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Abstract 

There are approximately 900,000 people in the US suffering from damage to the 

articular cartilage, with the knee being most commonly affected. Articular cartilage lacks 

a vasculature and has a limited ability to heal. A variety of surgical treatments have been 

developed to repair cartilage lesions. Current strategies for cartilage repair include 

microfracture, autologous chondrocyte implantation (ACI) and osteochondral allograft 

transfer (OAT). These strategies suffer from high failure rates (25-50% at 10 years), long 

rehabilitation times (more than 12 months) and decreasing efficacy in patients older than 

40-50 years. Focal joint resurfacing with traditional orthopedic materials is being explored 

as an alternative strategy, but due to their high stiffness and coefficient of friction relative 

to cartilage, these implants may ultimately contribute to joint degeneration through 

abnormal stress and wear. A focal joint resurfacing method that is widely available, allows 

immediate weight bearing, has short recovery times and has low long-term failure rates 

remains an unmet need. 

This thesis explores a strategy to address this need. There are two major criteria 

within this strategy: 1) develop a material that mimics the properties of cartilage and 2) 

attach this material to an orthopedic base to enable integration with bone.  

I developed the first hydrogel to achieve the strength and modulus of cartilage in 

both tension and compression properties. This hydrogel also exhibits cartilage-equivalent 

tensile fatigue at 100,000 cycles. The hydrogel was created by infiltrating a PVA-PAMPS 

double-network hydrogel into a bacterial cellulose (BC) nanofiber network. The BC fibers 

provide tensile strength in a manner analogous to collagen in cartilage. The PAMPS 
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provides a fixed negative charge and osmotic restoring force similar to the role of aggrecan 

in cartilage.  

Subsequently, I further improved and developed the hydrogel to reach a strength 

that exceeds that of cartilage. The high strength was achieved through reinforcement of 

crystallized PVA with BC. Experimental results show that reinforcement of annealed PVA 

with BC leads to a 3.2-fold improvement in the tensile strength (from 15.6 to 50.5 MPa) 

and a 1.7-fold increase in the compressive strength (from 56.7 to 95.4 MPa). The BC-

reinforced PVA was also 3 times more wear resistant than cartilage over 1 million cycles 

and exhibited the same coefficient of friction. These properties make the BC-reinforced 

BC hydrogel an excellent candidate material for replacement of damaged cartilage. 

Current strategies for adhering hydrogel to a surface are 10 times weaker than the 

shear strength with which cartilage is attached to bone. The osteochondral junction is 

characterized by mineralized collagen nanofibers anchoring cartilage to bone. I sought to 

mimic this strategy by bonding freeze-dried BC to porous titanium with a hydroxyapatite-

forming cement. The cement penetrates about 10 microns into the bacterial cellulose, 

forming a nanofiber-reinforced zone of adhesion. The PVA-PAMPS hydrogel is then 

infiltrated into the bonded bacterial cellulose. This strategy achieved a shear strength of 

attachment three times greater than the state of the art. 

I soon proposed an important enhancement of the attaching strategy by introducing 

shape memory alloy ring to change the direction of shear load bearing. It is the first method 

for attaching a hydrogel to metal with the same shear strength as the cartilage-bone 

interface. The average shear strength of the junction between 1.2-mm-thick hydrogel and 
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metal made in this manner exceeded the shear strength of porcine cartilage-bone interface. 

The shear strength of attachment increased with the number of bacterial cellulose layers 

and with the addition of cement between the bacterial cellulose layers. Such improved 

strategies for attaching hydrogels to a metal surface with sufficient strength to allow for 

weight-bearing can enable the creation of hydrogel-capped titanium implants for cartilage 

repair. 
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1. Introduction 

1.1 Cartilage Repair 

Articular cartilage is a thin layer (2-4 mm) of specialized tissue that lines the ends of bones 

in joints1 such as the shoulder, elbow, wrist, fingers, hip, knee, ankle, and toes. Every year, 

approximately 900,000 people in the United States suffer from damage to the articular 

cartilage that lines the ends of the bones, with the knee being most commonly affected.2 

Articular cartilage has great mechanical properties to support our body weight and reduce 

the shock brought by our movements. However, cartilage also has a limited ability to heal 

due to the lack of blood vessels and nerves and is strongly associated with joint pain, 

disability, and osteoarthritis.3, 4 Thus, the restoration of malfunctioned articular cartilage 

has become more popular and demanding so that a complete knee replacement can be 

prevented or delayed.  

Current strategies for cartilage restoration include bone marrow stimulation 

(microfracture), autologous cartilage cell implantation, and osteochondral transplantation. 

These methods typically have high failure rates (25-50% at 10 years), prolonged 

rehabilitation times (> 12 months), can be very costly, and show decreasing efficacy in 

patients older than 40-50 years.4, 5  

Focal joint resurfacing with traditional orthopedic materials is being explored as an 

alternative strategy, but these implants have limited ability to biologically integrate, and 

there are concerns they may contribute to joint degeneration through abnormal stress and 

wear.6, 7  
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Thus, an all-new cartilage repair method combining the strength of traditional strategies 

and focal joint resurfacing is in great need to improve8 the quality of life for millions of 

people, while mitigating the $100 billion per year economic burden imposed by 

osteoarthritis in the USA alone. 

1.2 Hydrogel for Cartilage Focal Resurfacing 

Hydrogels are a promising solution for cartilage repair because, like cartilage, they mostly 

consist of water and thus have a surface with a low coefficient of friction.  The first 

hydrogel implant, which consisted of polyvinyl alcohol (PVA) and was developed by 

Cartiva, was approved by the Food and Drug Administration (FDA) in July 2016 for 

treating arthritis in the big toe joint. However, nearly all hydrogels currently lack the 

mechanical strength, stiffness, and durability under cyclic load to be a suitable replacement 

for cartilage in load-bearing joints. 

To act as a replacement for cartilage defects and serve all the key functions of cartilage, 

the ideal hydrogel materials need to have similar or better properties in mechanical strength 

and stiffness, dynamic modulus, tribology and fatigue. In addition, it obviously must be 

biocompatible, and similar to focal resurfacing devices should integrate with surrounding 

tissue to enable long-term integration in the defect site.   

Failure to reach similar properties comparing to cartilage will lead to increased damage of 

the hydrogel and/or the surrounding tissue. If the mechanical strength, wear resistance or 

fatigue strength of a hydrogel replacement is inferior to natural cartilage, by definition, it 

will undergo excess damage during repetitive normal activities9, 10. If the COF of the 

hydrogel is too high, it will cause damage to the opposing cartilage surface.  
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Ideally, the goal is to create a material that can be implanted into a defect site and stay 

functional for more than 10 years delaying or preventing degradation of the surrounding 

native cartilage. This material would also need to be adhered to the bone or a substate that 

can integrate with the bone with the same shear-strength as the natural osteochondral 

junction.  

1.2.1 Mechanical Properties 

As a replacement of cartilage, desired hydrogel should have similar level of mechanical 

properties including tensile strength, compressive strength, tensile modulus and 

compressive modulus in order to support various kinds of movements of our body. 

According to previous research, articular cartilage has a tensile strength range of 8.1-40 

MPa, a compressive strength range of 14-59 MPa, a tensile modulus of 58-228 MPa and a 

compressive modulus of 8.1-20 MPa. 10-12 Mechanical properties of different kind of strong 

hydrogels are shown in Table 1. 

Table 1: Mechanical properties of annealed BC-PVA, annealed BC-PVA-PAMPS, 

annealed PVA hydrogels, cartilage, and previously reported hydrogels. 

Composition Tensile  

Strength 

(MPa) 

Tensile 

Modulus 

(MPa) 

Compressive 

Strength 

(MPa) 

Compressive 

Modulus 

(MPa) 

Reference 

Number 

Freeze-thawed BC-PVA 11.1 115.3 55.3 15.0  

Annealed BC-PVA 50.5 503.9 98.1 9.57  

 

This work 
Annealed BC-PVA-PAMPS 22.1 179.0 60.4 16.5 

Annealed PVA 15.6 24.5 56.7 12.1 

Freeze-thawed PVA 0.26 <0.14 14.8 2.41 

Human cartilage 8.1-40 58-228 14-59 8.1-20.1 11-13 

BC-PVA-PAMPS 22.6 227 23.0 15.2 14 

CNC-PA-PAAm 16.5 232.4 31.1 65.4 15 

BC-PAAm 40 114 5.1 10 16 

Polyaramid nanofiber-PVA 5 9.1 4 26.5 17 

BC-gelatin 3.8 21 5.3 2.9 18 

PVA-Agarose 14.6 6.38 3.66 0.09 19 

PVA-HA/HAAC 3.05 0.7 40.15 0.88 20 

3D printed PCL scaffold-PVA 4.41 9.53 3 1.2 21 

PVA-CS 4.02 2.07 18 1.5 22 



 

4 

(a) Abbreviations used in this table: BC: bacterial cellulose; PVA: Poly(vinyl alcohol); 

PAMPS: poly(2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt); PAAm: 

polyacrylamide; CNC: cellulose nanocrystal, PA: phenyl acrylate; HA: hydroxyapatite, 

HACC: 2-hydroxypropyltrimethyl ammonium chloride chitosan, PCL: 

polycaprolactone, CS: chitosan 

(b) For the sake of clarity, the references in this table were limited to publications that 

report all four metrics, i.e., strength and modulus in tension and compression, and had 

a tensile and compressive strength higher than 3 MPa. 

Different strategies were employed to increase the tensile strength and modulus of 

hydrogels to reach the cartilage equivalence range, including fiber reinforcement23, 24, 

secondary bonding25, 26, ionic crosslinking27, 28, double network hydrogel29, polymer chain 

alignment30, etc.  

Various secondary bandings can be used to increase the crosslinking density of a hydrogel 

and increase the strength. Cong et al31 synthesized a hydrogel with cellulose nanocrystal 

and a network of poly(phenyl acrylate-co-acrylamide) and reported a tensile strength of 

16.5 MPa. Hydrogen bonding is another promising secondary bonding to strengthen 

hydrogels. Zheng et al32 created a supramolecular hydrogel with a poly(methacrylic acid-

co-methacrylamide) and achieved a tensile strength of 8.3 MPa and a tensile modulus of 

217.3 MPa. The hydrogel was also self-healing because of the reversible nature of the 

hydrogen bonding. The ionic bonding between metal ions and organic ligands in the 

polymer network creates an effective energy dissipation mechanism and can increase the 

toughness and strength of a hydrogel. Nie et al25 introduced iron (III) ions into a 

poly(acrylamide-co-acrylic acid)-sodium alginate hydrogel and reported a tensile strength 

of 10.4 MPa and a tensile modulus of 24.6 MPa. The toughness of the hydrogel was ~4800 

J m-2. 



 

5 

To increase the compression strength and modulus of hydrogels to reach that of cartilage, 

researchers have employed a number of different mechanisms including introducing 

hydrogen bonding33, nanocomposite34 or creating double network35 or mineralize 

hydrogels36.  

Hydrogen bonds are commonly used for strengthening hydrogels. Qiu et al37 utilized 

sodium phytate (with 6 hydrogen bonding sites per molecule) to crosslink a chitosan and 

gelatin hydrogel and achieved a compressive strength as high as 64 MPa. By adding 

nanoparticles, a hydrogel-nanoparticle composite can be created with high degree of 

physical crosslinking with a high strength38, 39. Silica based nanoparticles are a commonly 

used family of particles. For example, Yang et al added a silica nanoparticle (Laponite 

RDS) to the traditional PAMPS-PAAm double network hydrogel and increased the 

compressive strength to 61 MPa40. Double network hydrogel is a family of hydrogels that 

have two or more interpenetrating polymer networks41. Gong et al41 reported the first tough 

double network hydrogel consisting of a stiff first network of poly(2-acrylamido-2- methyl-

1-propanesulphonic acid) (PAMPS) and a ductile second network of polyacrylamide 

(PAAm), exhibiting a compressive strength of 17.2 MPa. The high strength of double 

network hydrogels is attributed to a local yielding effect, which means the first network 

fractures when exposed to stress, leading to energy dissipation without the failure of the 

whole hydrogel41.  

1.2.2 Crystallized PVA for Improving Mechanical Properties 

Polyvinyl alcohol (PVA), as shown in Figure 149, is a semicrystalline, hydrophilic, linear 

synthetic polymer that is synthesized by hydrolyzing polyvinyl acetate. PVA is water 
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soluble above its glass transition, non-toxic, biodegradable, biocompatible, and its 

production does not rely on petroleum42. It also possesses favorable mechanical properties 

for various applications including attachment to biocompatible implants43-48.  

 

Figure 1: Schematic Illustration of the network structure of Physical PVA gel in multi-

scale (milli-, micro, and nanoscales).  Consist of a swollen amorphous network of PVA 

physically crosslinked by micro-crystallites. 

Due to the abundance of hydrogen bonds, PVA can form crystallite alongside its 

amorphous zone. The molecular structure of PVA crystallite has been examined. Instead 

of a regular simple plane zigzag b-projection in which all of the hydroxyl groups lie on the 
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same side of the zigzag plane, PVA crystallite is more likely to have a random placement 

of hydroxyl group in the left-hand and right-hand position forming a c-projection50.  

 

Figure 2: c-Projection and b-projection of PVA crystallite structure. 

This arrangement, as shown in Figure 2, may be described as a layer structure with a double 

layer of molecules held together by hydrogen bonds and one double layer and the next 

layer held by weaker Van der Waals forces50-52. A folded chain structure of PVA 

chains leads to small, ordered regions or crystallites scattered in an unordered, amorphous 

polymer matrix53. In polymers, these crystallites can have different secondary and tertiary 

structure including lamelles, spherulite and platelets as shown in Figure 354. These 

structures essentially served as additional crosslinks to redistribute external stresses among 

initial crosslinks and introduced crystallites55, 56. Under externally applied stress, the 

tertiary structure can approach a “shish kebab” arrangement, where there are planes of 

platelets separated by areas where there exist both crystalline and amorphous regions as 

illustrated in Figure 454. These structures often organize into quaternary structures 
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consisting of bundles of “shish kebab” single-strand filament forming fibrils. The 

amorphous regions within these structures confer onto the material some flexibility while 

to crystalline platelets give the material strength. This combination of amorphous 

flexibility and crystalline strength and brittleness together provide the material with great 

overall mechanical strength54. So, it is pretty clear that a too high crystallinity is deleterious 

for the elasticity an makes the gels more fragile, whereas if crystallinity is too low, gels are 

poorly coherent and rather sticky. Therefore, it is very important to control the crystallinity 

of PVA hydrogels57. 

 

Figure 3: Spherulite structure showing the molecular-level lamellar chain-folded 

platelets and tie and frayed chain arrangements. 
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Figure 4: Crystalline polymer structures formed under applied.  (Left) The tertiary 

mono-fibrilar structure including platelets and (right) these mono-fibrilar structures 

bundled together forming a quaternary structure fibril. 

1.2.2 Coefficient of Friction (CoF) and Wear 

Articular cartilage plays an important role in the lubrication of a joint such as the hip and 

the knee, due to its extremely low friction and minimum wear even under heavily load 

conditions58. This superior tribological performances is likely the result of not a single 

lubrication mode, but the synergistic combination of various lubrication modes depending 

on the severity of the operation condition59. Under different conditions, cartilage shows a 

combination of different lubrication modes like soft-elastohydrodynamic lubrication60-63, 

biphasic lubrication64-66, hydration lubrication67-70, boundary lubrication71-75.  

These mechanisms can be divided into two general categories: fluid film and boundary 

lubrication76. In the fluid film category, a layer of viscous fluid with the thickness larger 
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than the surface roughness forms to partially or completely bear load and prevent contact 

of the articular surface. Under the conditions not suitable for fluid film lubrication like low 

sliding speeds, high load and low fluid viscosity, the articular surfaces are only separated 

by a boundary layer of a molecular film77. For articular cartilage, molecules in the synovial 

fluid like hyaluronic acid78, proteoglycan79, 80, and phospholipids81 absorbs to the articular 

surface and contribute to the boundary lubrication.  During the walking cycle, the articular 

cartilage bears a wide range of stress and sliding speeds76. Therefore, cartilage exhibit a 

mixed lubrication where both fluid film and boundary lubrication are both contributing.  

For an effective cartilage repair, a hydrogel material ideally has a low coefficient of friction 

against a piece of articular cartilage under the physiological environment on top of the 

sufficient mechanical strength and modulus. Therefore, only those lubricative hydrogels 

that have cartilage equivalent strength will be discussed in this section. Generally, a strong 

hydrogel with a low COF should have good wear resistance82, 83. However, the long-term 

wear test was relatively under-studied among papers about cartilage-equivalent hydrogels.  

1.2.3 Fatigue Properties 

As a cartilage repair material, hydrogels would be exposed to cyclic stress in vivo. To 

prolong the lifetime of the implant (ideally >10 years), hydrogels must not fail after a very 

large number of stress cycles. When evaluating the Cartiva implant, 5 million cycles of 

fatigue tests were run to represent the equivalent of 5 years of continuous use.  

Jenkins et al and Weightman et al characterized the fatigue behavior of articular cartilage 

by measuring the fatigue tensile strength after large numbers of cycles84, 85. They concluded 

a quantitative correlation between the tensile fatigue strength under a certain number of 
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cycles and the age of the cartilage. Generally, the tensile fatigue strength decreases linearly 

when the age of the cartilage increases. The ultimate goal of a hydrogel with cartilage 

equivalent strength is to also achieve a fatigue strength after a large number of cycles, e.g., 

10 million cycles. 

However, because directly measuring the fatigue strength of hydrogels is very time-

consuming and needs specialized instruments, most of the researchers choose other 

methods to test and demonstrate the fatigue resistance for hydrogels.  

One of the most commonly methods used is comparing the stress-strain curve over several 

cycles of loading and unloading. Shown in Figure 21A, Kotov et al86 tested the fatigue 

resistance of an aramid fiber-PVA hydrogel that exhibited cartilage equivalent compressive 

strength with 5 cycles of tensile strain. They reported that the hydrogel samples retained 

>91% of the maximum stress after 5 cycles, and therefore demonstrate reconfigurability 

and fatigue resistance. Lu et al87 applied 20,000 cycles of 30% compressive strain on a 

PAN/PMPC hydrogel with cartilage equivalent compressive strength. 

Self-healing hydrogels generally have good fatigue resistance because of their ability to 

repair its mechanical strength over time. Researchers also test the self-recovery of 

hydrogels to demonstrate fatigue resistance. Luo et al synthesized a PVA-agar-ammonium 

sulfate hydrogel that exhibited a cartilage-equivalent tensile strength of 18 MPa88. Then, 

they conducted 10 tensile loading-unloading cycles on the samples, followed by healing at 

90°C for 30 minutes. After 30 minutes, they reported a 56.8% recovery of energy 

dissipation capacity.  
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1.3 Hydrogel Attachment 

Hydrogels can be created to have a similar stiffness and coefficient of friction as cartilage, 

thereby addressing concerns related to abnormal stress and wear89. However, there is 

currently no way to secure a hydrogel into a cartilage defect site with the same shear 

strength as the osteochondral junction (7.25±1.35 MPa)90. One of the strongest tissue 

adhesives is cyanoacrylate, which has been reported to achieve a lap shear strength of 0.7 

MPa between two pieces of cartilage91. In contrast, cyanoacrylate bonds nylon to nylon 

and steel to steel with a shear strength of 2.8 and 7.3 MPa92, 93, respectively. This 

comparison suggests that the presence of interfacial water in cartilage (cartilage is 60-85% 

water by weight)94 hinders the creation of a stronger bond. Indeed, mussel and spider glues 

have mechanisms to displace interfacial water so as to create stronger bonds95, 96. This 

phenomenon has inspired the development of dry, tissue-bonding double-sided tape97. 

Thus, removal of water is an important strategy for forming strong bonds to hydrogels.  

Another strategy to form strong bonds to hydrogels is to mimic the bonding of cartilage to 

bone98. The osteochondral junction is characterized by a layer of collagen nanofibers 

extending from the deep zone of cartilage into a mineralized region that is attached to 

subchondral bone through an interdigitated interface99, 100. In this way the collagen 

nanofibers that give cartilage its excellent tensile strength also anchors it to the surface of 

bone. 
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2. A Synthetic Hydrogel Composite with The Mechanical 
Behavior and Durability of Cartilage* 

*This chapter adapted from F. Yang; J. Zhao; W. J. Koshut; J. Watt; J. C. Riboh; K. Gall; et al. A 

Synthetic Hydrogel Composite with the Mechanical Behavior and Durability of Cartilage. Adv. 

Funct. Mater. 2020 Vol. 30 Pages 2003451 

 

2.1 Introduction 

Every year, approximately 900,000 people in the United States suffer from damage to the 

articular cartilage that lines the ends of the bones, with the knee being most commonly 

affected.101 Articular cartilage lesions have a limited intrinsic ability to heal and often lead 

to osteoarthritis.102 Treatment of cartilage lesions can alleviate debilitating pain and delay 

the need for a total knee replacement.103-106 Current strategies for cartilage restoration 

include bone marrow stimulation (microfracture), autologous cartilage cell implantation, 

and osteochondral transplantation.107-110 These methods typically have high failure rates 

(25-50% at 10 years), prolonged rehabilitation times (> 12 months), and show decreasing 

efficacy in patients older than 40-50 years.102, 106 Focal joint resurfacing with traditional 

orthopedic materials (e.g. cobalt-chromium alloy, ultra-high-molecular-weight 

polyethylene) is being explored as an alternative strategy, but due to their high stiffness, 

these implants may ultimately contribute to joint degeneration through abnormal stress and 

wear.6, 7 The “holy grail” of cartilage restoration is a cost-effective procedure that can 

immediately and durably restore the mechanical function of cartilage. 

Hydrogels have been extensively explored as a cartilage substitute because, like cartilage, 

they mostly consist of water and have a low permeability, giving them a very low 

coefficient of friction (COF). However, current hydrogels do not have sufficient 
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mechanical strength and durability under cyclic loading and wear conditions to serve as a 

load-bearing cartilage replacement. For example, Figure 5A shows that no previously 

reported gel achieved both the tensile and compressive strength of cartilage (see Table 1 

for the data and references). If a synthetic hydrogel is to be used for replacement of 

cartilage, it should have at least the strength of cartilage so that it does not fail during a 

return to sporting activities. A hydrogel replacement for cartilage should also have the same 

time-dependent mechanical properties as cartilage to ensure a normal stress-distribution, 

as well as a fatigue strength and wear resistance the same as or better than cartilage to 

ensure durability.  

This chapter describes a biomimetic approach to create the first hydrogel that has the 

strength and modulus of cartilage in both tension and compression (see Figure 5A&B). 

This hydrogel consists of BC, PVA, and poly(2-acrylamido-2-methyl-1-propanesulfonic 

acid sodium salt) (PAMPS), so we refer to it as the BC-PVA-PAMPS hydrogel.  As 

demonstrated in Figure 5C&D, a cylindrical sample of BC-PVA-PAMPS hydrogel (59% 

water) with a diameter of 20 mm exhibited <5% strain under a 100 lb. weight (a 

compressive stress of 1.43 MPa). To put this into context, a 200 lb (890 N) human will 

have a peak force of 3000 N on the knee during walking, corresponding to a mean contact 

stress of 2.5 MPa.111 In comparison, a double network hydrogel consisting of PAMPS and 

polydimethylacrylamide (PAMPS-PDMAAm) of the same diameter fractured under the 

100 lb load even though it has been reported to exhibit a compressive strength of 3.1 MPa.18 

Although the PAMPS-PDMAAm hydrogel has been extensively studied for treatment of 

cartilage defects,112, 113 it appears to be too weak to be used in the human knee. A 
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comparison with a polyvinyl alcohol (PVA) hydrogel was also made as it has received 

FDA approval to treat arthritis of the first metatarsophalangeal (MTP) joint.114 A PVA 

hydrogel exhibited significant deformation (>20%) due to its low compressive modulus 

(0.31-0.8 MPa).115 Such a large deformation means that PVA alone would transfer stress 

to the surrounding cartilage and bone if used as synthetic cartilage in the knee. In contrast, 

the BC-PVA-PAMPS hydrogel has the compressive strength and modulus necessary to 

potentially serve as a weight-bearing replacement for cartilage. 

 

Figure 5: (A&B) A plot of the compressive vs. tensile strength and modulus for BC-

PVA-PAMPS (this work) and other strong hydrogels (see Table 1 for data and 

references). The multiple data points for BC-PVA-PAMPS are for different 

compositions. (C) BC-PVA-PAMPS easily bears the weight of a 100 lb. kettlebell. (D) 

Cylinders of PAMPS-PDMAAm, PVA, and BC-PVA-PAMPS hydrogel before and after 

compression with 100 lbs. 
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2.2 Materials and Methods 

2.2.1 Fabrication of BC-PVA-PAMPS Hydrogel 

BC sheets were pressed to a controlled thickness between 2 aluminum plates (typically 0.5 

mm, controlled by spacers between the aluminum plates) and placed into a hydrothermal 

reactor with a mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor 

was sealed and heated at 135°C for 24 hours to allow the PVA to diffuse into the voids of 

BC and form a BC-PVA hydrogel. The BC-PVA hydrogel was removed from the reactor 

when hot (>85°C). Note the hydrothermal reactor was pressurized with hot steam and 

created a burn hazard, so personal protective equipment including lab coat, heat resistant 

gloves and full-coverage face shields should be used when opening the reactor. The 

residual PVA solution was removed by scrapping the surface of the BC-PVA samples with 

a metal spatula. The samples were frozen in a -78°C fridge for 30 minutes and thawed at 

room temperature to physically crosslink the PVA network. The BC-PVA hydrogel was 

then soaked in a solution of AMPS (30 wt.%), MBAA (60 mM), I2959 (50 mM) and KPS 

(0.5 mg mL-1) for 24 hours. The hydrogel was cured with a UV transilluminator (VWR 

International) for 15 minutes on each side, and further cured in an oven at 60°C for 8 hours 

to ensure even and complete curing. The resulting BC-PVA-PAMPS hydrogel was stored 

in PBS for at least 24 hours before further characterization. 

2.2.2 Fabrication of The PVA Hydrogel 

To fabricate PVA hydrogel with a PVA concentration of 40 wt.%, a slurry of PVA (40 

wt.%) and DI water (60 wt.%) were mixed in a glass petri dish (diameter: 90 mm) and 

heated at 121°C for 30 minutes in an autoclave sterilizer. The resulting hydrogel was frozen 
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in a -78°C fridge for 30 minutes and thawed to room temperature. The hydrogel was frozen 

and thawed for 4 additional cycles. The resulting PVA hydrogel was cut into the desired 

shape and stored in 0.15 M PBS for at least 24 hours before tests. 

2.2.3 Fabrication of PAMPS-PDMAAm Hydrogel 

The PAMPS hydrogel was synthesized following a modified procedure from previous 

work.112 An aqueous solution of AMPS (1 M), MBAA (40 mM) and I2959 (50 mM) was 

made and cast in a silicone rubber mold and sandwiched between a pair of glass slides. The 

solution was cured with a UV transilluminator (VWR International) for 1 hour on each side. 

The PAMPS hydrogel was then removed from the mold and submerged in an aqueous 

solution of DMAAm (3 M), MBAA (3 mM) and I2959 (50 mM) for 24 hours. The hydrogel 

sample was then cured with a UV transilluminator for 30 minutes on each side to form a 

PAMPS-PDMAAm double network hydrogel. The resulting hydrogel was soaked in 0.15 

M PBS for at least 24 hours before mechanical testing.  

2.2.4 Fabrication of PVA-PAMPS Hydrogel 

PVA hydrogel was made with the previously described procedure (see section 2.2.2). The 

PVA hydrogel was then soaked in a solution of AMPS (30 wt%), MBAA (60 mM), I2959 

(50 mM) and KPS (0.5 mg mL-1) solution for 24 hours. The hydrogel was cured with a UV 

transilluminator (VWR International) for 15 minutes on each side, and then heat cured in 

an oven of 60°C for 8 hours to ensure even and complete curing. The resulting PVA-

PAMPS hydrogel was stored in 0.15 M PBS for at least 24 hours before tests. 
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2.2.5 Tension Tests 

Monotonic tensile measurements were carried out on an Instron 1321 (Instron, Norwood, 

MA, USA) instrument as well as a TestResources 830 (TestResources, Shakopee, MN, 

USA) load frame at a rate of 0.25 mm s-1. Monotonic samples in an ASTM D638-14 Type 

V shape with a titanium hollow punch that was created through additive manufacturing. 

The dimensions of the samples were measured with a caliper before testing. The ultimate 

tensile strength (UTS) was the maximum stress measured before fracture. The tensile 

modulus was taken as the slope of the stress-strain curve at a stress of 1 MPa for 

comparison with previous studies of human cartilage.12  

2.2.6 Compression Tests 

The compressive properties of all samples were measured with an axial Torsion System 

(Test resources 830LE63). The cylindrical samples were cut out of films of hydrogel 

samples with a hollow steel punch (diameter: 4 mm). The dimensions of the samples were 

measured with a caliper before testing. The compressive properties were measured with a 

strain rate of 0.05 s-1. The ultimate compressive strength was taken as the maximum stress 

measured before fracture. The compressive modulus was derived as the slope of the stress-

strain curve at a stress of 0.4 MPa. The 0.4 MPa stress point was chosen for comparison 

with previous studies of human cartilage.10 

2.2.7. Fatigue Resistance 

Hydrogel samples for fatigue were prepared in an ASTM D638-14 Type V shape. Samples 

were initially analyzed for their ultimate tensile strength (UTS) in monotonic tension in a 
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37°C tap water bath. A minimum of four samples for each hydrogel was tested to obtain 

an average UTS value, which are listed in Table 2.  

Table 2: Swelling ratios of hydrogel with different formulations 

BC Weight 

Fraction 

(w.t.%) 

PVA 

Concentration 

(w.t.%) 

PVA Molecular 

Weight 

(g mol-1) 

AMPS 

Concentration 

(w.t.%) 

MBAA 

Concentration 

(mM) 

Swelling 

ratio 

Water 

Content 

(w.t. %) 

Comment 

22.1% 40% 146k 30% 60 2.46 59.4 
BC-PVA-

PAMPS 

0 40% 146k 30% 60 2.69 62.8 PVA-PAMPS 

22.1% 0% 146k 30% 60 3.79 73.6 BC-PAMPS 

22.1% 40% 146k 0% 60 5.13 80.5 BC-PVA 

22.1% 40% 146k 30% 0 2.2 55.2  

13.9% 40% 146k 30% 60 2.39 58.1  

49.8% 40% 146k 30% 60 5.29 81.1  

22.1% 20% 146k 30% 60 2.77 63.9  

22.1% 40% 77k 30% 60 3.57 72.0  

22.1% 40% 202k 30% 60 4.42 77.4  

22.1% 40% 146k 30% 20 2.30 56.5  

22.1% 40% 146k 30% 40 2.25 55.5  

22.1% 40% 146k 30% 80 2.07 51.8  

22.1% 40% 146k 30% 100 2.19 54.4  

22.1% 40% 146k 20% 60 1.99 49.7  

22.1% 40% 146k 40% 60 2.21 54.8  

Cyclic tensile tests were carried out with the hydrogel samples in a water bath at 37°C. 

Samples were cycled between 1 N of force to a specific load of interest at a frequency of 

2.5 Hz. Target load values were based on the stress at 0.5, 1 and 2 standard deviations 

below the UTS.  A maximum of 100,000 cycles were carried out. Every sample that did 

not fail after 100,000 cycles had no visible signs of damage accumulation or crack 

formation. 

To ensure no changes in the hydrogel occurred over the course of the test, we performed 

tensile tests and dimensional measurements on the BC-PVA-PAMPS hydrogel after 

soaking in PBS for up to 12 days at room temperature. Figure S8 shows the hydrogel 

exhibited no changes in its tensile strength and dimensions over this period. 

We have included the first 3 loading-unloading cycles in the tensile fatigue test in Figure 
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6. The hysteresis energy is defined here as the area inside the hysteresis loop of a loading-

unloading cycle, as indicated in Figure 6. In the first cycle, the area in the hysteresis loop 

was 0.14 MJ m-3. The hysteresis dropped rapidly to 5 kJ m-3 and 1 kJ m-3 in the following 

cycles. This result is very similar to that of articular cartilage, where the hysteresis energy 

also decreased quickly over the first 3 cycles.9, 116 

 

Figure 6: (A) The first 3 cycles of tensile cycles; (B) a representation of how the 

hysteresis area was calculated; (C) hysteresis energy of the first 3 cycles. 
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2.3. Results and Discussion 

2.3.1 Design of The BC-PVA-PAMPS Hydrogel 

Cartilage-equivalent properties were achieved in the BC-PVA-PAMPS hydrogel by 

mimicking the structure of cartilage. Articular cartilage principally consists of water (60-

85% by weight), collagen fibers (15-22%) with diameters of ~100 nm, and negatively 

charged aggrecan (4-7%).1, 94, 117, 118 The collagen fiber network gives cartilage its high 

tensile strength.1 Aggrecan is a brush-like molecule with a negative charge that comes from 

sulfate groups on the glycosaminoglycan chains attached to a protein core.117, 119 Aggrecan 

forms large aggregates with hyaluronan that are trapped within the collagen network, 

leading to an osmotic pressure that resists compressive loads.94, 117, 118, 120-125 

Collagen cannot be used in a synthetic replacement for cartilage because it degrades in the 

human body, as is demonstrated by the high failure rate of decellularized allografts.126 

Bacterial cellulose (BC) was chosen as the nanofiber network to mimic collagen due to its 

biocompatibility, high tensile strength, and because the human body lacks the enzymes 

necessary to degrade cellulose.127-130 The second network consisting of a PVA hydrogel 

was infiltrated into the BC network to provide an elastic restoring force and viscoelastic 

energy dissipation,131-133 and to increase the tensile strength by allowing BC fibers to share 

load in the composite framework.86, 134, 135 As shown in Figure 7A, a BC-PAMPS hydrogel 

had a tensile strength of 4.6 MPa, lower than the 8.1 MPa required to be in the cartilage-

equivalent range. In contrast, a BC-PVA hydrogel has a cartilage-equivalent tensile 

strength of 12.3 MPa.  
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Figure 7: Mechanical properties of BC-PVA-PAMPS hydrogel and its illustration. 

(A&B) Tensile and compressive stress-strain curves for different hydrogels; (C) 

Illustration of the hydrogel fabrication process; (D&E) Cryo-SEM images of the BC and 

the BC-PVA-PAMPS hydrogel. 

A PAMPS network was added to the hydrogel to provide it with a fixed negative charge 

from the sulfate groups on the PAMPS molecules, thereby mimicking the role of the 

chondroitin sulfate and keratan sulfate components that give aggrecan its negative 

charge.120, 136 This negative charge results in an osmotic pressure that swells cartilage and 

contributes to its compressive strength. As shown in Figure 2B, neither the BC-PAMPS or 

the BC-PVA hydrogel had sufficient strength to be considered cartilage-equivalent. By 

adding the PAMPS network into the BC-PVA hydrogel, we increased both the compressive 

modulus (23 MPa) and strength (10.8 MPa) to within the cartilage-equivalent range.   

We note that although the introduction of the BC into a PVA-PAMPS hydrogel increases 

the tensile strength from 1.06 to 20.6 MPa, it decreases the strain at failure from 66 to 17 % 

(see Figure 8).  This is due to the fact that the BC films themselves have fracture strains 
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less than 25%, and the prestaining and alignment caused by compression of the films will 

decrease this further.137 Cartilage has a tensile strain at failure in the range of 20-30%, only 

slightly greater than the strain at failure of the BC-PVA-PAMPS hydrogel.138 For 

comparison, the strain at failure for human tendons is ~8%.139  

 

Figure 8: Schematics of the strength/modulus enhancement mechanism for a fiber-

reinforced hydrogel. 

2.3.2 Fabrication Process 

Figure 7C provides an illustration of the fabrication process for the BC-PVA-PAMPS 

hydrogel. First, a piece of BC was pressed to a controlled thickness, typically 0.5 mm, by 

using spacers between 2 metal plates. A cryogenic scanning electron microscopy (cryo-

SEM) image (Figure 7D) shows the nanofibrous nature of the BC. Next, the pressed BC 
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was soaked in an aqueous solution of 40 wt% PVA at 135°C for 24 hours to diffuse the 

PVA solution into the BC. The BC-PVA gel was then frozen at -78°C for 30 minutes and 

thawed to room temperature to physically crosslink the PVA network.135 The BC-PVA 

hydrogel was then soaked in a solution of 30 wt. % AMPS, 60 mM MBAA, 50 mM I2959 

and 0.5 mg mL-1 KPS solution for 24 hours. The hydrogel was cured with a UV 

transilluminator (VWR) for 15 minutes on each side, and then heat cured in an oven at 

60°C for 8 hours to ensure even and complete curing. The resulting BC-PVA-PAMPS 

hydrogel was stored in 0.15 M phosphate buffered saline (PBS) solution for at least 24 

hours before further characterization. Figure 2E shows a cryo-SEM image of the surface 

of the BC-PVA-PAMPS hydrogel. 

2.3.3 Effect of Composition on Strength and Modulus 

Thirty mechanical tests were performed on BC-PVA-PAMPS hydrogels with different 

molecular weights of PVA (fully hydrolyzed), and different concentrations of BC, PVA, 

AMPS, and MBAA cross-linker to determine the sensitivity of the hydrogel’s mechanical 

properties to these parameters.  The results are shown in Figure 9. Unless otherwise stated, 

the composition of the hydrogel selected for subsequent testing in the paper was 22.1 wt.% 

BC, 40 wt.% PVA (molecular weight: 144k g mol-1, fully hydrolyzed), 30 wt.% PAMPS, 

and 60 mM MBAA. A list of the hydrogel compositions, including their water content and 

swelling ratio, is provided in Table 2. 
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Figure 9: Detailed mechanical properties of BC-PVA-PAMPS hydrogel.  Tensile 

strength (A), tensile modulus (B), compressive strength (C), and compressive modulus 

(D) of BC-PVA-PAMPS hydrogels with different formulations. The concentrations of 

BC, PVA, PAMPS, MBAA were 20 wt.%, 40 wt.%, 30 wt.% and 60 mM and the molecular 

we weight of PVA was 146k g mol-1 unless otherwise indicated. The range of 

compositions that corresponds to cartilage-equivalent hydrogels are denoted with blue 

shading.A BC wt.% of 13.9%, 22.1%, or 49.8% resulted in a cartilage-equivalent tensile 

and compressive strength, but only the intermediate value of 22.1% resulted in a hydrogel 

with a cartilage-equivalent tensile modulus.  For the PVA network, molecular weights of 

77k, 144k and 202k g mol-1 were tested. Increasing the PVA molecular weight from 77k 

to 144k g mol-1 increased the tensile and compressive strength of the hydrogel from below 
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to within the cartilage-equivalent range. This increased strength may be attributed to 

increased hydrogen bonding and entanglement between the polymer chains.135, 140 However, 

increasing the molecular weight further to 202k g mol-1 lead to a decrease in strength 

outside of the cartilage-equivalent range because the higher molecular weight polymer did 

not fully dissolve during the infiltration processes. Compositions with PVA below 40 wt.% 

were not cartilage equivalent, while higher concentrations did not fully dissolve during 

infiltration. 

PAMPS by itself forms a relatively stiff, brittle hydrogel. Thus, increasing the AMPS 

concentration increased the tensile and compressive moduli. The addition of an 

intermediate range of AMPS (20-30 wt.%) provided cartilage-equivalent mechanical 

properties. Further increasing the AMPS wt.% (e.g., 40 wt.%) made the hydrogel brittle 

under compression, decreasing its compressive strength below the cartilage-equivalent 

range. 

MBAA crosslinks the PAMPS network. Interestingly, MBAA was not necessary to provide 

cartilage-equivalent mechanical properties. The MBAA concentration had a relatively 

minor effect on the mechanical properties of the hydrogel, but an MBAA concentration of 

80 mM or higher increased the tensile modulus to outside the cartilage-equivalent range. 

Therefore, a range of 0-60 mM of MBAA provided cartilage-equivalent mechanical 

properties.  
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2.3.4 Fatigue Resistance  

 

Figure 10: Maximum cyclic tensile stress applied vs. the number of cycles before 

fracture. Eight samples indicated by arrows did not fail after 100,000 cycles. 

Cartilage experiences cyclic stress in vivo, so it is important to characterize the fatigue 

properties of materials that have the potential to be used for cartilage replacement.85, 141, 142 

Figure 10 shows the results from cyclic tensile testing for the BC-PVA-PAMPS hydrogel, 

its components in different combinations, as well as porous titanium for comparison.143 We 

focused on tensile fatigue because tensile fatigue failure of collagen may play a role in the 

mechanical failure of cartilage,142, 144-147 and failure in tension is more clearly defined than 

failure in compression for cartilage-like materials.10 Cyclic tests were conducted at 2.5 Hz, 

so that a 100,000 cycle test took 11.1 hours, and samples with a higher strength experienced 

a higher stress rate (see Table 3 and supplemental information for testing conditions). The 

BC-PVA-PAMPS hydrogel exhibited a remarkably high fatigue strength of 8.62 MPa at 

105 cycles, which is comparable to 85% porous 3d-printed titanium.143 Addition of 

PAMPS to BC decreased its resistance to fatigue due to the brittle nature of PAMPS.35 The 
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addition of PVA to BC increased fatigue resistance due to the toughness of PVA;131-133 all 

four BC-PVA samples were free of damage at 105 cycles. BC-PVA-PAMPS exhibited 

superior fatigue strength than BC-PAMPS due to the ability of PVA to act as a toughening 

agent and cancel out the poor fatigue properties of PAMPS. The fatigue strength of BC-

PVA-PAMPS is the same as the fatigue strength of cartilage in middle-aged adults.85 We 

also showed the first 3 tensile loading-unloading in Figure 6. 

Table 3: Average UTS and standard deviations for hydrogels in the fatigue tests. 

 

 

 

2.4 Conclusion 

In summary, a biomimetic approach was used to create the first hydrogel with the same 

strength and modulus as human articular cartilage in compression and tension. Bacterial 

cellulose nanofibers provided the hydrogel with a source of tensile strength in a manner 

analogous to collagen nanofibers in cartilage. PVA provided an elastic restoring force, 

viscoelastic energy dissipation, and prevented stress concentration on individual BC 

fibers. PAMPS provided the hydrogel with a source of fixed negative charge and osmotic 

restoring force similar to the role of aggrecan in cartilage. The BC-PVA-PAMPS 

hydrogel also exhibited cartilage-equivalent fatigue strength at 100,000 cycles. BC-PVA-

PAMPS was not cytotoxic and is comprised of materials that have been previously 

demonstrated to be biocompatible. Taken together, these properties make the BC-PVA-

Composition UTS (MPa) Standard Deviation (MPa) 

BC-PVA-PAMPS 12.37 1.87 

BC-PVA 7.06 1.52 

BC-PAMPS 2.21 0.35 

BC 2.36 0.32 
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PAMPS hydrogel an excellent candidate material for use in the repair of cartilage lesions.   
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3. Hydrogel Attachment Through Nanofibrous 
Reinforcement* 

* This chapter adapted from J. Zhao; A. Kirillova; C. N. Kelly; H. Xu; W. J. Koshut; F. Yang; et 

al. High-Strength Hydrogel Attachment through Nanofibrous Reinforcement. Adv. Healthc. Mater. 

2021 Vol. 10 Issue 4 Pages 2001119 

3.1 Introduction 

Articular cartilage lesions, which most often occur in the knee, have a limited intrinsic 

ability to heal, and are associated with joint pain and disability.3 Common strategies for 

cartilage restoration, such as microfracture, have high failure rates (~50% at 10 years) and 

prolonged rehabilitation times (12 to 18 months).4, 148, 149 Implantation of fresh 

osteochondral allografts can allow immediate weight-bearing and, with a survivorship of 

82% at 10 years, is the most successful strategy for treatment of cartilage defects.150, 151 

Unfortunately, the small supply of fresh allografts limits the number of these procedures 

to around 1% of all cartilage repair surgeries. Decellularized, shelf-stable allografts have 

very high failure rates (72% in 2 years) characterized by delamination of the articular 

cartilage in the graft due to collagen degradation.152 There is a clear need for a cartilage 

repair method that is widely available, allows immediate weight bearing, has short recovery 

times, and has low long-term failure rates. 

Based on the limitations of biological approaches to cartilage restoration, there are ongoing 

efforts to perform focal joint resurfacing with durable orthopedic materials (e.g. cobalt-

chromium alloy) to fill chondral or osteochondral defects.153, 154 A primary concern with 

these implants is that they do not match the tribology and mechanical response of native 

cartilage, resulting in abnormal stress and opposing surface wear causing joint 
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degeneration.155, 156 Incorrect placement of these implants can lead to severe damage of the 

opposing cartilage surface.157 A review of the results of focal metallic inlay resurfacing 

prosthesis indicates 20% of patients have to be converted to arthroplasty after 4 years.158   

Hydrogels can be created to have a similar stiffness and coefficient of friction as cartilage, 

thereby addressing concerns related to abnormal stress and wear.89 However, there is 

currently no way to secure a hydrogel into a cartilage defect site with the same shear 

strength as the osteochondral junction (7.25±1.35 MPa).90 One of the strongest tissue 

adhesives is cyanoacrylate, which has been reported to achieve a lap shear strength of 0.7 

MPa between two pieces of cartilage.91 In contrast, cyanoacrylate bonds nylon to nylon 

and steel to steel with a shear strength of 2.8 and 7.3 MPa,92, 93 respectively. This 

comparison suggests that the presence of interfacial water in cartilage (cartilage is 60-85% 

water by weight)94 hinders the creation of a stronger bond. Indeed, mussel and spider glues 

have mechanisms to displace interfacial water so as to create stronger bonds.95, 96 This 

phenomenon has inspired the development of dry, tissue-bonding double-sided tape.97 

Thus, removal of water is an important strategy for forming strong bonds to hydrogels.  

Another strategy to form strong bonds to hydrogels is to mimic the bonding of cartilage to 

bone.98 The osteochondral junction is characterized by a layer of collagen nanofibers 

extending from the deep zone of cartilage into a mineralized region that is attached to 

subchondral bone through an interdigitated interface.99, 100 In this way the collagen 

nanofibers that give cartilage its excellent tensile strength also anchor it to the surface of 

bone.  
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This chapter describes a new approach, Nanofiber-Enhanced STicking (NEST), that 

combines the strategies of water removal and nanofiber mineralization. The essence of this 

strategy, illustrated in Figure 11A&B, is to first attach a dry nanofibrous layer to a porous 

base of interest before infiltration of the hydrogel components. In this way, the adhesive or 

cement can penetrate into the porous nanofibrous network and create an interdigitating 

bond without the interference of water.  

 

Figure 11: Illustration of NEST strategy and its performance. (A) Illustration of NEST. 

(B) Image of a hydrogel bonded to a titanium plug with the NEST method. (C) Tensile 

stress-strain curves of different hydrogels. (D) Sheer strength obtained for the NEST 

method compared to other hydrogel adhesives. 
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3.2 Experiments and Methods 

3.2.1 Materials 

Bacterial Cellulose (BC) was purchased from Gia Gia Nguyen Co. Ltd. Poly(vinyl alcohol) 

(PVA) (fully hydrolyzed, molecular weight: 145,000 g mol-1), N,N’-

methylenediacrylamide (MBAA, 97.0%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (I2959), potassium persulfate (KPS) and 2-acrylamido-2-

methylpropanesulfonic acid sodium salt (AMPS, 50 wt.% solution in water) were 

purchased from Sigma Aldrich. Phosphate buffered saline (PBS) was purchased from 

VWR International. Ti-6Al-4V ELI (Grade 23) powder was purchased from 3D Systems. 

The powder has a spherical morphology, with particle size distribution of 15 – 45 microns. 

An SEM image of the titanium powder is shown in Figure 12A. Figure 12B shows an SEM 

image of the printed titanium struts.  

 

Figure 12: (A) SEM image of the Titanium powder used for 3D printing. (B) Image of 

the struts at the surface of the titanium plug.   
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3.2.2 Fabrication of BC-PVA-PAMPS Hydrogels for Tensile Testing. 

BC sheets were pressed to a controlled thickness between 2 aluminum plates (typically 0.5 

mm, controlled by spacers between the aluminum plates) and placed into a hydrothermal 

reactor with a mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor 

was sealed and heated at 110 °C for 24 hours to allow Poly(vinyl alcohol) (PVA) to diffuse 

into the voids of BC and form a BC-PVA hydrogel. The BC-PVA hydrogel was removed 

from the reactor when hot (>85°C). The residual PVA solution was removed by scrapping 

the surface of the BC-PVA samples with a metal spatula. The samples were frozen in a -

78°C fridge for 30 minutes and thawed at room temperature to physically crosslink the 

PVA network. The BC-PVA hydrogel was then soaked in a solution of 2-acrylamido-2-

methylpropanesulfonic acid sodium salt (AMPS, 30 wt.%), N,N’-methylenediacrylamide 

(MBAA, 60 mM), and potassium persulfate (KPS, 0.5 mg mL-1) for 24 hours. The 

hydrogel was cured with a UV transilluminator (VWR International) for 15 minutes on 

each side, and further cured in an oven at 60°C for 8 hours to ensure even and complete 

curing. The resulting BC-PVA-PAMPS hydrogel was stored in PBS for at least 24 hours 

before further characterization. Hydrogels using freeze-dried BC were made in the same 

manner except the starting bacterial cellulose sheet was freeze-dried at -78°C for 24h and 

put into DI water at 23°C for 4 hours to enable a complete rehydration before PVA 

infiltration. 

3.2.3 Additive Manufacturing of Titanium.  

Titanium plugs were fabricated via SLM (selective laser melting) of Ti-6Al-4V ELI 

powder on a titanium substrate in an inert argon atmosphere using a 3D Systems DMP 
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ProX 320. Plugs were designed to have a diameter of 6 mm and a height of 6.35 mm. The 

top 1 mm of the plug was composed of a porous strut structure with a porosity of 70% (see 

Figure 11A and Figure 12B), except where otherwise indicated. After printing, the samples 

were removed from the build plate via wire electrical discharge machining and cleaned by 

sonication for 15 min in DI water to remove excess unadhered powder.  

3.2.4 Preparation of Samples for Cement Shear Testing.  

To create samples for shear testing and study of the cement by itself, a dry cement mixture 

consisting of 0.040 g phosphoserine (PPS), 0.312 g of α-TCP and 0.048 g of stainless-steel 

powder (SSP) was placed into a small dish, 0.140 ml of water was added, and the powder 

was rapidly mixed with the water. Approximately 0.150 ml of the wet cement mixture was 

the added on top of a porous titanium plug in a metal die with an inner diameter of 6 mm. 

A second titanium plug was immediately placed into the die with the porous layer in contact 

with the wet cement, and the sandwich structure was pressed together for 1 hour at 250 

MPa. The sample was placed into water at 85°C for at least 24 hours to facilitate the 

transformation of α-TCP into hydroxyapatite and was stored in water until just prior to 

shear testing. 

3.3.5 Preparation of Samples for Hydrogel-Cement Shear Testing.  

Testing of the hydrogel-cement adhesion was performed with a cement composed of 10 

wt.% PPS, 78 wt.% α-TCP and 12 wt.% SSP. As with the cement testing, the titanium plug 

was placed into a die. The surface of the plug consisted of a 1-mm-thick 3D printed strut 

structure with a porosity of 70%. A cement mixture consisting of 0.080g PPS, 0.624 g of 
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α-TCP and 0.096 g of SSP was placed into a small dish, 0.280 ml of water was added, and 

the powder was rapidly mixed with the water. Then 0.150 ml of the wet cement mixture 

was then added on top of the porous titanium plug in the die. The BC sheet was then placed 

on top of the cement in the die, and an additional 0.150 ml of the wet cement mixture was 

added on top of the BC sheet. A second porous titanium plug was then placed on top of the 

BC sheet in the die to create a sandwich structure. The sandwich structure was pressed for 

1 hour at 250 MPa. The sample was placed into water at 85°C for 24 hours to facilitate the 

transformation of α-TCP into hydroxyapatite. The sample was then placed into a 

hydrothermal reactor with a mixture of PVA (40 wt.%) and DI water (60 wt.%) to infiltrate 

PVA into the BC layer. The sample was frozen at -78°C and thawed to room temperature 

to further increase the strength of the hydrogel. The sample was then soaked in a solution 

containing AMPS, (30 wt.%) cross-linker (MBAA, 60 mM), and heat initiator (potassium 

persulfate, 0.5mg ml-1) for 24 hours. The hydrogel was heat cured at 60 °C for 8 hours and 

the sample was soaked in DI water for at least 24 hours.  

3.2.6 Monotonic Tensile Testing.  

Monotonic tensile measurements were carried out on a TestResources 830 (TestResources, 

Shakopee, MN, USA) load frame at a rate of 0.25 mm s-1 using a 50 lb. load cell. Monotonic 

samples were prepared in an ASTM D638-14 Type V shape with a titanium punch that was 

created through additive manufacturing. The dimensions of the samples were measured 

with a caliper before testing. The ultimate tensile strength (UTS) was the maximum tensile 

stress recorded before fracture. 



 

37 

3.2.7 Shear Testing.  

Adhesive shear testing was performed using 6 mm x 6.35 mm cylindrical samples on a 

Test Resources 830LE63 Axial Torsion Test Machine equipped with a 100 lb. load cell 

and a custom-made shear testing fixture (see Figure 13). A crosshead displacement rate of 

2 mm min-1 was used for all the measurements. The plugs were placed in the fixture so that 

the interface between the plugs was centered in the gap between the L-shaped metal plates 

that make up the fixture. Three samples were measured for each formulation. 

 

Figure 13: Image of the shear test fixture used for testing. 

3.2.8 Scanning Electron Microscopy (SEM).  

Samples from shear tests were dried in air for 24 hours to allow water to completely 

evaporate. To study the BC-cement interface, BC-cement disks were made by pressing a 

layer of freeze-dried BC into 150 mg of the cement mixture (10 wt.% PPS, 78 wt.% α-TCP 

and 12 wt.% SSP) in a 6 mm die at 250 MPa for 1 hour. These disks were then put into 

water at 85°C for 24 hours. The BC-cement disks were frozen with liquid nitrogen, broken 

apart, and freeze-dried for 24 hours. Samples were coated with gold with a current of 12 
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mA for 300 seconds with a sputter coater (Denton Desk V). The gold-samples were put 

into Apreo S Electron Microscope (ThermoFisher Scientific) and imaged with a current of 

2.5 pA and a voltage of 2.00 kV. 

3.2.9 X-ray Diffraction (XRD).  

Approximately 50 mg of cement powder consisting of 10 wt.% PPS and 90 wt.% α-TCP 

were pressed inside a 6 mm diameter die for 15 minutes to form a disk. Multiple disks were 

made in this manner. XRD was subsequently performed on one of the disks. Other disks 

were placed into DI water at 85°C for 24 hours to facilitate the transformation from α-TCP 

to hydroxyapatite. The disk was taken out and dried at 60 °C for 1 hour to remove the 

remaining water. XRD testing was then performed on the disk to confirm the formation of 

hydroxyapatite from α-TCP. XRD tests were performed on the Panalytical X’Pert PRO 

MRD HR XRD System. 

3.3 Results and Discussion 

3.3.1 Design of NEST Method 

A recently-reported cartilage-equivalent hydrogel composed of bacterial cellulose (BC), 

polyvinyl alcohol (PVA), and poly(2-acrylamido-2-methyl-1-propanesulfonic acid sodium 

salt) (PAMPS) proved to be an excellent candidate for this strategy.89 The BC nanofibers 

in the hydrogel provide a source of tensile strength similar to collagen nanofibers in 

cartilage. Although this hydrogel was previously prepared from wet BC, we found that BC 

could be freeze-dried and infiltrated with PVA and PAMPS to create a hydrogel with nearly 

the same tensile strength (12.37±3.83 MPa) as one that is not freeze dried (13.42±3.86 
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MPa). As shown in Figure 11C, the tensile strength of hydrogels prepared by infiltration 

of wet or freeze-dried BC are well within the range of tensile strengths reported for human 

cartilage (8.1 - 40 MPa).159 In contrast, if the full BC-PVA-PAMPS hydrogel is freeze-

dried, the tensile strength is only 9.62±2.63 MPa. This result  

suggests the nanofibrous BC can accommodate the formation of ice crystals by fiber 

displacement without fiber fracture, whereas the molecularly cross-linked hydrogel 

network is irreversibly damaged by ice crystal formation. 

Figure 11D compares the maximum adhesive shear strength achieved for the NEST 

strategy compared to previous work (see also Table 4).91, 160-175 Mimicking the 

osteochondral junction, we mineralized the BC nanofibers with a hydroxyapatite-forming 

cement to achieve an adhesive shear strength of 2.28±0.27 MPa, a three-fold increase over 

the state-of-the-art. This is lower than the shear strength reported for the human 

osteochondral junction (7.25±1.35 MPa),90 but is similar to the shear strength reported for 

the bovine osteochondral junction (2.6±0.58 MPa)176 and human subchondral bone (2.45±

0.85). The rest of this article describes the experiments performed to arrive at this shear 

strength.  
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Table 4: Comparison of the strength of bonds to hydrogels compared to the human 

osteochondral junction and subchondral bone. 

Adhesive Types Adherend Shear Strength 

(MPa) 

Reference 

a-TCP with stainless 

steel powder and 

phosphoserine 

Porous titanium to BC-

PVA-PAMPS hydrogel 
2.28 0.27 This work 

Osteochondral junction 

Subchondral bone 

- 

- 

7.25±1.35 

2.45±0.85 

90 
90 

Double-sided tape Skin 0.118±0.01 97 

Fibrin Sheep aorta 0.0029±0.00028 161 

Fibrin tissue adhesive Human dura 0.038 162 

GRF Sheep aorta 0.048±0.018 177 

GRFG Bovine pericardial strips 0.011±0.00067 
163 

n-Butyl-2-cyanoacrylate Cartilage 0.70± 91 

Acrylate-NHS hydrogel Collagen sheet 0.074±0.005 164 

ASA-AG hydrogel Porcine skin 0.015±0.0013 165 

Styrene-derivatized 

gelatin 

Collagen film 0.016±0.0015 166 

EGK glue Chicken skin 0.016±0.001 167 

HPDAC-HPDAL Porcine skin 0.14±0.016 168 

CSS-EPLM Porcine skin 0.088±0.001 169 

Chitin nanofiber-gallic 

acid 

Aluminum to hydrogel  0.22±0.01 
170 

TMPE-TMC Chamois leather 0.68±0.04 171 

Xylose-PU-PEG Muscle 0.094±0.003 172 

PEG-polyester 

PEG-polyester 

Porcine skin 

Bovine pericardium 
~0.039±0.005 

~0.058±0.007 

173 
173 

MAP Porcine intestine 0.46±0.046 
174 

DCTA-Fe3+ 

DCTA-Fe3+ 

Articular cartilage 

Porcine skin 

0.19±0.02 

0.025±0.003 

175 
175 

 

 We focused on the use of α-tricalcium phosphate (α-TCP) as a hydroxyapatite-forming 

cement for attachment of the hydrogel due to its biocompatibility, osteoconductivity, and 

shear strength that exceeds that of cyanoacrylate.178, 179 By itself, α-TCP does not act as an 

adhesive. Thus, we tested the addition of 10 wt.% phosphoserine (PPS), a component of 

sandcastle worm glue,180 to promote adhesion. Hydroxyapatite is brittle and benefits from 
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reinforcement,181 so we tested the addition of 12 wt.% Stainless-steel powder (SSP) with 

an average particle size of 150 m to hinder crack propagation.  

To create samples for adhesive shear testing and study of the cement by itself, a dry cement 

mixture consisting of 0.040 g PPS, 0.312 g of α-TCP and 0.048 g of SSP was placed into 

a small dish, 0.140 ml of water was added, and the powder was rapidly mixed with the 

water. Powders were also created without PPS or SSP to examine the effects of these 

additives. Approximately 0.150 ml of the wet cement mixture was added on top of a porous 

titanium plug in a metal die with an inner diameter of 6 mm. The plug consisted of a 

titanium alloy (Ti6Al4V) topped with a 1-mm-thick layer of 3D printed struts with a 

porosity of 70%. Figure 11A includes a rendering of the strut structure in the computer 

aided design (CAD) file used for 3D printing. Scanning electron microscopy (SEM) images 

of the powder used for 3D printing and the printed strut structure are shown in Figure 12. 

The titanium plug is 6 mm in diameter and 6.35 mm in height. A second titanium plug was 

immediately placed into the die with the porous layer in contact with the wet cement, and 

the sandwich structure was pressed together for 1 hour at 250 MPa. Samples were also 

made without the application of pressure to test the effect of this step on shear strength. 

The application of pressure has previously been demonstrated to reduce the porosity of 

calcium phosphate cements, thereby improving their compression and flexural strength,182-

184 but the effect of pressure on the adhesive shear strength of an α-TCP cement has not 

been reported. The sample was placed into water at 85°C for at least 24 hours to facilitate 

the transformation of α-TCP into hydroxyapatite and was stored in water until just prior to 

shear testing. Figure 14 shows the x-ray diffraction (XRD) pattern of the α-TCP cement 
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before and after hydration, confirming the conversion to hydroxyapatite.185 Figure 15A 

shows an image of the sandwich structure in which the α-TCP cement bonds two titanium 

plugs. 

 

Figure 14: XRD of α-TCP disks before and after hydration in into DI water at 85°C for 

24 hours.   
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Figure 15: Shear tests Results of different cement compositions.  Image of an α-TCP 

cement sample (A) before and (B) after shear testing. (C) Stress-strain curves for 

different cement compositions. (D) SEM image of the fracture surface for the sample 

containing SSP and PPS that was pressed at 250 MPa. (E) Effect of composition and 

pressing on adhesive shear strength (n=3). (F) SEM image of the fracture surface for the 

sample made with SSP and PPS without pressing. (G) Effect of the strut structure on 

adhesive shear strength (n=3).   
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3.3.2 Shear Strength of Different Cement and Implant Geometry 

Shear testing was performed on a Test Resources 830LE63 Axial Torsion Test Machine 

equipped with a 100 lb. load cell and a custom-made shear testing fixture (see Figure 13). 

A crosshead displacement rate of 2 mm min-1 was used for all the measurements.  

Figure 15B is an optical image of the cement fracture surface after shear testing, indicating 

cohesive failure. This particular sample contained SSP, PPS, and was pressed, but all 

cement samples exhibited a similar cohesive fracture surface. A previous study of a PPS-

containing α-TCP cement demonstrated that failure can be partially adhesive for bonding 

smooth titanium plugs but becomes cohesive when the cementitious bond is made between 

porous titanium surfaces.89   

Figure 15C shows typical stress strain curves for shear testing of cements with different 

compositions, and Figure 15D shows the average and standard deviation of the strength for 

three samples of each composition. The cement composition with the highest adhesive 

shear strength (4.76±0.55 MPa) was pressed at 250 MPa and contained both SSP and PPS, 

in addition to the α-TCP cement. Without the pressing step, the adhesive shear strength 

decreased to 3.29±0.33 MPa. The scanning electron microscopy  

(SEM) image of the fracture surface for the pressed sample in Figure 15C shows the 

hydroxyapatite crystals at the fracture surface were thicker than the flake-like 

hydroxyapatite crystals that grew in samples that were not pressed (Figure 15E). Both 

surfaces differ substantially in morphology from the spheroidal α-TCP cement particles 

(Figure 16). Thus, the application of pressure not only changes the porosity but also the 
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crystal morphology of the hydroxyapatite in the cement, with the stronger sample 

consisting of a thicker hydroxyapatite crystal morphology.   

Without PPS, the adhesive shear strength decreased to 1.68±0.07 MPa. Without the SSP, 

the adhesive shear strength decreased to 1.70±0.06 MPa. Thus, SSP, PPS, and mechanical 

pressing were all necessary to maximize the adhesive shear strength of the cement.  

 

Figure 16: SEM image of α-TCP powder. 

3.3.3 Shear Strength of Implant Made with NEST Method 

Next, we studied how the structure of the 3D printed titanium layer affected the shear 

strength between two titanium plugs. Two changes were made: (1) decreasing the porosity 

from 70% to 30% and (2) decreasing the thickness of the strut layer from 1 mm to 0.5 mm. 

As shown in Figure 15F, both changes led to a decrease in the adhesive shear strength, so 

the 1-mm-thick layer with a porosity of 70% was used for the rest of the experiments.  

After optimizing the adhesive shear strength of the cement and the structure of the porous 

titanium layer, we turned to studying the attachment of the titanium plugs to the hydrogel 

in a sandwich structure. Testing was performed with a cement composed of 10 wt.% PPS, 
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78 wt.% α-TCP and 12 wt.% SSP. The cement mixture consisting of 0.080 g PPS, 0.624 g 

of α-TCP and 0.096 g of SSP was placed into a small dish, 0.280 ml of water was added, 

and the powder was rapidly mixed with the power. Then 0.150 ml of the wet cement 

mixture was added on top of the porous titanium plug in the die. The BC sheet was placed 

on top of the cement in the die, and an additional 0.150 ml of the wet cement mixture was 

added on top of the BC sheet. A second porous titanium plug was then placed on top of the 

BC sheet in the die to create a sandwich structure. The sandwich structure was pressed for 

1 hour at 250 MPa. The sample was placed into water at 85°C for 24 hours to facilitate the 

transformation of α-TCP into hydroxyapatite. The sample was then placed into a 

hydrothermal reactor with a mixture of PVA (40 wt.%) and DI water (60 wt.%) to infiltrate 

PVA into the BC layer. The sample was frozen at -78°C and thawed to room temperature 

to further increase the strength of the PVA hydrogel. The sample was then soaked in a 

solution containing AMPS, (30 wt.%) cross-linker (N,N'-Methylenebisacrylamide, 60 

mM), and heat initiator (I2959, 50 mM) for 24 hours. The hydrogel was heat cured at 60 

°C for 8 hours and the sample was soaked in DI water for at least 24 hours. An image of 

the finished sample is shown in Figure 17A. 



 

47 

 

Figure 17: Shear tests results under different experimental conditions.  Image of sample 

for testing hydrogel-cement adhesive shear strength (A) before and (B) after shear 

testing. (C) Typical stress strain curves for hydrogels with different compositions. (D) 

SEM images of the fracture surfaces in B. (E) Adhesive shear strength and standard 

deviation of different hydrogel compositions (n = 3). (F) Cross-section SEM image of 

hydroxyapatite mineralizing the BC nanofibers. (G) Effect of the hydrogel processing 

on adhesive shear strength (n = 3). 

An image of the fracture surface after adhesive shear testing is shown in Figure 17B. For 

the fracture surface between the two titanium plugs in Figure 17B, the titanium prongs are 
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visible through the cement, suggesting that the metal prongs were in contact prior to 

fracture. In contrast, for the fracture surface with the BC-PVA-PAMPS hydrogel between 

the titanium plugs in Figure 17B, the titanium prongs are not visible. Instead, the white, 

fibrous BC layer is covering the prongs on the right plug, and the hydrogel infiltrated into 

the remaining BC is covering the prongs on the left. This shows that the hydrogel 

completely penetrated through the BC layer in between the plugs. This fracture surface, as 

well as other similar fracture surfaces not shown, also suggests that fracture took place 

close to the interface between the hydrogel and cement in the BC layer. This may be due 

to stress concentration at the interface between the relatively soft hydrogel and hard 

cement. Previous studies of shear fracture of the osteochondral junction similarly show that 

fracture of the osteochondral junction occurs at the tidemark, i.e., the border between 

cartilage and mineralized cartilage, presumably due to stress concentration at this 

interface.176 Figure 17D shows SEM images of the left and right fracture surfaces in Figure 

17B, showing the presence of BC and hydrogel on both surfaces. We could not observe 

hydroxyapatite at the fracture surface after hydrogel infiltration.   

Figure 17C shows typical stress-strain curves for different hydrogel compositions, and 

Figure 17E shows the adhesive shear strength and standard deviation of three samples for 

each condition. With BC only in between the two titanium plugs the adhesive shear strength 

was 0.58±0.23 MPa, eight times lower than the shear strength of the cement without the 

BC. This again indicates the cement is attached to the BC layer rather than forming a 

continuous bond through the BC layer. We note that, as shown by the SEM image in Figure 

16, the size of the α-TCP cement particles is 6.6  4.9 m, which is much larger than the 
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pores in the BC layer. Therefore, even though a large pressure is applied to the sandwich 

structure, the α-TCP particles did not completely penetrate through the BC layer. To 

confirm this, we created disks consisting of BC pressed into the cement at 250 MPa, put 

them into water at 85°C for 24 hours to form hydroxyapatite, and broke the disks in half to 

image the BC-cement interface. Figure 17F shows hydroxyapatite crystals can be found up 

to about 10 microns from the cement-BC interface, with their frequency decreasing with 

increasing distance from the interface. This interface shows that the BC is indeed 

mineralized by the hydroxyapatite. The hydroxyapatite did not extend into the BC beyond 

about 10 microns. Figure 18 shows the BC 40 microns from the interface with cement is 

completely devoid of hydroxyapatite. 

Infiltration of PVA into the BC layer increased the strain at failure, but not the adhesive 

shear strength. Infiltration of PAMPS into the BC layer also did not significantly increase 

the strength and led to a smaller increase in the strain at failure than PVA due to the more 

brittle nature of the PAMPS hydrogel.89 However, infiltration of both PVA and PAMPS 

into the BC layer leads to an increase in the adhesive shear strength to 1.70±0.18 MPa, an 

increase of almost 300%. These results indicate the hydrogel components are penetrating 

into the BC layer and that both components are necessary to achieve a larger adhesive shear 

strength than BC alone. 
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Figure 18: SEM image of BC about 40 ~ 10 microns from the cement-BC interface. 

The adhesive shear strength can be further improved by performing multiple freeze-thaw 

cycles on the PVA hydrogel. It has previously been shown that multiple freeze-thaw cycles 

increase the tensile strength of PVA film.186 Therefore, we applied seven cycles of freezing 

and thawing to the PVA after infiltration into the BC, and before infiltration of the PAMPS. 

Multiple cycles of freezing and thawing increase the adhesive shear strength to 2.28±0.27 

MPa (see Figure 17G). This is within the range of the shear strength between cartilage and 

subchondral bone (2.45±0.85 MPa), indicating the strength of this interface may be 

sufficient for attachment of the hydrogel to a porous titanium implant that allows for bone 

ingrowth. We also tested extending the time for diffusing the PVA into the BC layer by 

heating in the hydrothermal reactor for three days instead of one day at 110 °C. This 

processing change did not improve performance, indicating that the PVA is fully diffused 

into the BC layer within 24 hours.  
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3.4 Conclusion 

In summary, we have described a new strategy, NEST, for forming bonds to hydrogels 

three times stronger than the state-of-the-art. NEST involves the formation of an adhesive 

bond to a nanofibrous sheet in the dry state, followed by the formation of a hydrogel within 

the nanofibrous sheet. An example of NEST was illustrated using an α-TCP cement 

containing phosphoserine for adhesion and stainless steel micropowder for reinforcement. 

The cement undergoes hydrolysis to form hydroxyapatite flakes that mineralize a ~10-

micron-thick layer of the nanofibrous sheet of BC. This bond is strengthened further after 

infiltration of PVA and PAMPS into the BC sheet, resulting in nanofiber-mediated 

attachment between the hydrogel and the cement. These results show strong bonds to 

hydrogels can be achieved by mimicking the nanoscale structure of the osteochondral 

junction, namely the mineralization of the collagen nanofibers that give cartilage its tensile 

strength. Although we have focused on the use of α-TCP cement, other adhesives and 

cements may be employed with the NEST strategy. NEST may prove useful for creating 

hydrogel-capped titanium implants for cartilage resurfacing, in which the porous titanium 

base facilitates osseointegration and long-term fixation.       
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4. A Synthetic Hydrogel Composite with a Strength and 
Wear Resistance Greater than Cartilage 

4.1 Introduction 

Osteoarthritis (OA) is a degenerative joint disease that is a common cause of disability.187, 

188 OA leads to the formation of lesions in the articular cartilage that lines the ends of bones. 

Articular cartilage lesions most commonly occur in the knee and cause debilitating pain. 

Cartilage has a limited capacity for healing because it is avascular.189 One approach to 

treating cartilage lesions is to attempt to regrow cartilage with a technique such as 

microfracture or autologous chondrocyte implantation.102, 190, 191 Unfortunately, these 

methods have high failure rates (25-50% at 10 years), prolonged rehabilitation times (>12 

months), and show decreasing efficacy in patients older than 40–50 years.102, 106 

Implantation of fresh osteochondral allografts can speed recovery as grafts eliminate the 

need to regrow cartilage and, with a survivorship of 82% at 10 years, this approach is the 

most successful strategy for treatment of cartilage defects in the knee.192, 193 Unfortunately, 

the small supply of fresh allografts limits the number of these procedures to around 1% of 

all cartilage repair surgeries.102 Failure of these treatment strategies usually leads to more 

invasive total knee replacement. While total knee replacement is successful in older 

patients, it is not suitable for younger patients for whom the implant is likely to fail within 

their lifetime, thus requiring a second invasive surgery. For example, risk of revision 

surgery for total knee replacement is 5% for men in their 70’s, but rises to 35% for men in 

their early 50’s.194 Thus there is a clear need for minimally invasive treatment options that 
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treat cartilage lesions with a low failure rate, enable rapid recovery, and are widely 

available.  

Given the need for a less invasive alternative to total knee replacement for treatment of 

OA, there are ongoing efforts to replace damaged cartilage with a device made of 

traditional orthopedic materials, such as a cobalt-chrome alloy or ultra-high-molecular-

weight polyethylene. 195-197 However, these materials have a much higher coefficient of 

friction (COF) than cartilage which leads to an unacceptable level of wear on the opposing 

cartilage surface. In addition, these materials are much stiffer than cartilage and will 

therefore cause an abnormal, non-physiological stress distribution in the joint, potentially 

contributing to the damage of surrounding cartilage. The failure rate for such implants is 

approximately 20% after 4 years.198 

Hydrogels, polymer networks swollen with water, are the most promising synthetic 

material for replacement of cartilage because hydrogels can be made to have identical 

mechanical and tribological properties as articular cartilage.14, 199, 200 We have previously 

reported an approach to create the first hydrogel that is equivalent to cartilage in its tensile 

and compressive strength. This hydrogel was made by infiltrating a bacterial cellulose (BC) 

nanofiber network with polyvinyl alcohol (PVA) and poly(2-acrylamido-2-methyl-1-

propanesulfonic acid sodium salt) (PAMPS).14 This hydrogel exhibited a tensile strength 

of 22.6 MPa and a compression strength of 20 MPa. In comparison, the range of tensile 

and compression strengths reported for human cartilage are 8.1-40 MPa and 14-59 MPa, 

respectively.10-12 Thus, there is still room to improve the strength of hydrogels to be at the 

higher end of the range of strengths reported for cartilage, or to even exceed cartilage in 



 

54 

strength, while having a similar modulus, coefficient of friction, and resistance to wear. 

Achieving higher strengths would reduce the risk of failure for a weight-bearing hydrogel-

based implant. 

In preparing the BC-PVA-PAMPS hydrogel, we used the freeze-thaw method to gel the 

PVA-water mixture after infiltration into the BC. This gelation step is necessary to increase 

the strength of the PVA hydrogel, and to prevent dissolution of the PVA in the following 

PAMPS infiltration step. The freeze-thaw method is commonly used to create PVA 

hydrogels with tensile strengths up to 1 MPa.201-204  The increase in strength upon freezing 

and thawing the PVA is attributed to crystallization of the PVA chains and phase 

segregation.201, 202 The tensile strength of PVA hydrogel can be further increased to 18-20 

MPa by drying and annealing the PVA, followed by rehydration.56, 205, 206 We will hereafter 

often refer to the process of drying, annealing, and rehydration as simply “annealing” to be 

concise, i.e., an “annealed” hydrogel is one that has gone through the process of drying, 

annealing, and rehydration. The reason for the higher strength of annealed hydrogels is that 

the annealing process greatly increases the crystallinity and decreases the water content of 

PVA relative to the freeze-thaw process. A disadvantage of the annealing process is that it 

can result in more bubbles and cracks in the PVA, especially as the sample thickness or 

water content increases. 

Given the higher tensile strength of annealed PVA relative to freeze-thawed PVA, we 

decided to test whether changing from a freeze-thaw to annealing process can improve the 

mechanical strength of a BC-PVA-PAMPS hydrogel while retaining adequate control over 

the hydrogel shape and defect content. Given the tensile strength of a BC-PVA-PAMPS 
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hydrogel (22.6 MPa), is already similar to the tensile strength of a PVA hydrogel made by 

annealing (20 MPa), it was not obvious that switching to the annealing process for a BC-

reinforced hydrogel would yield further improvements in the mechanical strength. In 

addition, the presence of BC or PAMPS could potentially interfere with the crystallization 

of PVA that occurs during the annealing process, thereby hindering the improvement in 

mechanical strength that occurs as a result of crystallization. It was also not clear whether 

we could obtain high-quality, bubble-free, crack-free samples after annealing PVA 

reinforced with BC. Minimizing defects is necessary to maximize the mechanical strength 

of the hydrogel. Finally, it was unclear whether the lower water content of the annealed 

hydrogel increase the COF and wear of an opposing cartilage surface. 

This work shows that reinforcement of annealed PVA with BC leads to a 3.2-fold 

improvement in the tensile strength and a 1.7-fold increase in the compressive strength (see 

Figure 19 and Table 1). The highly crystallized BC-PVA hydrogel that results from 

annealing is the first hydrogel with a tensile and compressive strength that exceeds that of 

cartilage. Reinforcement of the PVA with BC essentially eliminated the deformation and 

bubbles that would otherwise occur during annealing. When tested against cartilage for 1 

million cycles, annealed BC-PVA wore an opposing cartilage surface to the same extent as 

cartilage and was three times more resistant to wear than cartilage. Annealed BC-PVA was 

4.3 times more wear resistant than annealed PVA. The COF of BC-PVA against cartilage 

was equivalent to that of cartilage against cartilage, whereas the COF of annealed PVA 

increased over the course of the test to be 6.75 times greater than cartilage. In contrast to 

results with freeze-thawed BC-PVA, addition of PAMPS to the annealed BC-PVA 
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decreased the tensile strength of the hydrogel due to a loss of crystallized PVA and an 

increase in water content. The improved tensile strength of annealed BC-PVA enabled it 

to attach to a metal base with a shear strength 68% greater than the shear strength of 

cartilage on bone. The high strength, high wear resistance, and low COF of annealed BC-

PVA make it an excellent material for replacing damaged cartilage.  

 

Figure 19: Mechanical properties of annealed BC-PVA and BC-PVA-PAMPS hydrogels.  

(A) Compressive vs. tensile strength and (B) compressive vs. tensile modulus for 

annealed BC-PVA and annealed BC-PVA-PAMPS compared with other strong 

hydrogels. 

4.2 Experiments and Methods 

4.2.1 Materials 

Bacterial Cellulose (BC) was purchased from Gia Gia Nguyen Co. Ltd. Poly(vinyl alcohol) 

(PVA) (fully hydrolyzed, molecular weight: 145,000 g mol-1), N,N’-

methylenediacrylamide (MBAA, 97.0%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (I2959), potassium persulfate (KPS) and 2-acrylamido-2-

methylpropanesulfonic acid sodium salt (AMPS, 50 wt.% solution in water) were 
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purchased from Sigma Aldrich. Phosphate buffered saline (PBS) was purchased from 

VWR International. Fetal bovine serum (FBS, Canada origin, collected from cattle 

typically 12-24 months old) was purchased from Corning. Shape memory alloy ring clamps 

were purchased from Intrinsic Devices. 

4.2.2 Fabrication of BC-PVA-PAMPS Hydrogel 

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a 

mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed 

and heated at 135°C for 24 hours to allow the PVA to diffuse into the voids of BC and form 

a BC-PVA hydrogel. The BC-PVA hydrogel was removed from the reactor when hot 

(>85°C). Note the hydrothermal reactor was pressurized with hot steam and is a burn 

hazard, so personal protective equipment including lab coat, heat resistant gloves and full-

coverage face shields should be used when opening the reactor. The residual PVA solution 

was removed by scrapping the surface of the BC-PVA samples with a metal spatula. The 

samples were frozen at -78°C for 30 minutes and thawed at room temperature to physically 

crosslink the PVA network. The BC-PVA hydrogel was then soaked in a solution of AMPS 

(30 wt.%), MBAA (60 mM), I2959 (50 mM) and KPS (0.5 mg mL-1) for 24 hours. The 

hydrogel was cured with a UV transilluminator (VWR International) for 15 minutes on 

each side, and further cured in an oven at 60°C for 8 hours to ensure even and complete 

curing. The resulting BC-PVA-PAMPS hydrogel was stored in PBS for at least 24 hours 

before further characterization. 
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4.2.3 Fabrication of Annealed BC 

BC sheets were pressed to be 0.5 mm thick. The BC sheets were then placed into a 90°C 

oven for 24 hours before being annealed at 90°C for an additional hour. The resulting 

annealed BC was cut into the desired shape and stored in PBS (0.15 M) for at least 24 hours. 

4.2.4 Fabrication of PVA Hydrogel 

To fabricate the PVA hydrogel, a slurry of PVA (40 wt.%) and DI water (60 wt.%) were 

mixed in a metal baking pan (diameter: 203.2 mm) and heated at 120°C for 20 minutes in 

an autoclave sterilizer. To make annealed PVA hydrogel, the resulting hydrogel was dried 

in an oven at 90°C for 24 hours before being annealed at 90°C, 120°C or 140°C for an 

additional hour. To make freeze thawed PVA hydrogel, the autoclaved hydrogel was frozen 

at -80 °C for 30 minutes and thawed at 23°C for 30 minutes. The resulting PVA hydrogel 

was cut into the desired shape and stored in PBS (0.15 M) for at least 24 hours before 

testing. 

4.2.5 Fabrication of Annealed BC-40 wt.% PVA Hydrogel  

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a 

mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed 

and heated at 135°C for 24 hours to allow the PVA to diffuse into the voids of BC and form 

a BC-PVA hydrogel. The BC-PVA hydrogel was removed from the reactor when hot 

(>85°C). The residual PVA solution was removed by scrapping the surface of the BC-PVA 

samples with a metal spatula. The samples were dried in an oven at 90°C for 24 hours 

before annealing at 90°C, 120°C or 140°C for an additional hour. The resulting annealed 
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BC-PVA hydrogel was cut into a desired shape and stored in PBS (0.15 M) for at least 24 

hours before tests.  

4.2.6 Fabrication of Annealed BC-10 wt.% PVA Hydrogel  

BC sheets were pressed to be 0.5 mm thick and placed into a baking pan (15.6 cm × 8.6 

cm × 4.2 cm). Approximately 30 mL of 10 wt.% PVA solution was added to the baking 

pan. The baking pan was placed in an oven at 90°C for 24 hours and annealed at 90°C for 

an additional hour. The resulting annealed BC-PVA hydrogel was cut into the desired 

shape and stored in PBS (0.15 M) for at least 24 hours. 

4.2.7 Fabrication of Annealed BC-PVA-PAMPS Hydrogel 

BC sheets were pressed to be 0.5 mm thick and placed into a hydrothermal reactor with a 

mixture of PVA (40 wt.%) and DI water (60 wt.%). The hydrothermal reactor was sealed 

and heated at 120°C for 24 hours to allow the PVA to diffuse into the voids of BC and form 

a BC-PVA hydrogel. The BC-PVA hydrogel was removed from the reactor when hot 

(>85°C). Note the hydrothermal reactor was pressurized with hot steam and created a burn 

hazard, so personal protective equipment including a lab coat, heat resistant gloves and 

full-coverage face shields should be used when opening the reactor. The residual PVA 

solution was removed by scrapping the surface of the BC-PVA samples with a metal 

spatula. The samples were dried in an oven at 90°C for 24 hours before being annealing at 

90°C, 120°C or 140°C for an additional hour. The annealed BC-PVA hydrogel was then 

soaked in a solution of AMPS (30 wt.%), MBAA (60 mM), I2959 (50 mM) and KPS (0.5 

mg mL-1) for 24 hours. The hydrogel was cured with a UV transilluminator (VWR 
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International) for 15 minutes on each side, and further cured in an oven at 60°C for 8 hours 

to ensure even and complete curing. The resulting annealed BC-PVA-PAMPS hydrogel 

was stored in PBS (0.15 M) for at least 24 hours before further characterization.  

4.2.8 Fabrication of Hydrogel on A Stainless-Steel Pin 

 

Figure 20: (A) Example of a BC sheet cut to have legs that wrap over the edge of a metal 

rod. (B) Diagram denoting the diameter, length, and width dimensions of the sheet. 

Preparation of hydrogel samples on a stainless-steel pin started with cutting the freeze-

dried BC. The BC was cut in the shape of an octagon with diameter D, 8 legs of length of 

L, and widths of W=0.383D (See Figure 20 for example). The sample was labeled as BC-

D-L after cutting. The 8-piece star shape (BC-D-L) was generated by MATLAB and loaded 

into Adobe Illustrator. In Adobe Illustrator the stroke of the shape was changed to 0.0001 

pt to ensure accurate cutting. The file was sent to the laser cutter (Epilog Fusion M2) using 

the print function and the laser cutter was selected as the printer. The vector process was 

used, with 100% speed, 20% power and 100% Frequency. For cutting the BC, a clean metal 

plate was placed on the bed of the laser cutter, and the freeze-dried BC was placed onto the 

metal plate. Another metal plate was placed onto the edge of the BC to ensure the BC did 
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not move. The focus was adjusted, and the shape was cut by the machine. After cutting, 

the BC was collected and stored in a petri dish for future use. 

 

Figure 21: Overview of the method for attaching a hydrogel to a metallic pin with a 

shape memory alloy clamp. 

For preparing the shear test samples, six pieces of BC were adhered to the stainless-steel 

rod with one layer of cement and a clamp. An overview of the assembly method is shown 

in Figure 21. A stainless-steel test rod was machined to have a top section with a diameter 

of 5.2 mm and a height of 2 mm, and a bottom section with a diameter of 6.75 mm and a 

height of 13 mm.  Three pieces of BC-6.5-2.25 and 3 pieces of BC-6.5-2 were placed in an 

alignment fixture. Scotchbond Universal Adhesive was applied to the layer of the BC in 

contact with the rod and the top surface of the rod. The adhesive was allowed to set for 20 

seconds before being blown by air for another 5 seconds.  About 0.15 g of RelyX Ultimate 

Cement was then applied to the same surfaces coated with the Scotchbond Universal 

Adhesive. The rod was pressed into the BC layers and then into a shape memory alloy ring 

clamp. The cement was cured for 1 h. The sample was heated in an oven at 175℃ for 10 

min to shrink the clamp. The sample was then soaked in DI water for 1 hour in a centrifuge 
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tube before future use. The sample with BC on top then went through the specific hydrogel 

fabrication process.  

Compression test samples were fabricated using the stainless-steel rod and a clamp, but 

without cement. Wear test samples were fabricated with a stainless-steel rod 5.7 mm in 

diameter and 38 mm in height, 3 pieces of BC-6.5-2, and the shape memory alloy ring, but 

without cement.  

4.2.9 Monotonic Tensile and Compression Tests 

Monotonic tensile tests were carried out on an Instron 1321 load frame (Instron, Norwood, 

MA, USA) and a Test Resources 830LE63 Axial Torsion Test Machine (TestResources, 

Shakopee, MN, USA) at a rate of 0.25 mm s-1. The finished hydrogel was cut into an ASTM 

D638-14 Type V shape with a titanium hollow punch for testing (see Figure 22 for 

examples). The dimensions of the samples were measured with a caliper before testing. 

The ultimate tensile strength (UTS) was the maximum stress measured before fracture in 

the case of the BC-PVA samples, or the maximum compressive stress at 80% strain for the 

PVA samples. The tensile modulus was taken as the slope of the stress-strain curve at a 

stress of 1 MPa for comparison with previous studies of human cartilage.12  
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Figure 22: Hydrogel samples before and after annealing and rehydration.  All samples 

were annealed at 90°C for 25 hours and rehydrated in PBS solution for 24 hours at 23°C. 

(A) A sample of BC without PVA. (B) A sample of BC that was annealed in a solution 

of 10 wt.% PVA. (C) A sample of 40 wt.% PVA. (D) A BC sample that was infiltrated 

with 40 wt.% PVA in a hydrothermal bomb for 24 hours at 120°C before annealing and 

rehydration. 

The compressive properties of all samples were measured with a Test Resources 830LE63 

Axial Torsion Test Machine. Cylindrical samples of PVA were cut out of films of hydrogel 

samples with a hollow steel punch with a diameter of 4 mm. BC-PVA samples were 

attached to a metal pin for compression testing in order to have a sample that was 

sufficiently thick. The dimensions of the samples were measured with a caliper before 
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testing. The compressive properties were measured with a strain rate of 0.05 s-1. The 

compressive strength was taken stress at a strain of 0.8, or the stress at fracture if the 

material failed before a strain of 0.8. The compressive modulus was derived as the slope 

of the stress-strain curve at a stress of 0.4 MPa for comparison with previous studies of 

human cartilage.10 

4.2.10 Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) was performed on hydrogel samples to determine 

the crystallinity of the PVA. The tests were completed on a TA Instruments TGA550. In a 

typical test, a hydrogel sample of approximately 5 mg was placed in an aluminum pan and 

heated at a scanning rate of 10 °C/min under a nitrogen gas flow from 25°C to 300°C. 

Typical thermograms for PVA, BC-PVA and BC-PVA-PAMPS hydrogels are shown in 

Figure 23. 
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Figure 23: DSC thermograms  for (A) freeze-thawed and annealed PVA hydrogels, (B) 

freeze-thawed and annealed BC-PVA hydrogels, and (C) annealed BC-PVA and 

annealed BC-PVA-PAMPS.  The concentration of the AMPS solution used to make 

the BC-PVA-PAMPS was 10 wt.%. 

The calculation for how much of the PVA was crystallized, i.e., the degree of crystallinity, 

was adopted from Hassan et al.207 After the DSC thermogram was acquired, the area under 

the melting peak over the range 140-220°C (as shown in Figure 24) was integrated to obtain 
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a value with units of J·°C·S-1·g-1. This number was then divided by the heating rate 

(0.17 °C·S-1) to obtain ΔH (J·g-1). The crystallinity of PVA, χPVA was then calculated by 

dividing ΔH for the sample by the heat required for melting a 100% crystalline PVA sample, 

, and the weight fraction of PVA in the sample, wPVA: 

 

 

Figure 24: DSC thermogram for an annealed BC-PVA hydrogel sample demonstrating 

how the peak was integrated. 

4.2.11 Measurement of Solid Weight Fraction 

The weight of approximately 1 g of hydrated hydrogel was measured before drying at 90°C 

for 24 hours. The weight of the dehydrated sample was then measured. The weight after 
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dehydration was divided by the weight before dehydration to determine the solid weight 

fraction of the hydrogel sample. 

4.2.12 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) spectroscopy was performed on hydrogel samples to 

analyze changes in bonding after annealing. Hydrogel samples were cut into a 1 cm by 1 

cm square before testing. The tests were completed on a Thermo Scientific Nicolet iS50 

FT-IR. In a typical test, the sample was held under the detector with the number of scans 

set to 32, resolution set to 4 (0.482 cm-1) and format set to % transmittance. Typical FTIR 

spectra are shown in Figure 25. 

 

Figure 25: (A) FTIR spectra of BC-PVA, annealed BC-PVA and annealed PVA 

hydrogels. (B) Zoomed in region highlighting the shift of the hydroxyl peak. 
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4.2.13 Wear Testing 

 

Figure 26: Images of the test setup using (A) a cartilage pin and (B) a hydrogel pin for 

the measurement of the wear and COF. (C) Image during the wear test. 
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The wear resistance of the hydrogels and porcine cartilage samples were determined with 

the pin-on-disk setup shown in Figure 26. The pin-on-disk method was used with an Anton 

Paar Rheometer (MR302) and a tribology accessory (SCF7). Cartilage samples were 

harvested from pig femurs with an osteochondral autograft transfer system (Arthrex). The 

femurs were purchased from a local grocery store and frozen at -78°C before harvesting 

the samples. Hydrogel samples were polished with #600, #800, #1000, #1200, #1500, 

#2000, #2500 and #3000 sandpapers to make them smooth prior to testing. A hydrogel pin 

was fabricated by using the method described in section 4.2.8. A disk of hydrogel or 

porcine cartilage with a diameter of 12.7 mm was adhered with cyanoacrylate glue (Gorilla 

Glue Company) to the sample holder. The testing parameters were as follows: 1,000,000 

rotations; angular speed: 319 rounds per minute (maximum linear velocity: 100 mm s-1); 

normal force: 28.26 N (pressure: 1 MPa). A pressure of 1 MPa was applied to each sample 

for 5 minutes before starting the test. The tests were performed in FBS. FBS is often used 

during wear tests to mimic the lubrication provided by synovial fluid208-210. 

After the wear test, the samples were rehydrated in FBS for 24 hours to allow the gels to 

recover from the applied pressure before the wear depth was measured with a High-

Resolution X-ray Computed Tomography (Micro-CT) Scanner (Nikon XTH 225 ST). A 

3D model of the reconstructed Micro-CT images was rendered with Avizo 9 Lite. To 

measure the wear depth, a slice of the 3D model was taken in the middle of the wear mark. 

The wear depths were measured from the images of the middle slices with ImageJ. 

For calculating the COF, we determined the total friction force (F) from the torque (T) and 

the radius of the pin in the pin-on-disk setup (R):211 
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The COF can then be calculated by:  

 

Here  is the normal force (28.26 N). The linear velocity (v) was calculated by: 

 

where was the angular speed of the pin.  

4.2.14 Shear Testing 

Shear testing was performed on a Test Resources 830LE63 Axial Torsion Test Machine 

equipped with a 100 lb. load cell. Each test was performed in a customized shear test fixture 

(see Figure 27). For shearing of cartilage off bone or hydrogel off metal samples, the 

sample was secured in a cylindrical hole in the left side of the fixture. Spacers were added 

underneath the samples to precisely align the shear plane to the cartilage-bone or hydrogel-

metal interface. The right side of the fixture was machined to have a complementary half-

cylinder that was used to push the hydrogel or cartilage off of their substrates. A rubber 

spacer was placed between the sample and the right shear fixture to apply pressure during 

the shear test in order to minimize cleavage and peeling. A crosshead displacement rate of 

2 mm min-1 was used for all the measurements. 
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Figure 27: Image of the shear test fixture used for shearing cartilage off bone and the 

hydrogel off metal rods. 

4.2.15 Fabrication of Human-Size Implant 

A human-sized osteochondral implant 20 mm in diameter was fabricated. The top surface 

of the implant had a radius of curvature of 20 mm to match the native curvature of the 

femoral condyle. This implant was fabricated with 5 BC layers. A 0.25-mm-thick coating 

of commercially pure titanium was applied to the stem of the implant and underneath the 

base with a plasma spray process in order to improve integration with bone.212  

4.3 Results 

4.3.1 Effect of Annealing on Morphology 

We first examine the effect of the hydrogel composition on the shape of the sample after 

drying, annealing and rehydration (or simply “annealing” to be concise). Figure 22A shows 

a sample of BC became wrinkled and folded at the edges after annealing. BC samples that 

were annealed in a 10 wt.% solution of PVA were also deformed (Figure 22B). The PVA 

layer that forms on top of the BC after annealing contains a large number of bubbles and 
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easily delaminates from the BC film. Figure 22C shows a sample of 40 wt.% PVA also 

formed a large number of bubbles and deformed during the annealing process. However, 

reinforcement of 40 wt.% PVA with BC allowed the hydrogel to retain its shape without 

deformation after annealing. We attribute this lack of deformation to the higher solid 

content and tensile modulus of the BC-reinforced PVA. The nanoscale network of the BC 

layer appears to suppress the formation of the large bubbles that are visible in the 40 wt.% 

PVA sample. Comparing Figure 22B&D indicates that the approach of infiltrating a high 

concentration of PVA into BC in a hydrothermal bomb, followed by removal of excess 

PVA from the BC surface, results in a more uniform hydrogel than if a BC sample is placed 

in a more dilute PVA solution that is concentrated via drying. These results demonstrate 

that, unlike BC alone, PVA alone, or the combination of BC with a 10 wt.% of PVA, the 

BC infiltrated with 40 wt.% PVA could retain its shape and remain relatively free of 

bubbles and other defects after annealing.  

4.3.2 Effect of Annealing on The Mechanical Properties of PVA 
Hydrogel. 

To determine the effects of annealing on the mechanical properties of various hydrogel 

compositions, we first analyzed the effects of annealing on a PVA hydrogel as a reference 

point. The PVA was fully hydrolyzed with a molecular weight of 145,000 g mol-1. A 40 

wt.% PVA solution was dried at 90°C for 24 hours, annealed at 90°C, 120°C or 140°C for 

1 hour, and then placed in a 0.15 M PBS solution for 24 hours for rehydration. PVA 

samples that underwent a freeze-thaw cycle were tested for comparison. Figure 28A and 

28B show that annealing the hydrogel dramatically increased the tensile and compressive 



 

73 

strength relative to samples that had undergone a freeze-thaw cycle. Figure 28D and Table 

1 show that, relative to the freeze-thaw process, annealing increased the tensile strength by 

60 times (from 0.26 to 15.6 MPa) and the compressive strength by 9 times (from 14.8 to 

140.8 MPa). Increasing the annealing temperature from 90°C to 140°C led to an increase 

in the tensile strength and modulus, similar to previous work.56, 205 The increase in strength 

and modulus has been ascribed to the increase in the crystallinity and solid content of the 

hydrogel after annealing. Figure 28E confirms that the crystallinity and solid content of the 

annealed PVA hydrogels are much greater than that of a freeze thawed PVA hydrogel. For 

example, a PVA hydrogel made via the freeze-thaw process has an overall solid content of 

0.09 wt.% and a PVA crystallinity of 0.21 wt.%, whereas a PVA hydrogel made via 

annealing at 90°C has an overall solid content of 0.42 wt.% and a PVA crystallinity of 0.58 

wt.%. The crystallites formed during annealing strengthen the otherwise amorphous PVA 

by acting as tough cross-links that redistribute applied stresses and hinder crack 

propagation.53, 56 The crystallites also increase the solid content and strength of the 

hydrogel by reducing the amount of water taken up by the PVA when it is soaked in PBS 

(0.15M) after annealing. 
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Figure 28: Mechanical tests results for PVA hydrogels.  (A&B) Representative tensile 

and compressive stress-strain curves for PVA hydrogels annealed at different 

temperatures. (C) Tensile strength and moduli of PVA annealed at different 

temperatures. (D) Compressive stress at 0.8 strain and moduli of PVA annealed at 

different temperatures. (E) Crystallinity and solid content weight fraction of PVA 

annealed at different temperatures. 

4.3.3 Effect of Annealing on A BC-PVA Hydrogel. 

Next, we applied the same annealing process to BC-PVA hydrogels. As with the PVA 

hydrogels, the BC-PVA hydrogels were dried at 90°C for 24 hours, annealed at 90°C, 

120°C or 140°C for 1 hour and then placed in a PBS (0.15 M) solution for 24 hours for 

rehydration. Figure 29A and 29C show the tensile strength of the annealed BC-PVA 

hydrogels reached 50.4 MPa, an increase of 4.6 times relative to the BC-PVA that went 

through a freeze-thaw cycle, and an increase of 3.2 times relative to annealed PVA that 
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was not reinforced with BC. Figure 29B and 29D show the compressive strength increased 

from 55.3 MPa to 95.4 MPa after annealing. Note the compression strength was measured 

for a BC-PVA hydrogel attached to a metal pin (see Supporting Information). Similar to 

the PVA hydrogel, this dramatic increase in strength can be attributed to the increase in 

crystallinity and solid content after annealing. Figure 29E shows the crystallinity of the 

BC-PVA hydrogel increased from 0.07 wt.% after a freeze-thaw cycle to 0.4 wt.% after 

annealing. The solid weight fraction of the BC-PVA hydrogel increased from 0.11 wt.% 

after a freeze-thaw cycle to 0.53 wt.% after annealing.  

 

Figure 29: Mechanical tests results for BC-PVA hydrogels.  (A&B) Representative 

tensile and compressive stress-strain curves for BC-PVA hydrogels annealed at 

different temperatures. (C) Tensile strength and moduli of BC-PVA annealed at 

different temperatures. (D) Compressive strength and moduli of BC-PVA annealed at 

different temperatures. Crystallinity and solid content weight fraction (E) of BC-PVA 
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annealed at different temperatures. Crystallinity here stands for the weight fraction of 

crystalline PVA in the entire hydrogel sample, including the PVA and water. 

FTIR spectra (see Figure 25) show there was a decrease in the frequency of the hydroxyl 

stretching peak (from 3330 cm-1 to 3299 cm-1) after annealing, indicating an increase in 

hydrogen bond formation213, 214. This peak shift and increase in hydrogen bond formation 

corroborates the increase in crystallinity measured with DSC. These results show that PVA 

can crystalize within the nanofibrous BC network, and that these crystallites increase the 

solid content and strength of the hydrogel.  

4.3.4 Effect of PAMPS on An Annealed BC-PVA Hydrogel. 

We previously reported that the incorporation of PAMPS into a BC-PVA hydrogel made 

with a freeze-thaw cycle resulted in an increase in the tensile and compressive strength of 

the hydrogel.14 Thus, we next sought to determine the effect of incorporating PAMPS into 

an annealed BC-PVA hydrogel. As shown in Figure 30A, the addition of PAMPS into the 

annealed BC-PVA hydrogel led to a decrease in the solid content relative to BC-PVA 

alone, from 0.53 to 0.37. DSC thermograms (see Figure 23C) show that after the addition 

of 10 wt% PAMPS, the peak from melting crystalline PVA disappeared, indicating the 

addition of PAMPS destroys the PVA crystallites that form during the annealing process. 

The decrease in solid content and loss of crystallinity upon addition of PAMPS led to a 

decrease in the tensile strength (from 48.9 MPa to 20.8 MPa), tensile modulus (from 444.8 

MPa to 150.5 MPa) and compressive strength (from 98.1 MPa to 56.0 MPa in Figure 30B) 

of the hydrogel. The increase in water content of the hydrogel and loss of strength was 
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likely due to the fact that PAMPS is a negatively charged polymer, and this negative charge 

results in an osmotic pressure that swells the hydrogel with water.14  

 

Figure 30: Mechanical tests results for BC-PVA-PAMPS hydrogels.  (A) Tensile 

strength, tensile moduli and solid content weight fraction of BC-PVA-PAMPS 

hydrogels that were made with solutions containing different concentrations of the 

AMPS monomer. BC-PVA samples were annealed before infiltration of AMPS. (B) 

Compressive strength and moduli of BC-PVA-PAMPS hydrogels. 
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4.3.5 Wear and COF of Hydrogels Against Cartilage 

The wear resistance of a potential replacement for cartilage should exceed that of cartilage 

to ensure durability and minimize the generation of wear debris that could potentially cause 

an adverse biological reaction. We have previously shown that the wear resistance of a BC-

PVA-PAMPS hydrogel is equivalent to that of cartilage and is superior to that of PVA or 

PVA-PAMPS when tested against a stainless-steel pin.14 These hydrogels were made by 

applying a freeze-thaw cycle to crystallize the PVA. Here we compare the wear resistance 

of PVA-based hydrogels (PVA, BC-PVA, and BC-PVA-PAMPS) that have been dried and 

annealed at 90ºC to that of porcine cartilage when tested against a porcine cartilage plug in 

FBS. Figure 26 shows our pin-on-disc configuration for testing the wear of hydrogels in 

fetal bovine serum (FBS). The porcine cartilage plug was rotated against the hydrogel 

surface 106 times under 1 MPa of pressure and at a speed of 319 rotations per minute 

(maximum linear velocity was 100 mm s-1). Figure 31A is a schematic illustration of how 

the wear test was performed. 

Figure 31B shows cross-sectional Micro-CT images of the hydrogels that were acquired in 

the center of the wear mark to measure the maximum wear depth. Figure 31C compares 

the wear depth of the hydrogels and cartilage. The wear depth of the BC-PVA hydrogel 

with 0% AMPS was 70.1 μm. The addition of 20% AMPS decreased the mean wear depth 

to 65.9 μm, but the difference between the 0% and 20% AMPS samples was not statistically 

significant. This comparison illustrates that the negative charge and higher water content 

caused by incorporating PAMPS into an annealed BC-PVA hydrogel does not significantly 
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improve the wear resistance. Both of these values were 3 times lower than the wear depth 

on the cartilage sample, which was 227.8 μm. The wear depth for annealed and rehydrated 

PVA was 301.0 μm, four times greater than either BC-PVA sample. These results indicate 

the presence of BC in the hydrogel can dramatically improve the wear resistance of an 

annealed PVA hydrogel to be superior to that of cartilage 

We also recorded the COF during the wear test. Cartilage maintained a constant COF of 

0.020 during the test. The COF of BC-PVA decreased during the test from 0.040 to 0.021. 

The BC-PVA hydrogel with 20% AMPS had a similar COF as that without AMPS. In 

contrast, the COF of PVA increased dramatically during the test, from 0.033 to 0.135. 

Previous work has similarly demonstrated the COF of PVA against cartilage increases over 

time while the COF of cartilage against cartilage is constant.215, 216 The increase in the COF 

for a PVA-Cartilage interface has been ascribed to transfer of damaged PVA to the cartilage 

surface, which in turn decreases the ability of the cartilage surface to maintain a lubricating 

water layer.216 The incorporation of BC into PVA clearly inhibits damage of the hydrogel, 

allowing it to maintain a low coefficient of friction similar to that cartilage during the wear 

test. The presence of PAMPS in the hydrogel is not necessary for maintaining a low COF 

and high resistance to wear. 
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Figure 31: Cartilage-on-gel wear test results.  (A) A schematic for how the wear of 

hydrogels vs. cartilage was measured. (B) Micro-CT cross-section images and (C) the 

wear depth of cartilage and hydrogel samples after 106 cycles under 1 MPa of pressure, 

a spin rate of 100 mm/s, and with FBS as the lubricant. (D) The coefficient of friction 

between cartilage and the hydrogels during the tests. 

It is critical that materials used for cartilage replacement on one side of the joint, i.e., on 

the femoral condyle, do not cause wear of cartilage on the opposing surface, i.e., the tibial 

plateau. Traditional orthopedic materials like cobalt-chrome and ultra-high molecular-

weight polyethylene are known to damage an opposing cartilage surface to a greater extent 

than hydrogels due to the higher COF and hardness of traditional orthopedic materials.217-

219 To assess the wear caused by BC-PVA and BC-PVA-PAMPS hydrogels on cartilage, 
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we created hydrogel plugs for wear testing (as described in Supplemental Information). 

Hydrogel plugs were pressed against cartilage samples (see Figure 32A and Figure 26B) 

with 1 MPa of pressure and rotated 106 times at a speed of 319 rotations per minute (the 

maximum linear velocity at the circumference of the pin was 100 mm s-1).   

Figure 32B shows cross-sectional -CT images of the cartilage samples that were acquired 

in the center of the wear mark to measure the maximum wear depth. Figure 32C compares 

the wear depth on cartilage caused by the hydrogels or cartilage. The wear caused by the 

BC-PVA on cartilage (247 ± 16 μm) was not significantly different from the wear caused 

by cartilage on cartilage (228 ± 12 μm). The addition of PAMPS into the BC-PVA reduced 

the wear on the opposing cartilage surface to 81 ± 27 μm, significantly below the wear of 

cartilage on cartilage.  
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Figure 32: Gel-on-cartilage wear test results.  (A) A schematic for how the wear of 

cartilage vs. hydrogels was measured. (B) Micro-CT cross-section images and (C) the 

wear depth of cartilage and hydrogel samples after 106 cycles under 1 MPa of pressure, 

a spin rate of 100 mm/s, and with FBS as the lubricant (N=3). 
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4.3.6 Shear Strength 

We hypothesized that increasing the tensile strength of the hydrogel should also increase 

the shear strength. In order to be used for a cartilage replacement material, a synthetic 

hydrogel must be secured into a defect site with the same shear strength as the junction 

between cartilage and bone. One way to accomplish this goal is to have hydrogels that 

directly attach to bone or cartilage with sufficient strength, but this has not been achieved. 

Alternatively, the hydrogel can be attached to a metallic base, such as titanium, which has 

the ability to integrate with bone. As illustrated in Figure 21, we did this by first attaching 

freeze-dried BC to a metal rod with a combination of an adhesive and a shape memory 

alloy clamp, followed by infiltration of the hydrogel into the BC. 

The setup used for shear testing is illustrated in Figure 27. Figure 33 shows the results for 

the shear testing of a plug of porcine cartilage on bone extracted from a pig knee, a BC-

PVA-PAMPS hydrogel made with the previous freeze-thaw process, and a BC-PVA 

hydrogel annealed at 90 °C and then rehydrated. Both of the hydrogels are attached to 

stainless-steel rods with a combination of RelyX Ultimate cement and a shape memory 

alloy ring. The BC-PVA shear strength of 1.98 MPA (Figure 33A) is significantly greater 

than that of porcine cartilage (p-value from one-way ANOVA is <0.05). The average value 

of the shear strength for BC-PVA is also 40% greater than that of BC-PVA-PAMPS, but 

the error in the measurements is such that the difference in these values is not statistically 

significant. Comparison of the samples after failure shows that while pig cartilage was 

sheared completely off of the underlying bone (Figure 33B), both freeze-thawed BC-PVA-

PAMPS and annealed BC-PVA were fractured on one side of the cylindrical sample but 
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remained attached (Figure 33C&D). These results show that the shear strength of 

attachment for the annealed BC-PVA is greater than that of pig cartilage.  

 

Figure 33: Shear tests results.  (A) Results for shear testing of pig cartilage and 

hydrogels secured to metal pins with adhesive and a shape memory alloy clamp (N=3). 

(B-D) Images of samples after testing to failure. The osteochondral plug was extracted 

from a pig knee. The BC-PVA-PAMPS hydrogel was fabricated with the freeze-thaw 

process. The BC-PVA hydrogel was annealed at 90 ℃ and rehydrated. 

4.3.7 Application to An Implant for Partial Knee Resurfacing 

Thus far we have described the compression strength and shear strength of BC-reinforced 

hydrogels attached to a metal pin with a diameter of 5.2 mm. While this size is convenient 
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for testing, such a diameter is too small to serve as an implant for partial knee resurfacing. 

In addition, the samples lacked the curvature necessary to mimic the natural curvature of 

the femoral condyle. Thus, we sought to demonstrate the ability of the hydrogel to attach 

to a metal base with a size and shape representative of an implant for partial knee 

resurfacing.  

Figure 34A show images of an implant 20 mm in diameter with a radius of curvature of 20 

mm. An implant diameter of 20 mm is a typical size used for an osteochondral allograft, 

and a 20 mm radius of curvature is within the range of typical curvatures for the femoral 

condyle.220 In this case, five pieces of BC were cut into shapes with 8 octagonal legs to 

enable the BC to fold over the edge of the implant. A 0.25-mm-thick coating of 

commercially pure titanium was applied to the stem of the implant and underneath the base 

with a plasma spray process in order to improve integration with bone.212 Figure 34B&C 

show an example of how such an implant would be used to resurface the knee. Figure 34B 

shows an example of a cartilage defect. The surgeon would drill out a hole over the defect 

site that is complementary to the shape of the hydrogel-capped implant. The hydrogel-

capped implant would then be pressed into the hole to replace the damaged cartilage.   



 

86 

 

Figure 34: (A) Process for attaching the BC-PVA-PAMPS hydrogel to a titanium implant 

for (B&C) treatment of osteochondral defects. 

4.4 Conclusion 

This work shows that reinforcement of an annealed PVA hydrogel with BC enables the 

production of the first hydrogel with a compression and tensile strength greater than 

cartilage. Annealing increased the tensile strength of BC-PVA by 5 times and the 

compressive strength by 1.8 times relative to a freeze-thaw process due to the greater 

crystallization and lower water content that was achieved by annealing. Reinforcement of 

PVA with BC lowered the wear of the hydrogel by 4 times relative to PVA alone, and 3 

times relative to cartilage. The annealed BC-PVA hydrogel caused a minimal amount of 

opposing surface wear, similar to what was caused by cartilage on itself. Attachment of the 
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BC to a metal plug via an adhesive and clamp, followed by infiltration and annealing of 

the PVA, enabled attachment of the BC-PVA hydrogel to a metal backing with a shear 

strength greater than the attachment of cartilage to bone. These advances in hydrogel 

strength and attachment enable the creation of an implant with a hydrogel surface and 

titanium backing that can enable durable resurfacing of damaged cartilage in an articulating 

joint.   
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5. Conclusion 

Patients suffer from damage to the cartilage of their joints and are desperate for a less 

invasive alternative to total knee replacement. Resurfacing of their joints with a hydrogel 

would provide a more natural, less invasive alternative to the metal-on-plastic joints 

available today. A hydrogel-based implant could be used to resurface cartilage in joints 

without the concern of causing opposing surface wear that exists with traditional 

orthopedic materials. Currently no such implant is available in the US. Most cartilage 

lesions go untreated due to the lack of effective treatment strategies, leading to further 

cartilage deterioration and the need for a total knee replacement. Key hurdles to 

development of a hydrogel device for cartilage resurfacing are (1) the development of a 

hydrogel with properties better or at least similar to those of cartilage and (2) fixation of 

this hydrogel onto the surface of an articulating joint. 

This dissertation described the clearing of these hurdles through the development of the 

first hydrogel with the strength that exceeds that of cartilage, and the first attachment of a 

hydrogel to a metal backing (which can integrate with bone) with a shear strength that 

exceeds that of cartilage on bone. 

First, we combined the advantages of all its components, the high strength of BC, the high 

elasticity of PVA and the osmotic pressure brought by PAMPS to create a BC-PVA-

PAMPS hydrogel that for the first time, had possessed cartilage-equivalent mechanical 

properties. Then, we developed the NEST strategy, using the in-network mineralization of 

calcium phosphate cement, to attach the hydrogel to a porous titanium base. This new 
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strategy achieved a shear strength of 3 times as high as the previous best result and was 

already comparable to the subchondral bone. 

To further improve the incredible mechanical properties of our hydrogel, we introduced a 

heat-annealing step of PVA into the fabrication process of the hydrogel. This updated 

process saw a significant increase in all aspects of the mechanical properties including a 

3.6-time increase in tensile strength and a 0.7-time increase in compressive strength. This 

new hydrogel also did not need PAMPS as a third network to maintain a similar level of 

CoF and cause similar level of wear on opposing cartilage while showed much better wear 

resistance compared to cartilage itself. With this new hydrogel in hand, we then developed 

a brand-new method to attach the hydrogel to a metal base, the ring-clamp attachment 

method. This method was designed to overcome the delamination of BC we noticed during 

the previous shear tests. With an updated and more representative shear test setup, we 

achieved a shear strength of 1.7 times as high as the pig cartilage. 

Taken all of the progress together, we successfully developed a cartilage-replacing medical 

device that outperforms all currently available treatments to cartilage damage. With 

preclinical tests ongoing and clinical trials already planned next year, we hope our work 

would be able to help people in need and bring happiness back to their lives in the near 

future. 
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