
  

 

DESIGN, SYNTHESIS, AND EVALUATION OF LUBRICIN MIMETIC POLYMERS AND 

THEIR LUBRICATION OF CARTILAGE AND BONE 

 

 

 

 

 

 

 

A Dissertation 

Presented to the Faculty of the Graduate School 

of Cornell University 

In Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy 

 

 

 

 

 

 

by 

Zhexun Sun 

August 2018



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2018 Zhexun Sun



 

 

DESIGN, SYNTHESIS, AND EVALUATION OF LUBRICIN MIMETIC POLYMERS AND 

THEIR LUBRICATION OF CARTILAGE AND BONE 

 

Zhexun Sun, Ph. D. 

Cornell University 2018 

 

The body naturally creates biomacromolecules to lubricant joints and provide incredibly low 

friction under tremendous load for decades. One of the biolubricants, lubricin, demonstrates 

boundary mode lubrication and chondroprotective abilities that arise from its composition and 

structure. As a promising therapeutic approach for the treatment of joint diseases such as 

osteoarthrosis (OA), the challenge to produce lubricin recombinantly restricts its clinical 

application, which inspires the design of synthetic molecules that mimic lubricin’s structure. 

In this dissertation, a class of lubricin mimetic diblock copolymers, consisting of a cationic 

cartilage binding block and a brush lubrication block, are synthesized and their tribological 

properties are evaluated in comparison to lubricin (Chapter 2). Like lubricin, the tribological 

properties of these polymers are dependent on the molecular architecture. The roles of structure 

are explored to characterize how changing the molecular architecture affects the lubrication on 

cartilage surfaces and the results are summarized as a set of design principles of synthetic 

lubricants (Chapter 3). Additionally, this class of polymers demonstrates their ability to bind to 

and lubricate bone surfaces, which is absent in natural lubricin, thus extending its potential 

application as a therapeutic approach for OA treatment (Chapter 4).
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Osteoarthritis and Therapeutic Interventions 

 

Osteoarthritis (OA) is the most common form of arthritis and the leading cause of disability 

worldwide. According to the US Center for Disease Control and Prevention (CDC), an estimated 

52.5 million adults (22.7%) annually had been diagnosed with some form of arthritis from 2010-

2012, and this number is expected to increase to 78 million US adults (26%) by 20401, especially 

in people aged 55 and above2. Estimated by a logistic regression model by Jordan et al3, 1 in 2 

people are expected to develop knee OA by age 85 and 2 in 3 obese people. In 2005, the annual 

health care burden of OA exceeded $185 billion4 and the costs are expected to rise as median age 

and life expectancy increase. The challenge for the treatment of OA comes from its complex 

pathogenesis5. Many factors including congenital genes, obesity, injury or overuse of joints, 

inflammation disorders, and abnormal hormone expression could contribute to the development 

of OA. Traditionally conceptualized as a disease featured with hyaline articular cartilage loss, 

OA is now widely accepted as an organ level disease of the joint, characterized with focal 

degradation of articular cartilage, remodeling of subchondral bone, as well as inflammation of 

surrounding synovial tissue6.  

Current strategies for OA treatment mainly aim to relieve symptoms such as joint pain, 

fatigue, and swelling through pharmacological and non-pharmacological interventions7. Oral 

non-steroidal anti-inflammatory drugs (NSAIDs) were reported to be effective in reducing knee 

pain for short term treatment in random placebo controlled trials8. Intraarticular (IA) injection of 
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corticosteroids is another approach that has been highly recommended by multiple clinical 

guidelines for short term pain management9. IA administration of viscosupplements such as 

hyaluronic acid (HA) demonstrated efficacy to relieve pain under the hypothesis that HA can 

help protect the cartilage against repeated friction and wear10.  Several physical therapy 

modalities, especially land-based exercises, have been reported in the clinical guidelines to 

combine with pharmacological treatment for optimal management9. However, none of the 

abovementioned palliative treatments can prevent the progression of the disease into late stage 

OA, when joint arthroplasty becomes the only option left to improve the quality of patient life. 

1.2 Intraarticular Therapy 

 

Among all the interventions described above, intraarticular (IA) therapy for OA has become 

standard because of its symptomatic treatment and minimum systemic side-effects11,12. Several 

types of pharmacological agents have been used intraarticularly in double blind randomized 

clinical trials. For instance, corticosteroids are very potent anti-inflammatory agents for pain and 

symptom relief. A survey of rheumatologists in the United States suggested that more than 95% 

use them at least sometimes and 53% frequently to treat OA13. Corticosteroids exert their anti-

inflammatory action by interrupting the inflammatory and immune cascade at several levels12. 

The beneficial effect of corticosteroids on OA treatment include quick pain relief, decreased 

incidence and size of osteophytes, and reduced cartilage lesion severity as shown in animal 

models14 and clinical trials15. The perceived efficacy and lack of major toxicity have made IA 

corticosteroid injections one of the mainstays of the management of OA, in particular, OA of the 

knee.  

Another commonly used drug in IA therapy is HA, which is a polysaccharide existing 

naturally in cartilage and synovial fluid that plays essential roles in maintaining viscoelastic 
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properties of the synovial fluid16. Also known as viscosupplementation, IA injection of HA is a 

novel, safe, and possibly effective treatment of OA. The concept of viscosupplementation is 

based on the hypothesis that HA could help restore the viscoelasticity of the synovial fluid and 

promote the endogenous synthesis of hyaluronan to improve joint mobility and articular 

function. In comparison to corticosteroids that usually have an onset within 24-48 hours but less 

than 1 month of efficacy, HA injections show similar benefits to steroids at one month but with 

superiority after a few months11.  

Despite the efficacy of IA therapy in certain cases, contradictory data and results are also 

obtained because of a powerful response to placebo11. According to a review of eight clinical 

trials assessing IA steroids versus placebo, both placebo and treated groups showed significant 

decrease in pain from week 1 to the final assessment at week 811. Confounding results also occur 

in clinical trials studying the efficacy of HA. For instance, no significant benefit of IA 

administration of 750 kD HA over placebo during a five-week treatment period was observed in 

a double-blind placebo controlled study17. The lack of strong, convincing, and reproducible 

evidence to any of IA therapies demonstrate a strong clinical need for insightful investigation of 

OA mechanism and novel treatments. 

1.3 Joint Lubrication 

 

Because of the adverse mechanical and biological consequences that can arise from inferior 

joint lubrication, research has focused on restoring healthy lubricating function to diseased and 

injured joints18–20. Over the last several decades, tribosupplementation has emerged as a 

therapeutic strategy in the field of OA treatment to reduce pain and protect the joint. Briefly, 

tribosupplementation is the concept of utilizing IA injection of lubricants to minimize the friction 

and protect the contacting cartilage layer within the joints. Articular cartilage is the smooth tissue 
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that coats the articulating ends of bones in joints. The primary physiological function of cartilage 

is to provide a low friction interface that distributes loads across the joint over millions of cycles 

per year and a lifetime of use. Consisting of primarily water, type II collagen and proteoglycans, 

the articular cartilage possesses tribology properties that are fundamentally different from that of 

traditional fluid-lubricated surfaces defined by the classic Stribeck curve21.  

In the classic Stribeck curve, which describes the mode of lubrication on impermeable and 

hard materials, two extremes of lubrication regimes known as hydrodynamic mode lubrication 

and boundary mode lubrication are generally revealed as shown in Fig. 1.121. In hydrodynamic 

mode, the average separation distance between two articulating surfaces is greater than that of 

the surface roughness, which leads to the formation of a fluid film in between that supports most 

of the friction load. The frictional properties therefore largely depend on the material properties 

of the bulk fluid, specifically the fluid viscosity22. In boundary mode, friction properties are 

primarily governed by direct solid-solid interactions23 as the mean separation distance of the two 

opposing surfaces in this mode is less than that of the surface roughness. The friction properties 

in boundary mode lubrication are therefore largely dependent on the chemicophysical properties 

of the surface. Between the two extremes of lubrication is mixed lubrication, where surface 

asperities and the bulk fluid together share the frictional load support. Mixed lubrication occurs 

when separation distances of articulating materials are approximately equal to the mean surface 

roughness. 

The frictional properties of the joint are primarily governed by the interplay of synovial fluid 

and articular cartilage. Compression of the tissue results in the pressurization of the interstitial 

fluid which supports a substantial amount of load23, allowing articular cartilage to have relatively 

low coefficient of friction (COF). Due to the compliance of soft material-like properties, 
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localized interstitial fluid may form but not able to fully separate the surfaces as it may flow into 

and out of the contact. A phenomenon called “elastoviscous transition” instead of hydrodynamic 

mode may occur, which is governed by pore size or permeability21. After the interstitial fluid 

equilibrates, the pressure dissipates on the extracellular matrix component of articular cartilage, 

shifting the lubrication mechanism to the boundary mode. Existing in both cartilage tissue and 

synovial fluid, HA effectively lubricates cartilage by exhibiting viscoelastic behavior in the 

hydrodynamic mode lubrication24. This viscoelastic behavior is compromised in the case of OA 

where the concentration and molecular weight of HA are reduced25. Reintroducing HA into 

joints is expected to restore the joint tribology properties by effectively altering lubrication mode 

toward elastoviscous lubrication21,26. However, high friction and wear of OA cartilage happens in 

the boundary mode conditions, which inspires the investigation on the key molecule for the 

boundary mode lubrication mechanism of articular cartilage. 

1.4 Lubricin 

 

First isolated from bovine synovial fluid in 1981 by Swann et al27, lubricin is a highly 

glycosylated mucinous protein with a molecular weight of ~227 kDa and contour length of ~200 

nm28. Also known as superficial zone protein or proteoglycan 4, lubricin localizes in synovial 

fluid and on the superficial layer of articular cartilage, where it is secreted by synovial 

fibroblasts29 and superficial zone chondrocytes30. Lubricin reduces the friction coefficient of 

articular cartilage in boundary lubrication by as much as 70 percent31. This potent lubrication 

ability arises from the structure of lubricin (Fig 1.2). The central mucin-like domain of lubricin 

consists of a core protein extensively glycosylated by oligosaccharides that attract and retain 

water near the molecule32. The C-terminus of lubricin binds the protein to the cartilage surface, 

whereas the cysteine rich N-terminus controls aggregation32. This heterogeneous structure  
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Figure 1.1. A classical Stribeck curve (dotted line) maps the transition of lubrication from 

boundary mode to hydrodynamic mode with the changes of lubrication parameters including 

sliding speed, viscosity, and pressure. Fluid film plays a larger role in hydrodynamic friction. 

Due to cartilage’s permeable structure, lubrication does not reach full hydrodynamic mode 

(solid line). An elastoviscous transition from the boundary mode happens due to the 

insufficient fluid film formation between the soft and permeable surfaces. Figure copied from 

Bonnevie et al with permission21.  
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Figure 1.2. Schematic representation of the structure of lubricin. The lubrication ability of 

lubricin stems from its central mucin-like domain that attracts and retains water and the C-

terminus hemopexin-like domain that binds the molecule on the cartilage surface.  The N-

terminus is a polyfunctional somatomedin-like domain that is responsible for self-assembling 

and interaction with other proteins. 



 

8 

enables lubricin to lubricate both hydrophobic and hydrophilic surfaces in the boundary mode33. 

Biologically, lubricin has demonstrated the ability to mediate cell adhesion and to bind and 

signal through CD 4434 and toll-like receptors35,36 on chondrocytes and synoviocytes. 

Loss-of-function mutations in the lubricin encoding gene PRG4 cause the autosomal 

recessive disorder camptodactyly-arthropathy-coxa vera-pericarditis syndrome (CACP)30. 

Lubricin mutant mice were characterized by non-inflammatory arthropathy, synovial hyperplasia 

as well as superficial zone chondrocyte apoptosis37–39. The expression of lubricin is reduced in 

animal models of OA and clinical trials, including rat40, guinea pig41, sheep42, and human 

patients43,44. Lubricin concentrations in the synovial fluid of patients with ACL injury decreased 

significantly to less than 100 µg/ml right after injury and then gradually restored to a normal 

level of about 250 µg/ml after 12 months43. The decrease in synovial fluid lubricin 

concentrations following knee injury is linked to the potential cause of secondary OA as a 

consequence of lack of boundary lubrication. In the rat model of OA, IA supplementation of 

native lubricin as well as recombinant lubricin both show inhibition of disease progression 

characterized with increased glycosaminoglycan (GAG) content, reduced surface roughness, and 

decreased joint friction coefficient45,46. These studies suggest that OA in the peri-injury period 

following meniscus or anterior cruciate ligament trauma can be mitigated by the introduction of 

exogenous lubricin. 

However, the widespread use of lubricin as a therapy for osteoarthritis is hindered by the 

production at a clinically needed level owing to the difficulty to synthesize multiple amino acid 

repeats in the protein core, as well as the high degree of glycoprotein47. Bacterial and insect cell 

lines cannot easily produce lubricin’s highly glycosylated structure, and mammalian cell lines 

have also failed to reliably produce full-length lubricin. Production of lubricin from Chinese 
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hamster ovary cell lines generates molecules with truncated mucin domains which was shown to 

lubricate articular cartilage in boundary mode but was less effective than full-length lubricin45. 

Currently there is no commercial product of lubricin and the cost for lubricin is expected to 

exceed $10,000/mg of material. 

1.5 Synthetic Lubricants 

 

A plethora of work in the scientific literature concerning bottlebrush-like structure polymers 

for the purposes of lubrication has been published (Table 1.1). These studies not only create 

synthetic lubricants but also elucidate the lubrication mechanism in the boundary mode. Spencer 

et al have done much work synthesizing a series of bottlebrush-like polymer analogues with a 

structure of polylysine backbones grafted with poly (ethylene glycol) (PEG)48,49. This type of 

polymer adsorbed onto oxide surface via a charge-charge interaction between the positively 

charged polylysine backbone and the negatively charged substrate surface. The polymer thus 

would adsorb flatly onto the surface while the side chains would solvate and extend outwards in 

aqueous solution. Using atomic force microscopy (AFM) to probe friction forces at the interfaces 

of polymer coated metal oxide substrate under physiological pH solutions, friction was observed 

to systematically vary with the PEG side chain conformation, which was determined by the ratio 

of the distance between PEG chains on the surface (L) and side chain length (Rg). It was 

observed that the minimum COF was encountered at L/2Rg ≈ 0.5, the point where PEG side 

chains adopted a fully stretched conformation50.  

Similarly, Claesson et al designed a series of random di-block copolymers with bottlebrush-

like architecture consisted of methacryloxyethyltrimethylammonium chloride (METAC) and 

PEG-methylether methacrylate (PEO45MEMA)51. Increased monomer ratio of positively charged 

METAC to PEO45MEMA in the copolymer structure altered the binding geometry of polymer on 
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the surface from partially adherence to the surface at lower METAC ratio to adsorbed flatly via 

its backbone at higher ratio. Using a similar AFM setup in Spencer’s work to measure the 

friction force, the unexpected results showed that comb-like structure of an ideal brush layer is 

not necessary for achieving a low COF in the asymmetric mica-silica system. This type of 

polymer actually functions better at 20-30% molar ratio of METAC when the backbone is 

partially adhered51. 

Israelachvili et al recently developed a bio-inspired lubricin mimetic polymer following an 

ABA tri-block copolymer structure52. The A group is able to interact with negatively charged 

surfaces such as mica via its densely grafted quaternary amines. The B block is a bottlebrush-like 

core consisting of poly(methyl methacrylate) (PMMA) and conjugated with poly(2-

methacryloyloyxethyl phosphorylcholine). Assessed by surface force apparatus (SFA), this 

lubricant adopted a loop conformation when coated on the mica surfaces, giving rise to a weak 

and long-range repulsive interaction force between the two approaching surfaces. Stronger 

repulsive force appeared under high compression (1.5 MPa), likely due to the repulsion between 

the side chains of the polymer. When submitted to shear at sliding speed varied from 0.01-100 

µm/s, the systems show excellent lubrication properties with a friction coefficient as low as ~ 

0.00152. 

However, while these materials lubricated mica or metal oxide surfaces, the physiological 

relevance of the results are unknown. Grinstaff et al. reported a more physiologically relevant 

polyanion biolubricant that performs similarly to synovial fluid in an ex vivo human cartilage 

mode53. A rotational tribometer adapting a rod-on-rod configuration was built by pairing 

extracted human osteochondral plugs. Each pair of cartilage sample was compressed to 18% 

strain, and then allowed to relax for 60 min before the friction measurement at an effective 
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velocity of 0.3 mm/s. By mimicking the structure of hyaluronic acid, this polymer reduced the 

friction at the interface of cartilage and demonstrated its potential in joint lubrication as a new 

type of viscosupplement. 

Benetti et al. evaluated the lubrication ability of a tissue-reactive graft copolymer featuring a 

poly(glutamic acid) backbone and cyclic poly(2-methyl-2-oxazoline) side chains54. The polymer 

chemically absorbed on the cartilage surface via Schiff bases and exposed the cyclic sidechains 

at the interface to resist compression. Using a ball-on-disc microtribometer, two opposing 

cartilage surfaces were incubated with the cyclic polymer first, then articulated in a solution of 

polymer in bovine synovial fluid at linear reciprocating speed of 5 mm/s, applying maximum 

contact pressures of 0.5-0.9 MPa. By adopting a cyclic side chain conformation, this class of 

polymer demonstrated enhanced surface passivation and improved lubrication properties 

compared to similar species presenting a linear side chain.  

The Putnam lab has recently reported a library of bottle brush copolymers consisting of PEG 

grafted onto a polyacrylic acid (PAA) core that mimicked the mucin-like domain of lubricin, and 

a thiol terminus that anchored the polymers to cartilage surfaces like lubricin’s C-terminus55. 

Evaluated by a custom-built tribometer56, the boundary mode friction was measured at the 

interface between the polymer treated cartilage plugs and the bare glass surface at oscillating 

sliding speed of 3 mm/s, applying 30% strain. Six out of eight polymers reduced the boundary 

mode friction relative to lubricin-removed cartilage plugs and the lubrication in this case is 

highly correlated to the binding of the lubricant on the surface. However, the cartilage binding 

mechanism(s) that led to these results were unclear and the low binding limited their further 

application. 
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In conclusion, many bioinspired synthetic polymers have been designed for the application of 

lubrication. Despite their success in achieving lubrication in varied models, few have 

demonstrated similar or approaching efficacy in biologically relevant system in comparison to 

natural lubricants. Inspired by the principles established in those studies, we aim to develop a 

superior synthetic lubricant to rival the remarkable tribological phenomenon in the body – the 

lubrication of joints. 
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Table 1.1. Structure and composition of synthetic lubricants and their tribology evaluation setup 

Authors Structure Composition Tribology Measurement 

Spencer+48,49,50 

Bottlebrush-like 

 

Backbone: polylysine  

Side chain: PEG  

AFM measurement of 

sodium borosilicate 

microspheres against 

polymer coated metal oxide 

surface in HEPES solution 

Claesson+51 

Bottlebrush-like 

 

Backbone: polymethyl 

acrylate  

Side chain: PEG and 

positively charged amine  

AFM measurement of silica 

colloidal probe against 

polymer coated mica 

surface in 0.1 mM NaNO3 

Israelachvili+52 

Bottlebrush-like ABA 

triblock polymer 

 

Backbone: polymethyl 

acrylate 

Side chain in A block: 

positively charged amine 

Side chain in B block: 

polyzwitterion 

SFA measurement of 

friction between polymer 

coated mica surfaces in 

PBS solution or pure water 

Grinstaff+53 

Linear polyanion 

 

Poly(7-oxanorbornene-2 

carboxylate) 

Rotational rod-on-rod 

tribometer with cartilage 

against cartilage interface in 

PBS solution containing 

polymer  

Benetti+54 

Graft polymer with 

cyclic sidechains 

 

Backbone: poly(glutamic 

acid) 

Sidechain: cyclic poly(2-

methyl-2-oxazoline) 

Ball-on-disc 

microtribometer with 

polymer coated cartilage 

against cartilage interface in 

bovine synovial fluid 

containing polymer 

Putnam and 

Bonassar+55 

Bottlebrush-like 

 

Backbone: poly(acrylic acid) 

Sidechain: PEG 

Pin-on-plate tribometer 

with polymer coated 

cartilage against bare glass 

surface in PBS  
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CHAPTER 2 

 

BOUNDARY MODE LUBRICATION OF ARTICULAR CARTILAGE BY A LUBRICIN 

MIMETIC DIBLOCK COPOLYMER IS ARCHITECTURE DEPENDENT 

 

2.1 Introduction 

 

As the primary bearing surface, articular interfaces exhibit remarkable tribological function 

over decades of use1. The impressive lubricity and durability inspired the design of synthetic 

macromolecules that mimic the architecture of lubricating biomolecules2–9. However, very few 

synthetic polymers achieve lubrication comparable to endogenous articular surfaces, strongly 

supporting the need for new synthetic materials that rival the efficacy of natural materials. Here, 

we report the design and synthesis of a diblock copolymer with substantial lubrication capacity, 

whose architecture is inspired by the structure of lubricin, a natural glycoprotein that lubricates 

joints under boundary mode conditions (i.e., high normal load, slow speed).  

Lubricin is a glycosylated protein found in synovial fluid10, which plays a pivotal role in joint 

boundary mode lubrication11,12 and the prevention of osteoarthritis11,13,14. Lubricin reduces the 

coefficient of friction (COF) of articular cartilage in the boundary mode by as much as 70 

percent12. The potent lubrication arises from its structure: a central mucin-like domain to attract 

and retain water, and a cartilage-binding domain at the C-terminus to affix the molecule to the 

cartilage surface15. This architecture of lubricin is crucial to boundary mode lubrication of 

articular cartilage, as denaturation in either domain of lubricin causes partial or complete loss of 

lubrication capability15,16. Inspired by lubricin’s architecture, we designed a diblock copolymer 

consisting of a large lubrication block (Mn ~ 200 kDa) to mimic the mucin-like domain of 
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lubricin and a small cartilage-binding block (Mn ~3 kDa) to mimic the C-terminus domain (Fig. 

2.1). The lubrication domain of the diblock copolymer is made of a polyacrylic acid (PAA) 

backbone with polyethylene glycol (PEG) brushes, which enables the polymer to retain water 

and to resist compression. The binding domain is made of a PAA backbone decorated with 

quaternary amine groups to non-specifically interact with negatively-charged cartilage surface 

components such as aggrecan. Applying this polymer to lubricin-deficient bovine articular 

cartilage in PBS resulted in a significant reduction in COF under boundary mode conditions. 

2.2 Materials and Methods 

2.2.1 Materials and Equipment 

 

All chemicals were purchased from Aldrich, or Fisher at the highest purity grade. All 

monomers were purified by a column filled with aluminum oxide (base or neutral) prior to use. 

Mica was purchased from S&J Trading Inc. as optical grade. Phosphate buffer saline (PBS) was 

purchased from Sigma-Aldrich. Dulbecco’s Modified Eagles’s medium (DMEM) was purchased 

from Corning cellgro. Collagenase was purchased from Worthington Biochemical Corp. 

Live/dead assay reagents were purchased from Life Technologies. The 1H NMR spectra were 

performed on an Inova 400 MHz spectrometer with deuterated chloroform or deuterium oxide as 

the solvent. Broad or overlapping peaks, noted in spectra of polymers, are denoted “br”. Degree 

of polymerization (DP) was determined by initial monomer to chain transfer agent (CTA) ratio 

and monomer conversion. Gel permeation chromatography (GPC) was performed with 

phosphate buffer saline (pH 7.4) at a flow rate of 0.8 ml/min. Using a Waters gel permeation 

chromatography system equipped with three Waters UltrahydrogelTM columns in series (2000 

Å, 500 Å, and, 250 Å) at 30 °C, the molecular weights were measured against poly (methacrylic 

acid), sodium salt standards (1,670 to 110,000 g/mol). The hydrodynamic size was measured by  
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Figure 2.1. (a) Schematic representation of lubricin, the native boundary mode lubricant in 

synovial fluid showing the PEX-like cartilage binding domain and the mucin-like lubricating 

domain; (b) the synthetic diblock copolymer mimetic of lubricin showing the molecular 

compositions that mimic the functional domains of lubricin. 
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dynamic light scattering method using Malvern Zetasizer Nano ZS at concentration of 3 mg/ml 

in PBS at 25 °C. 

2.2.2 Polymer Synthesis  

 

The diblock copolymer was synthesized in three steps, as shown in Scheme 1. Starting with 

RAFT polymerization of 2-(dimethylamino) ethyl acrylate, a precursor “pre-binding” domain 

was produced17. Subsequent reversible addition-fragmentation chain-transfer (RAFT) 

polymerization of poly(ethylene glycol) methyl ether acrylate (Mn 480), using the “pre-binding” 

domain as the macro-initiator, added the lubrication domain to the copolymer. Finally, the 

tertiary amines in the “pre-binding” cartilage binding domain precursor were converted to 

quaternary ammonia by treatment with an excess of ethyl bromide to give the final product 

(Mn~200 kDa, PDI=1.6). The lubrication block only and the binding block only polymers were 

synthesized by one-step RAFT polymerization of the corresponding monomers. The random 

copolymer was synthesized by the RAFT polymerization of the mixture of two monomers 

followed by conversion of tertiary amine into quaternary amine. 

A typical reaction scheme to produce a diblcok copolymer (qPDMAEA24-PEGMA400) is as 

follows: A mixed solution of DMAEA (4.30 g, 30 mmol), ACPA (14.0 mg, 0.05 mmol), and 

CPADB (139.5 mg, 0.5 mmol) in 5 mL of anisole was deoxygenated by 5 freeze-vacuum-thaw 

cycles before it was heated to 70 °C. The reaction was sealed and stirred for 48 h before it was 

quenched in a liquid nitrogen bath. The residue polymer was diluted with/dissolved in 

dichloromethane (DCM) first and then purified by precipitation in hexane (repeated 5 times). In 

the following step, PEGMEA (3.46 g, 7.2 mmol) was added to a solution containing 

PDMAEA24 (30.9 mg, 0.009 mmol), and ACPA (0.5 mg, 0.0018 mmol) in 6 ml of anisole. The 

mixture was deoxygenated by 5 freeze-vacuum-thaw cycles before it was heated to 65 °C. The 
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reaction was sealed and stirred for 8 h before it was quenched in a liquid nitrogen bath. The 

residual polymer was diluted with/dissolved in DCM first and then purified by precipitation in 

hexane (repeated 5 times). The obtained product from the second step was then converted into 

the final product by dropwise addition of ethyl bromide (0.3 ml, 4,0 mmol) into a solution 

containing PDMAEA24-PEGMEA400 (865.9 mg) in 3 ml of acetone at 0 °C. The mixture was 

stirred for 48 h at room temp and was then concentrated by evaporating the solvent with a dry 

nitrogen flow. The residue was dissolved in 3 ml of methanol and purified by hexane 

precipitation (repeated 5 times). The product was then dissolved in DI water and further purified 

by dialysis using Spectra/Por regenerated cellulose dialysis tubing (2 kDa MWCO) against DI 

water for additional 48 hours before lyophilization. All the intermediates and final products were 

characterized by 1H NMR and GPC. Characterization results are listed in the Appendix.  

2.2.3 Tribological Testing 

 

Friction coefficients were measured on our custom-built tribometer18. Cartilage samples were 

obtained from the patellofemoral groove of neonatal (1-3 day old) bovine stifles. Shaped into a 

cartilage disc (6 mm in diameter by 2 mm high) by biopsy punch, samples were incubated in 1.5 

M NaCl solution for 30 min, in PBS for additional 60 min, and then in polymer (3 mg/ml in PBS 

for diblock copolymer, equivalent molar for binding block only and lubrication block only) 

solution for 0-120 min19. The cartilage samples were loaded onto the tribometer against a 

polished glass flat counterface in a PBS bath with a tilt pad configuration. Before each friction 

test, samples were compressed to 30% strain and depressurized to average normal load of 3.4 N 

within 60 min. After the fluid pressure reached equilibrium, the glass counterface was 

reciprocated at a linear oscillation speed of 0.3 mm/s. Both the normal load and friction force 

were measured by a biaxial load cell. Coefficients were calculated as ratios of average friction  
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Scheme 2.1. Synthesis of lubricin-mimetic diblock copolymer. aKey: i. ACPA, CPADB, 

anisole, 70°C. ii. ACPA, DMAEA, anisole, 65°C. iii. EtBr, acetone, r.t. 
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force to equilibrium normal load during the sliding and averaged for both the forward and 

reverse sliding directions.  

2.2.4 Surface Force Apparatus Experiment 

 

Thin, homogeneous pieces of freshly cleaved, silvered mica were glued silver-side down onto 

semi-cylindrical fused silica discs (R=1cm and R=2cm) with UV curing glue (Norland 61). The 

surfaces were mounted opposing each other in a cross-cylindrical configuration in the SFA. After 

mounting, 50 µl of 3 mg/ml polymer solution in PBS was injected between the surfaces and 

incubated for one hour. The surfaces were then rinsed in PBS, and a droplet of PBS was injected, 

leaving only a surface-bound layer of polymer for friction and film thickness measurements.  

Once samples were prepared in the surface force apparatus (SFA), both normal and friction 

force measurements were performed20. For normal force measurements, the lower surface was 

mounted on a double-cantilever spring (k=1650N/m and k=185N/m) for normal force detection. 

For friction force measurements, the lower spring was mounted on a double cantilever spring 

(k=1650N/m) attached to a piezoelectric bimorph slider. The bimorph slider was sheared across 

the upper surface which was mounted on a semiconductor strain gauge at 30µm/s to detect 

friction. Friction measurements were measured under incrementally increasing loads and friction 

coefficients were calculated using the slope of the friction vs. load data, ΔFfriction / ΔFLoad. 

Once samples were prepared in the SFA, the surfaces were brought together using a stepper 

motor at speeds <10 nm/s. The interference pattern, known as fringes of equal chromatic order 

(FECO) were recorded and analyzed to determine both the uncompressed film thickness (the 

film thickness where surface interaction is initially detected) and the compressed film 

thickness20.  
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2.2.5 Cytotoxicity Test 

 

Primary articular chondrocytes were isolated from the femoral condyle of neonatal (1-3 day) 

bovine stifles. The cartilage was digested in a solution of DMEM with 1% antibiotics and 0.25% 

collagenase for 16-18 h. The solution was then filtered through a 100 µm cell strainer and the 

cells were centrifuged at 1500 rpm for 7 min. The supernatant was aspirated, and the cells were 

washed twice with 1X PBS and centrifugation at 1500 rpm for 5 min.  

Cell viability was determined by using a live/dead assay with ethidium homodimer and 

calcein AM solutions. Primary articular chondrocyte (25,000 cells/well) or fibroblast (7500 

cells/well) were pre-seeded in 96 well plates for 48 hours, followed by treatment with a varied 

concentration of polymer (0-12 mg/ml) contained DMEM solution for additional 24 hour before 

the assay. Images of the stained cells were obtained using fluorescence microscopy.  

2.2.6 Statistics 

 

One-way analysis of variance (ANOVA) and Student’s t test were used to determine the 

statistical difference of the tribological results of polymer solution and controls on both articular 

cartilage and mica surfaces. Coefficients of friction generated in the competitive inhibition study 

and dosing study were fit in a sigmoidal dose-responsive curve: 𝐶𝑂𝐹 =

(𝐶𝑂𝐹𝑚𝑎𝑥−𝐶𝑂𝐹𝑚𝑖𝑛)

1+10(𝐼𝐶50 𝑜𝑟 𝐸𝐶50−𝐶)∗𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝 + 𝐶𝑂𝐹𝑚𝑖𝑛 , respectively, where 𝐶𝑂𝐹𝑚𝑎𝑥  and 𝐶𝑂𝐹𝑚𝑖𝑛  are the 

maximum and minimum coefficient of friction, 𝐼𝐶50  and  𝐸𝐶50  are the concentration of 

inhibitor or drug that gives half-maximal response, 𝐶  is the concentration of inhibitor or 

polymer, and 𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝 describes the steepness of curves. Binding kinetic results were fit in a 

first order decay curve: 𝐶𝑂𝐹 = (𝐶𝑂𝐹𝑜 − 𝐶𝑂𝐹𝑚𝑖𝑛) × exp(−𝑡/𝑡𝑎𝑢) + 𝐶𝑂𝐹𝑚𝑖𝑛 , respectively, 

where 𝐶𝑂𝐹𝑜 is the coefficient of friction in the absent of polymer binding, 𝐶𝑂𝐹𝑚𝑖𝑛 is the 
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minimal coefficient of friction at maximal polymer binding, and 𝑡𝑎𝑢 is the binding time 

constant. Data are presented as mean ± standard deviation (SD). All analyses were carried out 

using Prism GraphPad 7 with calculated p values being considered significant for p < 0.05. 

2.3 Results 

2.3.1 Cartilage Lubrication by Diblock Copolymer 

 

To evaluate the polymer as a synthetic boundary mode lubricant, we assessed its tribological 

characteristics using a custom-built tribometer. Incubating the stripped cartilage with the diblock 

copolymer solution resulted in a decrease in COF from 0.391 ± 0.020 to 0.088 ± 0.039 (n = 4-11, 

p < 0.0001), which is equivalent to lubricin-treated groups (COF = 0.093 ± 0.01112 shown as the 

dashed line in Fig. 2.2). To establish the importance of the diblock architecture on lubrication, 

the individual cartilage-binding and cartilage lubricating domains were also evaluated under the 

same conditions. Neither individual domain decreased COF, supporting the premise that both the 

binding and lubricating blocks of the copolymer are necessary to lubricate cartilage under 

boundary mode conditions. 

2.3.2 Competitive Inhibition by Binding Block 

 

The importance of the binding block to lubrication and its interaction with the cartilage 

surface was further demonstrated by a competitive binding analysis. The COFs of cartilage 

samples were measured after exposure to solutions composed of combinations of the binding 

block and the diblock copolymer in molar ratios ranging from 100:1 to 1:1 ([binding block : 

diblock copolymer]). The COFs of samples incubated with different molar ratios of [binding 

block : diblock copolymer] exhibited a dose-response behavior (Fig. 2.3), wherein higher 

concentrations of the binding domain inhibited lubrication by the diblock copolymer, suggesting  
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Figure 2.2. The lubricin-mimetic diblock copolymer significantly decreases COF of articular 

cartilage compared to samples treated with PBS, binding block only, or lubrication block 

only (p<0.0001). Dashed line represents COF of samples tested in recombinant human 

lubricin solution at 50 μg/ml. 
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Figure 2.3. Competitive inhibition analysis showing the binding block acts as an inhibitor of 

lubrication when mixed with the diblock copolymer at varying molar ratios.  Line is a model 

fit of a sigmoidal dose-response relationship (R2=0.87, IC50=13.45, n = 3-9, error bars 

represent ± 1 standard deviation). 
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that intimate interaction of the polymers with the cartilage surface is crucial for effective 

cartilage lubrication. 

2.3.3 The Importance of Architecture 

 

To further establish the importance of the diblock copolymer architecture on lubrication, a 

random copolymer with the same monomer composition as the diblock copolymer was 

synthesized. The failure of this polymer to lubricate articular cartilage under the same 

tribological conditions (Fig. 2.4a) further emphasized the importance of the diblock copolymer 

architecture. An accompanying study on the effect of molecular architecture on binding and 

lubrication was completed using negatively charged mica surfaces in a SFA to show that the 

lubricity characteristics were consistent between different surface types. Mica surfaces that were 

pre-incubated with the polymers in solution at 3 mg/ml for 120 min were sheared in PBS under 

boundary conditions (6 MPa compression load and linear oscillation speed of 30 μm/s). Similar 

to the results obtained for cartilage tribology, the measured COFs were 0.493 ± 0.082 for the 

random copolymer and 0.122 ± 0.035 for the diblock copolymer (Fig. 4a. n = 3-4, *p < 0.0001). 

Polymer film thickness on the mica surface was also characterized by measuring normal force as 

a function of distance between surfaces. At the onset of interaction, the diblock copolymer shows 

an uncompressed film thickness (61.2 ± 2.6 nm) that is twice as thick as its hydrodynamic size 

(24.8 ± 0.3 nm), suggesting a double molecular layer coating between the two mica surfaces; 

whereas the random copolymer exhibited a binary film thickness distribution (36.0 ± 13.5 nm) 

that matches with either 1 or 2 molecular layer thickness (hydrodynamic size: 21.4 ± 1.2 nm), 

indicating an insufficient coating on both mica surfaces. Under compression, the random 

copolymer also showed a much smaller thickness (3.6 ± 0.7 nm vs. 10.4 ± 0.6 nm) in comparison 

to the diblock copolymer, which approaches the distance measured between bare mica surfaces 
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Figure 2.4. a) Random copolymer with the same composition but different architecture failed 

to lubricate cartilage and mica in comparison to the diblock copolymer architecture (n = 4-6, 

*: p<0.0001). b) Mica samples treated with random copolymer had smaller film thickness 

under both uncompressed and compressed conditions in comparison to diblock copolymer 

using SFA measurement (n = 3-5, *: p<0.0001, **: p<0.01), indicating a less efficient 

binding of random copolymer to the mica surface. 
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in PBS (data not shown). These data suggest that while both polymers formed a layer on the 

mica surface at the beginning of the experiment, the weak electrostatic interaction between the 

random copolymer and the mica surface failed to maintain the polymer film or to support the 

normal force throughout the analysis, thereby allowing the polymers to be forced out of the 

contact zone during compression. The boundary lubrication mode is defined as when the 

frictional properties are primarily governed by solid-solid interactions21, and therefore largely 

dependent on the topology and chemical properties of the opposing surfaces. It is critical for a 

boundary mode lubricant to form a molecular layer that effectively coats the cartilage surface 

and that supports the normal load. The individual positively-charged quaternary ammonia groups 

that are randomly distributed in the polymer backbone were not able to efficiently bind to either 

cartilage or mica surfaces, which again, demonstrates the importance of the diblock architecture 

for lubrication. 

2.3.4 Cartilage Lubrication Effectiveness 

 

To better understand the effectiveness of the diblock copolymer on cartilage lubrication, 

some key lubrication characteristics were measured and compared to those of natural lubricin. 

Specifically, a dosing study was performed using cartilage samples that were treated with 

polymer solutions ranging from 0.01 to 10 mg/ml. The COFs (Fig. 2.5a) exhibited a dose-

response behavior (R2 = 0.89), which at the higher concentrations (EC50 = 0.404 mg/ml) were 

effectively reduced to a level comparable to that of naturally lubricated cartilage. Also, the 

binding kinetics of the diblock copolymer to the cartilage surface was measured in which 

cartilage samples were incubated at a saturation concentration (1 mg/ml) of polymer over time. 

When fit to a one-phase decay model (R2 = 0.95), the binding kinetics curve (Fig. 2.5b) revealed  
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Figure 2.5. Dose-response curve (a) and binding kinetics curve (b) of diblock copolymer (n = 

4-6). Dose-response curve is a model fit of a sigmoidal dose-response relationship (R2=0.893, 

EC50=0.404 mg/ml, n = 4-6, error bars represent ± 1 standard deviation). Binding kinetic 

curve is a model fit of a first-order decay relationship (R2=0.948, 𝑡𝑎𝑢 = 7.19 min, n = 4-6, 

error bars represent ± 1 standard deviation). 
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a binding time constant (τ) of 7.19 min, which is comparable to that of natural lubricin (~9 

min12). 

2.3.5 Cytotoxicity Evaluation 

 

The cytotoxicity of the diblock copolymer was assessed using the NIH 3T3 fibroblast cell 

line and primary chondrocytes isolated from bovine cartilage. In a live/dead assay, lives cells 

were labelled green with Calcein AM and dead cells were labelled red with ethidium 

homodimer-1. Minimal cell death was observed in both types of cells when incubated with 

polymer containing media at a varied concentration for 24 hours (Fig. 2.6).  

2.4 Discussion 

 

Synthetic polymers with structures that mimic natural biolubricants have been extensively 

studied over the past few decades. Inspired by natural bottle-brush polyelectrolytes, Spencer et al. 

explored a range of mucin analogues featured with a polylysine backbone and grafted PEG2,3,22, 

or dextran23 side chains to reduce the COFs on mica surfaces. Israelachvili and coworkers also 

reported a bioinspired bottle brush polymer that exhibited extremely low friction and Amontons-

like behavior characterized by SFA. Both investigations report effective synthetic lubricants 

using pristine mica surfaces. However, while these materials lubricated the mica surface, the 

physiological relevance of the results is unknown. Grinstaff et al reported a more physiologically 

relevant polyanionic biolubricant that performs similar to synovial fluid in an ex vivo human 

cartilage mode7. By mimicking the structure of hyaluronic acid, this polymer reduced the friction 

at the interface of cartilage and demonstrated its potential in joint lubrication as a new type of 

viscosupplement. In our previous work, an analogue of bottle-brush polymers with a mucin-like 

structure successfully lubricated articular cartilage under boundary mode condition with COF 
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Figure 2.6. Live/dead assay of chondrocyte (top) and fibroblast (bottom) incubated with 

diblock copolymer. Live cells stained with Calcein-AM (green) and dead cells with EthD-1 

(red). 
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ranging from 0.140 ± 0.024 to 0.248 ± 0.030, and binding time constants ranging from 20 to 39 

min24. However, the cartilage binding mechanism(s) that led to these results were unclear and the 

low binding limited their further application. In this work, where both key lubrication 

characteristics were engineered into the lubricant by adopting a diblock architecture that 

facilitates binding and localization of the polymer to the cartilage surface, we show the 

importance of polymer architecture to lubrication.  This approach could serve as a molecular 

design guide for future synthetic lubricants with even greater efficacy. 

In summary, a diblock copolymer with a bio-inspired lubricin-mimetic structure successfully 

lubricates articular cartilage surfaces in the boundary mode as effectively and efficiently as 

natural lubricin. This work demonstrates the importance of the polymer architecture to its 

tribological properties and the necessity for the co-existence of binding and lubrication blocks 

for effective lubrication under these conditions. Results of this study highlight the potential of a 

lubricin-mimetic polymer as a therapeutic to prevent osteoarthritis by significantly reducing 

friction in the joint. 
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CHAPTER 3 

 

BINDING BLOCK LENGTH DETERMINES THE LUBRICATION BEHAVIORS OF 

LUBRICIN MIMETICS  

 

3.1 Introduction 

 

Friction between sliding surfaces in healthy joints is often at levels that engineers can only 

envy. The remarkable tribological properties of articular cartilage outperform most synthetic 

surfaces1. Much effort on illustrating the lubrication mechanism of the healthy joint has revealed 

several mechanical factors, most notably, lubrication by macromolecules in the synovial fluid2–5. 

The main macromolecules attributed to synovial fluid lubrication are lubricin6 (also known as 

proteoglycan-4 and superficial zone protein) and hyaluronic acid7 (HA). Previous studies using 

HA have revealed its role in maintaining the viscosity of synovial fluid8, but did not support its 

lubricating properties in the boundary mode when studied in vitro9,10. Lubricin is a glycosylated 

protein considered to be the principal boundary mode lubricant in synovial fluid4,11,12. Even at 

relatively low concentrations, the molecule efficiently reduces the coefficient of friction (COF) 

of articular cartilage in the boundary mode by as much as 70 percent3. This effect encouraged its 

application for the treatment of osteoarthritis (OA) which is characterized by damaged articular 

cartilage and increased joint stiffness13,14. Lubricin levels in diseased or injured joints are 

reduced for up to 12 months in animal models of OA and clinical trials, including rat15, guinea 

pig16, sheep17, and human patients18. The reintroduction of lubricin into OA joints has 

demonstrated its therapeutic effect in delaying the progression of disease by maintaining low 
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joint friction4,19, slowing down the degradation of cartilage16,20, and preventing remodeling of 

subchondral bone21. 

Despite its therapeutic potential, the clinical application of lubricin is hindered by high 

production cost resulting from multiple amino acid repeats in the protein core, as well as the high 

degree of glycosylation22. Considerable work23–25 has been done to further the development of 

recombinant lubricin, but no product has yet to be commercialized. 

The remarkable lubricating capacity of lubricin and its lack of availability have inspired the 

design of synthetic lubricants to mimic its function26,27. The potent lubricating ability of lubricin 

arises from its structure: a central mucin-like domain to attract and retain water28, and a cartilage-

binding domain at the C-terminus to affix the molecule to the cartilage surface29. Previous work 

by our group designed a diblock copolymer with lubricin inspired architecture and demonstrated 

its comparable lubricating ability to natural lubricin. The diblock copolymer consists of a large 

lubrication block (Mn ~ 200 kDa) to mimic the mucin-like domain of lubricin and a small 

cartilage-binding block (Mn ~3 kDa) to mimic the C-terminus domain (Fig. 2.1). The lubrication 

domain of the diblock copolymer is made of a polyacrylic acid (PAA) backbone with 

polyethylene glycol (PEG) brushes, enabling the polymer to retain water and resist compression. 

The binding domain is made of a PAA backbone decorated with quaternary amine groups to 

non-specifically interact with negatively-charged cartilage surface components such as aggrecan. 

Applying this polymer to lubricin-deficient bovine articular cartilage resulted in a significant 

reduction in COF under boundary mode conditions that was comparable to lubricin in the same 

system. 

The inspiring results, that a synthetic lubricant rivaled the power of the most highly regarded 

natural lubricant, motivated further investigation into its molecular architecture. Earlier studies in 
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the literature using bottlebrush-like polymers revealed that friction forces measured under 

boundary mode conditions were affected by the length and the grafting density of the PEG side 

chain30,31.  While the influence of the bottlebrush-like architecture is well understood, less is 

known regarding how the binding of brush polymers influences tribological properties, such as 

binding time constant and friction force. In this report, we first compared the lubricating ability 

of the diblock copolymers decorated with two types of binding functional groups in the binding 

block (i.e. tertiary amine v.s. quaternary amine). Polymers decorated with both types of amine 

successfully lubricated the articular cartilage surface using freshly prepared polymer solution. 

However, whereas polymer functionalized with quaternary amine maintained a low friction over 

time, the tertiary amine-based polymers gradually lost lubrication. This phenomenon suggested 

instability of the tertiary amine-based polymer in aqueous solution, which prevented its further 

application as a synthetic lubricant. This hypothesis was supported by an NMR study that 

identified the hydrolysis product and revealed a good correlation between the rate of hydrolysis 

and reduction of lubrication. In the second part of this chapter, we report a systematic 

exploration of the key molecular architecture parameters of this class of synthetic lubricant by 

presenting the dependence of tribological properties on the size of the binding and lubrication 

blocks. Results for two series of polymer samples, distinguished by the lubrication block size 

(degree of polymerization (DP) = 200 or 400), are reported; within each series, the polymers 

differed only in the binding block size (DP = 12, 24, 54, or 90). By varying only the length of 

each block of the copolymers, it was observed that the lubricating ability is solely dependent on 

the binding block in a manner intimately tied to the number of cartilage binding groups. 

3.2 Materials and Methods 

3.2.1 Materials and Equipment 
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All chemicals were purchased from Sigma-Aldrich, or Fisher at the highest purity grade. 

Monomers were purified by a column filled with aluminum oxide (basic or neutral) obtained 

from Sigma-Aldrich prior to use. Phosphate buffered saline (PBS) was obtained from Sigma-

Aldrich. The 1H NMR spectra were performed on an Inova 400 MHz spectrometer with 

deuterated chloroform or deuterium oxide as the solvent. Broad or overlapping peaks, noted in 

the spectra of polymers, are denoted “br”. Degree of polymerization (DP) was determined by 

initial monomer to chain transfer agent (CTA) ratio and monomer conversion ratio. Gel 

permeation chromatography (GPC) was performed with PBS (pH 7.4) at a flow rate of 0.8 

ml/min. Using a Waters gel permeation chromatography system equipped with three Waters 

UltrahydrogelTM columns in series (2000 Å, 500 Å, and, 250 Å) at 30 °C. The molecular weights 

were measured against poly (methacrylic acid), sodium salt standards (1,670 to 110,000 g/mol). 

The hydrodynamic sizes of the polymers were measured by dynamic light scattering using a 

Malvern Zetasizer Nano ZS at concentration of 3 mg/ml in PBS solution at 25 °C. 

3.2.2 Polymer Synthesis  

 

The diblock copolymer was synthesized in three steps (Scheme 2.1). Starting with reversible 

addition-fragmentation chain-transfer (RAFT) polymerization of 2-(dimethylamino) ethyl 

acrylate (DMAEA) by using 4,4’-azobis 4-cyanopentanoic acid (ACPA) as initiator and 4-

cyanopentanoic acid dithiobenzoate (CPADB) as chain transfer reagent, a macroinitiator as 

precursor binding block was produced. Subsequent RAFT polymerization of poly(ethylene 

glycol) methyl ether acrylate (PEGMA, Mn 480), using the macroinitiator, added the lubrication 

domain to the copolymer. Finally, the tertiary amines in the cartilage binding block precursor 

were converted to quaternary amine by treatment with an excess of ethyl bromide to give the 

final product.  
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A typical reaction scheme to produce a diblock copolymer (e.g. qPDMAEA24-PEGMEA400) 

is as follows: A mixed solution of DMAEA (4.30 g, 30 mmol), ACPA (14.0 mg, 0.05 mmol), 

and CPADB (139.5 mg, 0.5 mmol) in 5 mL of anisole was deoxygenated by 5 freeze-vacuum-

thaw cycles before it was heated to 70 °C. The reaction was sealed and stirred for 48 h before it 

was quenched in a liquid nitrogen bath. The product poly(dimethylamino) ethyl acrylate 

(PDMAEA24) was diluted with/dissolved in dichloromethane (DCM) first and then purified by 

precipitation in hexane (repeated 5 times). In the following step, PEGMEA (3.46 g, 7.2 mmol) 

was added to a solution containing PDMAEA24 (30.9 mg, 0.009 mmol), and ACPA (0.5 mg, 

0.0018 mmol) in 6 ml of anisole. The mixture was deoxygenated by 5 freeze-vacuum-thaw 

cycles before it was heated to 65 °C. The reaction was sealed and stirred for 8 h before it was 

quenched in a liquid nitrogen bath. The residual polymer was diluted with/dissolved in DCM 

first and then purified by precipitation in hexane (repeated 5 times). The obtained product was 

then converted into the final product by dropwise addition of ethyl bromide (0.3 ml, 4,0 mmol) 

into a solution containing PDMAEA24-PEGMEA400 (865.9 mg) in 3 ml of acetone at 0 °C. The 

mixture was stirred for 48 h at room temperature and was then concentrated by evaporating the 

solvent with a dry nitrogen flow. The residue was dissolved in 3 ml of methanol and purified by 

precipitation in hexane (repeated 5 times). The final product was then dissolved in DI water and 

further purified by dialysis using Spectra/Por regenerated cellulose dialysis tubing (MWCO 2 

kDa) against DI water for additional 48 hours before lyophilization. All the eight final products 

of diblock copolymer were characterized by 1H NMR and GPC (as listed in the Appendix). 

3.2.3 Tribological Testing 

 

Coefficients of friction were measured on a custom-built tribometer32. Cartilage samples 

were obtained from the patellofemoral groove of neonatal (1-3 day old) bovine stifles. Shaped 
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into a cartilage disc (6 mm in diameter by 2 mm high) by biopsy punch, samples were incubated 

in 1.5 M NaCl solution for 30 min and then in PBS for an additional 60 min to remove the 

surface binding proteins before they were treated with polymer solution. In the stability study, 

the polymer aliquots (0.35 ml, 3 mg/ml, n=3) were taken at 6 h, 24 h, 48 h, and 72 h time point 

after they were fully dissolved in PBS solution for cartilage sample incubation. Each cartilage 

sample was incubated in the polymer aliquot for 120 min, and then loaded onto the tribometer 

against a polished glass flat counterface in a PBS bath with a tilt pad configuration. Before 

friction testing, samples were compressed to 30% strain and depressurized to an average normal 

load of 3.4 N (~350 g) within 60 min. After the fluid pressure reached equilibrium, the glass 

counterface was reciprocated at a linear oscillation speeds of 0.3 mm/s. Both the normal load and 

friction force were measured by a biaxial load cell. COFs were calculated as ratios of average 

friction force to equilibrium normal load during the sliding and averaged for both the forward 

and reverse sliding directions.  

3.2.4 Tertiary Amine Hydrolysis Study 

 

A solution of tertiary amine based binding block (PDMAEA24) in deuterated PBS (528 

µg/ml, 0.154 µmol) was incubated at 150 RPM at room temperature. Aliquots (0.6 ml) were 

taken at time point of 6, 24, 48, 72 h (n = 3) for 1H NMR analysis using an Inova 600 MHz 

spectrometer. The percentages of remaining tertiary amine groups on the binding block at each 

time point were derived from the integration ratios of the O-methylene group on the starting 

material ((C=O)O-CH2-CH2-, δ 4.13, br, 2 H) to the hydrolysis product (HO-CH2-CH2-, δ 3.76, 

t, 2 H). 

3.2.5 Analysis and Statistics 
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The binding kinetic data were plotted as functions of incubation time and fit into a first order 

decay curve: 𝐶𝑂𝐹 = (𝐶𝑂𝐹𝑜 − 𝐶𝑂𝐹𝑚𝑖𝑛) × exp(−𝑡/𝑡𝑎𝑢) + 𝐶𝑂𝐹𝑚𝑖𝑛  where 𝐶𝑂𝐹𝑜  is the 

coefficient of friction in the absent of polymer binding, 𝐶𝑂𝐹𝑚𝑖𝑛 is the minimal coefficient of 

friction at maximal polymer binding, and 𝑡𝑎𝑢 is the binding time constant. Data are presented 

either as mean ± standard deviation (SD) or mean ± 95% confidence interval (CI). All analyses 

were carried out using Prism GraphPad 7 with calculated p values being considered significant 

for p < 0.05. 

3.3 Results 

3.3.1 Tertiary Amine Stability Test 

 

Using the custom-built tribometer, the friction properties of diblock copolymers decorated 

with tertiary amine and quaternary amine binding groups were evaluated as a function of time in 

solution at 6, 24, 48, and 72 h. The data in Fig. 3.1a portrays the distinct tribological behaviors of 

two polymers in PBS solution at pH 7.4. Showing similar lubricating ability at the beginning (6 

h), the polymer functionalized with quaternary amine groups maintained a low COF over 72 h 

whereas the tertiary amine-based polymer gradually lost its lubricating ability within the same 

period of time. 

This reduction of lubrication ability over time indicated the instability of the tertiary amine 

groups on the polymer. The tertiary amino groups in the binding block are linked to the PAA 

backbone through an ester bond, which can hydrolyze by an intramolecular base catalyzed 

hydrolysis mechanism33 due to the neighboring amino group. This hypothesis was supported by a 

hydrolysis study using NMR to identify the generation of the hydrolysis product (2-

dimethylamino ethanol) and quantify the hydrolysis rate (Fig. 3.1b). The percentage of 

remaining tertiary amine in the binding block correlates well to the lubricating behavior of the  
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Figure 3.1. a). Stability of diblock copolymers based on two types of amine measured by 

cartilage lubrication data over time in PBS. The polymer containing tertiary amine binding 

block gradually loss its lubrication ability over time (data represented in blue, n = 4) whereas 

the polymer containing quaternary amine binding block steadily lubricates the cartilage 

surface (data represented in red, n = 4) b). Correlation between the COF of diblock 

copolymer (data represented in blue, n = 4) and remaining tertiary amine in the binding block 

(data represented in red, n = 3). Polymer with more remaining tertiary amine produces lower 

COF. Error bars represent ± 1 standard deviation 
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diblock copolymer, suggesting a relationship between the number of amino groups and the 

lubricating ability. The best lubrication was achieved when the number of amino group was 

greater than 20, further hydrolysis gradually led to an elevated COF, and the lubricating ability 

was completely lost when the number dropped to about 12. It is worth noting that excellent 

lubrication was achieved for both types of amine, indicating their similar binding affinity to 

articular cartilage. However, the degradation caused by the tertiary amine under physiological 

conditions eliminated its further application as a binding block component.  

3.3.2 Polymer Library Synthesis 

 

A library of eight lubricin-mimetic diblock copolymers with the quaternary amine based 

binding block was created with a range of binding block length (DP = 12, 24, 54, 90) and 

lubrication block length (DP = 200, 400) (Fig. 3.2a). The modular design of the diblock 

copolymers was aimed at creating a lubricin mimic with tunable length of both lubrication and 

binding blocks and investigating their influence on the tribological properties. As expected, the 

hydrodynamic size of the copolymer increases from 17.2 nm to 29.9 nm along with the length of 

either binding or lubrication block (Fig.3.2b) of the diblock. 

3.3.3 Binding Kinetics and Lubrication 

 

Time-dependent lubrication behaviors of diblock copolymers were evaluated by the custom-

built tribometer as a function of incubation time: 2, 5, 15, 30, 60, 120 min. Six out of eight 

polymers successfully reduced the COF over the incubation time and the friction data fit well to 

a first order decay model (R2 = 0.77 - 0.96). The two exceptions are polymers with the smallest 

binding block (DP = 12), showing no lubrication of cartilage surface across all incubation 

periods (Fig 3.3). The lack of lubricating ability for these two polymers matched with the results  
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Figure 3.2. a). Schematic representation of design criteria of quaternary based polymer 

library featured with tunable binding and lubrication block length. Two different lubrication 

block lengths and four different binding block length were adopted to give eight polymers in 

total. b). Schematic representation of polymer structures and their hydrodynamic sizes. The 

size of polymer increases with the length of either block.  
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obtained from studies on the polymer containing tertiary amine binding block, confirming that a 

minimal binding block length is required to lubricate the cartilage surface by anchoring the 

lubricant on the cartilage surface under compression.  

An interesting trend of the 𝐶𝑂𝐹𝑚𝑖𝑛 tagging along with the increase of binding block length 

(Fig 3.4a) was observed in both polymer series (lubrication block DP = 200 or 400). The six 

lubricating polymers bound rapidly to cartilage surfaces (Fig 3.4b). The binding time constants 

were affected by the length of both binding and lubrication blocks. Increasing the binding block 

length from DP = 24 to 54 or 90 significantly reduced the binding time constants for polymers 

with lubrication block DP = 400. Reducing the lubrication block length from DP = 400 to 200 

also decreased the binding time constants for polymers with binding block DP = 24. However, 

no significant difference in binding time constants was observed among the diblock copolymers 

with larger binding blocks (DP = 54 or 90), indicating that the binding rates were maximized at 

this increased binding block length. Overall, five out of six diblock copolymers produced very 

similar binding time constants, and the only exception (binding block DP = 24, lubrication block 

DP = 400) was attributed to its small binding block length and big lubrication block length. The 

binding time constants for the two polymers with binding block DP =12 were unable to be 

derived due to their poor fit (R2 = 0.23 - 0.26) to the one phase decay model. 
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Figure 3.3. Time dependent lubrication behaviors of polymers with two different lubrication 

block length: a). DP = 200 b). DP = 400. The lubrication ability of diblock copolymer is 

solely dependent on the length of binding block length within the range of lubrication length 

studied. No lubrication is observed for the polymers containing a binding block with DP = 

12. Most effective lubrication is observed at a binding block with DP =24. Further increased 

binding block length resulted in a reduction of lubrication ability. (n = 4-7, error bars 

represent ± 1 standard deviation)  
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Figure 3.4. Tribological characteristics derived from the binding kinetic curve of the polymer 

library: a). minimal coefficient of friction b). binding time constant. Error bars represent 95% 

confidence interval. 
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3.4 Discussion 

 

Tribological properties of bottle brush polymers have attracted considerable attention 

recently based on their bio-inspired structures31,34,35. Much effort on their structure-property 

relationships has illustrated the dependence of lubricating ability on the conformation of the 

bottlebrush-like architecture. Samaroo et al reported an analogue of bottle-brush polymers with a 

mucin-like structure whose lubrication and binding depended on structural parameters including 

backbone length, side chain length, and side chain grafting density30. Perry et al published a 

series of work summarizing the influence of polylysine-g-poly(ethylene glycol) architecture on 

tribological properties by AFM, and concluded that the properties were determined by the spatial 

density of PEG side chains to adopt either fully extended or mushroom-like conformation31. The 

relationship between the binding structure of polymers to their tribological properties, however, 

has been neglected. Many strategies such as electrostatic interactions35, covalent bonding36, and 

specific peptide targeting37 have successfully adhered boundary lubricants on the articulating 

surface, yet very few have been systematically investigated for their structure-property 

relationships.  

In our previous study, we reported the design and synthesis of a diblock copolymer inspired 

by the architecture of the natural glycoprotein lubricin. The integrity of the binding block was 

proven to be essential for cartilage lubrication. To further explore the relationship between the 

molecular structure and the lubricating properties, a family of lubricant analogues with tunable 

length of the binding and lubrication blocks were designed and synthesized. Surprisingly, 

lubrication is found to be solely dependent on the length of the binding block, at least for the size 

of the lubrication blocks studied. The optimal result was obtained with a quaternary amine 

functionalized binding block at DP = 24, and a minimal length of binding block (DP > 12) was 
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required for the polymer to reduce COF. Results indicated a binary relationship (Fig. 3.5) 

between the lubrication ability and the number of amino group in the binding block. Both 

proportionality in the range between the minimal length and the optimal length (DP = 12 to 24) 

and disproportionality with increasing length (DP = 24 to 90) were observed.   

The binding strategy adopted in this study is a non-specific electrostatic interaction leveraged 

from the highly negatively charged nature of articular cartilage. The high concentration of 

negatively charged aggrecan inside cartilage offers a distinctive advantage for using electrostatic 

interactions to bind cationic nanoparticles38. Amino groups are selected as the cartilage binding 

composition for two reasons: 1. they bind to negatively charged surfaces such as mica27 due to 

their positively charged nature at physiological conditions (pH = 7.4); 2. both tertiary and 

quaternary amines are able to form a confined nano-layer of water films between them and the 

binding surface, and therefore are highly efficient in the hydration lubrication context39,40. In this 

study, both types of amines were evaluated and show similar ability to reduce the COF of the 

cartilage surface. Tertiary amine-based polymer was less effective likely due to degradation via 

an intramolecular catalyzed ester hydrolysis mechanism33. Further investigation into the 

hydrolysis revealed a correlation between the lubricating ability and the number of amino 

groups, suggesting a strong dependence of lubrication on the ability of the boundary lubricant to 

adhere to the cartilage surface under compression. These results are consistent with previous 

studies that show stronger binding leads to the formation of a more resistant lubricating film to 

shear under high compression40,41.  

The lubricating abilities of the diblock copolymers were time dependent, suggesting that 

lubrication is also dependent on the amount of polymer adhered to the surface30. The short time 

constants and excellent lubrication properties underscore the therapeutic potential of this class of  
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Figure 3.5. The binary relationship between the lubricating ability and the number of amino 

groups. With less amino groups in the binding block, as shown on the left side of the dotted 

line, the lubrication ability increases with the number of amino groups. This trend switches as 

shown on the right side of the dotted line, increased lubrication block reduces the lubrication 

ability. Red squares represent data from the polymer containing tertiary amine based binding 

block, n = 4, error bars represent ± 1 standard deviation. Blue dots represent data derived 

from the binding kinetic curves of polymers containing the quaternary amine based binding 

block, error bars represent 95% confidence interval. 
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lubricating polymer, as they would bind to the cartilage surfaces long before they would be 

cleared from the synovial fluid42. The phenomenon that increased binding block length (DP = 24 

to 90) reduces the lubricating ability is counter-intuitive. One possible explanation is that the 

increased length of binding block can occupy more binding sites on the cartilage surface and 

prevent other polymers from binding nearby due to charge-charge repulsion. This may result in a 

decreased coating density upon surface saturation and thus affect the ability of the lubricating 

polymer film to bear the load and dissipate the energy upon shearing30,42. 

In this study, a library of lubricin mimetic polymers were synthesized with different binding 

functional groups, binding block lengths, and lubrication block lengths. Six copolymers bound to 

cartilage surfaces with binding time constants ranging from 1.7 to 7.4 min, and effectively 

lubricated cartilage surfaces in vitro. The most significant reduction in friction occurred with the 

polymer containing a binding block with DP = 24. Two factors were suggested as the possible 

primary reasons for the lubricating ability: the binding affinity of polymer to the cartilage surface 

and the polymer coating density on the cartilage surface. Binding affinity seems to dominate the 

overall effect within the range of smaller DP of binding blocks, as increasing the binding block 

length likely increased electrostatic interaction and resulted in an increased lubricating ability. 

With longer binding blocks, the coating density possibly outweighs the binding affinity as 

increasing binding block length resulted in a decreased coating density and lubricating ability. 

The observed trends in frictional properties for binding properties are highly relevant to the 

design of future applications entailing boundary layer lubricants or biomimetic lubricants. 

Specifically, the results highlight the need for proper binding to maintain the lubrication film and 

high adsorption density at interfaces. 
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CHAPTER 4 

 

BONE LUBRICATION BY LUBRICIN MIMETICS FOR LATE-STAGE  

OSTEOARTHRITIS TREATMENT 

 

4.1 Introduction 

 

Affecting about 27 million Americans1, osteoarthritis (OA) is a disease of whole joint 

organ2,3 characterized by irreversible cartilage damage4–7, subchondral bone sclerosis4,8, 

osteophyte formation9,10, and inflammation of synovial tissue11–14. Therapeutic interventions of 

OA may relieve the symptoms in the short term15–18, but progression of the disease into late-stage 

is almost inevitable19.  In late-stage OA of the knees and hips, the subchondral bone surface is 

often exposed due to wear of articular cartilage, causing joint stiffness, pain, and disability. Very 

few options are available to improve the quality of patient life beyond joint arthroplasty20, which 

is only suitable to otherwise healthy patients aged 55 or older.  

These symptoms, mostly caused by direct contact of bone-on-bone and bone on other tissues, 

could potentially be relieved by lubricating the exposed bone surface. The strategy of lubricating 

the articulating surfaces in the joint has proved its efficacy for early to moderate stage OA 

treatment21,22. Intraarticular injection of hyaluronic acid (HA) is a popular way to treat moderate 

OA through restoration of synovial fluid viscosity21–23. However, HA injection is only indicated 

in less severe OA but not late-stage OA24, since it does not interact with the bone surface. To the 

best of our knowledge, no such material that can effectively lubricate bone surfaces has been 

previously reported. 
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In Chapter 2 we reported the design criteria and synthesis of a diblock copolymer with 

substantial lubrication capacity, which effectively reduces the coefficient of friction (COF) of 

articular cartilage. Herein, we report that this diblock copolymer, using similar design criteria, 

can bind to both subchondral and trabecular bone surfaces and significantly reduce their COFs. 

The lubrication ability comes from the structure of the polymer which consists of a large 

bottlebrush-like lubrication block (Mn ~ 200 kDa) and a small positively charged binding block 

(Mn ~3 kDa). The lubrication block can attract and retain water to resist compression. The 

binding block is designed to interact with the negatively charged bone composition (e.g. 

phosphate groups in hydroxyapatite) to anchor the polymer at the bone surface. To our 

knowledge, this is the first study that shows a synthetic lubricant with effective bone lubricating 

ability, which could serve as a potential treatment for late-staged OA when bone surfaces are 

exposed. 

4.2 Materials and Methods 

4.2.1 Materials and Equipment 

 

All chemicals were purchased from Sigma-Aldrich, or Fisher at the highest purity grade. All 

monomers were purified by a column filled with aluminum oxide (basic or neutral) prior to use. 

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

from Sigma-Aldrich with the average molecular weight of 1.5 – 2.8 MDa. The 1H NMR spectra 

were performed on an Inova 400 MHz spectrometer with deuterated chloroform or deuterium 

oxide as the solvent. Broad or overlapping peaks, noted in spectra of polymers, are denoted “br”. 

Degree of polymerization (DP) was determined by initial monomer to CTA ratio and monomer 

conversion ratio. Gel permeation chromatography (GPC) was performed with PBS (pH 7.4) at a 

flow rate of 0.8 ml/min. Using a Waters gel permeation chromatography system equipped with 
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three Waters UltrahydrogelTM columns in series (2000 Å, 500 Å, and, 250 Å) at 30 °C, the 

molecular weights were measured against poly (methacrylic acid), sodium salt standards (1,670 

to 110,000 g/mol). Bone polishing was performed on a M-PREP 5TM polisher at 50 RPM for 30 

s, using MetLab Corp Abrasive Grinding P.S.A Premium Discs (800 grit) as the polishing 

counterface. 

4.2.2 Polymer Synthesis 

 

The diblock copolymer was synthesized in three steps, as shown in Scheme 2.1. Starting with 

RAFT25 polymerization of 2-(dimethylamino) ethyl acrylate, a precursor “pre-binding” block 

was produced. Subsequent RAFT polymerization of poly(ethylene glycol) methyl ether acrylate 

(Mn 480), using the “pre-binding” domain as the macro-initiator, added the lubrication block to 

the copolymer. Finally, the tertiary amines in the “pre-binding” cartilage binding block precursor 

were converted to quaternary amines by treatment with an excess of ethyl bromide to give the 

final product.  

A typical reaction scheme to produce the diblock copolymer (qPDMAEA24-PEGMEA400) is 

as follows: A mixed solution of DMAEA (4.30 g, 30 mmol), ACPA (14.0 mg, 0.05 mmol), and 

CPADB (139.5 mg, 0.5 mmol) in 5 mL of anisole was deoxygenated by 5 freeze-vacuum-thaw 

cycles. The reaction was sealed and stirred at 70 °C for 48 h before it was quenched in a liquid 

nitrogen bath. The residue polymer was diluted with/dissolved in dichloromethane (DCM) first 

and then purified by precipitation in hexane (repeated 5 times). In the following step, PEGMEA 

(3.46 g, 7.2 mmol) was added to a solution containing PDMAEA24 (30.9 mg, 0.009 mmol), and 

ACPA (0.5 mg, 0.0018 mmol) in 6 ml of anisole. The mixture was deoxygenated by 5 freeze-

vacuum-thaw cycles and then was sealed and stirred for 8 h at 65 °C. After quenching in a liquid 

nitrogen bath, the residual polymer was diluted with/dissolved in DCM and then purified by 
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precipitation in hexane (repeated 5 times). The obtained product from the second step was then 

converted into the final product by dropwise addition of ethyl bromide (0.3 ml, 4,0 mmol) into a 

solution containing PDMAEA24-PEGMEA400 (865.9 mg) in 3 ml of acetone at 0 °C. The mixture 

was stirred for 48 h at room temperature and was then concentrated by evaporating the solvent 

with a dry nitrogen flow. The residue was dissolved in 3 ml of methanol and purified by 

precipitation in hexane (repeated 5 times). The product was then dissolved in DI water and 

further purified by dialysis using Spectra/Por regenerated cellulose dialysis tubing (2 kDa 

MWCO) against DI water for additional 48 hours before lyophilization. All the intermediates and 

final product were characterized by 1H NMR and GPC. Characterization results of intermediates 

and final product are listed in the Appendix.  

4.2.3. Sample Preparation 

 

Bone samples (Fig. 4.1) were extracted from the femoral condyle of neonatal (1-3 day old) 

bovine stifles. The bone plugs were obtained by drilling through the cartilage layer to the growth 

plate with a 6 mm diameter hollow drill bit. Each plug was then trimmed to small samples with 2 

mm height by a razor blade. The subchondral surface was exposed by removing the cartilage 

layer and the trabecular bone surfaces were obtained by cutting the medial part of the drilled 

bone plugs. After polishing, bone samples were incubated in PBS and then in a solution 

containing the polymer for further testing. 

Cartilage plates were obtained from the lateral tibial plateau or patellofemoral groove (PFG) 

of neonatal (1-3 day old) bovine stifles. The cartilage samples (with bone underneath in the case 

of the tibial plateau) were gently cut from the flat areas with cartilage surface untouched, shaped 

into 5 mm×10 mm×2 mm plates by scalpel, and subsequently frozen at -20 °C. At the time of 

testing, the tissue was thawed in a water bath at 37 °C and then mounted onto the glass surface of 



 

71 

a custom-built tribometer. The articulate cartilage surfaces in this experiment possessed their 

natural curvature. 

4.2.4. Tribological Testing 

 

COFs were measured using our custom-built tribometer26. For bone-on-glass friction tests, 

the bone samples were incubated in PBS for half an hour before they were treated with polymer 

solutions (1 h incubation in 1mg/ml solution in PBS or 2 h incubation in 10 mg/ml solution in 

PBS). After loading onto the tribometer, samples were compressed against a polished glass flat 

counterface in a PBS bath at a normal load of 400 g and then depressurized to average normal 

load of 240 g within 15 min. The glass counterface was then reciprocated at linear oscillation 

speeds of 0.3, 1, and 3 mm/s. Both the normal load and friction force were measured by a biaxial 

load cell. COFs were calculated as average ratios of friction force to normal load during the 

sliding and averaged for both the forward and reverse sliding directions.  

In bone-on-cartilage tests, subchondral bone was used and further cut into 3 mm diameter 

plugs by biopsy punches. To evaluate the lubrication ability of the polymer (Fig.4.2 1a to 1c), 

bone plugs and cartilage plates were first tested in a PBS bath, and then both were incubated in 

the polymer solution (10 mg/ml in PBS) for 1 h followed by subsequent testing in the polymer 

bath and PBS bath. For each test, the cartilage counterface was reciprocated after the contact 

(within 5s) with bone plugs (normal load less than 10 g) at linear oscillation speeds of 0.3 mm/s 

(both PFG and tibial plateau) and 1 mm/s (PFG only). To evaluate the effects of viscosity and 

sliding speed (Fig. 4.2. 2a to 2c), subchondral bone plugs sliding on PFG plates were tested in a 

PBS bath, 7% dextran (w/v) bath, and 23% dextran (w/v) bath subsequently at siding speeds of 

0.1, 0.3, and 1 mm/s. The lubrication wells were gently rinsed with PBS after each test. Both the 
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Figure 4.1. Preparation of bone samples: a). Bone plugs (6 mm in diameter) are extracted 

from the bovine distal femur b). Extracted bone plugs in PBS c). Bone plugs are cut into 2 

mm height samples d). Bone samples are incubated with polymer solution e). Lubrication 

analysis using a custom built tribometer. 
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Figure 4.2. Schematic representation of two series of bone-on-cartilage tests: 1a). Bone plugs 

(3 mm in diameter) slide in PBS bath against flat cartilage surfaces, which were extracted 

from patellofemoral grooves or tibial plateaus 1b). The same bone plug and cartilage samples 

were incubated in polymer solution (10mg/ml) for 1 h and tested in the same polymer bath 

1c). The same samples are gently rinsed with PBS, then tested in PBS bath 2a). Same as 1a) 

2b). The same samples from 2a were tested in 7% dextran 2c). The same samples were tested 

in 23% dextran after gently rinsing with PBS. 
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normal load and friction forces were measured using a biaxial load cell. Increases in normal 

loads and friction forces were observed before sliding happened due to static friction. COFs were 

calculated as average ratios of friction force to normal load during the sliding and averaged for 

both sliding directions.  

4.2.5. Statistics 

 

The effects of polymer treatment in both bone-on-glass and bone-on-cartilage studies were 

assessed by a two factor repeated measures analysis of variance (ANOVA) except the bone-on-

tibial plateau test which was analyzed by a one-way repeated measures ANOVA. All data are 

presented as mean ± SD and all analyses were carried out using Prism GraphPad 7 with 

calculated p values being considered significant for p < 0.05. 

4.3 Results 

4.3.1 Bone-on-glass tribology 

 

The experiments were performed under similar conditions for cartilage friction measurement 

under boundary mode conditions (Chapter 2 and 3). Both polished trabecular and subchondral 

bones produced higher COFs by more than 30% than cartilage (Fig. 4.3). The treatment that was 

effective for cartilage lubrication (1 mg/ml, 1 h incubation) failed to reduce the COF of 

trabecular bone in comparison to the PBS controls. However, incubation with an increased 

concentration (10 mg/ml) of polymer and prolonged incubation time (2 h) resulted in decreased 

COFs by more than 40% across all the sliding speeds (ΔCOF ~ -0.20, p < 0.001). This trend of 

reduction was also observed for subchondral bone (ΔCOF ~ -0.15, p < 0.001), indicating the 

lubricating efficacy of the diblock copolymer for both types of bones. 
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Figure 4.3. Incubation with the polymer reduces the COFs of a). trabecular bone-on-glass 

interface b). subchondral bone-on-glass interface. In the case of trabecular bone-on-glass, the 

samples are not lubricated when evaluated under conditions previously used for cartilage 

lubrication (data represented in green line, incubated with the polymer solution at 

concentration of 1 mg/ml for 2h.). Effective lubrication is observed with increased polymer 

concentration (10 mg/ml) and prolonged incubation time (2 h) as shown by the data 

represented as the red line. A similar trend is observed in the subchondral bone-on-glass 

configuration. n = 4 – 6, error bars represent ± 1 standard deviation, *: p<0.0001. 
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4.3.2 Bone-on-cartilage tribology 

 

The tribological properties of bone surfaces were further assessed by a subchondral bone-on- 

cartilage configuration. Incubation with the polymer solution reduced the average COFs by 30% 

(ΔCOF ~ -0.25, p < 0.001) of the surface between subchondral bone and PFG cartilage at both 

sliding speeds (Fig. 4.4a). Removing the polymer from the bath slightly increased the COF by 

11% (ΔCOF ~ -0.05, p = 0.025) at sliding speed of 0.3 mm/s, but this elevation was not observed 

(p = 0.746) at 1mm/s. Similar trends were observed in the case of the subchondral bone-on-tibial 

plateau cartilage test (Fig. 4.4b). Treatment with the polymer solution reduced the COF by 40% 

(ΔCOF ~ -0.30, p = 0.004) and removing the polymer from the lubrication bath had no 

significant effect (p = 0.979). 

To further analyze the tribological behavior in the bone-on-cartilage mode, COFs of this 

interface were collected over speeds ranging 1 order of magnitude (0.1-1 mm/s) while bathed in 

lubricants with viscosity varying across 3 orders of magnitude (1-884 mPas dynamic viscosity). 

The lubricants used were PBS (1 mPas dynamic viscosity), 7% dextran solution (w/v) in PBS 

(108 mPas dynamic viscosity), and 23% dextran solution (w/v) in PBS (884 mPas dynamic 

viscosity)27. The lubricants with elevated viscosities provided lower COFs of the interface (Fig. 

4.5). Notably, 23 % dextran (w/v) reduced the COFs at 2 out of 3 sliding speeds (0.1 and 1 

mm/s) while the increase in sliding speed had no significant impact. 

4.4 Discussion 

 

In this study, we show that a novel polymer with a di-block structure is able to effectively 

lubricate bone at both glass and cartilage interfaces. Effective lubrication of bone surfaces was 

achieved at higher concentration (10 mg/ml) and prolonged incubation time (2 h) in comparison  
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Figure 4.4. Incubation with polymer reduces the COFs of a). subchondral bone-on-

patellofemoral groove cartilage b). subchondral bone-on-tibial plateau cartilage. With or 

without polymer in the lubrication bath, incubation with polymer solutions at concentration 

of 10 mg/ml for 1 h significantly reduces the COFs for both interfaces. n = 4 – 6, error bars 

represent ± 1 standard deviation, *: p<0.05, letters: p< 0.05. 
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Figure 4.5. Tribological effects of sliding speed and viscosity to subchondral bone-on-

patellofemoral groove cartilage configuration. Incubation with polymer achieves better 

lubrication than increasing viscosity using 23% dextran (w/v). Sliding speed has no 

significant effect. n = 3, error bars represent ± 1 standard deviation, *: p<0.05. 
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to cartilage lubrication which only required incubation for 30 min at concentration of 1 mg/ml. 

Those increases in the incubation conditions suggested a decreased binding efficiency of the 

polymer onto the bone surfaces due to a lack of highly negatively charged material in bone. The 

major components of bone (collagen I and hydroxyapatite) could potentially attract the positively 

charged binding block of the polymer via electrostatic interactions through negatively charged 

domains or phosphate groups respectively. Such charge-charge interaction is less efficient in 

comparison to the binding to the aggrecan in cartilage, requiring a higher incubation 

concentration and longer binding time to reduce the COF, which implies a higher dose might be 

required for future clinical applications. 

One of the major characteristics of late-stage OA is the exposure of subchondral bone 

surfaces due to complete wear of the articular cartilage layer28. Thus, the ability to reduce the 

friction between subchondral bone and other tissues is critical to restore the flexibility of the 

damaged joint. Using a bone-on-cartilage configuration, we evaluated the lubrication ability of 

this novel polymer at the interface between the subchondral bone and cartilage from PFG and 

from tibial plateau. With or without the presence of polymer in the lubrication bath, the COFs 

after incubation with the polymer were significantly reduced in comparison to the PBS control 

for cartilage from both regions, indicating the presence of polymer on the tissue surface leading 

to lubrication. The similar level of lubrication achieved after rinsing with PBS also implied the 

sufficient binding affinity of polymer to the bone and cartilage surfaces, underscoring the 

therapeutic potential of this type of polymer. Additionally, high binding affinity to the tissue 

surface may also decrease the rate at which it is cleared from the joint. Measured COFs of 

subchondral bone against tibial plateau were lower than that against PFG (Fig. 4.4) with or 

without polymer incubation (ΔCOF ~ -0.05), which was consistent with their COFs previously 
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identified29. These results were in agreement with the function of tibial plateau as the major 

weight bearing area of joint. In summary, the polymer with a diblock architecture effectively 

lubricated the bone surfaces and therefore demonstrated its potential to help relieve the late-stage 

OA symptoms. 

The bone plug-on-cartilage plate configuration was selected over the cartilage plug-on-bone 

plate due to the challenge to obtain flat subchondral bone surfaces from a naturally curved layer 

with thickness of only a few hundred micrometers. This type of testing configuration, analogous 

to the migrating contact area discussed by Ateshian et al30, reasonably mimics the physiological 

conditions in diarthrodial joints by allowing the various cartilage regions to be compressed by 

the load. Lower frictions are usually obtained since the bath fluid is able to diffuse back into the 

cartilage to restore the interstitial fluid pressure before the load is applied again on the same 

contact area31.  

To further characterize the bone-on-cartilage tribology, we investigated how changes in 

viscosity and sliding speed affected the measured COF. The reduction of COF in 23% dextran 

(w/v) bath is consistent with the results reported by Bonnevie et al27 in which increased viscosity 

can lubricate porous surfaces by promoting the formation of liquid films between the articulating 

surfaces. Dextran solution at 23% (w/v) concentration has an equivalent lubrication capacity to 

hyaluronic acid (HA)27, yet its lubrication didn’t reach our polymer lubricant in this study. The 

lubricating ability of 7% dextran is less pronounced. Sliding speed has no significant effect on 

tribology behavior within the range of test conditions. 

The elevated COFs from bone-on-cartilage configuration in comparison to the bone-on-glass 

configuration suggested the friction of bone can be influenced by the articulating surfaces. 

During compression, the high porosity of subchondral bone surfaces inhibited the formation of 
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sufficient liquid film to support the normal load and resulted in a boundary friction mode which 

is primarily governed by the entanglement of the asperities between the two opposing surfaces. 

Porous and soft cartilage surfaces are more likely to generate entanglement in comparison to 

smooth non-porous glass surface and therefore produce higher friction. 

Our previous studies indicated that successful lubrication requires sufficient polymer binding 

to surfaces and the capacity to resist compression. The diblock structure inspired by these design 

criteria enables the polymer to interact with negatively charged bone components and to resist 

normal compression via a bottlebrush-like architecture. To the best of our knowledge, this is the 

first report on the lubrication of bone surfaces using synthetic polymers consisting of a bone-

binding and a surface lubrication block. Results of this study highlight the potential of the 

polymer as a new approach for the treatment of late-stage OA. 
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CHAPTER 5 

 

CONCLUSION AND FUTURE DIRECTIONS 

 

5.1 Conclusion 

 

Biomimicry of natural materials is an expanding field in biomedical engineering and the life 

sciences. The incredible science behind how nature solves a problem has inspired scientists and 

engineers to design artificial materials that mimic their natural mode’s extraordinary functions 

generation after generation1–4. One biological wonder is how weight bearing joints can provide 

incredibly low friction under tremendous loads for decades5,6. Even the best engineered 

structures cannot rival its tribological properties. Naturally, the body creates biomacromolecules 

as lubricants to protect and maintain the integrity of joint cartilage7. One of the biolubricants, 

lubricin, which is an O-glycosylated protein, plays pivotal roles for boundary mode lubrication8,9 

where the greatest friction and wear occurs. Its preclinical application has demonstrated 

promising effects for the treatment10–13 of osteoarthritis (OA) which, to date, has been considered 

as an incurable disease unless treated by arthroplasty14. Likely to be an effective treatment in 

humans, the scale-up of lubricin production or purification is hindered by the degree of protein 

glycosylation15, preventing its production recombinantly in prokaryotic cells such as E. coli. 

Further, the high affinity of lubricin to other molecules in synovial fluid, such as fibronectin16, 

pose a challenge in cost-efficient purification methods for clinical use. With these aspects in 

mind, production of a synthetic version of lubricin mimetics may prove effective.  

This dissertation presented the design and synthesis of a class of biomimetic polymers with 

analogous structure and function to the glycoprotein lubricin, and their evaluation as an artificial 
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lubricant to treat OA. Chapter 2 demonstrated the ability of one lubricin mimetic to lubricate 

lubricin-deficient articular cartilage surfaces as effectively and efficiently as natural lubricin. 

Chapter 3 characterized the effects of how changing the structural parameters affected the 

lubrication on cartilage surfaces. Chapter 4 explored the ability of a biomimetic polymer to bind 

to and lubricate bone surfaces, which is absent in natural lubricin, thus extending its potential 

application as a therapeutic for late-stage OA treatment. 

In Chapter 2, we evaluated the tribological properties of one lubricin mimetic and 

demonstrated its lubrication ability which arose from its diblock architecture. Synthesized via 

three-step RAFT polymerization, the polymer consisted of a large lubrication block (Mn ~ 200 

kDa) to mimic the mucin-like domain of lubricin and a small cartilage-binding block (Mn ~3 

kDa) to mimic the C-terminus domain. This architecture enables the molecule to quickly bind 

(binding time constant = 7.4 min) onto the cartilage surface via electrostatic interactions and 

efficiently (EC50 = 0.404 mg/ml) lubricate the cartilage surface at a level that is comparable to 

natural lubricin.  Further investigation of the architecture using the Surface Force Apparatus 

(SFA) revealed the importance of the diblock architecture to maintain the binding of polymers on 

the articulating surface under high compression load. 

The study in Chapter 3 characterized how the structure of lubricin mimetics affected their 

binding to cartilage surfaces and how these changes affected their lubrication ability. The most 

significant outcome of the work in Chapter 3 was that the lubrication ability of the lubricin 

mimetic diblock copolymer solely depended on the length of the binding block. A binary 

relationship between the lubrication ability and the number of amino group in the binding block 

was unveiled as they are proportional in the range between the minimal length and the optimal 

length and disproportional with increased length. Two factors that were theoretically affected 
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oppositely by the binding block length, the binding affinity and the polymer coating density, 

were speculated as possible factors to account for these phenomena together. With short binding 

blocks, binding affinity dominated the overall effect possibly due to the increased number of 

amino groups enabling the polymer to form a more shear-resistant layer. With longer binding 

blocks, the coating density seemed to outweigh the binding affinity, thus the lubrication ability 

decreased with the increased binding block length, likely because of a decreased coating density 

that resulted from increased charge-charge repulsion. These results suggested the importance of 

the proper design of binding features for the synthetic lubricants to maintain the lubrication film 

and high adsorption density at the interface.     

Chapter 4 demonstrated that this type of lubricant can bind to and lubricate the bone surfaces 

by following similar design criteria reported in the previous chapters. Using a bone-on-glass 

configuration, the diblock copolymer is able to effectively reduce the coefficient of friction 

(COF) of bone surfaces at both glass and cartilage interfaces. A further investigation using bone-

on-cartilage configuration show that the presence of polymer on the surface rather than in the 

lubrication bath is essential for effective lubrication, suggesting a boundary mode mechanism at 

this interface. This to our knowledge is the first report of bone lubrication and results of this 

chapter highlighted the potential of a lubricating polymer as a new approach to treat late-stage 

OA when the bone surfaces are exposed. 

The major contributions of this work are twofold: 1) the development of supplemental 

boundary lubricants that have the potential to treat cartilage injury and joint disease at various 

stages, and 2) a mechanistic understanding of how cartilage boundary lubrication and the 

structure of synthetic lubricants are linked. Chapter 2 and 4 examined the ability of the lubricin 

mimetics to lubricate different types of tissue surfaces and thus demonstrated their therapeutic 
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potential for the treatment of OA at different stages.  Chapter 3 explained that this ability was 

mainly affected by the binding block length whereas the lubrication block had no major 

influence within the range in our study.  

5.2 Study Limitations and Future Directions on Cartilage Lubrication 

 

The promising in vitro results were not successfully translated into animal studies. In 

collaboration with the Rodeo lab at Weill Cornell Medicine, the effects of lubricin mimetics to 

delay or stop the progression of post-traumatic OA were evaluated using an anterior cruciate 

ligament transection (ACLT) rat model. Four types of lubricin-mimetics were used, and they 

varied in architecture type (diblock vs random) and amine type (tertiary vs quaternary) in the 

binding block. Those four types of lubricin mimetics were intra-articularly (IA) injected twice a 

week from week one through week four post-surgery. The cartilage integrity was evaluated by 

Safranin-O and H&E staining and the mechanical properties of the explanted cartilage were 

evaluated ex vivo using the custom-built tribometer.  Contrary to the in vitro results, neither 

histology nor mechanical evaluation of any polymer treated groups show significant 

improvement in comparison to the PBS controls. One possible explanation for the lack of 

chondroprotective effect by the lubricin-mimetics in vivo is the deficiency of the polymer to bind 

to the cartilage surface in a complex biological environment.  Only one group showed weak 

polymer binding signal on the cartilage surfaces by the end of study using PEG 

immunohistochemistry (IHC) analysis. Further investigations showed that the non-specific 

binding strategy resulted in polymer binding to synovium, meniscus, tendon, and potentially 

hyaluronic acid as well, which possibly suppressed its ability to bind to the cartilage and 

lubricate the surface.  

To overcome this drawback, successful delivery of the polymers onto the cartilage surfaces 
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after IA injection must be guaranteed. One straightforward method to achieve this is to increase 

the dose and achieve a concentration gradient high enough in the synovial fluid for the polymer 

to diffuse onto the cartilage. Two injections at concentration of 100 mg/ml (in comparison to 3 

mg/ml in the rat study) performed by Dr. Krotscheck and Dr. Hayashi at Cornell Veterinary 

School alleviated the symptoms of two late-stage OA dogs by improving their gait, 

demonstrating the therapeutic potential of polymers for OA treatment. However, an increased 

concentration might raise safety concerns due to the possible toxicity of the quaternary amine 

and other compositions. An alternative approach to improve the targeting affinity is by 

modifying the binding block with cartilage binding peptides. For example, the peptide sequences 

TKKTLRT, SQNPVQP, and WYRGRL bind to collagen with IC50 values within the range of 

100-300 nM17,18, and they have been used to bind nanoparticles to type II collagen of cartilage 

tissue17 and serve as a tether for the attachment of other cartilage lubricants19. Similarly, the 

drawback of introducing peptide sequences will raise safety concerns such as immunogenicity 

which might prevent the further clinical application of this type of polymer.  

Recently, Bajpayee and Grodzinsky et al reported a novel cartilage-targeting drug delivery 

approach utilizing charge-charge interactions to enhance drug penetration and transport into 

cartilage20–22. By coupling drugs to positively charged nanoparticles such as avidin with optimal 

size and charge, cartilage can be converted from a drug barrier into a drug reservoir for sustained 

intra-tissue delivery. Tissue sGAG content correlates positively with avidin uptake and half-life, 

with the highest concentration and longest retention time found in cartilage20. These promising 

results encourage the further application of our binding strategies.  Although the optimal size 

and charge for our system remains unknown, tuning the molecular factors such as binding block 

length, charge distribution, or molecular size could potentially optimize the targeting of polymers 
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to cartilage surfaces. 

5.3 Study Limitations and Future Directions on Structure-Property Relationship 

 

The binary relationship between the binding block and the lubrication ability remains elusive 

due to the challenge to characterize the surface layer of articular cartilage without disrupting its 

integrity. Many techniques such as light, electron, and force microscopy techniques have been 

applied in this field23, yet the mechanism of how the biomacromolecules bind to and interact 

with the surface is still unclear, and the amount of lubricants binding to the surface are 

undetermined. Methods such as immunofluorescence or enzyme-linked immunosorbent assay 

can semi-quantify the amount of polymer uptake by the cartilage and reveal their spatial 

distribution. However, little information is known regarding the outermost layer of articular 

cartilage, which prevents the further understanding of its boundary mode lubrication. A direct 

way to analyze the cartilage surface is therefore needed to better understand how the lubricants 

modify the articulating surface. 

An alternative approach that could potentially help to interpret the polymer structure and 

binding property relationship is to utilize techniques such as SFA and atomic force microscopy 

(AFM) to characterize the polymer conformations on ideal surfaces such as mica. The contour 

length of the polymer is measured to be around 55 nm by a bridging experiment performed on 

SFA by The Gourdon lab. This result, in combination with the measured uncompressed film 

thickness (25 nm), indicates the polymer adopted a coiled “mushroom-like” conformation before 

compression. At maximum compression, the film thickness is reduced to about 5 nm, which is 

equal to two-fold of the contour length of the PEG side chains, suggesting the polymer adapted a 

flat configuration with side chains pointing vertically on the surface. Aside from the above 

information, little is known about other characteristics such as the binding force, surface 
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distribution, and the fluidity of the film, and how they are influenced by the polymer 

architecture. Such questions, which could potentially be answered by the application of surface 

characterization technologies, will guide the understanding of lubrication mechanism on 

cartilage surface. 

5.4 Study Limitations and Future Directions on Bone Lubrication 

 

As the pioneering study on bone lubrication, many questions are left open and are worth 

further investigation. Firstly, a systematic evaluation of the lubrication abilities to pathological 

bones is necessary to fully explore the clinical potential of this type of polymer. As the major 

weight bearing materials in the biological system, bone possesses unique structures and 

compositions that are dynamically evolved with the progression of joint diseases24,25. The 

subchondral layer in late-stage OA has histopathological features that are not found in healthy 

tissues. The ability to lubricate diseased bones is thus critical for further application of the 

polymer in clinical studies.  

In addition, comprehensive analysis of the key lubrication parameters of polymers such as 

EC50 values and binding time constants will enable the definition of new design criteria for bone 

lubricants. As a porous and stiff material, bone has lubrication characteristic fundamentally 

different from those of cartilage. Understanding how the molecular structure affects the 

lubrication will inspire the design of the next generation of polymers that can lubricate bones 

more effectively and efficiently. 

Studies that evaluated the effect of the viscosity and sliding speed to bone lubrication seem to 

give a Stribeck-like trend as increased viscosity reduces the COF. With deficient evidence to 

conclude this to be the transition from the boundary mode to the mixed mode as shown in the 

classic Stribeck curve, we need to carry out a full exploration of the tribological behaviors of 
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bones in the future. Using the bone-on-glass configuration, tribological factors such as normal 

load and surface roughness in addition to viscosity and sliding speed could be adjusted to 

broaden the range of Stribeck curve, allowing the full description of the bone tribology within 

the frame of a classic Stribeck analysis. Comparison of the tribological behaviors of bone to the 

classic Stribeck curve or that of cartilage will provide insights into the understanding of bone 

lubrication mechanisms. 

Further interpretation of the results from the friction test using the bone-on-cartilage 

configuration is difficult due to the unconfined experimental conditions. Normal load varied by 

orders of magnitude during sliding and the interstitial fluid pressure fluctuated between 

compression and release. This drawback could potentially be solved by adapting a rotating rod-

on-rod configuration to overcome the limitation of obtaining flat subchondral bone surfaces. In 

comparison to our tribometer characterized for sliding motion, this type of tribometer is able to 

measure smaller tissue samples at the cost of measurement consistency and physiologically 

relevance on displacement. An alternative approach is to measure the tribological behaviors of 

the surface between the cartilage plugs and the trabecular plates. Both materials are accessible 

for the experiment although the physiological relevance of this type of set-up might be 

diminished in comparison to the interface between the cartilage and subchondral bone.  

Last but not least, friction between subchondral bone plugs and trabecular bone plates (bone-

on-bone) were tested and the results were perplexing. Instead of smooth sliding, intermittent 

displacement or “stick-slip” phenomenon was observed during the test even in the polymer or 

23% dextran bath. The huge static COF prevented the measurement of kinetic COF as was 

shown in the previous study, demonstrating the need for a new data analysis method to interpret 

the results. Parameters such as the maximum friction force and the frequency of stick-slip could 
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be derived for analysis. Similar to bone-on-cartilage tribology, displacement on subchondral 

bone surfaces is challenging to accomplish. A subchondral bone layer harvesting technique is 

needed in the future.  
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APPENDIX 

 

CHARACTERIZATION OF LUBRICIN MIMETIC DIBLOCK COPOLYMERS 

 

 

Methods 

 

The 1H NMR spectra were performed on an Inova 400 MHz spectrometer with deuterated 

chloroform or deuterium oxide as the solvent. Broad or overlapping peaks, noted in spectra of 

polymers, are denoted “br”. Degree of polymerization (DP) was determined by initial monomer 

to chain transfer agent (CTA) ratio and monomer conversion ratio. Gel permeation 

chromatography (GPC) was performed with PBS (pH 7.4) at a flow rate of 0.8 ml/min. The 

eluent flowed through a Waters gel permeation chromatography system equipped with three 

Waters UltrahydrogelTM columns in series (2000 Å, 500 Å, and, 250 Å) at 30 °C. The 

molecular weights were measured against poly (methacrylic acid), sodium salt standards (1,670 

to 110,000 g/mol). 

 

 

 

 

 

 

 

 



 

99 

PDMAEA24:  

1H NMR(400 MHz, CDCl3):  δ 4.13 (br, 2H, -(C=O)O-CH2-CH2-), 2.55 (br, 2H, -O-CH2-CH2-

N(CH3)2), 2.31 (br, 7H, -N(CH3)2, -CH2CH(C=O)-), 2.02 – 1.36 (m, 2H, -CH2CH(C=O)-), 5.30 

(s, residue dichloromethane).  
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PDMAEA24-PEGMEA400 (diblock copolymer):  

1H NMR (400 MHz, CDCl3): δ 4.13 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.44 (m, 34H, -O-

CH2-CH2-O-), 3.35 (s, 3H, -O-CH3), 2.24 (br, ~1H, -CH2CH(C=O)-, -N(CH3)2), 1.93 – 1.26 (m, 

2H, -CH2CH(C=O)-), 5.30 (s, residue dichloromethane).  

SEC: Mn = 44,900; PDI = 1.58. 
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qPDMAEA24-PEGMEA400 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~0.4H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~ 0.2 H, -N+(CH3)2CH2CH3).  

SEC: Mn = 46,100; PDI = 1.58. 
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qPDMAEA24 (binding block):  

1H NMR (400 MHz, D2O): δ 4.40 (br, 2H, -(C=O)O-CH2-CH2-), 3.61 (br, 2H, -O-CH2-CH2-

N+(CH3)2CH2CH3), 3.38 (br, 2H, -N+(CH3)2CH2CH3 ), 3.02 (s, 6H, -N+(CH3)2CH2CH3), 2.41 

(br, 1H, -CH2CH(C=O)-), 2.02 – 1.45 (m, 2H, -CH2CH(C=O)-), 1.26 (s, 3H, -

N+(CH3)2CH2CH3).  
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PEGMEA400 (lubrication block): 

1H NMR (400 MHz, CDCl3): δ 4.12 (br, 2H, -(C=O)O-CH2-CH2-), 3.81 – 3.39 (m, 34H, -O-

CH2-CH2-O-), 3.34 (s, 3H, -O-CH3), 2.10 (br, 1H, -CH2CH(C=O)-) 2.02 – 1.36 (m, 2H, -

CH2CH(C=O)-).  

SEC: Mn = 33,800; PDI = 1.52. 
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PDMAEA24-PEGMEA400 (random copolymer):  

1H NMR (400 MHz, CDCl3): δ 4.12 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.44 (m, 34H, -O-

CH2-CH2-O-), 3.35 (s, 3H, -O-CH3), 2.26 (br, ~1H, -CH2CH(C=O)-, -N(CH3)2), 1.93 – 1.36 (m, 

2H, -CH2CH(C=O)-), 5.30 (s, residue dichloromethane).  

SEC: Mn = 32,700; PDI = 1.94. 
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qPDMAEA24-PEGMEA400 (random copolymer):  

1H NMR (400 MHz, D2O) δ 4.08 (br, ~2H, -(C=O)O-CH2-CH2-), 3.75 – 3.44 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~0.3H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.02 – 1.44 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~ 0.1H, -N+(CH3)2CH2CH3).  

SEC: Mn = 33,400; PDI = 1.71. 
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qPDMAEA12-PEGMEA200 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~0.2H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~ 0.1 H, -N+(CH3)2CH2CH3).  

SEC: Mn = 26,800; PDI = 1.79. 
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qPDMAEA12-PEGMEA400 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~0.2H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~0.1H, -N+(CH3)2CH2CH3).  

SEC: Mn = 44,700; PDI = 1.89. 
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qPDMAEA24-PEGMEA200 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~0.4H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~0.2H, -N+(CH3)2CH2CH3).  

SEC: Mn = 24,100; PDI = 1.76.  
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qPDMAEA54-PEGMEA200 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~1.2H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~ 0.6 H, -N+(CH3)2CH2CH3).  

SEC: Mn = 28,700; PDI = 1.86. 
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qPDMAEA54-PEGMEA400 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~0.5H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~ 0.3 H, -N+(CH3)2CH2CH3).  

SEC: Mn = 48,400; PDI = 1.84. 
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qPDMAEA90-PEGMEA200 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~2.7H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~ 1.3H, -N+(CH3)2CH2CH3).  

SEC: Mn = 33,100; PDI = 1.63. 
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qPDMAEA90-PEGMEA400 (diblock copolymer):  

1H NMR (400 MHz, D2O): δ 4.08 (br, 2H, -(C=O)O-CH2-CH2-), 3.75 – 3.46 (m, 34H, -O-CH2-

CH2-O-), 3.21 (s, 3H, -O-CH3), 3.02 (s, ~1.2H, -N+(CH3)2CH2CH3), 2.21 (br, 1H, -

CH2CH(C=O)-), 2.01 – 1.36 (m, 2H, -CH2CH(C=O)-), 1.25 (br, ~0.5H, -N+(CH3)2CH2CH3).  

SEC: Mn = 49,800; PDI = 1.95. 

 

 

 

 

 

 

 


