from the vacuumed freezing bag and CS group; E. Gross 

appearance of a post-vitrified condyle from the container and AA group (Blue arrows: cartilage 

fracture); F. Gross appearance of a post-vitrified condyle from the vacuumed freezing bag and AA 

group. 
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5.5 Discussion 

Cryopreservation by vitrification is a promising technology to preserve cells and tissue for long 

term without ice crystal formation, and it can be achieved by two approaches69; the first approach 

is an equilibrium approach which involves permeating high concentrations of CPA into the cells 

and matrix, and the second approach is a nonequilibrium approach which involves cooling the 

sample fast enough to outrun ice formation and kinetically avoid ice crystal formation. Both 

approaches require permeating large amounts of CPAs into the tissue. CPA permeation is a main 

factor that determines whether the vitrification of articular cartilage tissue will be successful. 

Shardt et al.208 proposed an optimized 7-hr CPA permeation protocol based on an engineering 

model incorporating predictions of CPA concentration, freezing point, and tissue vitrifiability. In 

the current study, we found that after applying the optimized 7-hr CPA permeation protocol, the 

chondrocyte viability after vitrification in small osteochondral dowels (10-mm diameter on a bone 

base) showed approximately 70% chondrocyte viability after vitrification for both storage in a 

Falcon plastic tube surrounded with CPAs and storage in a vacuumed bag without CPAs (Fig. 

5.5D). Next, we found a similar chondrocyte viability (~65–70%) in the full femoral condyles for 

which the surrounding CPAs were removed from the containers before plunging into liquid 

nitrogen (Fig. 5.5D and 5.6D). These results indicate that the 7-hr CPA permeation strategy208 is 

applicable to the vitrification of full condyle articular cartilage tissue.  

 

Importantly, we found no statistically significant differences in the chondrocyte viability of 10-

mm diameter osteochondral dowels between the storage in a Falcon plastic tube with surrounding 

CPAs and storage in a vacuumed bag without surrounding CPAs (Fig. 5.5D). This result indicated 

that even if the surrounding CPAs are removed from around the osteochondral tissue during 
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cooling to −196 °C, the permeated CPAs in the articular cartilage is sufficient to protect the 

chondrocytes from freezing injuries. Thus, we addressed the gaps in the literature to show that a 

surrounding CPA solution is not required for vitrification of articular cartilage. We proposed that 

after a high concentration of CPAs had been permeated throughout the articular cartilage, the 

concentration of CPAs in the chondrocytes and extracellular matrix was high enough to transform 

the tissue into a solid without ice formation when the articular cartilage is cooled sufficiently 

rapidly to cryogenic temperatures. Successful vitrification of articular cartilage can be achieved in 

the absence of a surrounding CPA solution, which is contrary to the current cryopreservation 

practices, in which articular cartilage is immersed in a certain amount of CPA solution for 

vitrification before cooling below −130 °C30,113,185,218. 

 

Tissue fractures can be induced by the non-uniform thermal gradients during solution freezing and 

this can affect the outcomes of vitrification for articular cartilage. More cartilage factures were 

noted on the surface of full femoral condyles after vitrification with a surrounding CPA solution 

(Fig. 5.9). We found that the cracking phenomenon was not significant in the 10-mm diameter 

osteochondral dowels; this is probably due to the small volumes of osteochondral tissue. However, 

cracking becomes a challenge when scaling to a large tissue size, such as full femoral condyles. 

Fig. 5.8 shows the temperature profiles within the articular cartilage during the different methods 

of vitrification and warming. The cooling and warming rates of full femoral condyles stored in 

vacuumed bags without surrounding CPAs were faster than those condyles stored in plastic 

containers with surrounding CPAs. Having a solution surrounding the cartilage tissue is 

disadvantageous not only because it induced thermal cracking to the cartilage, but also because it 

slows down the cooling and warming of the cartilage that may lead to tissue devitrification and 
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chondrocyte death. From the above findings, we concluded that removing the CPAs can 1) 

improve the cooling and warming of articular cartilage (Fig. 5.8); and 2) reduce the thermal-

mechanical stress in the large volume that results in cracks propagating through the articular 

cartilage (Fig. 5.9), and this help to retain a high chondrocyte viability (Fig. 5.5) and functionality 

(Fig. 5.6).  

 

There are other approaches to reduce thermal stress in the literature. Pegg et al.188 proposed an 

approach to avoid thermal stress in arteries by controlling the cooling and warming rates. However, 

this approach required careful calculation of the thermal properties of the vitrification solution and 

the targeted sample. Rabin et al.195,196,222 further developed a mathematical model to calculate the 

thermal-mechanical stress during the freezing of biological samples, e.g. rabbit liver, kidney and 

brain. More investigation is required to quantify and understand the thermal-mechanical effects in 

articular cartilage when it undergoes vitrification/warming processes. Our current approach is 

simple and successful in preventing cartilage fractures caused by the surrounding CPAs and is 

effective in improving the vitrification outcomes of articular cartilage. 

 

Lastly, the inclusion of ascorbic acid was able to maintain a similar high chondrocyte survival 

compared to the inclusion of chondroitin sulphate during the CPA permeation and vitrification 

processes (see Fig. 5.5 and Fig. 5.6). The use of ascorbic acid in the vitrification of articular 

cartilage is a promising alternative to chondroitin sulphate for future investigations.  
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5.6 Conclusions 

This is the first study demonstrating the vitrification of porcine full femoral condyles, indicating 

the possibility to scale up the vitrification of articular cartilage from small osteochondral dowels 

to full size osteochondral condyles. After tissue vitrification and subsequent warming, our results 

showed similar chondrocyte viability of post-vitrified 10-mm diameter osteochondral dowels 

when stored with or without a surrounding vitrification solution, which confirmed that articular 

cartilage can be vitrified with sufficient CPA permeation and appropriate storage method. In 

addition, higher chondrocyte viability and metabolic activity can be maintained in full femoral 

condyles when stored without a surrounding vitrification solution when compared to those with a 

surrounding vitrification solution. This difference is due to faster cooling/warming rates and less 

thermal-mechanical stress on the large volume of articular cartilage tissue. This study provides 

guidance for the development of articular cartilage packaging processes for vitrification and will 

benefit tissue banking of intact human articular cartilage.  
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Chapter Six: General Discussion and Conclusions 

6.1 General discussion  

Articular cartilage is a few-millimeters-thick tissue covering the ends of bones in articulating joints 

and provides a vital function in joint mobility. However, the avascular and aneural structure of AC 

has very limited self-repair capacity after injury33. AC allograft transplantation is an established 

procedure for treatment of AC defects23,37,244, but this procedure is greatly limited by the 

availability of fresh AC grafts which can be alleviated by successfully long-term cryopreservation.  

 

Preserving viable tissue is becoming a popular approach to alleviate the shortage of tissue grafts 

for clinical transplantation. Cryopreservation of AC grafts is one way to increase the availability 

of AC grafts to assist clinical repair of AC defects3,113. AC is a connective tissue that consists 

primarily of chondrocytes and is an ideal tissue for developing cryopreservation protocols when 

compared to other tissues that contain multiple cell types; but the chondrocytes are distributed 

within a dense cartilage matrix approximately 2–4 mm thick101 that requires a relatively longer 

period (e.g. hours) for CPAs to fully permeate into the ECM  and chondrocytes113,209. This unique 

structure makes it challenging to successfully cryopreserve intact AC, particularly for intact human 

AC.  

 

On account of the advances in cryopreservation technology, many approaches have been 

developed to improve the outcomes of cryopreserved AC30,113,185,218. One typical feature of 

previous research from some groups30,178,218 is that they usually investigated one part of the AC 
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vitrification, while other groups113,185,208 worked on developing new approaches or combining 

available approaches for use in AC vitrification. 

 

The success of AC vitrification relies on a multi-disciplinary group that involves professionals 

from at least four fields3, which include orthopedic surgeons who know the clinical requirements 

and biological basis of articular cartilage, cryobiologists who understand the principal of 

cryopreservation and protocol designs, engineers who are good at mathematical modelling and 

simulation, and laboratory researchers who can perform experiments for validation. However, such 

a team setting is not easy to be established without tremendous and continuous input and 

cooperation. The strength of this thesis is the integration of several strategies into one approach 

for vitrification of AC. 

 

Particulated AC cubes have been used to repair AC defects in clinical practice93,233,255; however, 

there is no report of cryopreserving particulated AC . Chapter Two presented the first study of 

vitrifying particulated AC in both porcine and human species with promising results that met the 

clinical requirement of 70% chondrocyte viability121. This chapter demonstrated a detailed 

approach for the development of appropriate vitrification protocols for small particulated AC 

cubes. The content of this chapter provided the generation of CPA permeation protocols (the 

engineering modelling was performed by Nadia Shardt)208, the stepwise procedure of processing 

AC tissue into small particulated size, followed by CPA permeation, vitrification and storage in 

cryovials at −196 °C, all of which can be reproduced in other laboratories or tissue banks. The 

experimental results obtained from this chapter validated the effectiveness of the engineered CPA 

permeation protocols, showing the potential of engineering models that can be used to guide and 
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generate vitrification protocols for a specific size of AC grafts, e.g. 1 mm3. In addition, Chapter 

Two documented the storage of 6 months for the vitrified particulated AC cubes in LN2 without 

deterioration in chondrocyte viability and functionality. The extended storage period of 6 months 

is critical to providing orthopedic surgeons a flexible timeline to make appropriate surgical 

arrangements for patients with AC defects who require a surgical reconstruction.  

 

Although the in vitro results from Chapter Two provided evidence for both porcine and human 

tissue that the post-vitrified particulated AC cubes can be used as an alternative source of AC 

grafts, further animal transplantation studies and clinical trials in human patients are necessary to 

ensure the safety and effectiveness when applying cryopreserved particulated AC in clinical 

transplantation to repair AC defects.  

 

Osteochondral grafts consisting of intact AC on a bone base are the most popular AC grafts that 

are being used in clinical transplantation to repair AC defects23,38,46. Vitrification of osteochondral 

grafts has been studied for years with progress noted in rabbit218, porcine30,248 and human113 species. 

Due to the dense structure of the AC matrix, the process of CPA diffusion throughout the AC 

matrix to reach a high and vitrifiable concentration is time consuming113,209. The first report  of 

successful vitrification of intact human osteochondral grafts required 9.5 hr for a four-step CPA 

permeation procedure113, which is complicated and not very practical for use in tissue banks. 

Shortening the CPA permeation protocol while maintaining a high chondrocyte survival is a 

challenging but realistic scientific question that needed to be answered. Chapter Three248 compared 

two shorter-duration three-step CPA permeation protocols (an optimized 7-hr protocol, and an ad 

hoc 5-hr protocol) to the four-step permeation protocol for their effectiveness in vitrification of 
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porcine osteochondral grafts. The experimental results of this chapter concluded that the optimized 

7-hr three-step CPA permeation protocol generated by Nadia Shardt’s engineering modelling 

achieved similar chondrocyte survival when compared to the 9.5-hr four-step CPA permeation 

protocol. The shortening by 2.5 hr gained by using the 7-hr protocol makes the procedure 

achievable within an 8-hr working shift for staff working in tissue banks.  

 

In addition to the validation of the optimized 7-hr protocol, Chapter Three demonstrated the 

relationship between vitrification outcomes and tissue size, and container size when using different 

CPA permeation protocols. In Chapter Three, two sizes of osteochondral grafts (10 mm diameter 

and 6.9 mm diameter dowels) were selected for investigation. Generally, the smaller the tissue, the 

shorter the time that was required for the CPA permeation in the tissue. The ad hoc 5-hr three-step 

CPA permeation protocol was capable to vitrify the small 6.9 mm diameter osteochondral grafts, 

possibly due to the CPA permeation being sufficient for such a small size of AC. This protocol 

was unsuccessful when applied to the 10 mm diameter osteochondral grafts. When vitrifying the 

bigger grafts, e.g. 10 mm diameter, CPA permeation was critical and required a longer time period, 

as shown by the better vitrification outcomes using the optimized 7-hr protocol or the 9.5-hr 

protocol.  

 

The osteochondral grafts were stored in a container before plunging into liquid nitrogen, the size 

of the container can affect the heat transfer to the tissue. Larger containers result in slower cooling 

and warming rates of the osteochondral grafts which may further result in failure of vitrification. 

Although the cooling and warming rates were not measured in this study, the chondrocyte viability 
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results provided evidence to support the conclusion that a smaller and appropriate container size 

may benefit vitrification outcomes of osteochondral grafts. 

 

CPA toxicity is another major issue when vitrifying AC due to the long exposure of chondrocytes 

to the high concentrations of CPA mixture9,63,65,116. Chapter Four247 demonstrated the protective 

effects of additives on chondrocyte survival when AC was exposed to high concentrations of CPA 

during permeation that was required for cryopreservation. Previous studies have demonstrated the 

potential of using additives during cell cryopreservation with encouraging improvements77,89,234. 

Hahn et al.89 investigated the protective effects of CS, TMP, AA, and GlcN on human AC 

chondrocytes when exposed to 1.6 M glycerol for 90 min at room temperature and concluded that 

these additives were beneficial to improving chondrocyte survival by reducing the CPA toxicity. 

Inspired by this study, Chapter Four evaluated the effects of five additives (CS, TMP, AA, GlcN, 

and PF-68) using a stepwise CPA permeation procedure with multi-CPA mixtures that reflected a 

more realistic cryopreservation protocol. Chapter Four confirmed the potential of adding additives, 

including CS, TMP, AA, and GlcN, to the multi-CPA mixtures to reduce the CPA toxicity on 

porcine chondrocytes with improved chondrocyte survival. These findings provided additional 

evidence that inclusion of additives can aid in the design of cryopreservation protocols for AC. 

Optimization of additive usage such as combination of additives or modification of additive 

concentrations can be investigated in further research. 

 

Femoral condyle grafts are a flexible tissue graft option for repairing large AC defects. Successful 

long-term preservation of femoral condyles will greatly increase the number of AC allografts 

available to the practice of orthopedic surgery. However, vitrification of femoral condyles is more 
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challenging due to the complexity of graft size, CPA permeation, storage and tissue fracture. With 

the optimization on CPA permeation, container selection, and additive usage, Chapter Five 

demonstrated the first report of femoral condyle vitrification using an integrated vitrification 

approach.  

 

To address the CPA permeation into a relatively large piece of AC, Chapter Five applied the 

optimized 7-hr three-step CPA permeation protocol208. The optimized 7-hr protocol has been 

shown to be effective in vitrification of 10 mm diameter osteochondral grafts248. And because AC 

is a thin layer with a similar thickness no matter the size of the tissue piece (2.4 mm in average of 

adult human hyaline AC101) that covers the articulating bone ends (the bony end is a natural barrier 

that prevents CPA permeation209,257), it is reasonable to expect that the time required for CPA to 

permeate into the entire AC layer of a large femoral condyle is a similar time to that taken to 

permeate smaller pieces. Once CPA permeation reaches a sufficiently high concentration in the 

AC matrix, the entire AC layer of the femoral condyle can be vitrified when cooled appropriately 

fast below the glass transition temperatures. The chondrocyte viability after vitrification in the AC 

of porcine femoral condyles confirmed that the optimized 7-hr protocol provided sufficient CPA 

permeation throughout the femoral condyle AC matrix.  

 

Solution fractures during cooling below the glass transition temperatures can be harmful to the 

vitrified tissue134,188,216, for instance, resulting in AC fractures. Cooling and warming large femoral 

condyle grafts took more time if the grafts were surrounded with a glassy CPA, putting the tissue 

at risk of devitrification241,249. Pegg et al.188 used a slowed cooling and warming protocol to 

minimize the fracturing effects when the rabbit artery reached close to the glass transition 
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temperatures. Rabin et al.59,195,196,222developed a thermo-mechanical model to calculate the thermal 

stress and the expansion characteristics of a freezing system. To minimize the solution cracking 

effects, Chapter Five documented a novel packaging method to store AC tissue at −196 °C by 

removing the surrounding vitrification solution around the AC grafts immediately prior to 

immersion in liquid nitrogen. The results from this chapter showed that the vitrification solution 

surrounding the AC grafts was unnecessary for vitrification and it can even be harmful to the 

vitrification outcomes. This study enhanced the understanding of AC vitrification and provided 

new insights to improve the packaging process during AC vitrification.  

 

6.2 Conclusions 

Using cryopreserved AC grafts is a potential approach to repair AC defects. This thesis investigates 

several aspects of CPA permeation, heat transfer, tissue storage, and additives for the development 

of cryopreservation protocols for AC, and the experimental findings provide valuable knowledge 

to aid in long-term storage of healthy porcine and human AC at cryogenic temperatures via 

vitrification. These studies address the gaps in current practices of AC vitrification at different 

scales, which include small particulate cartilage grafts, medium osteochondral grafts and large 

femoral condyle grafts. The integration of advancing approaches is shown to be beneficial for the 

design of protocols and experimental outcomes of AC vitrification. The strategies applied in this 

work demonstrate that vitrification of AC is achievable with improved chondrocyte survival, 

metabolic activity, and cellular functionality. The encouraging results obtained from these studies 

provide a solid base for further investigation and optimization of AC vitrification. This thesis 
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supports the design and development of practical vitrification protocols of AC that can be 

translated into clinical practice in the future.  
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