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ABSTRACT

Nanoparticle-Peptide Therapeutics to Treat and Prevent the Progression of Post

Traumatic Osteoarthritis

by

Marcus Adam Deloney

Chair: Alyssa Panitch

Post traumatic osteoarthritis (PTOA) is the result of a joint trauma or injury and accounts

for 12.5% of all OA cases. Following joint trauma, inflammatory cytokines are produced and

stimulate the secretion of catabolic enzymes that degrade articular cartilage. The degraded

articular cartilage further stimulates catabolic enzyme and inflammatory cytokine expres-

sion. These lead to the development of the inflammatory cycle associated with PTOA.

We hypothesized that inhibiting inflammation and treating the damaged cartilage may pre-

vent the progression of PTOA and restore functionality to osteoarthritic cartilage using

nanoparticle-peptide therapeutics.

The first study developed polymeric core-shell nanoparticles composed of N-isopropyl

acrylamide (NIPAm), N, N0-bis (acryloyl) cystamine (BAC), 2-acrylamido-2-methyl-1-propane

sulfonic acid (AMPS), and acrylic acid (AAc) (poly(NIPAm-co-AMPS-BAC-AAc)) by ex-

ploiting the thermoresponsive behavior of NIPAm. NIPAm has a lower critical solution

temperature (LCST) of 32°C. Below the LCST, NIPAm is hydrophilic and causes the par-

ticle to swell, and above the LCST is hydrophobic and causes the particle to constrict.

Poly(NIPAm-co-AMPS-BAC-AAc) shells were crosslinked around the hydrophobically sta-

bilized non-crosslinked poly(NIPAm) (pNIPAm) cores above the LCST of NIPAm. Re-

moval of the cores via di↵usion resulted in thermoresponsive, degradable nanoparticles with

low density, termed hollow, cores. The hollow nanoparticles (hNPs) encapsulated more of

xix



the anti-inflammatory MK2 inhibiting (MK2i) peptide than solid nanoparticles, and loaded

roughly 2.5 times more MK2i below the LCST of NIPAm than above it. These hNPs loaded

with MK2i inhibited IL-6 production in stimulated bovine chondrocytes in vitro. The hNPs

were also retained within the joint space of rats for 7 days. These results show the ability

of MK2i loaded hNPs to inhibit inflammation and show that the drug-loaded hNPS have

potential as a therapeutic to treat PTOA.

We also showed the ability of hNPs to be conjugated with the hyaluronic acid (HA)

binding peptide GAHWQFNALTVRGSG (GAH). AAc served as the carboxylate anchor

within the shell of the hNP and allowed for GAH conjugation. hNPs conjugated with roughly

19 GAH, termed 19 GAH-hNP, bound to HA in solution and resulted in a 94.0% increase

in dynamic viscosity compared to the HA solution treated with unconjugated hNPs. Bovine

cartilage explants were treated with trypsin to remove aggrecan and served as an ex vivo

model for OA. The aggrecan-depleted (AD) explants treated with 0.10 mg of unconjugated

hNPs had a muted e↵ect on restoring compressive strength and suppression of CS release,

likely due to reduced HA interactions. While the AD explants treated with 0.10 mg of 19

GAH-hNP restored the compressive strength to healthy levels 6 days after a single treatment

and inhibited degradation of the ECM of cartilage. Based on these results, treatment with

19 GAH-hNP may be able to prevent the development of PTOA.

Finally, the MK2i loaded hNP (hNP+MK2i) and hNPs were tested in a small animal

in vivo study. Previous research developed a physiologically relevant non-invasive ACL

rupture (NIACLR) model using a tibial compression to tear the ACL. We attempted to

utilize this model to test the e�cacy of our hNP+MK2i therapeutic to inhibit the progression

of PTOA in vivo. However, only 9 of the 28 rats that underwent tibial compression resulted

in a complete ACL tear, and we were not able to quantify the e�cacy of our hNP+MK2i

therapeutic.

These data presented here suggests the use of nanoparticle-peptide therapeutics may be

a translatable platform to inhibit the progression of PTOA.
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CHAPTER I

Introduction

1.1 Background & Significance

Osteoarthritis (OA) is a growing and impactful disease that currently a✏icts 1 out of

every 10 persons in the United States, and is projected to increase to 1 out of 3 by the

year 20301. Post traumatic osteoarthritis (PTOA) specifically accounts for 12.5% of all OA

cases and is expected to increase with the increasing aging population1. Patients su↵ering

from OA experience loss of mobility, joint swelling, and pain — all a↵ecting the patient’s

quality of life. Within the U.S., OA currently costs $185 billion annually2, and is projected

to increase over the next decade3.

OA is characterized by inflammation of the joint and degradation of articular cartilage.

Cartilage is a unique tissue composed of a single cell type, chondrocytes, and is aneural,

avascular, and alymphatic with extremely low cell density4. Since there are no nerves within

cartilage, the patient is typically unaware of its damage until there is significant bone re-

modeling, increased intraosseous pressure, microfractures, meniscal injury, and/or synovitis5.

Damaged cartilage is slow to heal, if it heals at all, due to it having no blood supply and low

cell density4. Due to the unique composition of articular cartilage and limited to no capacity

to regenerate on its own, it is imperative to protect as much of the native cartilage as possible

to maintain functionality. Within this body of work we use nanoparticle-peptide therapeu-

tics to prevent the inflammation and degradation of articular cartilage that is associated

with PTOA.
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1.2 Articular Cartilage Structure & Function

Articular cartilage is a smooth, white tissue that covers the ends of bones where they

come together to form joints and allows for the relative movement of the opposing joint

surfaces with minimal wear and tear6. It distributes the joint load over a wide area, and

decreases the stresses sustained by contacting joining surfaces and minimizing peak stresses

felt by the bones7. The composition of extracellular matrix (ECM) of articular cartilage

is: collagen (15-22% wet weight), proteoglycans (4-7% wet weight), water (60-85%), and

electrolytes6. Notably, chondrocytes account for only 5% of the wet weight of articular

cartilage; however, they are responsible for the maintenance and stability of its ECM8,9

Figure 1.1. Collagen forms interweaving fibrils within articular cartilage and provides tensile

strength by crosslinking and stabilizing the matrix10. The most common proteoglycan is

aggrecan which is composed of a core protein with covalently bound glycosaminoglycans

(GAGs) chains branched o↵ of it. The GAG chains, comprised of chondroitin sulfate (CS)

and keratin sulfate (KS), give aggrecan an anionic charge which creates an osmotic gradient

within articular cartilage that allows for water retention and provides the tissue with its

compressive strength11. The interactions between collagen and proteoglycans control the

biology and provide the mechanical properties of articular cartilage10–12.

1.2.1 Collagen

Collagen type II accounts for roughly 95% of the collagen within cartilage, the balance

being collagen type: XI (3%), VI (0-1%), IX (1%), X(1%)10. Collagen type II is composed

of three alpha-1 (II) helical polypeptide fibrils which give articular cartilage tensile strength,

accounting for 45 - 70% of the dry weight of cartilage, and has a high degree of structural

organization6. Collagen type VI, while less than 1% of collagen found, is responsible for

anchoring chondrocytes to the ECM13. Moreover, collagen type VI is believed to transmit

mechanical and osmotic signals from the ECM to chondrocytes14. Collagens type IX and

XI allow for specific covalent bonds to form the fibrillar matrix, and collagen type X is
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Figure 1.1: Animation of the extracellular matrix of articular cartilage with aggrecan, chon-
drocytes, and collagen. Image created with Biorender.com

found near the growth plates and believed to be responsible for ossification10,15. The tensile

strength of cartilage is a↵orded by the crosslinks between the alpha chains of the various

collagen monomers within the ECM6.

1.2.2 Proteoglycans

Aggrecan is the most abundant proteoglycan within articular cartilage and is composed

of three modular domains: G1, G2, and G3. The G1 domain of aggrecan consists of three

regions: A, B, and B0, with the A region being responsible for interaction with the link pro-

tein8,9,11,16,17. The G1 and G2 domain of aggrecan are separated by an interglobular domain

(IGD) which is susceptible to proteolytic cleavage by several known proteases, including
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matrix metalloproteases (MMPs) and aggrecanses18. The G2 domain of aggrecan has two

regions: B and B0 and is followed by the glycosaminoglycan (GAG) domain composed of

the keratin sulfate (KS) and chondroitin sulfate (CS) regions11,17. The GAG domain begins

with the KS region followed by the CS region, with roughly 60 KS and 100 CS per aggrecan

that together provide aggrecan with its anionic charge17. The GAG domain is followed by

the G3 domain and the C-terminus of aggrecan. The G3 is believed to be responsible for

modulating aggrecan production and its secretion from chondrocytes11,17,19. Aggrecan binds

to hyaluronic acid (HA) through the link protein, with the A domain of the link protein

interacting with the A domain within G1 region of aggrecan, and the B and B0 domain of

the link protein interacting with HA20,21. Multiple aggrecan molecules are bound to a sin-

gle central hyaluronic acid filament via the link protein and their collective negative charge

attracts counter sodium ions that generate an osmotic imbalance17. This osmotic imbalance

draws water into the ECM, allowing it to swell and expand, and a↵ords cartilage compres-

sive strength9,11,17. The interaction of aggrecan with HA via the link protein allows for its

aggregation and anchors it within the cartilage matrix11,16,17. Collagen provides cartilage

with sti↵ness, and thus limits the over expansion due to aggrecan-induced swelling10,22. The

interplay between the proteoglycans and collagen are crucial for healthy cartilage.

1.2.3 Synovial Fluid and Surrounding Tissue

The synovial cavity is filled with synovial fluid and the synovium. The synovial fluid (SF)

acts as a biological lubricant and medium through which nourishment and cytokines di↵use

through to the cartilage. The SF contains HA and other biomacromolecules, such as lubricin

and superficial zone protein, that provide low friction and low ware properties23. The SF

maintains the homeostasis of the joint and disruption of the synovial membrane leads to

joint inflammation24. Furthermore, the infrapatellar fat pad (IFP) is adipose tissue near the

synovium. The IFP helps in stabilizing the patella during by filling the gaps between joint

tissues24. Disruption to the IFP and/ or SF have been shown to cause inflammation and
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have a high likelihood of progressing to OA23,24.

1.3 Osteoarthritis & Post Traumatic Osteoarthritis

Osteoarthritis (OA) is the most common degenerative joint disease characterized by in-

flammation of the joint and degradation of ECM molecules of articular cartilage4,25,26. The

breakdown of the ECM leads to lesions on the surface of the articular cartilage and pro-

gressing to subchondral bone Figure 1.2. This causes the breakdown of the cartilage itself,

and results in pain and loss of mobility4,25,26. Risk factors such as: trauma, sex, obesity,

age, overuse, genetics, and anatomic factors, are believed to contribute to the likelihood of

a person developing OA26. Post traumatic osteoarthritis (PTOA) is OA that is the result

of a joint trauma or injury that substantially disrupts the joint, such as dislocation and/ or

tears in the meniscus, anterior, or posterior cruciate ligaments1,4. Within this body of work,

we specifically examine PTOA, which accounts for 12.5% of all reported cases of OA1 due

to its distinct genesis point and well developed small animal models27–29.

1.3.1 Pathology of Post Traumatic Osteoarthritis

Following injury to articular cartilage, inflammatory cytokines, such as interleukin-1-beta

(IL-1�), interleukin-6 (IL-6), and transcription necrosis factor-alpha (TNF-↵), are expressed

by chondrocytes and stimulate the secretion of catabolic enzymes that in turn degrade the

ECM components of cartilage4,30. Aggrecan is degraded in the early stages of OA by ag-

grecanases, which are members of the ADAMTS (a disintegrin and metalloproteinase with

thrombospondin motifs) family11,31,32. The most prominent aggrecanases are ADAMTS-4

and -5, commonly called aggrecanase 1 and aggrecanase 2, respectively11,31,32. Aggrecan is

cleaved within its interglobular domain (IGD), and its degradation exposes HA to degra-

dation by hyaluronidases33. The degraded articular cartilage fragments further upregulate

cytokine and metalloprotease (MMP) activity30,34. Collagen is believed to be degraded in

late stage OA and is irreversibly cleaved by collagenases, such as MMP-1, -8, and -1334–37.
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MMP-13 is the predominate collagenase expressed by chondrocytes during the progression

of OA and has a high a�nity for collagen type II34–38. Synovial macrophages phagocytose

degraded cartilage fragments. This causes the release of TNF-↵, IL-6, and IL-1�, which

further stimulate catabolic enzyme production and perpetuate osteoarthritis4,39,40.

1.3.2 Current Treatments for PTOA & OA

Currently no FDA approved therapeutic exists to treat and prevent OA. There are, how-

ever, several surgical and non-surgical options to treat the e↵ects of OA, depending on the

disease severity. Non-surgical methods that do not disrupt the joint capsule, such as lifestyle

adaptations, exercise, and physical therapy41, are preferred since any disturbance to the

joint capsule may initiate inflammation and increase the chance of developing PTOA42,43.

Non-surgical pharmaceutical options to treat OA are divided into supplements and injec-

tions. Common supplements to treat OA include: non-steroidal anti-inflammatory drugs

(NSAIDs), painkillers (primarily opioids), and topical creams; and common injections in-

clude: corticosteroids, viscosupplements, platelet-rich plasma (PRP), and glucosteroids44,45.

Overuse of NSAIDs are linked to increased cardovascular46, kidneys47, and gastrointestinal

tract complications44,48,49. Opioids, as well as topical creams, only address the pain associated

with trauma and not the underlying causes of inflammation, and opioids are linked to severe

cases of addiction44,50. Intra-articular injections of corticosteroids and glucosteroids address

localized inflammation, but result in chondrocyte death50. Viscosupplements, commonly

used once the patient complains of pain, aim to increase mobility and reduce discomfort.

However, viscosupplements only delay surgical intervention and have conflicting evidence of

e�cacy44,51. PRP contain growth factors that promote cartilage health and regeneration.

However, their e↵ectiveness is under debate amongst the medical community due to limited

availability and a lack of data on their e↵ectivness44,52. While intra-articular injections dis-

rupt the joint capsule, they allow for localized delivery directly into the joint. The current

therapies to treat OA focus on symptoms and inflammation, while not treating the dam-
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age to articular cartilage. Addressing the damage to articular cartilage itself and inhibiting

further inflammation is key to creating a therapeutic to prevent the progression of OA.

Current surgical measures to repair osteoarthritic joints include: osteotomy, mosaic-

plasty, microfracture, autologous chondrocyte implantations (ACI), matrix-induced autolo-

gous chondrocyte implantation (MACI), and total knee replacement53. These surgical tech-

niques disrupt the joint capsule, cause inflammation, and increased chances of developing

PTOA42,43. While surgical intervention relieves patient pain, it does not protect cartilage

from further degeneration. There is a necessity for a therapeutic to address joint damage

without significantly stimulating inflammation.

1.3.3 Drug Delivery Systems

Drug delivery of active pharmaceutical ingredients (APIs) are split into two categories:

systemic and localized. Systemic drug delivery (SDD) allows for therapeutic circulation

throughout the entire body and is convenient as well as widely accepted by patients54,55.

However, SDD requires more frequent dosing to maintain therapeutic concentrations in vivo

and continual systemic exposure increases the chances of o↵-target side e↵ects56. This has in-

creased the interest in treatments utilizing localized drug delivery (LDD). LDD can increase

drug concentrations within the desired tissue, while reducing the systemic concentration and

overall amount of drug required which decreases the likelihood of o↵-target side e↵ects57.

Moreover, LDD limits the metabolism of the API by the liver and kidney and allows for a

relative increase in the drug’s half-life compared to SDD57. However, many APIs adminis-

tered via SDD and LDD su↵er from poor stability, low solubility, and rapid clearance within

the body58. Nanoparticles are used to overcome these limitations by increasing the solubility

and stability of APIs, and allow for their controlled release in vivo59.

Nanoparticles used as a drug delivery system (DDS) aim to regulate particle size, sur-

face characteristics, and the release of API to elicit a site specific therapeutic response with

tailorable release profile60. Lipid, inorganic, and polymeric nanoparticles have been engi-
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neered for optimized API administration to overcome conventional delivery limitations, such

as biodistribution and intracellular tra�cking61. The benefits and current areas of improve-

ment for each are listed in Table 1.1.

The application of the nanoparticle significantly impacts the base material used. Lipid

nanoparticles (LNPs) are the most common FDA-approved NPs59,62. The most well-known

LNP is the SARS-CoV-2 mRNA vaccine given emergency use authorization by the FDA63.

LNPs o↵er numerous advantages including easy formulation, self-assembly, biocompatibil-

ity, high bioavailability, and tunable physiochemical properties64. LNPs are near neutral at

physiological pH, making them an ideal platform for nucleic acid encapsulation and deliv-

ery65,66. However, LNPs have low encapsulation e�ciencies and biodistribution that leads

to high uptake within the liver and spleen64,67.
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Figure 1.2: Animation of healthy vs osteoarthritic knee. Damage to the surface of the artic-
ular cartilage progresses to the subchondral bone. Image created with Bioren-
der.com
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Gold, iron oxide, and silicon-based are the most commonly researched inorganic NP

due of their unique electrical, magnetic, and optical properties and their controllable size,

structure, and geometry61,70. Gold and iron oxide NPs are primarily used for diagnostics and

imaging61, as well as used for the delivery of anti-cancer drugs79,80. Silica-based NPs (SNP)

are used to load small molecule cancer drugs86–89, antibiotic90,91 and cancer cell inhibition

peptides84,92,93, and nucleic acids for gene editing to treat genetic disorders and cancers94–96.

Inorganic NPs are a versatile approach for intracellular delivery of small and macromolecule

therapeutics that are also tunable to the disease and tissue of interest. Current research aims

to translate the use of inorganic NPs into clinical application which is currently overlooked

in fundamental research78.

Polymeric nanoparticles (PNPs) are able to be synthesized from natural or synthetic

materials that allow for precise control over particle characteristics with tunable properties

for hydrophobic or hydrophilic drug loading and o↵er easy platforms for surface modifi-

cations61. Natural PNPs are advantageous due to their high degree of biocompatibility,

non-immunogenicity, and low toxicity, and have tunable degradation rates for the controlled

release of APIs99–103. Natural PNPs are used to deliver enzymes to treat ulcerative col-

itis104,105, antibodies for immunization106, and anti-angiogenesis peptides into tumors107.

Natural PNPs, however, have a high degree of variability and their extraction process is

complicated and costly109. Synthetic PNPs are polymerized from monomers with distinct

attributes to facilitate biocompatibility, drug loading, release, degradation, and retention

time100,109. Current research into synthetic PNPs aims to reduce the use of organic sol-

vents and complex synthesis, as well as generate particles with biocompatible degradation

products120.

Here, we specifically focus on nanoparticles for the treatment of OA, with an emphasis

on studies utilizing intra-articular injections. Nanoparticles composed of lipids121–124, met-

als125–130, and polymers116–118,131,132 are the most common nanotherapeutics used to treat

OA133–135. Lipid-based NPs to treat OA are used to load small molecule drugs, such as
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dexamethasone123, methotrexate136, and celecoxib124, and increase retention time within the

joint as well as inhibit inflammation to prevent the progression of OA121,122. While show-

ing promising results, lipid-based NPs have low encapsulation e�ciencies137 and do not

have su�cient mechanical resistance to the high pressures within joints138. Notably, there

is one commercially available liposome-corticosteroid product to treat OA approved in Ger-

many, Lipotalon®, which o↵ers the sustained release of the corticosteroid dexamethasone139.

Metallic NPs are used for OA diagnostics127–129, imaging of the joint128, and to counteract

reactive oxidative species (ROS) produced within the joint126,130. Synthetic poly(lactic-co-

glycolic acid) (PLGA) PNPs were used to encapsulate p66shc siRNA and p47phox siRNA,

and were intra-articularly injected into the joint of OA-induced rats and inhibited inflamma-

tory cytokine and ROS production140,141. Other studies used PLGA-poly(ethylene glycol)

(PEG)-PLGA triblock copolymeric NPs to encapsulate etorixcoxib to inhibit the production

of the inflammatory enzymes cyclooxygenase-2 (COX-2) and MMP-13 within OA-induced

rat joint142,143.

Zhou et al used a chitosan PNP to encapsulate a plasmid DNA-Cytokine response modi-

fier A (CrmA) and inhibited IL-1�, which slowed cartilage destruction in surgically induced

OA108,133,144. PNPs are able to load small molecule to macromolecule drugs and protect them

from proteolytic degradation, and have tailorable degradation rates as well as increased joint

retention time145,146. Intra-articular injection of therapeutics using PNPs allows for direct

drug delivery into the joint, high therapeutic concentration with low drug dosage, minimized

chances for o↵-target side e↵ects, and increased bioavailability compared to systemic deliv-

ery147,148. This body of work focuses exclusively on the use of PNPs functionalized and/ or

encapsulated with therapeutic peptides to prevent the progression of OA.

Thermoresponsive NPs (tNPs) are the most researched stimuli-responsive drug delivery

systems149. tNPs are composed of either lipids or polymeric NPs. The thermoresponsive be-

havior of lipid-based NPs results from phase transitions between the lipid bilayers150. Lipid-

based tNPs retained anti-cancer drugs at 37�C, were injected into a tumor where they were
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heated to 39�C and subsequently released 90% of their payload151. However, lipid-based tNPs

have low drug loading e�ciency152 and unpredictable drug release153. Some polymeric tNPs

are composed of monomers that exhibit a lower critical solution temperature (LCST) or an

upper critical solution temperature (UCST), while others melt at increased temperature149.

The LCST allows the particles to miscible at all temperatures below the transition temper-

ature, and the UCST allows the particles to be miscible above the transition temperature.

tNPs with a LCST are primarily used in nanomedicine since most particles with an UCST

that are biocompatible have transition temperatures outside of a physiologically relevant

range154. The most common thermoresponsive polymers are poly(N-isopropyl acrylamide)

(pNIPAm)155,156, poly(N,N-diethylacrylamide)157 (pDEAAm), poly(N-vinlycaprolactam)158

(pVCL), poly(g-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-3-caprolactone)159 (pMOEEC), and poly[2-

(dimethyl amino) ethyl methacrylate]160 (pDMAEMA). Of the thermoresponsive monomers,

pNIPAm is the most researched due to its sharp LCST being closest to physiological tem-

peratures at 32�C149,161, pDEAAm has a LCST range of 25� to 32�C157; pVCL has a LCST

between 25� to 35�C158; pMOEEC has a LCST of 47.5�C159; and pDMAEMA has a LCST

around 50�C160. The LCST of pNIPAm allows the particles to load drugs in its swollen

state, and release the drugs at physiological temperatures, and are the most used thermore-

sponsive polymeric NP used in biomedical applications149. Here we utilized pNIPAm-based

nanoparticles in tandem with two therapeutic peptides to inhibit the progression of PTOA.

1.3.4 Therapeutic Peptides

Therapeutic peptides were discovered in the 1920s and since then over 60 peptide based

drugs have been approved in the United States, Europe, and Japan162. Peptides are molec-

ularly situated between small molecules and proteins, while being biochemically and thera-

peutically distinct162. Peptides are advantageous as therapeutics due to their high biological

activity, specificity, and low toxicity163. However, using peptides as APIs has its challenges,

as peptides are susceptible to enzymatic breakdown and low stability163–165. Conjugating
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peptides to various moieties has shown to extend their half-life and improve solubility, and

localized injection of peptide-based therapeutics has shown to reduce the frequency of treat-

ment and improve stability162,166. Current research uses NPs to encapsulate peptides for their

controlled release116–118,167, and peptides conjugated to the surface of nanoparticles are used

for imaging and detection168,169, as well as cancer170,171 and multiple sclerosis172 treatment.

Here, we used two therapeutic peptides: an anti-inflammatory MK2 inhibiting peptide and

a hyaluronic acid binding peptide to inhibit the progression of OA.

1.3.5 Therapeutic Peptides to Treat Post Traumatic Osteoarthritis

Proteoglycan loss from articular cartilage happens early in OA and is considered re-

versible if caught early enough, whereas the breakdown of the collagen network is considered

irreversible173,174. However, since cartilage is aneural, most patients do not feel the degra-

dation within their joints until the damage has progressed too far and the collagen network

has begun to breakdown30. PTOA presents a unique opportunity for early stage treatment

as it is most common in younger, active, and military persons where the patient is acutely

aware of the joint trauma28,175. Intra-articular injections are the preferred route of admin-

istration to locally treat PTOA. However, the currently used therapies have less than a 24

hour half-life within the joint175. Polymeric NPs are means to increase retention time within

the joint and inhibit the progression of PTOA175.

Within cells, MK2 (mitogen activated protein kinase activated protein kinase 2) is part

of the p38 pathway, acts downstream of the p38 MAPK, and is responsible for stabilization

of transcription factors for pro-inflammatory cytokines, i.e. IL-6, TNF-↵176–178. The anti-

inflammatory peptide KKKALNRQLGVAA (KKKAL) was originally identified by Hayess

and Benndorf as a substrate inhibitor of MK2, and termed a MK2 inhibitor (MK2i) pep-

tide179. The permeability of the MK2i peptide KALNRQLGVAA (KAL) into cells was im-

proved by the addition of the cell-penetrating peptide (CPP) sequence WLRRIKAWLRRI

(WLR) to its N-terminus domain, and reduced the phosphorylation of HSP27 in vitro180.
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Three other CPP domains were added to the N-terminus of the MK2 inhibiting KAL se-

quence: YARAAARQARA (YAR), KAFAKLAARLYR (KAF), and FAKLAARLYR (FAK).

These were compared to the WLR-KAL (WLRRI) MK2i variant181,182. Of the four CPP-

MK2i peptide sequences, YAR-KAL (YARA) was the most specific MK2 inhibitor, with

KAK-KAL (KAFAK) and FAK-KAL (FAKLA) having similar MK2 inhibition, and WLRRI

being the least specific to MK2181. YARA was the least toxic CPP-MK2i variant with a max-

imum non-lethal concentration of over 3000 µM, KAFAK and FAKLA had lower maximum

non-lethal concentrations of 230 and 300 µM, respectively, and WLRRI the lowest at less

than 40 µM181,182. However, the free-peptides are susceptible to proteolytic degradation and

short residence times183. Encapsulating the MK2i peptide within polymeric nanoparticles

and local delivery to the treatment area o↵ers a solution to this problem.

Previously, our lab encapsulated the KAFAK CPP-MK2i variant within pNIPAM based

nanoparticles and inhibited inflammation 48 hours after treatment117,118, showing the promise

of nanoparticles to increase the e�cacy of peptides. Subsequent studies resulted in the de-

velopment of hollow core-shell pNIAPm based nanoparticles after removal of a degradable,

crosslinked core from a non-degradable crosslinked shell116. The hollow NPs (hNPs) allowed

for increased KAFAK loading and release compared to their solid counterparts116. The non-

degradable pNIPAm hNPs o↵ered twice as much MK2i loading and 5 times greater KAFAK

release than solid counter parts and significantly decreased IL-6 expression ex vivo116. The

YARA, FAKLA, and WLRRI variants were not reported to be encapsulated by PNPs116–118,

presumably due to the YARA and FAKLA having a lower net charge at neutral pH making

them more di�cult to load, and WLRRI was likely not used since it’s less specific to MK2

and more toxic than KAFAK181,182. Delivery of the more specific YARA using PNPs would

be less toxic and has the potential to have fewer o↵-target side e↵ects. Further building

upon these studies, we aimed to synthesize a degradable hNP capable of loading and re-

leasing YARA to inhibit inflammation locally within the joint to treat the progression of

OA.

15



Inflammation is one facet to the progression of OA, another being the degradation of

the ECM of articular cartilage. As stated above, aggrecan is a primary component of car-

tilage and protects it from degradation11. To address the loss of aggrecan associated with

OA, our lab has previously developed an aggrecan mimetic comprised of the anionic gly-

cosaminoglycan (GAG) chondroitin sulfate (CS) conjugated with the HA-binding peptide

GAHWQFNALTVRGSG (GAH)184. The CS-GAH aggrecan mimetic was able to bind to

HA, restore the compressive strength of aggrecan-depleted cartilage, and inhibit the further

release of CS from ex vivo cartilage plugs — functionally mimicking aggrecan184–187. Other

studies used GAH conjugated to heterobifunctional PEG chains with a collagen binding

peptide and was able to slow the degradation of cartilage following joint trauma188. The an-

ionic charge of the CS polymer within the CS-GAH therapeutic is believed to be responsible

for the restoration of compressive strength187. Additionally, the binding to low molecular

weight (LMW) HA using the HA-PEG therapeutic is believed to inhibit LMW HA binding

to pro-inflammatory receptors and slow cartilage degradation188. Functionalizing GAH to

the surface of negatively charged hNP may mimic the same protective e↵ect of anionic GAGs

in restoring the compressive strength of articular cartilage and slowing its degradation, while

also having the added ability to load the MK2i peptide, which inhibits inflammation.

1.4 Thesis Outline & Contributions

In order to inhibit inflammation and restore functionality of osteoarthritic cartilage,

this dissertation is divided into three aims: 1) developing and synthesizing degradable,

thermoresponsive, hollow nanoparticles (hNP) to encapsulate and release YARA, the anti-

inflammatory MK2i peptide; 2) conjugating the HA-binding peptide GAH to the surface

of hNPs to prevent the degradation of the ECM of cartilage and restore its compressive

strength; and 3) analyzing the e�cacy of the nanoparticle-peptide therapeutic to prevent

the progression of PTOA in a small animal pilot study.

Chapter 2 details the development and characterization of degradable, thermoresponsive
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hNPs and the e↵ect of crosslink density on ability of the particle to load and release YARA.

Moreover, Chapter 2 illustrates the benefit of loading the thermoresponsive nanoparticle

below the LCST of NIPAm, when the particle is swollen, compared to when the particle is

in its constricted state, above the LCST of NIPAm. The chapter consists of a manuscript

by Marcus Deloney, Kyra Smart, Prof. Blaine A. Christiansen, and Prof. Alyssa Panitch,

published in the Journal of Controlled Release, Volume 323, Issue July 10th, 2020.

Chapter 3 describes the methodology and use of the HA-binding peptide GAH conju-

gated to the surface of the degradable hNP (GAH-hNP) to restore the compressive strength

to aggrecan-depleted cartilage. Additionally, Chapter 3 details the chemistries used for pep-

tide conjugation and e↵ect of increased peptide concentration to the hNP with respect to

polydispersity, size, and biological e↵ect. The histology and immunohistochemistry staining

were completed by UC Davis VMTH Anatomic Pathology Service - Histopathology Lab, in

vivo images were completed by the UC Davis Center for Molecular and Genomic Imaging

(CMGI), Parssa Garoosi aided in peptide synthesis and purification, Dr. Vanessa Dartora

helped with some tissue sectioning, and Prof. Blaine A. Christiansen aided in the design

of the retention study. All other experiments were designed, performed, and analyzed by

myself with significant contribution from Prof. Alyssa Panitch.

Chapter 4 begins with combining the MK2i anti-inflammatory peptide within the GAH-

conjugated hNPs and its drug release kinetics. Also, within Chapter 4 are the results of

the in vivo small animal study of rats who underwent non-invasive ACL rupture to induce

PTOA and injected with hNP or hNP loaded with MK2i. This study with the result of

collaboration with Prof. Blaine A. Christiansen, Kristen Biris, and Dr. Hailey Cunningham

with experimental design and controls planned by Prof. Alyssa Panitch, Prof. Blaine A.

Christiansen, and myself.

Chapter 5 summarizes the collection of data as a whole and outlines potential future

applications of these technologies.
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130. Leonavičiene, L. et al. E↵ect of gold nanoparticles in the treatment of established

collagen arthritis in rats. Medicina (Lithuania) 48, 91–101. issn: 1010660X (2012).

131. She, P. et al. Dextran sulfate-triamcinolone acetonide conjugate nanoparticles for tar-

geted treatment of osteoarthritis. International Journal of Biological Macromolecules

158, 1082–1089. issn: 18790003. https://doi.org/10.1016/j.ijbiomac.2020.05.

013 (2020).

31



132. Morgen, M. et al. Nanoparticles for improved local retention after intra-articular injec-

tion into the knee joint. Pharmaceutical Research 30, 257–268. issn: 07248741 (2013).

133. Jin, G. Z. Current nanoparticle-based technologies for osteoarthritis therapy. Nano-

materials 10, 1–20. issn: 20794991 (2020).

134. Ji, X. & Zhang, H. Current Strategies for the Treatment of Early Stage Osteoarthritis.

Frontiers in Mechanical Engineering 5, 1–8. issn: 22973079 (2019).

135. Chinnagounder Periyasamy, P., Leijten, J. C., Dijkstra, P. J., Karperien, M. & Post,

J. N. Nanomaterials for the local and targeted delivery of osteoarthritis drugs. Journal

of Nanomaterials 2012. issn: 16874110 (2012).

136. Vanniasinghe, A. S., Bender, V. & Manolios, N. The Potential of Liposomal Drug De-

livery for the Treatment of Inflammatory Arthritis. Seminars in Arthritis and Rheuma-

tism 39, 182–196. issn: 00490172. http://dx.doi.org/10.1016/j.semarthrit.

2008.08.004 (2009).

137. Charcosset, C., Juban, A., Valour, J. P., Urbaniak, S. & Fessi, H. Preparation of lipo-

somes at large scale using the ethanol injection method: E↵ect of scale-up and injec-

tion devices. Chemical Engineering Research and Design 94, 508–515. issn: 02638762.

http://dx.doi.org/10.1016/j.cherd.2014.09.008 (2015).
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139. Maudens, P., Jordan, O. & Allémann, E. Recent advances in intra-articular drug

delivery systems for osteoarthritis therapy. Drug Discovery Today 23, 1761–1775.

issn: 18785832. https://doi.org/10.1016/j.drudis.2018.05.023 (2018).

140. Shin, H. J. et al. p66shc siRNA nanoparticles ameliorate chondrocytic mitochondrial

dysfunction in osteoarthritis. International Journal of Nanomedicine 15, 2379–2390.

issn: 11782013 (2020).

32



141. Shin, H. J. et al. p47phox siRNA-loaded PLGA nanoparticles suppress ROS/oxidative

stress-induced chondrocyte damage in osteoarthritis. Polymers 12, 1–14. issn: 20734360

(2020).
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CHAPTER II

Thermoresponsive, Hollow, Degradable Core-Shell

Nanoparticles for Intra-Articular Delivery of

Anti-Inflammatory Peptides

2.1 Abstract

Inflammation following joint trauma contributes to cartilage degradation and progres-

sion of post traumatic osteoarthritis (PTOA). Therefore, drug delivery vehicles that deliver

e↵ective anti-inflammatory treatments have the potential to prevent PTOA. We have de-

veloped solid and hollow, thermoresponsive nanoparticles for the controlled release of our

anti-inflammatory MK2-inhibiting (MK2i) peptide for intra-articular injection to halt in-

flammation that contributes to the advancement of PTOA. This system exploits the ther-

mosensitive characteristic of N-isopropyl acrylamide (NIPAm) to transition phases when

passing through its lower critical solution temperature (LCST). The nanoparticles (NPs)

swell below the LCST and constrict above it. Non-crosslinked poly(NIPAm) (pNIPAm), held

above its LCST, formed hydrophobic cores around which shells composed of NIPAm, degrad-

able crosslinker N, N’-bis (acryloyl) cystamine (BAC), sulfated 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS), and acrylic acid (AAc) were polymerized. Removal of the

non-crosslinked pNIPAm cores via di↵usion produced, thermosensitive, degradable nanopar-

ticles with low density, or hollow, cores. The data presented here revealed low-density, termed

hollow, nanoparticles (hNPs) load and release significantly more MK2i than solid nanopar-

ticles (sNPs). Furthermore, drug loading below the LCST of NIPAm results in roughly

2.5 times more therapeutic encapsulation compared to loading particles in their constricted

state. Hollow nanoparticles increase drug loading compared to solid nanoparticles, are taken

39



up into chondrocytes within 24 h, cleared from the cells within 6 days, significantly decrease

the secretion of the proinflammatory cytokine IL-6, and, via intra-articular injection, are

successfully delivered into the joint space of rats. The peptide loaded nanoparticles provide

a reproducible platform for intra-articular delivery of therapeutics.

2.2 Introduction

Osteoarthritis (OA) is the most prevalent joint disease worldwide and causes significant

pain, disability, and economic loss. OA a↵ects more than 50 million people accounting

for $185.5 billion in healthcare costs annually in the U.S. alone1,2. OA is characterized

by inflammation of the synovial joint, including the synovial tissue, and degradation of

extracellular matrix (ECM) molecules of articular cartilage resulting in the breakdown of the

cartilage itself. Injury to articular cartilage triggers the release of inflammatory cytokines

(e.g. IL-6, TNF-↵) that increase the secretion of catabolic enzymes by chondrocytes2. The

enzymatic fragments of degraded articular cartilage further stimulate inflammation resulting

in the upregulation of cytokines and matrix metalloproteases (MMPs), thus generating a

damaging cyclic process perpetuating OA2. Suppressing inflammation within the synovial

joint may halt the vicious cascade that perpetuates cartilage matrix breakdown and the

progression of OA following joint trauma.

Current non-surgical OA treatments, including non-steroidal anti-inflammatory drugs

(NSAIDs), opioids, and intra-articular (IA) injections of viscosupplements and corticos-

teroids, are primarily palliative, and are meant to control pain rather than prevent further

joint degeneration. However, overuse of NSAIDs can lead to increased gastrointestinal3,4,

cardiovascular5, and kidney complications6, and opioids can have severe adverse side e↵ects,

primarily addiction7. Corticosteroids are the most prominent IA injection used for treating

OA, but may promote chondrocyte destruction and increase the necessity for joint replace-

ment and the likelihood for surgical intervention7. Therefore, there is a need for a safe,

targeted therapeutic that can slow or stop the progression of PTOA.
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Within the inflammatory pathway, mitogen-activated protein kinase-activated protein

(MAPKAP) kinase 2 (MK2) is activated by p38 MAPK during OA and stabilizes the mRNA

encoding pro-inflammatory cytokines (i.e. IL-1�, IL-6, and TNF-↵)8,9. Our lab has devel-

oped a series of MK2 inhibiting (MK2i) cell-penetrating peptides (CPPs) that suppress

MK2 phosphorylation, thus suppressing pro-inflammatory cytokine production; two vari-

ants of MK2i peptides, YARAAARQARAKALARQLGVAA (YARA) and KAFAKLAAR-

LYRKALARQLGVAA (KAFAK), di↵er in sequence only in their CPP region, however dif-

fer tremendously in their kinase inhibition selectivity profiles10,11. Despite their therapeutic

value, both MK2i peptides are highly susceptible to enzymatic degradation within the ex-

tracellular space. To overcome enzymatic degradation of the MK2i peptide and prolong

sustained delivery time, thermoresponsive, anionic NPs were synthesized and investigated

for MK2i peptide loading, release, and subsequent in vitro bioactivity12,13.

Our previous two generations of thermoresponsive NPs were either termed “solid” nanopar-

ticles (sNPs) or “hollow” nanoparticles (hNPs) with the latter synthesized as core-shell parti-

cles followed by core removal that required disulfide bond reduction leaving a nondegradable

shell. Limitations in peptide loading and release from the previous nanoparticle generations

led us to modify synthesis protocols and to alter the crosslinking strategy to improve core

removal, peptide loading and release, and to support particle degradation in vitro and in

vivo14–16. Here, the cores are synthesized with a high initiator to monomer ratio to limit

polymer molecular weight and potentially enhance removal of the core from the fully formed

core-shell nanoparticle. In addition, shells, formed directly around the cores, contained a la-

bile disulfide crosslink, N,N0-bis(acryloyl) cystamine (BAC), to facilitate particle degradation

and controlled release of the loaded peptide. Below the LCST, the nanoparticles swelled to

aid peptide di↵usion into the particle as well as support the formation of ionic bonds between

the peptide and particle. The particle shell contained degradable crosslinker BAC as well

as negative acrylamido-2-methyl-1-propanesulfonic acid (AMPS) to interact ionically with

the cationic MK2i peptide, and acrylic acid (AAc) for future particle modification. These
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nanoparticles presented here will be used to encapsulate and deliver MK2i anti-inflammatory

peptide into the joint space.

In previous generations of nanoparticles, YARA retention within the particle was unsuc-

cessful, limiting the usefulness of the delivery system, while KAFAK was retained and used as

the MK2i14–16. However, YARA has been found to be more specific to MK2 inhibition10,11,17,

making it desirable to deliver this version of the MK2 inhibitor peptide. The nanoparticles

presented here allows for YARA retention within monodispersed, thermoresponsive, degrad-

able NPs allowing for its sustained release into inflamed chondrocytes. In this work, we

seek to understand how crosslink density e↵ected particle degradation and YARA loading

and release. Fluorophore labeling of the core polymer, via co-polymerization with vinyl-

fluorophore monomers, allowed quantification of core removal using flow cytometry as well

as nanoparticle visualization. Fluorescent labeling also allowed the use of intravital imaging

to track particle retention within the synovial joint of rats. The body of results presented here

support the hypothesis that lowering the crosslink density within the hollow poly(NIPAm-

co-AMPS-AAc-BAC) nanoparticles will increase YARA uptake into the particles. Further,

the incorporation of the degradable crosslinker, BAC, will allow therapeutic release and NP

clearance from the cell, thus supporting suppression of the production of the inflammatory

cytokine interleukin 6 (IL-6) in chondrocytes treated with YARA-loaded, lower crosslink

density hollow nanoparticles as compared to YARA-loaded crosslink density matched solid

nanoparticles, see Figure 2.1.

2.3 Materials & Methods

2.3.1 Cell Culture

Fetal bovine knees were purchased from Animal Technologies (Tyler, TX) and primary

chondrocytes were harvested 24 h after slaughter as previously described18. Briefly, cartilage

slices, 150–200 µm thick, were shaved from the load-bearing femoral condyle and washed
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Figure 2.1: Graphical representation of reported studies. Di↵usion of pNIPAm chains di↵use
out of poly(NIPAm-co-AMPS-AAc-BAC) shell to generate hollow, thermore-
sponsive, degradable nanoparticle to load anti-inflammatory YARA for in vitro
studies and in vivo delivery.

three times with 1x PBS. In 2.5 ml increments, shaved cartilage was added to 25 ml of

Dulbecco’s Modified Eagle Media (FBS DMEM)/F12 containing 0.1% bovine serum albumin,

0.2% w/v collagenase P, 100 units/ml penicillin, 100 µg streptomycin, and 3% FBS), then

incubated at 37�C for 2 h. Released chondrocytes were filtered through sterile 70 µm cell

strainer and centrifuged at 1,000 RPM for 5 min. The supernatant was removed and the

pellet re-suspended in 10 ml of 10% FBS DMEM/F12. The centrifugation and resuspension

were repeated three times. Chondrocytes were counted and plated at 20,000 cells/cm2 at

37�C and 5% CO2 in a humidified incubator. Initial media was changed after 24 h. All
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chondrocytes were used between passage 2 and 6.

2.3.2 Materials

N-isopropyl acrylamide (NIPAm, � 98%), N,N0-Bis(acryloyl) cystamine (99%, BAC), N,

N0-methylene-bis-diacrylaminde (MBA), sodium dodecyl sulfate (SDS; 20% w/v in water), 2-

acrylamido- 2-methyl-1-propanesulfonic acid (99%, AMPS), dithiothreitol (98%, DTT), flu-

orescein o-acrylate (98%, FL), rhodamine B isothiocyanate (98%, RBITC), ethanol (99.5%,

EtOH), N-diisopropylethylamine (99%, DIPEA), potassium persulfate (99%, KPS), trifluo-

roacetic acid (TFA), and dimethyl sulfoxide (DMSO) were acquired from Sigma Aldrich (St.

Louis, MO). Dimethylformamide (DMF), dichloromethane (DCM), acetonitrile (ACN), tri-

fluoroacetic acid (TFA), triisopropylsilane (TIPS), and phenol were purchased from Thermo

Fisher (Waltham, MA). Dialysis membrane tubing was purchased from Spectrum Labora-

tories (Dominguez, CA). NIPAm and BAC were stored under nitrogen at 4�C and -20�C,

respectively. AMPS was stored at room temperature in a desiccator. All water used in

synthesis, dialysis, and testing was treated by a Millipore milliQ system (Billerica, MA; 18.2

M⌦·cm resistivity).

2.3.3 Nanoparticle Synthesis

Solid Particles : Solid NPs (sNPs) were synthesized via precipitation reaction by dissolv-

ing 794.7 mg NIPAm, 78.0 mg AMPS, 48.2 mg BAC, 4.81 µl AAc, and 164 µl of a 20% SDS

solution in 5 ml milliQ water into the reaction flask. After 15 min, 33.7 mg KPS dissolved

in 2 ml milliQ water was injected into the reaction flask, still under nitrogen blanket, and

refluxed at 70�C for 4 hours. sNPs were allowed to equilibrate to room temperature before

purification.

Hollow Particles : The nanoparticle (NP) core-shell complex was polymerized via pre-

cipitation reaction. The NP cores were synthesized by dissolving 394.5 mg NIPAm in 3 ml

milliQ water in a scintillation vial and injecting it into a 100 ml three-neck flask under reflux
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and a nitrogen blanket with 35 ml milliQ water and 164 µl of a 20% SDS solution at 70�C.

Following a 15 min equilibration time, 67.4 mg KPS dissolved in 2 ml milliQ water was

injected into the reaction flask to initiate the core polymerization, which continued for 2 h.

NP cores were exposed to atmospheric oxygen for 45 min to terminate free-radical polymer-

ization followed by a 15 min nitrogen purge. The NP shells were polymerized around the

cores by injection of 794.7 mg NIPAm, 78.0 mg AMPS, 48.2 mg BAC, 4.81 µl AAc, and 164

µl 20% SDS dissolved in 5 ml milliQ water into the reaction flask. After 15 min, 33.7 mg

KPS dissolved in 2 ml milliQ water was injected into the reaction flask, still under nitro-

gen blanket, and the mixture was refluxed at 70�C for 4 hours. Following polymerization,

pre-dialysis NP (pd-NP) core-shell solution was allowed to equilibrate to room temperature

before purification via transverse flow filtration (TFF). To remove core polymer by di↵usion,

half of each lyophilized, TFF-purified pd-NP batch was dissolved in 50 ml of milliQ water

and dialyzed in 10 kDa dialysis tubing (Spectrum Laboratories, Dominguez, CA) at 4�C for

14 days; milliQ water was changed daily. Following dialysis, the now hollow NPs (hNPs)

were frozen and lyophilized. Each batch was placed in opaque coverings during dialysis and

lyophilization to prevent photobleaching.

Varying Crosslink Density : sNP and hNP batches with di↵ering crosslink density were

used for drug loading and release studies. Varying amounts of BAC were added to the NP

reaction mixture [24.1 mg BAC (0.5x NPs), 48.2 mg BAC (1x NPs), and 96.4 mg BAC (2x

NPs)] for polymerization into the shells and solid particles (nomenclature in Table 2.1) via

respective methods for sNP and hNP listed above to investigate the role of crosslink density

on therapeutic loading and release.

Fluorophore Incorporation: For FL-core NP batches, 0.1 mol% FL dissolved in 1 ml

DMSO was injected after initial NIPAm and SDS injection, then core polymerization was

initiated, creating the fluorescently-labeled co-poly(NIPAm-FL) core. For RBITC-shell

NP batches, 0.1 mol% RBITC dissolved in 1 ml DMSO was injected following NIPAm,

AMPS, BAC, AAc, and SDS addition and before shell polymerization initiation, resulting
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in fluorescently-labeled co-poly(NIPAm-AMPS-AAc-BAC-RBITC) shells formed around the

core. Each NP batch was synthesized three times for experimental replicated, and tested

three times for technical replicates. All nomenclature for the various batches is shown in

Table 2.1.

Non-degradable Fluorescent Particles : Non-degradable particles were synthesized via the

same fluorophore incorporation protocol as described above, except using non-degradable

crosslinker N, N0-methylenediacrylaminde (MBA) instead of BAC to generate non-degradable

co-poly(NIPAm-AMPS-AAc-MBA-RBITC) (sNPsRBITC-MBA) particles.

Table 2.1: Nanoparticle Fluorophore Nomenclature

Pre-Core Removal Post Core Removal

Unlabeled Core, Unlabeled Shell NP hNP
FITC Core, Unlabeled Shell NPcFITC hNPcFITC
Unlabeled Core, RHB Shell NPsRHB hNPsRHB

FITC Core, RHB Shell NPcFITCsRHB hNPcFITCsRHB

Solid Hollow

24.1 mg BAC 0.5x sNP 0.5x hNP
48.2 mg BAC 1x sNP 1x hNP
96.4 mg BAC 2x sNP 2x hNP

RBITC Labeled Shell

Degradable Fluorescent hNPsRBITC-BAC
Non-Degradable Fluorescent sNPsRBITC-MBA

2.3.4 Nanoparticle Purification

All sNP batches were purified using tangential flow filtration (TFF), KR2i from Spectrum

Laboratories (Dominguez, CA), equipped with 10 kDa filter. sNPs and pd-NPs were filtered

against 18.2 M⌦·cm resistivity until 100 ml of permeate was collected. Following purification,

respective particle batches were frozen, lyophilized, and stored at room temperature. During

all times, NPs were covered to prevent photo-bleaching.
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2.3.5 Nanoparticle Characterization

During the 45 min oxygen purge following core polymerization, 1 ml of reaction solu-

tion was analyzed using dynamic light scattering (DLS) on Nano-ZS90 Zetasizer (Malvern,

Westborough, MA) at 70�C to size the cores.

Following purification and lyophilization, sNP and pd-NP batches were respectively dis-

solved at 1 mg/ml in milliQ water, and subjected to temperature sweeps from 18.0�C –

42.0�C, in 1.5�C increments, equilibrating for 3 min between each step, and measuring three

times per step using DLS. The same procedure was followed for hNPs after dialysis to obtain

their physical characteristics. Zeta (⇣)-potential was obtained on a Nano-ZS90 Zetasizer at

1 mg/ml sample concentration in milliQ water at 18.0�C and 24.0�C using folded capillary

cells. All temperature trends and ⇣-potential measurements were run in experimental and

technical triplicate.

2.3.6 Flow Cytometry

Confirmation of core removal was performed using pd-NPs with cores labeled with 0.1

mol% FL. Pd-NPs and hNPs were analyzed using Attune NxT Flow Cytometry (Ther-

mofisher Scientific, Rockford, IL) to quantify the absorbance of the NPs before and after

dialysis across all batches. The Attune flow cytometer with YL2 and BL1 lasers set to 225

mV assessed pd-NP and hNP fluorescence. Samples of each pd-NP and hNP batch were

prepared at 1 mg/ml. The Attune flow cytometer pulled 150 µl of each solution at 150

µl/min and record the fluorescence; two rinses between samples and 1 ml of focusing fluid

were flushed through to prevent potential contamination. Flow cytometry data was analyzed

using FlowJo software.

2.3.7 Drug Loading & Release

One mg of each sNP and hNP batch were dissolved with 2 mg YARA in 1 ml ethanol

(EtOH), incubated for 24 h at 4�C or 42.0�C for drug loading. Following incubation, loaded
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sNPs/hNPs were centrifuged at 17,000 g for 90 min and 500 µl of the supernatant was

collected, centrifuged again for 90 min at 17,000 g, then 300 µl of that supernatant was

collected for post-load analysis to quantify remaining unloaded peptide using a C18 reverse

phase column on a high-performance liquid chromatography (HPLC). Respectively, 1 ml of

milliQ water was added to loaded sNP and hNP to resuspend them prior to freezing and

lyophilizing.

Drug release was measured by dissolving loaded sNPs and hNPs, respectively, at 1 mg/ml

in 1x PBS and incubating in a shaker at 37�C and 200 RPM. For all time points, the solution

was centrifuged for 10 min at 17,000 g, 500 µl of solution was removed and replaced with

500 µl of fresh 1x PBS, and frozen. Drug release was quantified using reverse phase HPLC.

Briefly, 300 µl/ml supernatant from respective time-points was thawed and analyzed for

peptide content.

2.3.8 Nanoparticle Degradation

In vitro degradation using glutathione: 1x hNPs were dissolved at 500 µl/ml in solutions

of: 10 mM glutathione (GSH) pH 5.2, 0.01 mM GSH, pH 7.2, and ultrapure water pH 7.2 to

mimic intracellular (intra) and extracellular (extra) GSH concentrations, respectively, with

water serving as the control. Dynamic light scattering measurements were taken using a

Nano-ZS90 Zetasizer (Malvern, Westborough, MA) at 37�C from samples collected at Day

0, 1, 3, 5, 7, and 9 to obtain the respective diameter, PDI, and particle size distribution.

TEM : One mg of 0.5x, 1x, or 2x hNPs was dissolved in 1x PBS or 1 mM DTT, and

mixed at 37�C at 200 RPM. Daily, the solutions were centrifuged at 17,000 g for 10 min,

0.5 ml of the supernatant was removed, and then 0.5 ml of fresh solution was added. Ten

µl of each suspended NP treatment was adsorbed onto 400 mesh copper grids for 10 min,

then excess solvent was removed. Mesh grids were stained with 2% urinal acylate for 10

sec and immediately blotted to remove excess solution. Samples were then analyzed using

transmission electron microscopy (TEM) (F.E.I. Company, Hillsboro, OR) at the UC Davis
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core facility.

2.3.9 Peptide Synthesis & Purification

YARAAARQARAKALARQLGVAA (YARA) was synthesized using a CEM Liberty Blue

Peptide Synthesizer (Matthews, NC). Briefly, FMOC protected L-amino acids were individu-

ally dissolved in synthesis grade DMF to yield 0.2 M solutions. Rink-Amide (Sigma Aldrich,

St. Louis, MO) resin was added to the reaction vessel of the CEM Liberty Blue peptide

synthesizer. Synthesis occurred at 90�C for 4 – 30 min per amino acid, time varying for each

amino acid. YARA was cleaved from the Rink-Amide resin using 2 ml of a cleavage cocktail

(4.4 ml TFA, 0.25 ml phenol, 0.25 ml milliQ water, and 0.10 ml TIPS) for 3 h, precipitated

with 0�C diethyl ether, centrifuged at 1,000 g for 5 min four times, and dried overnight at

room temperature. YARA was purified using reverse phase fast-protein liquid chromatogra-

phy (FPLC). Quantification of molecular weight was assessed using Matrix Assisted Laser

Desorption/Ionization – Time of Flight (MALDI-TOF) mass spectroscopy.

2.3.10 In Vitro Nanoparticle Update, Clearance, & Imaging

Chondrocytes were seeded at 30,000 cells/cm2 into 24-well IBIDI cell culture plate and

incubated for 24 h at 37�C. Media was removed and frozen for later analysis, then cells were

washed three times with Hank’s Balanced Salt Solution (HBSS) followed by addition of 400

µl of: media (n = 6), 400 µl of media containing 2 mg/ml of degradable hNPsRBITC-BAC

(n = 6), or 2 mg/ml of non-degradable sNPsRBITC-MBA (n = 6) to the respective wells and

cells were incubated for 24 h at 37�C. Following incubation, media was aliquoted and frozen,

then all wells were washed three times with HBSS then 400 µl of 75 nM Lysotracker Blue

DND-22 in media (ThermoFisher Waltham, MA) was added to each well and incubated

for 45 min at 37�C under low light conditions. Each well was washed with HBSS and

imaged. Following imaging, 400 µl of fresh FBS DMEM media replaced HBSS. Brightfield

and fluorescent images were collected daily for 8 days; Lysotracker Blue DND-22 was only
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imaged after day 1. For all images, wells were washed three times and imaged in HBSS,

then HBSS was replaced with fresh FBS DMEM media. All confocal images, brightfield,

Lysotracker Blue DND-22 (excitation: 373 nm, emission: 422 nm), and RBITC (excitation:

570 nm, emission: 623 nm), were taken using FV3000 Confocal Laser Scanning Microscope

(Olympus, Tokyo, Japan) at 60x magnification. The fluorescence of the aliquoted media

was analyzed using Spectramax M5 to quantify of RBITC in media (excitation: 570 nm,

emission: 623 nm).

2.3.11 Nanoparticle Cytotoxicity

CellTiter Aqueous One assay was used to assess the cytotoxicity of all YARA loaded

nanoparticles. Briefly, the respective batches of sNPs and hNPs were loaded as described

previously. Chondrocytes seeded at 20,000 cells/cm2 into a 96-well plate were incubated for

24 h at 37�C at 5% CO2. Nanoparticles were added at a concentration of 2, 4. 6, 8, 10, and

12 mg/ml for a total volume of 150 µl to each well, n = 4 per treatment; cells treated only

with FBS DMEM media served as the control and were incubated for 24 h. Each well was

washed three times with PBS, and 100 µl of fresh FBS DMEM media plus 20 µl of CellTiter

Aqueous One (Promega, Madison, WI) added to each well and incubated for 3 h at 37�C.

Absorbance of each well was measured using a Spectramax M5 plate reader according to

manufacturer’s protocol.

2.3.12 In Vitro Inflammatory Stimulation & Cytokine Analysis

CellTiter Aqueous One assay was used to assess the cytotoxicity of all YARA loaded

nanoparticles. Briefly, the respective batches of sNPs and hNPs were loaded as described

previously. Chondrocytes seeded at 20,000 cells/cm2 into a 96-well plate were incubated for

24 h at 37�C at 5% CO2. Nanoparticles were added at a concentration of 2, 4. 6, 8, 10, and

12 mg/ml for a total volume of 150 µl to each well, n = 4 per treatment; cells treated only

with FBS DMEM media served as the control and were incubated for 24 h. Each well was
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washed three times with PBS, and 100 µl of fresh FBS DMEM media plus 20 µl of CellTiter

Aqueous One (Promega, Madison, WI) added to each well and incubated for 3 h at 37�C.

Absorbance of each well was measured using a Spectramax M5 plate reader according to

manufacturer’s protocol.

2.3.13 In Vivo Nanoparticle Retention

Following acclimation, 10-week old Fisher 344 rats purchased from Envigo (Huntingdon,

UK) were anesthetized with isoflurane and hair was removed from both rat knees. Next,

150 µl of 2.0 mg/ml hNPsRBITC in PBS (n =5) or 150 µl PBS alone for negative control

(n = 3) was injected into their left joint space, with the right joint serving as the untreated

control. Rats were imaged and fluorescence intensity measured using an In Vivo Image

System (IVIS) at the UC Davis Center for Molecular and Genomic Imaging (CMGI) at

557 nm excitation and 623 nm emission. IVIS was used to examine the fluorescence of

hNPsRBITC and to quantify the presence of the fluorescent hNPsRBITC within rat joints

with timepoints taken: immediately prior to injection, immediately after injection, daily for

seven days, and immediately following dissection. Rats were imaged daily for 7 days then

sacrificed using CO2 euthanasia. The hind limbs were dissected and imaged again to verify

successful injection into the joint space. Total radiance emission (TRE) fluorescence was

collected and analyzed.

2.3.14 Statistical Analysis

Paired student’s t-test was used to analyze significant di↵erence between particle diam-

eter for the various batches listed in Table 2.1 in Table S2.2 and Table S2.3 see Figure

S2.10. Paired student’s t-test was also used to assess the statistical di↵erence between daily

TRE measured in PBS and hNPsRBITC treated knees in vivo; p < 0.05. Two-way multi-

comparison ANOVA was used to access di↵erences in treatments for in vitro IL-6 knockdown,

p < 0.05, as well as the TRE in vivo significant di↵erence pre- and post-injection. Data is
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expressed as mean values ± standard deviation unless otherwise noted. Each batch of NPs

was synthesized in experimental triplicate and each experimental run in technical triplicate,

unless otherwise stated.

2.4 Results & Discussion

2.4.1 Nanoparticle Synthesis & Characterization

Poly(NIPAm) (pNIPAm) has an LCST of approximately 32�C, where it transitions be-

tween a hydrophilic (swollen) phase below its LCST, and a hydrophobic (collapsed) phase

above its LCST. Wide-spread investigation of pNIPAm and its derivatives in biomedical

applications include: drug delivery triggered by reactive oxygen species19, tumor-cell imag-

ing20, gram positive bacteria detection21, controlled release of biomolecules22, and delivery

of macromolecular therapeutics23,24, and are due in large part to the tunability of the LCST

near physiological temperature. Numerous micro- and nanoparticles exploit the thermore-

sponsive behavior of pNIPAm to form core-shell particles with metallic25–31, inorganic32–36, or

polymer cores14,37–41 and polymeric shells. Of the mentioned thermoresponsive particles, only

those synthesized around inorganic cores (IC) or polymer cores (PC) form hollow particles,

with a majority of the hollow particles being derived from those with inorganic (e.g. silica)

cores. However, current core removal processes require the use of solvents; ICs were degraded

using 0.05 M NaOH32,35 or hydrofluoric acid33,34, and PCs were degraded with either: 1 mM

DTT14, chloroform38, tetrahydrofuran (THF)40, or etched out using sodium carbonate39.

These core degradation methods introduce additional solvents necessitating further purifi-

cation and have the potential to modify the particle. Rather than use additional solvents,

here we exploited the LCST of pNIPAm to generated non-crosslinked, removable pNIPAm

cores, around which a crosslinked poly(NIPAm-co-AMPS-AAc-BAC) shell was polymerized

to create particles with low-polymer density centers, termed hollow NP (hNP), for loading

and release of cationic CPPs.
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Polymerized non-crosslinked pNIPAm readily forms 50 – 60 nm particle cores and poly(NIPAm-

FL) chains form 80 – 100 nm cores above their LCST (70�C) and dissociate when temperature

is dropped to below the LCST, Table S2.2. Polymerizing poly(NIPAm-co-AMPS-AAc-BAC)

or fluorescently-labeled poly(NIPAM-co-AMPS-AAc-BAC-RBITC) shells around these cores

at 70�C allowed for formation of stable particles from which the non-crosslinked core can be

removed via di↵usion.

All pre-dialyzed and hollow nanoparticle batches (nomenclature is listed in Table 2.1)

were sized using DLS and ⇣-potential was evaluated to investigate the e↵ect of fluorophore

incorporation into the polymer backbone on size and the charge at the surface of the nanopar-

ticles, Table S2.2. Previously, fluorescein O-acrylate (FL) was polymerized into crosslinked

poly(NIPAm-co-BAC-FL) cores to track core removal, and was also polymerized into the

shell of primarily pNIPAm particles to track endocytosis into macrophages or bovine chon-

drocytes, but this study did not show the e↵ect of FL on particle size14–16,37. Here, FL was

polymerized into the core to verify core-shell formation and core removal. DLS measure-

ments show that FL incorporation caused a 63.26% increase in core diameter, Table S2.2.

After shell polymerization around the FL core, pd-NPcFL were 49.22% and 55.77% larger

than pd-NP at 18.0�C and 42.0�C respectively, while hNPcFL exhibited a 49.60% at 18.0�C

and 47.56% at 42.0�C increase compared to hNP, Figure 2.2 and Table S2.2. This suggests

that FL either a↵ects particle size sterically or through altered hydrophobic interactions

of the pNIPAm chains. RBITC was polymerized into the shells to validate shell forma-

tion around FL-labeled cores, rather than simply new NP formation, and caused the size

of both pd-NPsRBITCs and hNPsRBITCs to increase as shown in Figure 2.10 and Table

S2.2; when compared to unlabeled pd-NPs, the pd-NPsRBITCs had a 32.21% at 18.0�C

and 31.02% at 42.0�C increase in size and the hNPsRBITC increased 30.62% at 18.0�C and

28.48% at 42.0�C compared to hNP. The dual labeled pd-NPcFLsRBITC/hNPcFLsRBITC

batch followed the same trend, increasing both core size and shell size, but not altering

the pd-NPcFLsRBITC nor hNPcFLsRBITC thermosensitive behavior, Figure 2.2 and Table
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S2.2. While the fluorophores did increase the relative size of the core, shell, and core-shell

complex, these data serve as excellent indicators of both core removal and core-shell particle

formation.

Figure 2.2: DLS hydrodynamic diameter temperature sweep from 18.0�C – 42.0�C of pre-
dialyzed (blue) and hollow (red) nanoparticle batches. Each batch was synthe-
sized three times, and each synthesis tested three times. A) Unlabeled Core +
Unlabeled Shell; B) FL-labeled Core + Unlabeled Shell; C) Unlabeled Core +
RBITC-labeled Shell; D) FL-labeled Core + RBITC Labeled Shell. Statistical
size di↵erence between the various nanoparticle batches is displayed in Figure
S2.10

Interestingly, all hNP batches were slightly larger than their pd-NP and sNP counterparts.

This is believed to be due to the non-crosslinked chains from the core di↵using out of the

particles and leaving increased space for shell polymer chain rearrangement, which perhaps

increases chain mobility and supports particle swelling. The characteristics match previously

published work where the hNPs were shown to be larger than sNP counterparts14,32,35,39,42.
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A majority of the hNPs reported had a diameter greater than 300 nm14,32,34,35,37,38,42, and

particles larger than 200 nm have been shown to initiate an inflammatory response43, thus

our goal was to develop a method to repeatedly produce particles that maintained a size

below 200 nm when delivered at 37�C.

Particles with ⇣-potential values between -20 to -30 mV are considered moderately stable

and -30 mV or lower are highly stable44. All pd-NPs, hNPs, and sNPs presented here

were colloidally stable with ⇣-potential -25 to -35 mV, except for pd-NPcFLsRBITC. pd-

NPcFLsRBITC exhibited a ⇣-potential of -4.51 ± 0.63 mV and was considered unstable44.

Surprisingly, hNPcFLsRBITC was colloidally stable with a ⇣-potential of -24.54 ± 9.42 mV,

suggesting the interaction between FL and RBITC fluorophores partially masked the negative

charge from the sulfate groups at the particle surface and the removal of the pNIPAm-FL

core restored the surface presentation of sulfate groups. All hNPs had a more negative ⇣-

potential than their pre-dialyzed counterparts, further substantiating the claim that the shell

polymer chains are better able to rearrange, resulting in increased surface charge following

core removal. The size, polydispersity, and ⇣-potential of the various NPs are listed in

Table S2.2 and Table S 2.3 above and below their LCST at 18.0�C and 42.0�C. Importantly,

the increased negative ⇣-potential of the particles presented here, as compared to previous

versions reported by our laboratory, has improved colloidal stability and facilitated improved

loading of CPP, particularly the highly specific MK2 inhibitor peptide YARA. Statistical size

di↵erence between the various nanoparticle batches is displayed in Figure S2.10A.

Further attesting to the robust synthesis method, the polydispersity (PDI) of the particles

was found to be low. The PDI recorded by DLS is a measure of size uniformity, and a PDI

< 0.1 is considered to indicate that a particle population is monodisperse44. All particle

batches presented here were shown to be monodisperse, Table S2.2. Overall, the synthesis

methods was shown to produce particles of repeatable and uniform size14,38.
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2.4.2 Dialysis of Nanoparticles & Core Removal Quantification using Flow Cy-

tometry

Following particle synthesis, suspending the pre-dialyzed core-shell particles in an aqueous

environment at 4�C supported particle swelling, which in turn allowed the non-crosslinked

pNIPAm chains within the core to di↵use from the particle to generate hNPs. Removal of

the non-crosslinked core was quantified using: DLS, TEM, and, for the first time to our

knowledge, flow cytometry.

For analysis by flow cytometry, particles were maintained below the LCST, in their

swollen state, to ensure that they were larger than 200 nm (the minimum size detectable by

the flow cytometer). The data presented in Figure S2.11 shows the emergence of a secondary,

FL-negative population in hNPcFL compared to the FL-positive pd-NPcFL batch as a result

of the core polymer chains di↵using through the crosslinked shell, albeit not completely. At

moderate to low monomer to initiator ratio, NIPAm is known to self-crosslink, however

here a significantly higher monomer to initiator ratio was used limiting self-crosslinking of

NIPAm45. The reason full core removal is not observed is likely due to a combination of:

some NIPAm self-crosslinking occurring, physical entanglement between the non-crosslinked

poly(NIPAm-co-FL) chains and crosslinked poly(NIPAm-co-AMPS-AAc-BAC) shell, and

steric hinderance. However, there is a clear emergence of a secondary FL-negative population

demonstrating that the majority of poly(NIPAm-co-FL) di↵uses from the core-shell particle

complex, Figure S2.11. Additional analysis via flow cytometry, Figure S2.11, showed pd-

NPsRBITC and hNPsRBITC were una↵ected by the dialysis, indicating dialysis does not

a↵ect the particle shell. Flow cytometry results confirmed the majority of core removal was

achieved after 14 days of dialysis.

2.4.3 Core-Shell Nanoparticle Formation - Confirmed with Flow Cytometry

To verify the intended shell formed around the existing cores rather than forming new

particles separate from the cores, RBITC-labeled shells were polymerized around FL-labeled
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Figure 2.3: Flow cytometry confirms RBITC labeled crosslinked shells primarily polymerize
around FL-labeled non-crosslinked cores forming a single nanoparticle core-shell
complex, rather than two distinct particles.

cores (pd-NPcFLsRBITC). The data in Figure 2.3 shows the existence of minor particle

populations that only contain FL (core) or RBITC (new particles), but a major core-shell

complex population existed within pd-NPcFLsRBITC batch (count 44,387) compared to

unlabeled particle batch (count 1,292) confirming a relatively pure population of core-shell

particles for further study. Further, confirmation that the core polymer was removed during

the 14 days of dialysis support the use of unlabeled particles for evaluating drug release and

in vivo function as ultimately, unlabeled particles would be used for in vivo drug delivery.

2.4.4 Drug Loading & Release from Nanoparticles of Varying Crosslink Density

Unlabeled hNPs and sNPs were synthesized with various amounts of BAC (0.5x NPs, 1x

NPs, and 2x NPs) to assess the benefits of hollow vs. solid nanoparticles as well as the e↵ects

of crosslink density on particle swelling and drug loading and release, nomenclature shown

in Table 2.1. The size of each sNP, pd-NP, and hNP batch of varying crosslink density and

physical characteristics (⇣-potential, and PDI data) are shown in Figure 2.4, Figure S2.12,

and Table S2.3, respectively, with the statistical size di↵erences between sNPs and hNPs

displayed in Figure S2.10B.
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As expected, at lower crosslink density hNPs show increased overall diameter compared

to their pd-NP counterparts and as compared to corresponding sNPs for all batches. The

0.5x particles exhibited the greatest increase in diameter with hNPs being 18.73% at 18.0�C

and 19.91% at 42.0�C larger than 0.5x pd-NPs. There was an evident, but lesser, size

di↵erence in the 1x particles, with 1x hNPs being 9.32% at 18.0�C and 12.16% at 42�C

larger than 1x pd-NPs. Noticeably, the 2x pd-NP and hNP exhibited similar sizes across the

temperature profile, with only 0.32% di↵erence at 18.0�C, and 2.36% di↵erence at 42.0�C

respectively; showing that increasing the crosslink density a↵ects NP swelling, Figure S2.12

and Table S2.3. Comparing sNPs and hNPs, the 0.5x hNPs were 40.09% at 18.0�C and

20.41% at 42.0�C larger than 0.5x sNPs; 1x hNPs were 20.47% at 18.0�C larger than sNPs,

but were statistically identical at 42.0�C; 2x hNPs were 36.67% at 18.0�C and 11.26% at

42.0�C larger than 2x sNP counter parts, Figure 2.4 and Table S2.3, and statistics displayed

in Figure S2.10B.

While the authors are unaware of studies investigating drug loading and crosslink density

on hollow, thermosensitive nanoparticles, Bartlett et al. found increasing crosslink density

for poly(NIPAm)-based particles decreased the size of the particle uniformly both above and

below the LCST of pNIPAm, agreeing with the findings presented here. However, their lower

crosslink density poly(NIPAm)-based particles had a more positive ⇣-potential and thus a

lower charge to volume ratio, which Bartlett et al. believed caused lower drug loading.

However, here the 2x hNPs have a more positive ⇣-potential and load more peptide than the

2x sNPs, showing drug loading isn’t solely dependent on particle charge, Table S2.3.

These data support the theory presented by Bartlett et al that increased drug loading

is a result of increased crosslink density at lower crosslink densities, as shown in Figure 2.4

and Table S2.2, with the 0.5x loading the least amount of peptide. However, these data

contradict that same theory as 1x NPs load more than their respective 2x NP counterparts

suggesting that crosslink density, which is inversely related to polymer mesh size, can retard

peptide loading by decreasing mesh size to a point where it interferes with peptide di↵usion
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Figure 2.4: Lowering crosslink density increases swelling di↵erence between solid (blue) and
hollow (red) nanoparticles. DLS hydrodynamic diameter temperature sweep
from 18.0 – 42.0�C of solid (blue) and hollow (red) nanoparticle with varying
crosslink density. A) 24.1 mg BAC (0.5x NPs); B) 48.2 mg BAC (1x NPs); C)
96.4 mg BAC (2x NPs). Statistical size di↵erence between the various nanopar-
ticle batches is displayed in Figure S2.10B

into the particles.

Hypothetically, the sNPs and hNPs should load more YARA when swollen at 4�C, than

when collapsed at 42�C, with hNPs loading more YARA than sNPs due to removal of the

unsulfated core and decreased polymer density of the hNPs. To test this, 1,000 µg NPs

and 2,000 µg YARA were dissolved in 1 ml EtOH at either 4�C or 42�C. Below the LCST

of pNIPAm at 4�C, 0.5x sNPs and hNPs loaded 14.3% and 19.2% of YARA respectively,

while only loading 0.0% and 5.2% above its LCST at 42�C, respectively, Figure 2.5, Figure

S2.13, and Table S2.3. Interestingly, the 1x hNPs loaded the most YARA above and below

the LCST when compared to 0.5 and 2x hNP and sNP; loading 57.4% at 4�C and 24.6% at

42�C. The 1x sNPs also loaded more YARA below the LCST, 25.3% at 4�C and 8.7% at 42�C

as compared to 0.5x and 2x sNP. Consistent with 1x hNPs, the 2x hNPs, both above and

below the LCST, loaded more YARA than the 2x sNPs. The 2x hNPs loaded 42.1% below

the LCST and 18.1% above their LCST, while 2x sNPs loaded 11.1% below the LCST and

8.7% above the LCST, Figure 2.5, Figure S2.13, and Table S2.3. The results also suggest

that while mesh size is important, temperature, which will a↵ect the strength of the ionic

bonds between particle and peptide, also plays a role in peptide loading; at low temperatures
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Figure 2.5: YARA loading into the primarily pNIPAm nanoparticles is dependent on tem-
perature and crosslink density with 1x hNPs loading the most YARA above and
below the LCST of NIPAm. Stats: * = p < 0.05, ** = p < 0.01, *** = p <
0.0001. Statistical di↵erences between YARA loading between batches loaded at
the same temperature shown in Figure S2.13

the expanded particles that support rapid peptide di↵usion into the particle also support

stronger polymer-peptide interactions and high loading. Previous studies only examined drug

loading into the reported particles14,39 or pNIPAm gels46 below the LCST of pNIPAM, when

the particles were swollen. Here we confirmed the hypothesis that more peptide is loaded

into the nanoparticle when loaded below the LCST of NIPAm. However, these results also

suggest the void space created by the removal of the core influences the amount of drug that

is loaded into the particle, as confirmed by 0.5x and 1x hNPs loading more than their sNP

counterparts. Of the six batches analyzed for drug loading, 1x hNPs loaded the most YARA

below the LCST, Figure 2.5, Figure S2.13A, and Table S2.3. In summary, crosslink density,

the thermoresponsive property of NIPAm, and loading temperature all play a role in drug

loading.
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Previous studies suggested that a portion of the loaded peptide became permanently

entrapped in collapsed particles14–16, and it was theorized that the peptide was stuck within

the non-degradable high polymer density core. For this research, we hypothesized that

lower density hNPs would support greater peptide release than sNPs. These data presented

here support this hypothesis where all hNP batches release more YARA than the respective

sNP counterparts, Figure 2.6. Notably, increasing crosslink density decreases the di↵erence

between hNP and sNP release, shown in Figure 2.6. The 0.5x hNPs release a higher percent

of loaded peptide at any point compared to 0.5x sNPs; releasing 77.6% at the end of 5

days whereas sNPs release 43.5%. The 1x hNPs also continuously released more YARA

than 1x sNPs, releasing 49.9% and 30.8%, respectively. The 2x particles showed the smallest

di↵erence in release when comparing hNPs to sNPs, releasing 48.2% and 40.5%, respectively.

All of the described sNPs and hNPs show continual sustained release at the conclusion

of 5 days, but begin to plateau around day 3. However, as also seen previously, not all

of the peptide is released at this timepoint. A limitation of this in vitro study is that

the particles do not degrade in PBS, Figure S2.14, and therefore it is likely that total

YARA release will occur within the cells as the NPs degrade completely via reduction of the

disulfide bonds. In comparison to previous studies showing CPP release from thermosensitive

particles, KAFAK-hNPs loaded 470 ± 18 mg of peptide and released 53% over 4 days, with

89% release happening within the first 12 hours,14 while here the 1x hNPs loaded 1147 ±

172 mg of YARA, and released roughly 24% within the first 12 hours, and 49.9% after 5

days. While previous hNPs were unable to encapsulate YARA, the comparisons between 1x

hNP+YARA and previous 1x hNP+KAFAK14, demonstrates an improved sustained release

of a more specific MK2i CPP. Thus, the particles presented here appear to be preferable in

situations where sustained, rather than a more burst-type release is necessary.
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Figure 2.6: Sustained release of YARA from solid (blue) and hollow (red) nanoparticles of
varying crosslink density at 37�C at 200 RPM for 120 hours. While controlled
release of YARA is observed at all crosslink densities studied, the amount released
at any timepoint is a↵ected by crosslink density.

2.4.5 Degradation, Cytotoxicity, Uptake, and Clearance of Nanoparticles

Dithiothreitol (DTT) is a synthetic analog of glutathione (GSH) found naturally within

the cytoplasm of cells.48,49 Glutathione reduces disulfide bonds and these nanoparticles

exploit this ability for their breakdown and clearance from the cell. DTT was used in

vitro to assess NP degradation. Each of the 0.5x hNP, 1x hNP, and 2x hNP batches show

degradation in the presence of DTT as compared to PBS, Figure S2.14. The 0.5x hNPs

degraded fully after 2 days, while the 1x and 2x hNPs had not fully degraded after 4 days,

and exhibited di↵erent morphology and were present at a lower concentration, suggesting

that some particles degraded more quickly than others, as compared to particles incubated

in PBS alone.

Next, GSH was used to mimic the intracellular and extracellular environment to which

nanoparticle are expected to be exposed, and degradation of the particles was assessed. The

endosomal/lysosomal concentration of glutathione (GSH) is 10 mM and the pH 5, while

the extracellular concentration of GSH is 0.01 mM at pH 7.2. The hNPs dissolved in 10

mM GSH show a significant increase in particle diameter (300% at Day 9) and particle

distribution, Figure S2.15A/C, due to the disulfide bond being cleaved within the particle

shell. Conversely, the diameter, distribution, and PDI of hNPs dissolved in extracellular
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Figure 2.7: Chondrocytes endocytose hNPsRBITC-BAC and sNPsRBITC-MBA into the cy-
toplasm of the cells and BAC crosslinked particles were degraded/cleared from
cells within 7 days. Daily images from day 1 through 8 shown in Figure S2.17.
Scale bar: 30 µm.

concentrations of GSH and water remain relatively unchanged, Figure 2.15A/D/E, show

the intracellular environment supports degradation via the cleavage of the disulfide bond

within the BAC crosslinker. To the authors’ knowledge, these fully degradable particles

are unique among hollow pNIPAm particles. However, two studies using solid particles

examined degradation16,39, both of which exploited reducible disulfide crosslinkers. Complete

degradation of pNIPAM-based particles is expected to be critical for complete drug release

and possibly also for in vivo clearance of the particles or degraded polymer chains.

The in vitro cytotoxicity of 0.5x, 1x, and 2x sNPs and hNPs was accessed utilizing bovine

chondrocytes. Shown in Figure S2.16, all sNPs and hNPs treatments were nontoxic compared

to untreated control chondrocytes. This mirrors previous work were pNIPAm-incorporated

particles were non-cytotoxic to chondrocytes,[16] macrophages14,15, human hepatocellular

carcinoma (HepG2) cells30, and alveolar basal epithelial cells47.

In order to knockdown the inflammatory response, YARA must be taken up into chondro-

cytes prior to its degradation. To evaluate uptake via endocytosis, RBITC-labeled nanopar-

ticles were synthesized using degradable hNPsRBITC crosslinked with BAC (hNPsRBITC-

BAC) and compared to non-degradable N, N’-methylenediacryl aminde (MBA) crosslinker
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(sNPsRBITC-MBA). The hNPsRBITC-BAC and sNPsRBITC-MBA were respectively in-

cubated with chondrocytes and compared to media control, Figure 2.7. As the endosome

becomes more acidic, the environment is conducive to disulfide bonds cleavage51 and, in con-

junction with glutathione, is believed to be responsible for the degradation of the nanoparti-

cles. The majority of the hNPsRBITC-BAC particles were cleared from chondrocytes by Day

5, while the non-degradable sNPsRBITC-MBA particles were observable within the cell for

the duration of the 8 day experiment suggesting that loss of fluorescence in cells treated with

degradable particles is not due entirely to fluorescence quenching, or loss from oxidation, but

from polymer removal from the cells. All images from Day 1 to 8 are shown in Figure S2.17.

Additionally, the media was analyzed for RBITC; fluorescence was detected in the media

from cells treated with hNPsRBITC-BAC only through day 5, while the media obtained from

cells incubated with sNPsRBITC-MBA had no detectable RBITC following initial incuba-

tion, Figure S2.18. The data here agrees with previous work demonstrating that pNIPAm

particles were endocytosed into chondrocytes,14–16 but shows the degradation/clearance of

the BAC crosslinked particles from the cells. The chondrocyte data in conjunction with

TEM data shows nanoparticle degradation as well as clearance from chondrocytes.

2.4.6 Inflammation Inhibition in Bovine Chondrocytes

IL-6 is an inflammatory cytokine that leads to the progression of OA. There are currently

therapies for the prevention of IL-6 secretion, but they lack of specificity – knocking down

other essential biological pathways48. Previously, a series of MK2i peptides were developed

that are capable of knocking down proinflammatory cytokine production, including IL-6.

While studies have examined the non-specific MK2i variant KAFAK encapsulation within

particles, only two of the studies investigated the KAFAK-loaded particles with bovine chon-

drocytes12,16. Other studies either did not examine loaded-particle e↵ect in cells32,37,40, or

investigated the e↵ects on monocytes and macrophage cell lines12,14,15. Here we examine

the specific peptide MK2i variant YARA, which leaves a multitude of crucial pathways un-
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Figure 2.8: IL-1�-stimulated chondrocytes treated with sNP+YARA, hNP+YARA, or free
YARA once on Day 2. All treatments significantly reduce IL-6 expression, with
1x hNPs reducing expression until Day 4, while free YARA did not alter IL-6
expression. Stats: # represents statistical significance compared to Day 0.

altered10. Chondrocytes were stimulated with IL-1� to induce inflammation as measured

by IL-6 production, Figure 2.8A, or left unstimulated to serve as a baseline, Figure 2.8B.

Following stimulation, chondrocytes were further stimulated with IL-1� (untreated control),

Figure 2.8A, or treated with additional IL-1� plus 250 µM free-YARA, Figure 2.8C, or IL-1�

plus NPs containing 250 µM YARA to analyze the suppression of IL-6 secretion induced by

delivery of the YARA peptide Figure 2.8D - F. IL-6 production was detected in all control

and treatment groups, Figure S2.19, and analyzed by normalizing, by day, to the unstimu-

lated control of the same day and using a 2-way multi-comparison ANOVA. Notably, free

YARA did not have a significant e↵ect in reducing IL-6 expression (Fig. 7C), likely due

in part to proteolytic degradation and in part due to impaired caveolae-induced endocyto-

sis of YARA when cells are cultured on sti↵ polystyrene culture plates, demonstrating the

advantage of using nanoparticle carriers. Of the six di↵erent nanoparticle treatments, only

1x hNP significantly reduced IL-6 production 2 and 4 days after a single treatment on Day
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0, Figure 2.8E. The continual IL-6 knockdown is believed to be attributed to the sustained

release of YARA from 1x hNPs shown in Figure 2.6 and degradation of the particle, Figure

2.7 and Figure S2.14, potentially allowing for full drug release. Combining increased drug

release and slow particle degradation allows for prolonged peptide activity.

A single treatment of YARA-loaded NPs was used to fully assess the release of YARA into

the cell. While these data presented does not show clinical relevance for IL-6 knockdown,

it provides a basis for further studies. These data show 1x hNPs allow for the most YARA

loading compared to the five other presented NP batches, in addition to being the only

treatment to show significant IL-6 knockdown 4 days after the initial, single treatment.

Future studies will build upon these data to optimize the dose and frequency of treatments

to match unstimulated chondrocyte IL-6 secretion levels.

2.4.7 Intra-Articular (IA) Delivery of Nanoparticles into Rats Joint Space

IA injections support e↵ective delivery with limited potential for systemic side-e↵ects49,50.

Numerous studies are underway involving IA injection, with a few focusing on micro- and

nanoparticle treatments specifically for OA49,50. To assess the IA retention time of our

particles, rats were injected with hNPsRBITC (n = 5) or 1x PBS (n = 3) as control. The

rats injected with hNPsRBITC had 1004.72% increase in total radiant e�ciency (TRE)

following injection compared to the TRE prior to injection, where the PBS injected rats

only saw a 9.04% TRE increase, Figure 2.9A, showing that increased TRE is due to RBITC

within hNPsRBITC and there for a successful injection. The region of interest (ROI) was

analyzed for all rats and all time points, Figure 2.9B, to quantify hNPsRBITC retention time.

Analysis of the ROI over time demonstrated that the particles remain in the joint space for up

to 7 days. The rat’s hind limbs were dissected following sacrifice and imaged again to further

confirmed the successful injection of hNPsRBITCs into the joint space, Figure 2.9C. Previous

studies examined IA delivery of unbound therapeutics into the synovial space and showed

retention time was less than 72 h51,52. However, in 2014 Morgen et al found that the use of
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Figure 2.9: hNPsRBITC was successfully injected into the intra-articular joint space of rats
and remained within the joint for 7 days. n=5 for hNPsRBITC injected rats,
n = 3 for PBS injected rats. A) TRE comparison pre and post intra-articular
injection of hNPsRBITC and PBS into rats; B) Daily TRE of rat joints; C) IVIS
images of rats pre- and post-injection as well as post dissection.tats: * = p <
0.05, ** = p < 0.01, *** = p < 0.001, *** = p < 0.0001.

cationic solid dextran-based nanoparticles allowed for 70% retention of particles within the

joint after 7 days53, showing the benefit of nanocarriers and the potential correlation between

particle charge and retention time within the joint space as both their cationic particles and

these anionic particles remain in the joint for up to 7 days.
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2.5 Conclusion

This work demonstrates the uptake and release of MK2 inhibiting peptide YARA from

various nanoparticle systems to knock down the inflammatory cytokine IL-6 in stimulated

bovine chondrocytes. The 1x hNPs presented here significantly improve upon previous work

to produce monodisperse solid and hollow nanoparticles with repeatable ⇣-potential, drug

loading, and release. The benefit of loading low crosslink density poly(NIPAm-co-AMPS-

AAc-BAC) nanoparticles below their LCST to increase drug loading is noted here as well.

In addition, cationic CPP showed continual released up to 5 days. Importantly, the in vitro

experiments here suggest that hNPsRBITC were cleared from chondrocytes approximately 5

days after treatment, and can suppress IL-6 production for 4 days. Finally, the hNPsRBITC

particles were successfully delivered in vivo into the joint space, via intra-articular injection,

and remain within the joint space for up to 7 days in agreement with previously IA delivery of

charge particles53. Together, this body of data shows the promise of hollow, thermoresponsive

poly(NIPAm-co-AMPS-AAc-BAC) nanoparticles loaded with cationic MK2i peptide YARA.
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Figure S 2.10: Statistical di↵erences between various nanoparticle diameters. Green repre-
sents statistical significance, p < 0.05; red is not statistically significant. For
split squares, the top represents temperatures below 33�C, and the bottom
represents temperatures above 33�C. A) Fluorophore incorporated nanopar-
ticles pre-dialysis (pd) and post dialysis when hollow (hNP); B) Hollow
nanoparticles (hNPs) compared to solid nanoparticles (sNPs).

Figure S 2.11: FL Labeled cores di↵use from the RBITC labeled shells. Secondary pop-
ulation of unlabeled arises in the hNPcFL batch showing di↵usion of the
non-crosslinked core from the shell. Additionally, the RBITC labeled shell is
unaltered by core removal.
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Figure S 2.12: Comparison between pre-dialysis and hollow nanoparticles show the e↵ects of
increasing crosslink density on the degree of swelling following core removal.

Figure S 2.13: Statistics on drug loading of various crosslinked nanoparticle batches above
and below the LCST of NIPAm.
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Figure S 2.14: 0.5x hNPs degrade fastest, followed by 1x hNP, then 2x hNP in 1mM DTT
while NPs dissolved in PBS unaltered. Particle breakdown begins showing
significance around day 2. Scale bar 200 nm.
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Figure S 2.15: Dynamic Light Scattering Data of hNPs dissolved in 10 mM GSH pH 5.0
(intra), 10 µM GSH pH 7.2 (extra), or ultrapure water pH 7.2. A) Diameter
of hNPs; B) PDI of hNPs. Distribution for nanoparticles dissolved in: C)
Intracellular GSH concentration; D) Extracellular GSH concentration; E)
Ultrapure water. Statistics: p < 0.05

Figure S 2.16: Nanoparticles are not cytotoxic as shown by normalized cell viability of bovine
chondrocytes treated with 0.5x, 1x, and 2x sNP and hNPs.
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Figure S 2.17: Chondrocytes endocytose hNPsRBITC-BAC and sNPsRBITC-MBA par-
ticles into the cytoplasm of the cells and only the BAC crosslinked
hNPsRBITC-BAC particles degrade within 7 days.
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Figure S 2.18: Fluorescence analysis of media following incubation of chondrocytes with
degradable hNPsRBITC-BAC and non-degradable sNPsRBITC-MBA par-
ticles reveal degradation/clearance of hNPsRBITC-BAC from chondrocytes
around day 5. sNPsRBITC-MBA incubated chondrocytes do not re-
lease/degrade the non-degradable particles.
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Figure S 2.19: Normalized expression of IL-6 of each respective treatment compared to un-
stimulated chondrocytes. All treatments significantly expressed IL-6 and are
considered appropriately stimulated.
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43. Garćıa-Couce, J. et al. Targeting Polymeric Nanobiomaterials as a Platform for Car-

tilage Tissue Engineering. Current pharmaceutical design 25, 1915–1932 (2019).

44. Bhattacharjee, S. DLS and zeta potential–what they are and what they are not?

Journal of Controlled Release 235, 337–351 (2016).

82



45. Gao, J. & Frisken, B. J. Influence of reaction conditions on the synthesis of self-cross-

linked N-isopropylacrylamide microgels. Langmuir 19, 5217–5222 (2003).

46. Cao, M. et al. Reversible Thermoresponsive Peptide–PNIPAM Hydrogels for Con-

trolled Drug Delivery. Biomacromolecules 20, 3601–3610 (2019).

47. Chen, J. et al. Poly (N-isopropylacrylamide) derived nanogels demonstrated ther-

mosensitive self-assembly and GSH-triggered drug release for e�cient tumor Therapy.

Polymer Chemistry 10, 4031–4041 (2019).

48. Jones, S. A., Scheller, J. & Rose-John, S. Therapeutic strategies for the clinical block-

ade of IL-6/gp130 signaling. The Journal of clinical investigation 121, 3375–3383

(2011).

49. Brown, S., Kumar, S. & Sharma, B. Intra-articular targeting of nanomaterials for the

treatment of osteoarthritis. Acta Biomaterialia 93, 239–257 (2019).
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CHAPTER III

Hyaluronic acid-binding, anionic, hollow nanoparticles

inhibit ECM degradation and restore compressive

strength in aggrecan-depleted articular cartilage

explants

3.1 Abstract

Joint trauma results in the production of inflammatory cytokines that stimulate the se-

cretion of catabolic enzymes which degrade articular cartilage. Molecular fragments of the

degraded articular cartilage further stimulate inflammatory cytokine production with this

process eventually resulting in post-traumatic osteoarthritis (PTOA). The loss of aggrecan is

considered an early step in the progression of PTOA. Aggrecan, composed of a core protein

linked to sulfated glycosaminoglycans (GAGs), associates with hyaluronic acid (HA) via a

link protein. The fragmentation of aggrecan allows di↵usion of its anionic GAGs out of the

cartilage and results in the loss of compressive strength in articular cartilage. Binding to HA

within aggrecan-depleted cartilage and restoring the tissue anionic charge has the potential

to restore the osmotic pressure responsible for the compressive strength of articular cartilage.

Presented here, we conjugated the HA-binding peptide GAHWQFNALTVRGSG function-

alized with a hydrazide (GAH-Hyd) to anionic hollow nanoparticles (hNPs). The hNPs

are composed of: N-isopropyl acrylamide (NIPAm), N, N0-bis (acryloyl) cystamine (BAC),

2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), and acrylic acid (AAc). Reaction

of AAc with GAH-Hyd resulted in GAH functionalized hNPs (GAH-hNPs). Increasing the

molar ratio of GAH to AAc resulted in increased peptide conjugation to the hNPs. Nanopar-

ticles conjugated with roughly 19 GAH peptides, termed 19 GAH-hNP, bound to HA in
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solution and increased the dynamic viscosity by 94.0% compared to free HA solution treated

with unconjugated hNPs. Moreover, 3 mm diameter, full thickness, aggrecan-depleted (AD)

cartilage explants treated with 0.10 mg of 19 GAH-hNP restored the compressive strength to

healthy cartilage levels, 95.9± 16.2 kPa compared to 123.7± 26.5 kPa, respectively, six days

after a single dose of the therapeutic. AD explants treated with 0.10 mg of 19 GAH-hNP

inhibited the degradation of articular cartilage shown by a 180.09% decrease in chondroitin

sulfate (CS) release from cartilage explants into media compared to untreated-AD control,

and had 409.03% more collagen type II and 597.58% more GAG content than untreated-

AD explants. Finally, fluorescent hNP conjugated with GAH were retained within the joint

space of rats for up to 7 days. The 19 GAH-hNP therapeutic presented here was able to

slow ECM degradation in AD cartilage explants and restored the compressive strength of

damaged cartilage. This therapeutic shows promise as a localized treatment for PTOA.

3.2 Introduction

Post traumatic osteoarthritis (PTOA) accounts for 12.5% of the over 21 million cases

of osteoarthritis (OA) within the United States annually1. PTOA is characterized by in-

flammation of the joint and degradation of articular cartilage2. The extracellular matrix

(ECM) of cartilage is primarily composed of proteoglycans (4-7% wet weight) and collagen

type II (15-22% wet weight), and their interactions significantly control the biology of car-

tilage3. The most abundant proteoglycan in articular cartilage is aggrecan and is composed

of a core protein with covalently bonded sulfated glycosaminoglycan (GAG) chains. The

sulfated GAG chains within aggrecan provide a high density of anionic charge, generating

an osmotic gradient and enabling cartilage to retain water. This gives articular cartilage its

compressive strength4. Link protein stabilizes the aggrecan-hyaluronic acid (HA) interaction

to anchor aggrecan within the ECM of articular cartilage3–5. Further, aggrecan protects the

cartilage ECM by interfering with the ability of collagenases to permeate the cartilage and

cleave collagen type II5. However, following joint trauma, early loss of aggrecan as a result
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of digestion by upregulated aggrecanase causes the anionic GAGs to di↵use from the carti-

lage5,6. The loss of the GAGs leads to a reduced osmotic gradient within cartilage and the

associated compressive strength within cartilage5,7. Binding anionic polymers may restore

the mechanical function and protect damaged osteoarthritic cartilage.

Currently there is no FDA approved therapeutic to treat OA. The present gold-standards

to treat OA and PTOA focus on suppressing the pain associated with OA and include intra-

articular injections of non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, glu-

costeroids, and viscosupplements. However, NSAIDs, corticosteroids, and glucosteroids are

non-specific and only address joint inflammation and pain, not the damaged cartilage itself8,9.

Viscosupplements, commonly used once the patient complains of pain, aim to increase mobil-

ity and reduce discomfort. However, viscosupplements only delay surgical intervention and

have conflicting evidence of e�cacy10,11. The discovery and subsequent use of peptides able to

bind to components within the ECM of articular cartilage present a solution to treat early-

stage joint trauma and potentially prevent the progression of PTOA. Peptide-conjugated

therapeutics are able to bind to aggrecan-depleted HA and can restore the compressive

strength of osteoarthritic cartilage7,12–14. Previous studies utilized the HA-binding peptide

GAH conjugated to polymers to inhibit the progression of OA. One study conjugated GAH

and a collagen type II binding peptide to poly(ethylene glycol) (PEG) and slowed the degra-

dation of articular cartilage following anterior cruciate ligament transection15. Other studies

conjugated GAH to the sulfated GAG chondroitin sulfate (CS) to mimic aggrecan function.

The GAH-CS bound to HA and restored compressive strength of AD cartilage7,12–14. Fur-

ther, GAH-CS slowed the release of GAGs into the media in ex vivo cartilage explants and

suppressed matrix metalloprotease activity7,16. We aimed to build upon previous GAH-CS

conjugates by using an anionic, sulfated polymeric nanoparticle conjugated with GAH to

inhibit the progression of OA.

In this study, we modified the recently developed anionic, polymeric hollow nanoparticle

(hNP) composed of N-isopropyl acrylamide (NIPAm), 2-acrylamido-2-methyl-1-propanesulfonic
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acid (AMPS), N,N0-Bis(acryloyl) cystamine (BAC), and acrylic acid (AAc)17 with the HA-

binding peptide GAH to mimic aggrecan function and generate a HA-binding nanoparticle

(GAH-hNP). NIPAm is a thermoresponsive monomer with a lower critical solution temper-

ature (LCST) of 32�C which, when polymerized into the particle, causes them to swell at

temperatures below the LCST and constrict at temperatures above the LCST. AMPS is a

highly sulfated, anionic monomer incorporated into the nanoparticles to mimic the charge

provided by the GAGs attached to aggrecan. Moreover, the negative charge of AMPS main-

tains the colloidal stability of the nanoparticle. The incorporation of the homobifunctional

degradable crosslinker BAC allows for particle degradation17. Finally, AAc serves as the

carboxylate anchoring point within the hNP shell for peptide conjugation. These data pre-

sented here support the hypothesis that anionic hNP conjugated with GAH will restore the

compressive strength of aggrecan-depleted cartilage and inhibit further degradation of its

ECM. Further, nanoparticles are retained within the joint for at least 7 days. The detailed

representation of the study is summarized in Figure 3.1.
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Figure 3.1: Schematic of the described studies. AAc polymerized into the nanoparticle shell
served as the anchoring point of hyaluronic acid binding peptide (GAH) conjuga-
tion, termed GAH-hNP. The GAH-hNP therapeutic treated aggrecan-depleted
(AD) cartilage explants and was retained within the joint space of rats. The
image was created using BioRender.com.
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3.3 Materials and Methods

3.3.1 Materials

N-isopropyl acrylamide (NIPAm, �98%), N,N’-Bis(acryloyl) cystamine (99%, BAC), N,

N0-methylene-bis-diacrylaminde (MBA), sodium dodecyl sulfate (SDS; 20% w/v in water),

2-acrylamido-2-methyl-1-propanesulfonic acid (99%, AMPS), Rhodamine B isothiocyanate

(98%, RBITC), N-diisopropylethylamine (99%, DIPEA), potassium persulfate (99%, KPS),

trifluoroacetic acid (TFA), 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chlo-

ride (96% DMTMM), dimethyl sulfoxide (DMSO), and porcine trypsin were acquired from

Sigma Aldrich (St. Louis, MO). Dimethylformamide (DMF), dichloromethane (DCM),

acetonitrile (ACN), trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and phenol were

purchased from Thermo Fisher (Waltham, MA). Some GAHWQFNALTVRGSG-Hydrazide

(GAH-Hyd) was purchased from the Chinese Peptide Company (CPC, Hangzhou, China).

Dialysis membrane tubing and tangential flow filtration carbon tubing were purchased from

Spectrum Laboratories (Dominguez, CA). NIPAm and BAC were stored under nitrogen

at 4�C and �20�C, respectively. AMPS was stored at room temperature in a desiccator.

All water used in synthesis, dialysis, and testing was treated by a Millipore milliQ system

(Billerica, MA; 18.2 M⌦·cm resistivity).

3.3.2 Nanoparticle Synthesis

The nanoparticle (NP) core-shell complex was polymerized via precipitation reaction as

previously described17. Briefly, the NP cores were synthesized by dissolving 394.5 mg NIPAm

in 3 ml milliQ water and injecting it into a 100 ml three-neck flask under reflux and a nitrogen

blanket with 35 ml milliQ water and 164 µl of a 20% SDS solution at 70�C. Following a 15

min equilibration time, 67.4 mg KPS dissolved in 2 ml milliQ water was injected into the

reaction flask and continued for 2 h. NP cores were exposed to atmospheric oxygen for 45

min followed by a 15 min nitrogen purge. The NP shells were polymerized around the cores
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by injection of 794.7 mg NIPAm, 78.0 mg AMPS, 48.2 mg BAC, 4.81 µl AAc, and 164 µl

20% SDS dissolved in 5 ml milliQ water into the reaction flask. After 15 min, 33.7 mg KPS

dissolved in 2 ml milliQ water was injected into the reaction flask, and the mixture was

refluxed at 70�C for 4 h. The nanoparticle solution was dialyzed in 10 kDa dialysis tubing

(Spectrum Laboratories, Dominguez, CA) at 4�C for 14 days; milliQ water was changed

daily. Following dialysis, the now hollow NPs (hNPs) were frozen and lyophilized.

3.3.2.1 Fluorophore Incorporation

For RBITC-shell NP batches, 0.1 mol% RBITC dissolved in 1 ml DMSO was injected

following NIPAm, AMPS, BAC, AAc, and SDS addition and before shell polymerization initi-

ation, resulting in fluorescently-labeled co-poly(NIPAm-AMPS-AAc-BAC-RBITC) (hNPsR-

BITC) shell. Each NP batch was synthesized three times for experimental replicates, and

tested three times for technical replicates and placed in opaque coverings during dialysis and

lyophilization to prevent photobleaching.

3.3.3 Peptide Synthesis

The majority of GAHWQFNALTVRGSG-Hydrazide (GAH-Hyd) was purchased from

CPC while a portion was synthesized using the 2-Chlorotrityl Chloride (2-Cl-Trt) resin.

Briefly, 2-Cl-Trt (1000 mg) was dissolved in DMF and washed in DMF, DCM, and DMF

three times each. The hydrazide (0.5 ml) was dissolved with 100 µl DIPEA, and 4.5 ml DMF

and reacted for 2 h. To maximize hydrazide conjugation, this process was repeated. Glycine

was added to the hydrazide by dissolving 1848.6 mg FMOC-Glycine and 875.6 mg OymaPure

(Sigma Aldrich, St. Louis, MO) in 5 ml DMF, added to the reaction vessel with 960 µl DIC

plus 1060 µl DIPEA, and reacted overnight. This process was repeated to maximize glycine

conjugation. The 2-Cl-Trt-Hyd-Gly resin was washed with DMF, DCM, and DMF three

times each and then loaded into a CEM Liberty Blue Peptide Synthesizer (Matthews, NC)

to complete the peptide synthesis. Briefly, FMOC protected L-amino acids were individually
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dissolved in synthesis grade DMF to yield 0.2 M solutions. Synthesis occurred at 90�C for

4 – 30 min per amino acid, time varying for each amino acid. GAH-Hyd was cleaved from

the 2-Cl-Trt resin using 2 ml of a cleavage cocktail (4.4 ml TFA, 0.25 ml phenol, 0.25 ml

milliQ water, and 0.10 ml TIPS) for 3 h, precipitated with 0�C diethyl ether, centrifuged

at 1,000 g for 5 min four times, and dried overnight at room temperature. GAH-Hyd was

purified using reverse phase fast-protein liquid chromatography (FPLC). Quantification of

molecular weight was assessed using Matrix Assisted Laser Desorption/Ionization – Time of

Flight (MALDI-TOF) mass spectroscopy.

3.3.4 Peptide Conjugation

GAH-Hyd was conjugated to the surface of hNPs using DMTMM chemistries in MES

bu↵er at pH 4.5. Briefly, 0.5 ml of DMTMM at 75 mg/ml was added to a solution of 1

mg/ml hNPs, titrated to pH 4.5, and allowed to activate carboxylate groups for 30 min.

Following activation, GAH-Hyd was added to the solution on a 0, 0.5, 1, 2, 4, and 6 to 1

molar equivalent to AAc polymerized within the hNP shell and reacted while stirring for 60

h. Analogous chemistries were used for RBITC labeled hNPs, but extended to 0, 0.5, 1, 2, 4,

6, 8, 10, and 12-to-1 AAc molar equivalent within the hNPsRBITC shell. These chemistries

were repeated using the 1:1 ratio of GAH to AAc within the hNPs in the absence of DMTMM

and reacted for 60 h to quantify potential GAH adsorption to the particle. Following the

reaction, all batches were purified using KR2i tangential flow filtration (TFF) from Spectrum

Labs equipped with 10 kDa nanofiber filter.

Conjugation was quantified using the Pierce Quantitate Peptide Colorimetric Assay

(Thermofischer, Waltham, MA) following manufacturer protocols. Briefly, 20 µl of each

sample or standard was added to a 96-well clear bottom plate with 180 µl of the working

reagent, incubated for 30 min at 25�C, then the absorbance of each well was read at 480

nm using Spectramax M5. A GAH peptide standard curve was used to calculate peptide

concentration.
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3.3.5 Nanoparticle Characterization

Following purification and lyophilization, hNPs were dissolved at 1 mg/ml in milliQ water

and subjected to temperature sweeps from 18.0�C – 42.0�C, in 1.5�C increments, equilibrat-

ing for 3 min between each step, and measuring three times per step using dynamic light

scattering (DLS) to assess diameter and polydispersity index (PDI). The same procedure was

followed after peptide conjugation to obtain their physical characteristics. Zeta (⇣)-potential

was obtained on a Nano-ZS90 Zetasizer at 1 mg/ml sample concentration in milliQ water

at 18.0�C and 42.0�C using folded capillary cells. All temperature trends and ⇣-potential

measurements were run in experimental and technical triplicate. The mass of the nanopar-

ticle was calculated using particle diameter assuming a density of 1 g/cm3. The mass of

the nanoparticle and GAH quantification were used to calculate the amount of peptide per

particle.

3.3.6 Dynamic Viscosity

Dynamic viscosities were measured on the Discovery HR-3 rheometer (TA Instruments)

set to a flow sweep equipped with a 20 mm stainless steel plate with constant angular

momentum and the temperature set to 37�C. All therapeutics were dissolved in PBS then

added to a solution of 700 kDA HA. Samples at 2.5 wt% HA were allowed to equilibrate to

37�C for 3 min prior to testing. All samples underwent shear sweep from 0.01 to 100 Hz.

Dynamic viscosities were calculated using the slope of the shear rate values versus stress,

based on a linear fit model.

3.3.7 Tissue Harvest

Fetal bovine knees were purchased from Animal Technologies (Tyler, TX) and cartilage

explants were harvested 24 h after slaughter as previously described18. Briefly, using a

cork borer, 3 mm diameter cartilage explants were taken from the load-bearing femoral

condyle and washed three times with 1x PBS. Cartilage explants were then added to 25
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ml of Dulbecco’s Modified Eagle Media (FBS DMEM)/F12 containing 0.1% bovine serum

albumin, 100 units/ml penicillin, 100 µg streptomycin, and 3% FBS), then incubated at

37�C for 10 min. Next, explants were washed three times with Serum Free DMEM/F12 then

incubated in 10% FBS DMEM/F12 in a 48-well plate for 3 days.

3.3.8 Therapeutic Di↵usion into Cartilage

Aggrecan was removed from cartilage explants using the previous described protocol19.

Briefly, explants were washed three times with Hank’s Balanced Salt Solution (HBSS) then

treated with 0.5% (w/v) trypsin in HBSS for 3 h at 37�C. After treatment, explants were

washed three times in HBSS and incubated within 20% FBS DMEM/F12 for 10 min to

inactive any remaining trypsin activity. Explants were treated with 10% FBS DMEM/F12

(Healthy) or 20 ng/ml IL-1� dissolved in 10% FBS DMEM/F12 to perpetuate inflammation

for aggrecan-depleted (AD) samples. Therapeutics were dissolved in PBS to create a 1.6

mg/ml solution and 10 µl was placed on the surface of cartilage explants every 10 min for 1

h at room temperature. For penetration studies: hNPsRBITC or 20 GAH-hNPsRBITC was

added to the top of the explant at 10 µl every 10 min for 1 h. For di↵usion studies 60 µl of a

1.6 mg/ml solution of 20 GAH-hNPsRBITC was placed on the top of the explant at time zero

and at 10, 30, 60, 120, 240, and 1440 min following addition of the NP solution the explant

was removed, rinsed and frozen in optimal cutting temperature (OCT) compound. Following,

explants were cut in half, embedded in O.C.T. compound (Tissue Tek), sectioned at 5 µm

thickness using a cryostat (Leica 3050S), and imaged on at 4x and/ or 60x magnification

using a Keyence Digital Microscope.

3.3.9 Compression Testing

Cartilage explants were isolated and cultured as healthy (positive control), aggrecan-

depleted (AD) (negative control), or AD and treated with unconjugated hNPs or 19 GAH-

hNP. Explants were treated with 0.10 mg and 0.38 mg of unconjugated hNP or 19 GAH-hNP,
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respectively. The media was changed every two days and compressive strength was analyzed

on day 0 for healthy explants only, and day 6 and day 12 for all other groups. Displacement-

controlled unconfined compression was performed using a Discovery HR-3 rheometer (TA

Instruments). Explant height was measured (Duratool) and compressive loads were applied

from 0 to 30% strain (at 5% intervals) with a 5 µm/s ramp and hold time of 30 s. Moduli were

calculated with the slope of the linear fit equilibrium stress vs strain equation. Compression

experiments were repeated twice with n = 5 – 7 per group per trial.

3.3.10 GAG Quantification

Glycosaminoglycan degradation was measured by chondroitin sulfate (CS) release from

the explant every 2 days in cell culture media using a dimethyl methylene blue (DMMB)

assay20,21. The weight of the cartilage explant was recorded and CS release was reported as

µg of CS released per mg of cartilage explant

3.3.11 Histology & Immunohistochemistry Assessment

Cartilage explants were sectioned using Leica 3050s cryostat at 5 µm thickness. Sectioned

and plated tissue samples were submitted to the UC Davis VMTH Anatomic Pathology

Service - Histopathology Lab for all staining. Aggrecan depletion was assessed using Safranin

O and counter stained with Fast Green. Immunohistochemistry (IHC) was performed to

stain for collagen II using an anti-collagen II antibody (ab34712, Abcam, Cambridge, UK).

Samples were imaged at 4x magnification using Keyence Digital Microscope. The staining

was measured from tissue samples using the area coverage per sample with NIH ImageJ

software. The average coverage area was quantified by converting fluorescent images to

binary and extracting pixel counts at bins 0 and 255.
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3.3.12 In vivo nanoparticle retention

Three month old Fischer 344 rats were purchased from Charles River (Wilmington, MA).

Following accumulation, rats were anesthetized with isoflurane and the hair was removed

from both rat knees. Rats were injected with 0.10 mg of 20 GAH-hNPsRBITC dissolved in

PBS (n = 6) into their left joint space or PBS alone as negative control the right joint space

as a non-fluorescent control (n = 6). Fluorescence was measured and quantified using the In

Vivo Imaging System (IVIS) at the UC Davis Center for Molecular and Genomic Imaging

(CMGI) at 557 nm excitation and 623 nm emission. Images were taken immediately prior to

injection, post injection, daily for 7 days, then immediately following sacrifice and dissection.

Rats were sacrificed using CO2 euthanasia. Total radiance emission (TRE) fluorescence was

collected and analyzed.

3.3.13 Statistical Analysis

Statistical di↵erences of GAH conjugated particles, dynamic viscosity, zeta-potential,

PDI, CS release, and histology and immunohistochemistry quantification were assessed us-

ing One-Way ANOVA. Two-Way paired ANOVA was used to assess statistical di↵erences

amongst compressive strength for cartilage explants, and Two-Way ANOVA for GAH reten-

tion in vivo. For all analysis, groups that share a letter are statistically analogous, and if

the groups do not share a letter, this represents statistically significant di↵erences from one

another, with significance being p < 0.05.

3.4 Results

3.4.1 Peptide Conjugation & Characterization

The GAH-Hyd conjugation to the AAc polymerized into the hNPs and hNPsRBITCs was

confirmed by the presence of peptide on the particle, Figure 3.2. The increase in GAH con-

centration per mass of hNP indicated GAH attachment to both the hNP and hNPsRBITC.
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Nanoparticles incubated with GAH in the absence of DMTMM did not result in peptide

conjugation to the nanoparticle as determined by results that showed only minor adsorption

readings, indicative of the peptide, following NP purification. The number of GAH peptides

per nanoparticle is summarized in Table 3.1. The nomenclature used subsequently to de-

scribe the various groups tested was based on the number of peptides added per hNP. For

example, 0.5:1 GAH to hNP reaction yielded roughly 19 GAH per hNP and is termed 19

GAH-hNP.

Figure 3.2: Increasing the molar ratio of GAH to AAc within hNP (A) or GAH to AAc within
hNPsRBITC (B) increased the amount of GAH conjugated to the respective
nanoparticles. Average values summarized in Supplemental Tables 3.2 & 3.3.
Di↵erent letters denote statistically significant di↵erences between groups while
like letters represent groups that are statistically similar (p < 0.05).

Table 3.1: The average number of GAH peptides per nanoparticle
GAH to AAc Ratio GAH/hNP GAH/hNPsRBITC

0:1 0 0
0.5:1 19 10
1:1 30 20
2:1 54 35
4:1 70 41
6:1 78 64
8:1 N/A 75
10:1 N/A 71
12:1 N/A 98

No DMTMM 0 0

Dynamic light scattering (DLS) confirmed nanoparticle diameter and thermoresponsive

behavior of hNP and hNPsRBITC with increasing GAH conjugation, Figure 3.3A and 3.3B
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and Supplemental Figure S3.9. The unconjugated hNP and hNPs with 19 � 50 GAH had

analogous diameters, Figure 3.3A. The same trend was observed with unconjugated hNPsR-

BITCs and hNPsRBITC conjugated with 10� 35 GAH. The unconjugated hNPs, 70 GAH-

hNP, and 78 GAH-hNPs had a diameter of 205.20±8.83, 258.99±69.16 and 986.36±741.27

nm respectively at 18.0�C and 121.57±6.71, 126.60±12.27 and 182.38±45.18 nm at 42.0�C,

respectively, Figure 3.3A and Supplemental Table S 3.2. Notably, more than 41 GAH on

the hNP and hNPsRBITC increased the polydispersity of the particles, Figure 3.3A and

3.3B and Supplemental Tables S 3.2 and 3.3. The 78 GAH-hNP had 4.58-times higher

polydispersity index (PDI) than 19 GAH-hNP at 18.0�C, and 98 GAH-hNPsRBITC had a

10.63-times higher PDI than 10 GAH-hNPsRBITC at 18.0�C, Supplemental Figure S 3.10

and Supplemental Tables S 3.2 and 3.3.

Increasing the conjugation of GAH to both hNP and hNPsRBITC significantly increased

the zeta-potential of the particles. At 18.0�C, unconjugated hNPs had a zeta-potential

of �24.93 ± 2.53 mV, and the GAH conjugated hNPs had a 52.91 to 65.47% increase in

surface charge in comparison, Figure 3.3C and Supplemental Tables S 3.2 and S 3.3. The

unconjugated hNPsRBITCs at 18.0�C had a zeta-potential of �21.41 ± 1.26 mV at 18.0�C

and GAH conjugation resulted in a 23.72 to 56.53% increase in surface charge, Figure 3.3E

and upplemental Tables S 3.2 and S 3.3.

3.4.2 Hyaluronic Acid Binding and Di↵usion into Cartilage Explants

The GAH-hNP and GAH-hNPsRBITC particles bind to HA as measured by the in-

crease in dynamic viscosity (DV) of a free HA solution treated with GAH-hNP and GAH-

hNPsRBITC particles, Figure 4A and 4C. The DV of the HA solution treated with unconju-

gated hNPs and hNPsRBITC was 3.2±0.5 Pa.s and 3.3±0.3 Pa.s, respectively, and 19 GAH-

hNP and 20 GAH-hNPsRBITC had a DV of 6.2±0.5 Pa.s and at 4.8±0.6 Pa.s, respectively.

In comparison, 10 GAH-hNPsRBITC had a 3.4% increase in DV compared to unconjugated

hNPsRBITC and did not elicit significant HA binding, Figure 3.4C. All other groups had
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Figure 3.3: The diameter of the hNP (A) or hNPsRBITC (B) particles increased with in-
creasing conjugation of GAH to the nanoparticle. Conjugating GAH to hNPs
significantly increased the surface charge of the particles compared to unconju-
gated particles, below (C) and above (D) the LCST of pNIPAm. Conjugation
of GAH to hNPsRBITC also increased the surface charge below (E) and above
(F) the LCST of pNIPAm. Values listed in Supplemental Tables S 3.2 and S 3.3.
Di↵erent letters denote statistically significant di↵erences between groups while
like letters represent grpups that are statistically similar (p < 0.05).

analogous increases in DV to the 19 GAH-hNP and 20 GAH-hNPsRBITC when compared

to their unconjugated hNP or unconjugated hNPsRBITC, Figure 3.4A and 3.4C. hNPs and

hNPsRBITCs conjugated with 19 – 35 GAH remained monodisperse and significantly bound

to HA, Figure 3.4A, 3.4C, Supplemental Tables S 3.2 and S 3.3. We subsequently proceeded

with particles conjugated with 19 GAH-hNP and 20 GAH-hNPsRBITC since they elicited

statistically similar increases in DV compared to respective unconjugated nanoparticles and

were monodisperse.

As determined by DV measurements, all concentrations of 19 GAH-hNP and 20 GAH-

hNPsRBITC significantly bound to HA, Figure 3.4B and 3.4D. Notably, treatment with 60

µl of 3.2, 6.4, 12.8 and 25.6 mg/ml of 19 GAH-hNP and of 20 GAH-hNPsRBITC showed

similar HA binding and had at least a 54.6% increase in DV compared to their respective
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controls, Figure 3.4B and 3.4D. The treatment with 60 µl of 0.08 mg/ml 19 GAH-hNP

and 20 GAH-hNPsRBITC had a 28.2% and 31.8% increase in DV compared to control,

respectively. Treatment with 1.6 mg/ml of 19 GAH-hNP and 20 GAH-hNPsRBITC had a

54.6% and 45.6% increase in DV compared to the PBS control, respectively, Figure 3.4B

and 3.4D. The subsequent ex vivo cartilage explant studies proceeded with treatment with

0.10 mg of 19 GAH-hNP or 0.10 mg of 20 GAH-hNPsRBITC as the lower mass per cartilage

plus, and 0.38 mg of 19 GAH-hNP or 0.38 mg of 20 GAH-hNPsRBITC as the higher mass

per cartilage plug.

99



Figure 3.4: (A - D) Dynamic viscosity (DV) of the HA solution by GAH-hNP or GAH-
hNPsRBITC and (E - H) di↵usion of unconjugated hNPsRBITC or 20 GAH-
hNPsRBITC into (E & G) healthy or (F & H) aggrecan-depleted cartilage ex-
plants. (A & C) GAH-hNP and GAH-hNPsRBITC with greater than 19 GAH
per nanoparticle significantly increased DV. (B & D) Increasing the concentra-
tion of 19 GAH-hNP and 20 GAH-hNPsRBITC within the HA solution increased
DV. (E - H) Sagittal cross section of load bearing fetal bovine articular cartilage.
Healthy (E & G) and aggrecan depleted (F & H) ex vivo cartilage plugs treated
with unconjugated hNPsRBITC (E & F) and 20 GAH-hNPsRBITC (G & H).
Unconjugated hNPsRBITC and 20 GAH-hNPsRBITC significantly penetrated
into aggrecan-depleted cartilage. E - H1: RBITC; E - H2: Hoechst (Nuclei); E
- H3: Brightfield; E-H4: Overlay. Scale bar for A - H: 30 µm; E-H1 - E-H4: 10
µm. Di↵erent letters denote statistically significant di↵erences between groups
while like letters represent grpups that are statistically similar (p < 0.05).
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3.4.3 Di↵usion into Aggrecan Depleted Cartilage Explants

After 48 h of incubation with unconjugated hNPsRBITC and 20 GAH-hNPsRBITC, flu-

orescent images of cryosectioned tissue showed that hNPsRBITC and 20 GAH-hNPsRBITC

remained on the surface of healthy articular cartilage, Figure 3.4E & 3.4G, while hNPsR-

BITC and 20 GAH-hNPsRBITC permeated into AD cartilage explants, Figure 3.4F & 3.4H.

Figure 3.4F4 and 3.4H4 show the overlay of hNPsRBITC and 20 GAH-hNPsRBITC, re-

spectively, with nuclei of chondrocytes within the explants suggesting localization of the

particles near chondrocytes. Moreover, roughly 4 h was required for unconjugated hNPsR-

BITC and 20 GAH-hNPsRBITC to significantly di↵use into the AD explant, Supplemental

Figure S 3.11.

3.4.4 Compression Testing

The untreated-healthy explants and untreated-AD cartilage explants had a compressive

strength of 123.7±26.5 kPa and 31.9±11.8 kPa on day 6, and 130.5±29.7 kPa and 34.9±9.8

kPa on day 12, respectively. The AD explants showed a 74.2% and 73.2% loss in compressive

strength on day 6 and 12, respectively, compared to untreated-healthy controls on the same

day, Figure 3.5. The AD explants treated with 0.10 mg of 19 GAH-hNP had a compressive

strength of 95.68± 16.22 kPa on day 6 and were statistically analogous to untreated-healthy

explants, Figure 3.5. The AD explants treated with 0.10 mg of 19 GAH-hNP on day 12 had

a compressive strength of 79.7± 21.9 kPa and were statistically similar to explants treated

with 0.10 mg of 19 GAH-hNP on day 6, but had a 63.8% loss in compressive strength

compared to untreated-healthy explants on the same day, Figure 3.5. The untreated-AD

explants and explants treated with 0.10 mg of hNP had statistically analogous compressive

strength on day 6 and day 12. However, they had a compressive strength of 63.8 ± 10.0

kPa and 58.9± 21.1 kPa on day 6 and day 12, respectively – a 200.1% and 168.9% increase

in compressive strength compared to untreated-AD explants on the same day, Figure 3.5.

The AD explants treated with 0.38 mg of hNP and 0.38 mg of 19 GAH-hNP had similar
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compressive strengths, 27.0± 9.4 kPa and 30.6± 10.6 kPa on day 6 and 26.6± 8.0 kPa and

34.8± 8.9 kPa on day 12, respectively, to untreated-AD explants, Figure 3.5.

Figure 3.5: Treatment with 0.10 mg of 19 GAH-hNPs significantly restored the compressive
strength of osteoarthritic ex vivo cartilage explants at day 6 and day 12. Data
is represented as mean ± StDev (n = 10 – 12 per treatment per timepoint).
Di↵erent letters denote statistically significant di↵erences between groups while
like letters represent grpups that are statistically similar (p < 0.05).

3.4.5 ECM Degradation

The amount of CS released from explants treated with 0.10 mg of 19 GAH-hNP was

statistically analogous to healthy cartilage, Figure 3.6. The explants treated with 0.38 mg

of 19 GAH-hNP released 18.19% more CS than explants treated with 0.10 mg of 19 GAH-

hNP. Untreated-AD explants and explants treated with 0.10 mg and 0.38 mg of hNPs had

a 53.94%, 43.96% and 47.81% increase in CS release, respectively, compared to untreated-

healthy explants, Figure 3.6. However, explants treated with 0.10 mg of hNP had 17.78%

decrease in CS release compared to untreated-AD explants. There was no significant di↵er-

ence in CS release of the explants treated with 0.38 mg of hNP compared to untreated-AD

explants, Figure 3.6. Notably, the DMMB assay did not react with the sulfated hNPs demon-
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strating that the DMMB signal is associated with GAGs, Supplemental Figure S 3.13.

Figure 3.6: Treatment with 0.10 mg of 19 GAH-hNP inhibited further degradation of the
ECM of AD cartilage as quantified by accumulative CS release. Di↵erent let-
ters denote statistically significant di↵erences between groups while like letters
represent grpups that are statistically similar (p < 0.05).

3.4.6 Histology and Immunohistochemistry

Positive Safranin O staining showed the presence of GAGs in untreated-healthy explants

and AD explants treated with 0.10 mg of 19 GAH-hNP, with some expression in explants

treated with 0.38 mg of 19 GAH-hNP, Figure3.7A, 3.7E, 3.7F, and 3.7M. The explants
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treated with 0.10 mg of 19 GAH-hNP had a 44.95% decreases in GAG content, compared

to untreated-healthy explants. However, AD-explants treated with 0.10 mg of 19 GAH-hNP

had 5.99-times more GAG content than untreated-AD explants, Figure 3.7A, 3.7B, 3.7E,

and 3.7M. The untreated-AD explants and explants treated with 0.10 mg and 0.38 mg of

hNP showed a significant loss of GAGs and were all statistically similar with respect to GAG

content, Figure 3.7B-D, and 3.7M. Notably, Safranin O and Fast Green does not stain the

sulfated hNPsRBITC, shown in Supplemental Figure S 3.12.

The untreated-AD explants had a 87.58% loss in collagen type II, compared to untreated-

healthy explants, Figure 3.7H, 3.7G, and 3.7N, respectively. The explants treated with

0.10 mg of 19 GAH-hNP has 409.1% more collagen type II than untreated-AD explants,

Figure 3.7K, 3.7H, and 3.7N. However, the explants treated with 0.10 mg of 19 GAH-hNP

had 49.19% less collagen type II than the untreated-healthy explants, Figure 3.7G, 3.7K, and

3.7N. The explants treated with 0.10 mg and 0.38 mg of hNP showed a 92.39% and 86.15%

loss of collagen type II compared to untreated-healthy explants, Figure 3.7I, 3.7J, and 3.7N.

The explants treated with 0.38 mg of 19 GAH-hNP showed 73.25% loss in collagen type II

compared to untreated-healthy explants, Figure 3.7H, 3.7L, and 3.7N.
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Figure 3.7: Safranin O & Fast Green staining of cartilage explants to quantify GAG content.
IHC using anti-collagen II antibody. The explants treated with 0.10 mg of 25
GAH-hNP (E & K) inhibited the degradation of the ECM. Scale bar 100 µm.
Di↵erent letters denote statistically significant di↵erences between groups (p <
0.05).

3.4.7 Retention of GAH-hNPsRBITC within Joint Space

20 GAH-hNPsRBITC was injected into and retained within the joint space of rats for

at least 7 days as confirmed by the 400.1% increase in total radiant e�ciency (TRE) of

the injected knee compared to the same knee before injection, Figure 3.8. Moreover, 24 h

following the injection the 20 GAH-hNPsRBITC injected knee had 327.1% increase in TRE
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compared to the PBS injected knee. After dissection, the 20 GAH-hNPsRBITC injected

knee had a 958.9% increase in TRE compared to the PBS injected knee, Figure 3.8.
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Figure 3.8: 20 GAH-hNPsRBITC remain in the joint space for at least 7 days following
injection. Di↵erent letters denote statistically significant di↵erences between
groups while like letters represent grpups that are statistically similar (p < 0.05).

3.5 Discussion

Nanomedicine o↵ers a potential solution to halt the progression of PTOA. There are sev-

eral polymeric22–26, lipid27–31, and metallic32,33 nanotherapeutics currently being studied to

treat osteoarthritis. However, many emerging osteoarthritis nanotherapeutics do not specif-

ically target osteoarthritic cartilage nor do they inhibit the degradation of its ECM. They

instead focus on inflammation and/ or joint pain24,26–36. Modifying nanoparticles to bind

to and treat damaged osteoarthritic cartilage o↵ers a solution to this current limitation.

Recent advances within nanomedicine have resulted in modified nanoparticles functionalized

with antibodies for cell targeting35, poly(ethylene glycol)(PEG) for increased biocompat-

ibility36,37, and peptides for cell targeting and as therapeutics38. Antibody-NPs are used

therapeutically for drug delivery39,40, gene delivery41, and radio therapy42, and diagnosti-

cally for MRI43, bioseparation44, and immunoassays45. PEG conjugated to metallic NPs

decreased particle aggregation36 and PEG conjugated to polymeric NPs to increase the par-

ticles half-life37. Peptide-NPs are primarily used for biomarker detection and molecular

imaging probes, with the nanoparticles used being overwhelmingly metallic. New studies

are emerging using peptides conjugated to polymeric nanoparticles for imaging and detec-
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tion46,47, breast48 and lung49 cancer treatment, gene delivery50, as well as multiple sclerosis

treatment51. Here, we build upon the targeting success of peptide-NPs wherethe HA-binding

peptide GAH was conjugated to an anionic hNPs to target damaged cartilage and support

nanoparticle therapeutic function to inhibit the progression of OA.

Preventing aggrecan degradation within osteoarthritic cartilage is di�cult since it hap-

pens quickly following joint trauma and inflammation. Therefore, we aimed to mimic ag-

grecan function using an anionic nanoparticle conjugated with the peptide GAH. CS and

keratin sulfate (KS) compose the anionic GAGs component of aggrecan and provide it with

a net negative charge, thus allowing the aggrecan to generate an osmotic gradient that sup-

ports water retention and provides articular cartilage with its compressive strength5. To

mimic the protective e↵ects of aggrecan, we used our previously described anionic, degrad-

able, poly(NIPAM-co-AMPS-AAc-BAC) hollow nanoparticles (hNPs)17 and functionalized

them with GAH to support HA-binding.

DMTMM carboxylic acid activation chemistry was used to conjugate GAH-hydrazide

to the anionic hNPs; this chemistry avoids potential covalent attachment of ECD to the

hNP due to conversion from the N- to O-acylurea52. Functionalization of the hNPs with

GAH was confirmed using a peptide colorimetric assay, Figure 3.2. An increase in peptide

number conjugated per hNP was achieved by increasing the molar equivalent of GAH to

the molar equivalent AAc polymerized within the shell of the nanoparticle during the con-

jugation reaction, Figure 3.2. Notably, when GAH and hNP or hNPsRBITC were reacted

without DMTMM, no significant peptide conjugation was recorded. Similar conjugation of

GAH was achieved to both hNPs and nanoparticles with RBITC polymerized into the shell

(hNPsRBITC). Similar GAH binding to hNPsRBITC compared to hNP was achieved by

allowing the hNPsRBITC particles to dissolve for 24 h, rather than the 3 h used for hNP,

and increasing the molar ratio of GAH to AAc to 12:1 in the reaction mixture as compared to

6:1 used for hNP, Figure 3.2. GAH conjugation to hNPsRBITCs was likely hindered by the

large, hydrophobic RBITC monomer sterically limited access to AAc within the nanoparti-
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cle nanoparticle leading to the requirement of increased particle swelling time and increased

GAH:AAc as compared to that used for GAH hNP conjugation.

The anionic charge of the hNPs provided colloidal stability, and was hypothesized to

mimic the anionic charge of GAGs in order to treat aggrecan-depleted cartilage17,23,53. Any

addition of GAH to the particle resulted in a significant increase in surface charge. How-

ever, the magnitude of increase in the zeta-potential did not increase with additional GAH

conjugation. The GAH-hNP retained an anionic charge at all tested concentrations of GAH

conjugation, Figure 3.3D & 3.3F, and Supplemental Tables S 3.2 and S 3.3.

The incorporation of NIPAm within the poly(NIPAm-co-AMPS-AAc-BAC) shell gives

the particles their thermoresponsive behavior, Figure 3.3A & 3.3B and Supplemental Tables

S 3.2 and 3.3, with an LCST near 32�C. The particles swell below the LCST, and have a

284.87% larger surface area when swollen compared to when collapsed at temperatures above

the LCST. This trait was exploited to promote particle swelling and thereby decrease poten-

tial steric hindrance that may lower the GAH conjugation to AAc within the particles. The

addition of 19 to 35 GAH to the nanoparticles did not significantly alter final nanoparticle

diameter either below or above the LCST. However, more than 41 GAH on the nanoparticle

resulted in a significant increase in diameter compared to particles with 19 – 35 GAH con-

jugated to them, Figure 3.3A & 3.3B and Supplemental Tables S 3.2 and S 3.3. These data

suggest that there is a maximum concentration of peptide that can be conjugated to the

particle before agglomeration occurs and causes variability in the measured diameter due to

the presence of nanoparticle clusters. This insight is critical since nanoparticles with a di-

ameter over 200 nm are known to initiate an inflammatory response in vivo54. Therefore, we

aimed to develop a peptide-nanoparticle system that was under 200 nm when administrated

at physiological temperatures. Notably, the 19 GAH-hNP had a diameter of 128.58± 11.34

nm above its LCST at physiological temperatures, and should not elicit an immune response

due to size in vivo54.

PDI is crucial for the quality control of nanotherapies and the FDA recently published
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guidelines for liposome (lipid-based nanoparticle) drug products emphasizing the importance

of size and size distribution as “critical quality attributes (CQAs)”55. Additionally, Danaei et

al published a review article further emphasizing the importance of monodisperse nanocarri-

ers for medical applications56. A PDI of less than 0.2 signifies monodispersion of particles in

solution56. The nanoparticles with 19 to 35 GAH were monodisperse while the nanoparticles

with more than 41 GAH were polydisperse. The conjugation of molecules to pNIPAm-based

nanoparticles shifts the LCST of the polymer making them more hydrophobic57. Conju-

gating molecules to the pNIAPm nanoparticles inhibited its ability to form hydrogen bonds

with water and swell, causing the particle to lose its thermoresponsive behavior and be more

hydrophobic57. Hydrophobic pNIPAm agglomerate to form stabilized particles17. Agglom-

erating into larger hydrophobically stabilized particles may explain why the particles with

more than 41 GAH conjugated to them had a significant increase in diameter, loss of ther-

moresponsive behavior, and increased PDI. Supplemental Figure S 3.9 and Supplemental

Figure S 3.10.

Previously GAH was conjugated to anionic CS and was shown to restore the compressive

strength of aggrecan-depleted cartilage7. Here, we show that synthetic nanoparticles with a

high anionic character can also improve the compressive strength of damaged cartilage. To

show that the GAH-hNPs bound to HA, we used dynamic viscosity, a value that increases

with apparent polymer molecular weight. The 19 GAH-hNPs and 20 GAH-hNPsRBITC

bound to HA and had a 94.0% and 39.7% increase in DV compared to an HA solution

treated with unconjugated particles. Initially, it was hypothesized that increasing GAH

conjugation to the particle would lead to increased HA binding. This, however, was not

observed. This unexpected outcome may be due to particle aggregation at high peptide

conjugation density. Examining the DLS and DV data together to find peptide conjugation

densities that supported HA binding without inducing particle aggregation led to the use of

19 GAH-hNP and 20 GAH-hNPsRBITC Figure 3.4A & 3.4C, Supplemental Figure S 3.10,

and Supplemental Tables S 3.2 and S 3.3. Further studies examined the concentration of
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19 GAH-hNP and 20 GAH-hNPsRBITC necessary to significantly increase the DV. All

concentrations of 19 GAH-hNP and 20 GAH-hNPsRBITC tested increased DV by binding

to HA. These data showed a lower and higher range where binding to HA was statistically

similar. The increase in viscosity was mostly linear between treatment with 0.8 mg/ml and

3.2 mg/ml of 19 GAH-hNP and 20 GAH-hNPsRBITC. Above treatment with 6.4 mg/ml of

GAH-particle the there was no significant increase in DV between the treatments groups.

These data suggest there is a maximum amount of HA to which the GAH conjugated particles

can bind. The subsequent ex vivo cartilage explant studies proceeded with treatment of 60

µ of 1.6 mg/ml (0.10 mg) of 19 GAH-hNP as the lower concentration since it had higher

increase in DV compared to the 0.8 mg/ml treatment and had analogous DV to treatment

with 3.2 mg/ml of 19 GAH-hNP. Treatment with 60 µ of 6.4 mg/ml (0.38 mg) of 19 GAH-

hNP was chosen has the higher concentration as it had analogous DV as treatment with 12.5

mg/ml and 25.8 mg/ml of GAH conjugated nanoparticles.

Treating cartilage explants with trypsin has been shown to strip aggrecan from the ex-

plant without damaging chondrocytes, HA, or collagen, and serves as an ex vivo model for

osteoarthritis7,18,58,59. Unconjugated hNPsRBITC and 20 GAH-hNPsRBITC permeated into

aggrecan-depleted explants while they remained at the surface of the healthy explants. These

data agreed with previous studies where anionic bottle brush polymers and pNIAPm-based

nanoparticles di↵used into damaged cartilage23,60, while pNIPAm-based nanoparticles re-

mained on the surface of healthy cartilage23. The 20 GAH-hNPsRBITC di↵used slower than

the compared to unconjugated hNPsRBITC, potentially due to di↵erences in HA binding

within the explant, though both unconjugated and conjugated particle types significantly

permeated into AD cartilage after 4 h.

The ability of 19 GAH-hNP to restore compressive strength and inhibit further ECM

degradation was tested using cultured bovine explants. In other studies, healthy cartilage

explants tested under unconfined compression had sti↵ness of 100 - 500 kPa, and damaged

untreated cartilage had sti↵ness of 40 - 60 kPa, matching our data7,61,62. Untreated-healthy
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explants were examined on day 0, 6, and 12 to serve as a baseline time point comparison to

account for the potential e↵ects that ex vivo culturing might have on cartilage compressive

strength, Figure 3.5; however, no statistically significant changes occurred. Stripping the

explants of aggrecan greater than 70% loss in compressive strength on days 6 and day 12, re-

spectively, compared to the same day untreated-healthy controls, highlighting the importance

of aggrecan to maintain the compressive strength within joint4. The compressive strength

of AD explants treated with unconjugated hNPs was examined to assess the therapeutic

e↵ect of nanoparticle HA binding when treating damaged cartilage. The unconjugated hNP

treated AD explants had a slightly increase in compressive strength, but the increase was

not statistically di↵erent from the compressive strength of untreated-AD explants. The ex-

plants treated with 0.10 mg of 19 GAH-hNP significantly restored the compressive strength

of AD cartilage to healthy levels 6 days after single treatment. The observed improvement

in compressive strength is likely due largely to retention of the 19 GAH-hNP within the

cartilage ECM as a results of interactions with HA, and thus its ionic charge. It is also likely

that the 19 GAH-hNP serves as transient crosslinks within the damaged tissue that may

also contribute to the compressive strength. The decrease in compressive strength observed

between days 6 and 12 in GAH-hNP treated cartilage suggests that some of the particles

are lost from the tissue either via di↵usion out of the tissue or by degradation of the parti-

cles over time. The colocalization of 20 GAH-hNPsRBITC with chondrocytes, shown using

immunofluorescent imaging in Figure 3.5, suggests some particle endocytosis. Previously,

the poly(NIPAm-co-AMPS-AAc-BAC) hNPs were shown to be endocytosed, degraded, and

cleared from chondrocytes in 5 – 7 days in vitro17. Interactions with HA may dampen the

uptake of 19 GAH-hNP by chondrocytes and slow their endosomal degradation, but it is

unlikely that cell uptake is not eliminated. Further, glutathione (GSH) is also present in

the ECM, although at lower concentrations than that within the cells63,64, and can degrade

the disulfate crosslinked GAH-hNPs even in the ECM. Therefore the 19 GAH-hNP that

remained in the tissue can also be slowly degraded by GSH. The unconjugated hNPs can
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both be more readily endocytosed and degraded and di↵use from the tissue, which would

both account for their loss and a decrease in the restored compressive strength. Together,

these data suggest that some nanoparticle degradation and/or di↵usion from the tissue is

occurring and this loss of particles from the tissue happens more quickly than the deposition

of new aggrecan; the loss of nanoparticles and subsequent decrease in compressive strength

happens quicker for hNP than for 19 GAH-hNP. Overall, NP loss accounts for the decline

in compressive strength between day 6 and 12. Notably, the explants treated with the 0.38

mg of unconjugated hNP and 19 GAH-hNP exhibited a loss in compressive strength com-

pared to the respective explants treated with the lower concentration. This is believed to

be due to a rapid buildup of the particles on the surface of the cartilage, which formed an

anionic particle layer that inhibited therapeutic di↵usion into the AD explant. This has

been similarly observed and noted in a previous study using anionic polymer treated AD

explants58. These data show the AD-explants treated with 0.10 mg of 19 GAH-hNP restored

compressive strength to that of untreated-healthy cartilage on day 6.

Aggregation of aggrecan on HA and the charge of aggrecan have been shown to lower

catabolic enzyme expression and protect collagen type II from degradation5–7. Mimicking

aggrecan-HA binding and charge using sulfate polymers may elicit the same protection. To

test this, CS release from cartilage explants was studied. Nominal CS release is normal from

healthy cartilage, while excess CS release leads to increased catabolic enzyme expression

and the irreparable degradation of collagen type II – resulting in OA7,13. Treatment of AD

explants with 0.10 mg and 0.38 mg of unconjugated hNPs did not protect the ECM from

degradation as determined by a significant release of CS into the media compared to that

seen with untreated-healthy explants. However, explants treated 19 GAH-hNP resulted in

significantly less CS release into the media than untreated-AD explants. Because the hNPs

are sulfated and DMMB was used to assess CS release, we examined whether DMMB also

detected the hNP. Although, DMMB binds to a sulfated tetrasaccharide sequence in GAGs,

so it is likely that the dye would bind to the hNPs21. To test DMMB-hNP binding/detection,
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serial dilutions of the hNPs were created and reacted with the DMMB. However, no signal

was detected at any hNP concentration, Supplemental Figure S 3.13. Therefore, the DMMB

signal detected in our cartilage explant studies was not from released hNPs, but from released

CS throughout the culture time. The DMMB data support the hypothesis that 19 GAH-

hNPs slowed the ECM degradation of articular cartilage that is associated with OA.

Further examination into the ECM composition of the AD explants demonstrated that

treatment with 0.10 mg of 19 GAH-hNP was able to slow ECM degradation, Figure 3.7. The

AD explants treated with the 0.10 mg of 19 GAH-hNP had 5.99 times more GAGs and 4.09

times more collagen type II than untreated-AD explants. Both fragmented HA and collagen

are known catabolic stimulants65. The GAH-hNPs may sterically hinder catabolic enzyme

di↵usion into the matrix and inhibit HA and collagen degradation, thus protecting the ECM.

While there was a loss of GAGs and collagen type II compared to untreated-healthy explants,

these data show the 19 GAH-hNP slowed the degradation of the ECM of articular cartilage

in AD cartilage explants and suggest that the chondrocytes are synthesizing new CS.

Current intra-articular delivery of free therapeutics have less than a 3 day retention time

within the joint66,67. We examined the retention of 19 GAH-hNP in a rat joint. HA is a

major component of the synovial fluid and is turned over roughly every 13 h68, binding to

HA could reduce GAH conjugated nanoparticles joint retention time. Rats injected with 20

GAH-hNPsRBITC had a 400.1% increase in the total radiant e�ciency (TRE) compared to

before injection, Figure 3.8. The GAH conjugated particle remained in the joint for up to 7

days as confirmed by the 958.9% increase in TRE of the 20 GAH-hNPsRBITC injected joint

compared to the contralateral following dissection, Figure 3.8. Other studies showed that

charged nanoparticles increase the retention time of therapeutics within the joint following

intra-articular injection17,26. Previously we showed that unconjugated hNPsRBITC injected

into the joint space had no loss of TRE between initial injection and at the conclusion of 7

days17. However, the 20 GAH-hNPsRBITC injected rats had a 45.58% reduction in TRE

between day 1 and after hindlimb dissection. This decreased retention could be due to
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interactions with the HA in the synovial fluid and potential increased nanoparticle clearance

due to the continual replenishment of synovial fluid within articular joints. Nonetheless

the 20 GAH-hNPsRBITC therapeutic was retained to a significant level within the joint

for 7 days. Future studies will investigate the dosage of nanoparticles needed to observe a

therapeutic e↵ect in vivo. In addition, the unconjugated poly(NIPAM-co-AMPS-BAC-AAc)

hNP have been shown previously to load and release therapeutic doses of an MAPKAP

Kinase 2 (MK2) inhibitor peptide17. Future studies will investigate the potential therapeutic

benefit of combining the protective e↵ects conferred by these anionic, HA-binding particles

with the controlled release of anti-inflammatory, MK2 inhibitor peptides.

3.6 Conclusion

Here we highlight the ability of hollow, degradable nanoparticles to be functionalized

with ECM-binding peptides using DMTMM peptide coupling chemistry. Increasing the

molar equivalent of GAH-peptide to AAc polymerized into the shell of the poly(NIPAM-co-

AMPS-AAc-BAC) and poly(NIPAM-co-AMPS-AAc-BAC-RBITC) particles led to increased

peptide concentration on the hNPs and hNPsRBITCs, respectively. Notably, increasing the

peptide amount to more than 41 GAH per particle led to increased polydispersity. The PDI

and DV data together resulted in the use of 19 GAH-hNP and 20 GAH-hNPsRBITC, in all

ex vivo studies as they were able to bind to HA and increase DV while resisting aggregation.

In ex vivo cartilage studies, AD explants treated with 0.10 mg of 19 GAH-hNP showed

restored compressive strength and inhibited ECM degradation. Finally, the 19 GAH-hNP

therapeutic was retained within the joint space of rats for 7 days. Treatment with 0.10

mg of 19 GAH-hNP slowed ECM degradation and restored the compressive strength in AD

cartilage and showed promise in inhibiting the degradation of cartilage associated with OA.
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Figure S 3.10: Increasing GAH concentration to the hNP and hNPsRBITC increasing poly-
dispersity of particles in solution. Direct values listed in Supplemental Ta-
bles 3.2 and 3.3.
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Figure S 3.11: Timed di↵usion of 20 GAH-hNPsRBITC into AD cartilage explants.
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Figure S 3.12: Aggrecan-depleted explants treated with 0.10 mg unconjugated hNPsRBITC,
frozen in OCT, and sectioned. The explants were quantified for hNPsR-
BITC (A) and were stained with Safranin O and Fast Green (B) to assess
whether the sulfated AMPS within the hNPsRBITC were stained as well.
The Safranin O and Fast Green stain does not stain the hNPsRBITC. Scale
bars are 1000 µm.
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Figure S 3.13: : Standard curves of chondroitin sulfate (CS) (red) and hNP (blue) using
DMMB assay. CS SC: y = 0.0028x + 0.2171 R2 = 0.9661; hNP SC: 0.0002x
+ 0.2106 R2 = 0.7512.
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54. Garćıa-Couce, J. et al. Targeting Polymeric Nanobiomaterials as a Platform for Car-

tilage Tissue Engineering. Current Pharmaceutical Design 25, 1–18. issn: 13816128.

http://www.eurekaselect.com/173321/article (2019).

55. Zhou, Y., Gong, X. J. & Yang, J. B. Introduction to the guidance for industry on lipo-

some drug products: chemistry, manufacturing, and controls; human pharmacokinetics

and bioavailability; and labeling documentation issued by FDA. Chinese Journal of

New Drugs 27, 1835–1840. issn: 10033734 (2018).

56. Danaei, M. et al. Impact of particle size and polydispersity index on the clinical appli-

cations of lipidic nanocarrier systems. Pharmaceutics 10, 1–17. issn: 19994923 (2018).
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CHAPTER IV

Peptide-Nanoparticle Therapeutic to Halt the

Progression of PTOA in Non-Invasively Ruptured

ACL in Rat Model

4.1 Abstract

Inflammation following joint trauma causes the expression of inflammatory cytokines,

e.g. IL-6 and TNF-↵, and stimulates the secretion of catabolic enzymes that cause the

degradation of articular cartilage. The degraded cartilage further stimulates inflammatory

cytokine expression and leads to the progression of post traumatic osteoarthritis (PTOA).

Inhibiting inflammation following joint trauma may halt PTOA progression. The objective

of this study was to examine the e�cacy of a peptide-nanoparticle therapeutic to prevent

the progression of PTOA in a physiologically relevant small animal model. We encapsu-

lated the anti-inflammatory MK2 inhibiting (MK2i) peptide YARAAARQARAKALARQL-

GVAA (YARA) within hollow nanoparticles (hNP) composed of N-isopropyl acrylamide (NI-

PAm), N, N’-bis (acryloyl) cystamine (BAC), 2-acrylamido-2-methyl-1-propanesulfonic acid

(AMPS), and acrylic acid (AAc) (poly(NIPAm-co-AMPS-BAC-AAc)). The poly(NIPAm-

co-AMPS-BAC-AAc) hNPs encapsulated 75.07 ± 7.19% (mg MK2i/mg hNP) and released

43.00 ± 4.20% after 5 days ex situ. The MK2i loaded hNPs were tested in vivo using a

non-invasive anterior cruciate ligament (ACL) rupture (NIACLR) model that causes PTOA.

However, only 9 of the 28 rats that underwent NIACLR resulted in complete ACL tears, as

confirmed by a veterinary pathologist. Future work will further develop the NIACLR model

and confirm ACL tear by assessing joint range of motion. Once injury is confirmed, future

work will also include a new study to assess therapeutic e�cacy of the MK2i loaded hNPs.
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4.2 Introduction

Post traumatic osteoarthritis (PTOA) is the result of a joint trauma or injury and leads

to inflammation within the joint. PTOA a↵ects roughly 2.7 million people within the United

States and is estimated to cost the healthcare system upwards of $3 billion annually1. Ante-

rior cruciate ligament (ACL) tears are the most common knee injury that results in PTOA,

and is most prominent in younger, more active persons2,3. Unlike most osteoarthritis cases,

patients that su↵er from PTOA are acutely aware of the joint trauma and this “genesis

point” presents a unique opportunity for early stage treatment.

During the progression of PTOA, loss of aggrecan from articular cartilage happens first

and is considered reversible if caught early enough4,5. Aggrecan is a prominent component

within cartilage and is composed of three globular domains and contains anionic sulfated

glycosaminoglycans (GAGs). Following joint trauma, inflammatory cytokines (e.g. IL-6 and

TNF-↵) are expressed and stimulate the secretion of catabolic enzymes, such as aggrecanases

and matrix metalloproteases (MMPs), by chondrocytes6. Aggrecanases irreparably cleave

aggrecan in its interglobular domain and its degradation results in the loss of the compressive

strength of cartilage7–9. Aggrecan loss exposes hyaluronic acid (HA) to degradation by

hyaluronidases10, and the degraded articular cartilage further upregulates cytokine and MMP

activity6,11. This results in the cyclic progression of PTOA that damages remaining healthy

cartilage and impacts overall joint architecture. Inhibiting the expression of inflammatory

cytokines may halt the degradation of cartilage, and slow the advancement of PTOA12–14.

Current animal models used to induce PTOA include: injection of iodoacetate into the

joint to inhibit glycolysis and cause chondrocyte death15,16, meniscal destabilization17, and

surgical transection of ACL18–22. ACL transection is the most common technique to induce

PTOA due to its high degree of reproducibility and relevance since 50 — 90% of ACL tears

result in PTOA18–22. Transecting the ACL causes the destabilization of the knee, proteo-

glycan loss, thinning of articular cartilage, and osteophyte formation18,20. However, surgical

transection is not physiologically relevant. Previous work developed a non-invasive method to
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induce PTOA using tibial compressions to tear the ACL of rats3,23–25. These models showed

tibial compressions resulted in complete ACL tears, epiphyseal bone remodeling, cartilage

degradation, and proteoglycan loss3,23–25. The non-invasive ACL rupture (NIACLR) model

was directly compared to the surgical transection model, and showed both models result in

PTOA, and concluded that the NIACLR model was more physiologically relevant25.

Non-surgical PTOA treatments are divided into supplements and injections. Supplements

to treat PTOA include lifestyle adaptations, exercise, physical therapy, topical creams and

the systemic delivery of non-steroidal anti-inflammatory drugs (NSAIDs) and painkillers.

Since most patients who su↵er from PTOA are active individuals who exercise regularly,

NSAIDs, painkillers, and topical creams are primarily used. However, systemic delivery of

NSAIDs leads to increased cardovascular26, kidney27, and gastrointestinal tract complica-

tions28–30. Opioids, as well as topical creams, do not treat the underlying causes of inflam-

mation, and opioids are linked to severe cases of addiction30,31. Injections to treat PTOA

primarily consist of corticosteroids and glucosteroids to address inflammation. However,

corticosteroid and glucosteroid injections result in chondrocyte death31. Localized delivery

of a biocompatible therapeutic able to inhibit inflammation and treat damaged cartilage

following joint trauma may prevent the progression of PTOA.

Early-stage treatment of PTOA may be possible by inhibiting inflammatory cytokine

production and ECM degradation using a peptide-nanoparticle therapeutic. Peptide thera-

peutics are advantageous due to their high biological activity, specificity, and low toxicity32.

However, using peptides as therapeutics has its challenges since they are susceptible to en-

zymatic breakdown and low stability. Nanoparticles present a solution to this problem by

protecting peptides from extracellular degradation. Combining peptides with nanoparticles

has been shown to improve their solubility and extend therapeutic half-life in vivo33,34. While

nanoparticle-peptide therapeutics have their limitations, such as potentially altered thera-

peutic e�cacy and the possibility of toxic degradation products, their ability to improve

peptide solubility, sustained release, and extended half-life in vivo make them advantageous
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for drug delivery35. Here, we encapsulated an anti-inflammatory MK2 inhibiting (MK2i)

peptide within hollow polymeric nanoparticles to protect them from enzymatic degradation

and allow for controlled release within the joint to inhibit the progression of PTOA.

MK2 (mitogen activated protein kinase activated protein kinase 2) is part of the p38

pathway and acts downstream of p38 MAPK. When MK2 is phosphorylated it stabilizes

the mRNA responsible for the production of inflammatory cytokines, e.g. IL-6 and TNF-↵.

Ward et al. tested a series of MK2i peptides and found YARAAARQARAKALARQLGVAA

(YARA) to be the most specific to MK2 and the least toxic of the variants36. Hollow

nanoparticles (hNPs) composed of N-isopropyl acrylamide (NIPAm), N, N’-bis (acryloyl)

cystamine (BAC), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), and acrylic acid

(AAc) (poly(NIPAm-co-AMPS-BAC-AAc)) were shown to encapsulate the MK2i peptide

and inhibited IL-6 production in vitro37. Moreover, the hNPs were retained within the joint

space of rats for 7 days37. Here, we used the NIACLR rat model to induce PTOA and

aimed to examine the e�cacy of MK2i loaded poly(NIPAm-co-AMPS-BAC-AAc) hNP to

inhibit the progression of PTOA. However, our data was inconclusive since not all rats that

underwent NIACLR resulted in a complete ACL tear.

4.3 Materials and Methods

4.3.1 Animal Procurement

Thirty-eight 10-week old Fisher 344 rats were purchased from Charles River Laboratories

(Wilmington, MA) and acclimated for 2 weeks. In all but sham control animals, the right

knee underwent NIACLR and the left served as contralateral control. Both the knees received

the same treatment, allowing the contralateral knee to serve as an internal control and reduce

the number of animal used. Treatments included: Group A: right and left uninjured injected

with PBS (n = 5, 10 total knees), Group B: NIACLR right and contralateral left injected

with PBS (n = 10), Group C: NIACLR right and (5) contralateral left injected with hNP
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only (n = 10), and Group D: NIACLR right and contralateral left injected with hNP+MK2i

(n = 10). Rats were euthanized at 4 weeks following injury. Three rats were used to evaluate

the retention of the particles in the joint following NIACRL and were euthanized 7 days after

injury and injection. Rats were maintained and used in accordance with National Institutes

of Health guidelines on the care and use of laboratory animals. All procedures were approved

by the UC Davis Institutional Animal Care and Use Committee.

4.3.2 Materials

N-isopropyl acrylamide (NIPAm, � 98%), N,N 0-Bis(acryloyl) cystamine (99%, BAC),

N, N 0-methylene-bis-diacrylaminde (MBA), sodium dodecyl sulfate (SDS; 20% w/v in wa-

ter), 2-acrylamido-2-methyl-1-propanesulfonic acid (99%, AMPS), N-diisopropyl ethylamine

(99%, DIPEA), Rhodamine B isothiocyanate (98%, RBITC), potassium persulfate (99%,

KPS), trifluoroacetic acid (TFA), 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholin-

ium chloride (96% DMTMM), and dimethyl sulfoxide (DMSO) were acquired from Sigma

Aldrich (St. Louis, MO). Dimethylformamide (DMF), dichloromethane (DCM), acetonitrile

(ACN), trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and phenol were purchased

from Thermo Fisher (Waltham, MA). Dialysis membrane tubing and tangential flow filtra-

tion carbon tubing were purchased from Spectrum Laboratories (Dominguez, CA). NIPAm

and BAC were stored under nitrogen at 4�C and �20�C, respectively. AMPS was stored

at room temperature in a desiccator. All water used in synthesis, dialysis, and testing was

treated by a Millipore milliQ system (Billerica, MA; 18.2 M⌦:cm resistivity).

4.3.3 Nanoparticle Synthesis

Nanoparticles were synthesized as described previously37. Briefly, cores were synthesized

by dissolving 394.5 mg NIPAm and injecting it into a 100 ml three-neck flask under reflux

and a nitrogen blanket with 35 ml milliQ water and 164 µl of a 20% SDS solution at 70�C.

Following a 15 min equilibration time, 67.4 mg KPS was dissolved and injected into the
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reaction flask and continued for 2 h. NP cores were exposed to atmospheric oxygen for 45

min, followed by a 15 min nitrogen purge. The NP shells were polymerized around the cores

by injection of 794.7 mg NIPAm, 78.0 mg AMPS, 48.2 mg BAC, 4.81 µl AAc, and 164 µl 20%

SDS into the reaction flask. After 15 min, 33.7 mg KPS was dissolved and was injected into

the reaction flask, and reacted for 4 hours at 37�C. The nanoparticle solution was dialyzed in

10 kDa dialysis tubing (Spectrum Laboratories, Dominguez, CA) at 4�C for 14 days; milliQ

water was changed daily. Following dialysis, the now hollow NPs (hNPs) were frozen and

lyophilized.

4.3.3.1 Fluorophore Incorporation

For RBITC-shell NP batches, 0.1 mol% RBITC dissolved in 1 ml DMSO was injected

following NIPAm, AMPS, BAC, AAc, and SDS addition and before shell polymerization

initiation. These produced fluorescently-labeled co-poly(NIPAm-AMPS-AAc-BAC-RBITC)

(hNPsRBITC) nanoparticles.

4.3.4 Peptide Synthesis and Purification

YARAAARQARAKALARQLGVAA (YARA) was synthesized as previously described

using a CEM Liberty Blue Peptide Synthesizer (Matthews, NC)37. Briefly, FMOC protected

L-amino acids were individually dissolved in synthesis grade DMF to yield 0.2 M solutions.

Rink-Amide (Sigma Aldrich, St. Louis, MO) resin was added to the reaction vessel of the

CEM Liberty Blue peptide synthesizer. Synthesis occurred at 90�C for 4 — 30 min per

amino acid, time varying for each amino acid. YARA was cleaved from the Rink-Amide

resin using 2 ml of a cleavage cocktail (4.4 ml TFA, 0.25 ml phenol, 0.25 ml milliQ water,

and 0.10 ml TIPS) for 3 h, precipitated with 0�C diethyl ether, centrifuged at 1,000 g for 5

min four times, and dried overnight at room temperature. YARA was purified using reverse

phase fast-protein liquid chromatography (FPLC). Quantification of molecular weight was

assessed using Matrix Assisted Laser Desorption/Ionization - Time of Flight (MALDI-TOF)
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mass spectroscopy.

4.3.5 Drug Loading

One mg of hNPs were dissolved with 2 mg YARA in 1 ml ethanol (EtOH), incubated

for 24 h at 4�C. Following incubation, YARA-loaded hNPs were centrifuged at 17,000 g

for 30 min and 500 µl of the supernatant was collected, centrifuged again for 30 min at

17,000 g, then 300 µl of that supernatant was collected for post-load analysis to quantify

remaining unloaded peptide using a C18 reverse phase column on a high-performance liquid

chromatography (HPLC). Respectively, 1 ml of milliQ water was added to loaded hNP to

resuspend them prior to freezing and lyophilizing.

4.3.6 Nanoparticle Characterization

Following purification and lyophilization, hNPs were dissolved at 1 mg/ml in milliQ

water, and subjected to temperature sweeps from 18.0�C — 42.0�C, in 1.5�C increments,

equilibrating for 3 min between each step, and measuring three times per step using dynamic

light scattering (DLS) to assess diameter and polydispersity index (PDI). Zeta (⇣)-potential

was obtained on a Nano-ZS90 Zetasizer at 1 mg/ml sample concentration in milliQ water at

18.0�C and 42.0�C using folded capillary cells.

4.3.7 Treatments & NIACLR

Rats were anesthetized via isoflurane inhalation and a depilatory was used to remove

hair from both hindlimbs. Following hair removal, animals were injected with respective

treatments: Group A (n = 5), left and right hindlimb were uninjured and injected with 150

µl of 1x PBS; Groups B ( n = 10) both hindlimbs were injected with 150 µl of PBS; Groups

C (n = 10), both hindlimbs were injected with 150 µl of 2 mg/ml hNP; Groups D (n = 10),

both hindlimbs were injected with 150 µl of 2 mg/ml hNP+MK2i. Following injection, rats

from Groups B, C, and D were placed in a prone position with right tibias vertically aligned
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between two platens for tibial compression and underwent NIACLR. A 0 to 45 N preload

was oscillated for 10 cycles. Then 0 to 55 N was then applied increasing by 5 N per cycle

until 75 N until the ACL popped (ElectroForce 3200, TAInstruments, New Castle, DE). In

two cases, 0 to 80 N load was used with both rats weighing more than 280 g. Two indices

of tibial fractures occurred following NIACLR and were immediately sacrificed using carbon

dioxide asphyxiation. All left hindlimbs were left uninjured. Buprenorphine analgesia was

administered immediately post-injury (0.3 mg/kg) and 12 h post injury. Rats from Group

A-D were weighed 3 days after injury, then weekly until sacrifice. Whole hindlimbs were

removed for analysis at the end of 4 weeks and fixed in 4% paraformaldehyde (PFA) for 7

days followed by preservation in 70% ethanol (EtOH).

For the retention study, rats were allowed to acclimate for 2 weeks, then were anesthetized

with isoflurane and the hair was removed from both rat knees. Rats were injected with 150 µl

of 2 mg/ml hNPsRBITC dissolved in PBS (n = 3) into their left and right joint space. Their

right knee underwent NIACLR and the left served as contralateral control. Images were taken

by the Davis Center for Molecular and Genomic Imaging (CMGI) core and fluorescence was

measured and quantified using the In Vivo Imaging System (IVIS) at 557 nm excitation and

623 nm emission. Images were taken on day 1, 3, and 7 after injection, then immediately

following sacrifice and dissection. Rats were sacrificed using CO2 euthanasia. Total radiance

emission (TRE) fluorescence was collected and analyzed.

4.3.8 Micro-Computed Tomography (µCT)

Immediately following dissection, rats joints were fully immersed in 4% paraformaldehyde

solution for 7 days. Knees were scanned using micro-computed tomography (SCANCO,

mCT 35, Brüttisellen, Switzerland) to quantify osteophyte volume around the knee joint.

µCT scans were performed according to guidelines for rodent bone structure analysis (X-

ray tube potential 1⁄4 55 kVp, intensity 1⁄4 114 mA,10 mm isotropic nominal voxel size,

integration time 1⁄4 900 ms). The global threshold for “bone” will be set equivalent to 567
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mg HA/cm3. Trabecular bone analysis of the epiphysis was performed starting at the distal

growth plate through the femoral condyles. Trabecular bone volume fraction (BV/TV),

trabecular number (Tb. N), trabecular thickness (Tb. Th.) and trabecular separation (Tb.

Sp.) and were calculated using the manufacturer’s 3D analysis software. Following scans,

joints were emersed in 70% ethanol.

4.3.9 Histology & ORASI Scoring

Whole joint histology was performed to visualize cartilage composition and joint dete-

rioration following NIACLR and injection. Knees were submitted to Inotiv and decalcified

in formic acid, sectioned, stained using T-Blue and Safranin O and Fast Green (SafO/FG),

and ORASI graded by a DVM trained pathologist. Knees were embedded in para�n blocks

in the frontal plane, sectioned at the anterior and approximate mid-point of the knee, and

stained. Six sections were taken per knee at 6 µm at 250 µm steps, and the best section, as

determined by the pathologist, was graded. Grades 0 to 6 were assigned for osteoarthritic

cartilage damage, with 0 indicating normal and 6 indicating severe degeneration and calci-

fied cartilage extending greater than 75% of the articular surface. Osteophyte thickness was

measured with an ocular micrometer. Osteophyte score was assigned to the largest osteo-

phyte area and ranged from 0 to 5, with 0 being less than 50 µm and 5 being greater than

600 µm. The total joint score was calculated by adding the medial and lateral osteophyte

scores to the total joint cartilage degeneration sum with maximum value being 29. Synovial

inflammation was scored from 0 to 4, with 0 being no fibrosis and 4 being severe fibrosis.

Extent of ACL rupture was detailed by the pathologist as no tear (N), partial tear (P) or

complete tear (Y).
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4.4 Results

4.4.1 Drug Loading and Release

The hNPs were able to load 75.07 ± 7.19% (mg MK2i/mg hNP) and released 43.00

± 4.20% of MK2i ex situ at the end of 5 days, Figure 4.1A and 4.1B. hNPs were ther-

moresponsive and swelled to a diameter of 252.33 ± 11.73 nm at 18.0�C and constricted to

165.13 ± 21.97 nm at 42.0�C, Figure 4.1C. The particles were monodisperse at all temper-

atures, and were colloidally stable with zeta potential of �29.91 ± 5.33 mV at 18.0�C and

�32.91± 1.87 mV at 42.0�C.

Figure 4.1: (A) MK2i loading into hNP when loaded at 4�C, (B) release ex situ, and (C)
DLS of nanoparticle diameter.

4.4.2 Rat Weight

Rats from all groups lost weight between Day 0 and Day 3. Group A, B, C, and D lost

6.6%, 7.2%, 6.0%, and 7.1% mass on Day 3 compared to Day 0, respectively, Figure 4.2.

After Day 3, rats steadily increased their weight until sacrifice. There was not a significant

weight change between groups.
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Figure 4.2: Rats lost weight 3 days following injection and/ or injury.

4.4.3 Complete Injury, Fracture Incidences, and Particle Retention

Successful ACL tears in PBS (4/9), hNP (3/10) and hNP+MK2i (2/9) treated rats were

confirmed by a veterinary pathologist. All histology and µCT data presented here only

included rats with confirmed ACL tears. Tibial fractures occurred in two rats over 280 g

when compression reached over 80 N of force. These rats were immediately sacrificed using

carbon dioxide asphyxiation. hNPsRBITC was retained in the contralateral knees for 7 days.

However, there was a 85.97% loss in TRE between the contralateral and NIACLR joints 7

days after dissection. These data showed hNPsRBITC cleared the NIACLR joint 4-7 days

following tibial compression while remaining in uninjured joints, Figure 4.3.

Figure 4.3: hNPsRBITC was cleared from NIACLR injured rats 4-7 days following injury.
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4.4.4 Histology and OARSI Scoring

Histological scoring indicated changes in the structure and morphology of articular car-

tilage following successful ACL tear. However, there is no apparent di↵erence between

NIACLR injured rats injected with PBS, hNP, nor hNP+MK2i. Since not all tibial com-

pressions resulted in a complete ACL tear, these results were not conclusive as to the e↵ect

of the therapeutic due to small sample sizes. The NIACLR showed that the medial femoral

condyle (MFC) and lateral femoral condyle (LFC) were more damaged than the medial tibial

plateau (MTP) and lateral tibial plateau (LTP), Figure 4.4. Of the joints with confirmed

ACL tears, there was a drastic increase in articular cartilage degradation compared to the

contralateral, though the sample numbers are too low to draw statistical conclusions.

Figure 4.4: Histological results of (blue) contralateral and (red) NIACLR rats 4 weeks af-
ter injury and injection. (A) MTP, (B) MFC, (C) synovial inflammation, (D)
LTP, (E) LFC, and (F) total joint score. Data from confirmed ACL tears only.
Complete ACL tears resulted in articular cartilage damage.
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4.4.5 Micro-computed Topography

There was no apparent di↵erence in trabecular bone remodeling between contralateral

and NIACRL groups. No di↵erence was observed in BT/TV, Tb. N, and Tb. Sp. between

NIACLR and contralateral joints nor treatment groups, Figure 4.5. However, there was a

trend in decrease in BV/TV in NIACLR joints compared to contralateral, Figure 4.5C.

Figure 4.5: µCT of the femoral condyles follow NIACLR and intra-articular injection. Data
from confirmed ACL tears only. There are no significant di↵erences between the
contralateral and NIACLR knees.

4.5 Discussion

Localized delivery of biocompatible therapeutics into damaged joints could inhibit in-

flammation without causing chondrocyte death, and prevent the progression of PTOA. The
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MK2i peptide was shown to inhibit MK2 phosphorylation downstream of MAPK p38 and

reduce inflammatory cytokine expression36. However, peptides are susceptible to proteolytic

degradation and low stability. Poly(NIPAm-co-AMPS-BAC-AAc) nanoparticles were able

to encapsulate MK2i and allowed for its sustained release ex situ, and previous studies

showed the ability of MK2i to inhibit IL-6 production in vitro using bovine derived chondro-

cytes37. NIPAm has a lower critical solution temperature (LCST) of 32�C. Below the LCST

of NIPAm, the particle swells, and above the LCST it constricts, giving it thermoresponsive

behavior. Loading MK2i below the LCST of NIPAm led to 2.5 times more drug loading than

when loaded above the LCST37. Furthermore, nanoparticles over 200 nm have been shown

to initiate an immune response38. When the particles were at physiological temperatures,

above the LCST of NIPAm, they were below 200 nm and should not initiate an immune

response due to size. Here, we aimed to examine the e�cacy of MK2i loaded hNPs for

inhibiting the progression of PTOA using an in vivo small animal model.

The use of charged nanoparticles has been shown to increase the residence time of ther-

apeutics in cartilage39. The anionic hNPsRBITC intra-articularly injected into non-injured

knees remained in the joint for 7 days and showed the ability of our therapeutics to be

accurately injected into the joint, and agreed with previous studies37. The injury itself and

potential disruption to the joint capsule did not appear to contribute to loss of hNPsRBITC

since contralateral and NIACRL retention were similar through Day 3. However, tibial com-

pression of the joint caused the hNPsRBITC particles to be cleared 4 — 7 days after the

procedure. Joint matrix turnover is increased following acute injury40, and may be responsi-

ble for the decreased retention time of hNPsRBITC injected into the knees that underwent

tibial compression.

The development of PTOA may be as high as 90% following an ACL tear23. Rupturing

the ACL using a tibial compression was found to be physiological relevant and significantly

induce PTOA compared to surgical transection of the ACL3,25. Previous work showed the

NIACLR and the ACL transection model had analogous trabecular bone remodeling and
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proteoglycan loss, as well as more observed damage to the MFC and LFC compared to the

MTP and LTP23–25. Brown et al noted medial osteophyte formation following NIACLR was

less severe than the surgical transection model, and argued they were more similar in size

to typical human osteophytes relative to the size of the joint3,41. While the NIACLR model

has been proven to induce PTOA, our model needs to be further developed to consistently

result in complete ACL tears.

The histology and µCT data presented only consisted of rats where a complete ACL tear

was confirmed by a trained veterinary pathologist. Here, we saw a trend of increased cartilage

damage and synovial inflammation following complete ACL tear. These data suggested

tibial compressions resulted in the development of PTOA when a complete tear occurs.

Notably, the joints that underwent NIACLR resulted in more cartilage damage on the MFC

and LFC compared to the MTP and LTP, and is consistent with other NIACLR and ACL

transection models25. The µCT data did not show any di↵erences between the contralateral

and NIACLR joints. Previous studies showed no significant change in BV/TV nor Tb.Sp.

for the epiphysis 4 weeks after injury compared to the control. However, the other models

showed had a significant decrease in Tb.N. and a significant increase in Tb.Th. 4 weeks after

injury24. Here we saw no change in Tb.Sp. 4 weeks after injury. Moreover, the BV/TV

and Tb.Th. slightly decreased in the injured knee compared to the contralateral. Loss in

BV/TV was expected and shows bone loss following injury. However, there wasn’t a change

with Tb.N. between NIACLR and contralateral joints, Figure 4.5B. Further work is needed

to develop our NIACLR model to consistently tear the ACL of rats.

The results of the study with respect to treatment e�cacy were inconclusive as not all

rats that underwent tibial compression resulted in a complete ACL tear, which led to low

sample numbers per group. Due to the lack of successful ACL tears, we were not able to

determine the e�cacy of the MK2i loaded hNP for inhibiting the progression of PTOA.

Previous studies using mice that underwent NIACLR showed a 11.7% increase in range of

motion (ROM) compared to contralateral limb after tibial compressions that resulted in an
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ACL tear. Future research will examine the joint ROM following tibial compression to assess

ACL tear, and rats will undergo subsequent tibial compressions until a successful ACL tear

is confirmed. Studies have shown that not all ACLs rupture after a single tibial compression

and multiple compressions may be necessary to successful tear the ACL3. No significant

di↵erence was reported between ACLs torn with single tibial compressions and ACLs torn

with multiple tibial compressions3. Multiple tibial compressions may be required in future

studies to successfully tear the ACL using the NIACLR model.

4.6 Conclusion

In this study we aimed to assess the e�cacy of MK2i loaded hNPs to inhibit the progres-

sion of PTOA. However, these data are inconclusive since not all rats had a complete ACL

tear following tibial compression. Of the successful injuries, our data closely aligned with

trends previously published where the MFC and LFC had a greater degree of cartilage dam-

age than the MTP and LTP following NIACLR24,25. Future studies will require a developed

NIACLR model to produce complete ACL tears and be confirmed by increased joint ROM.

After the model is confirmed, the study would need to be repeated to assess the ability of

MK2i loaded hNPs to inhibit the development of PTOA following ACL tear.
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CHAPTER V

Summary & Future Directions

5.1 Conclusion

The collection of data within this dissertation represents work aimed to develop ther-

apeutics to prevent the progression of post traumatic osteoarthritis (PTOA) by inhibiting

inflammation and treating damaged articular cartilage. This work resulted in a degradable

hollow nanoparticle (hNP) capable of being modified into two nanoparticle-peptide thera-

peutics. The first loaded an anti-inflammatory MK2 inhibiting (MK2i) peptide shown to

reduce inflammatory cytokine expression in vitro. The second utilized the hyaluronic acid

(HA)-binding peptide, GAH, conjugated to the hNP and restored the compressive strength

of articular cartilage while also inhibiting further ECM degradation. Finally, the e�cacy

of the MK2i loaded hNPs were assessed in a pilot small animal in vivo PTOA model. The

results of the in vivo study were inconclusive and it showed our non-invasive anterior cruciate

ligament (ACL) rupture (NIACLR) model needed to be further developed. However, it also

showed that when ACL rupture occurred did result in the generation of PTOA.

Nanoparticles to treat OA are a growing field of study within nanomedicine. Nanopar-

ticles made from lipids, metals, and polymers used in OA research have varying degrees of

utility, each with specific benefits compared to others. Lipid-based nanoparticles are used

in the delivery of small molecule drugs into the joint to inhibit inflammation1–5. Metal

nanoparticles are used to diagnose OA6–8, image the joint7, and counteract reactive oxida-

tive species produced during OA9,10. Polymeric nanoparticles (PNPs) have been used to load

nucleic acids11,12, plasmid DNA-cytokine modifiers13–15, and peptides16–18 to inhibit inflam-

mation and slow the progression of OA. Here, we developed degradable, polymeric, hollow

nanoparticles (hNPs) to encapsulate the MK2i peptide YARA (Chapter 2) and conjugated
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the HA-binding peptide GAH to the hNP (Chapter 3). Finally, the MK2i loaded hNP (MK2i

+ hNP) was tested in a small animal in vivo study (Chapter 4).

Chapter 2 detailed the synthesis and development of thermoresponsive, degradable hNPs

and examined the relationship between crosslink density and the ability of hNPs to load

and release the MK2i peptide YARA. The physical characteristics, such as diameter, zeta-

potential, and polydispersity of the hNPs with varying crosslinked density were also mea-

sured. Increasing the crosslink density in hNPs decreased the diameter of the particle.

The hNPs displayed a greater degree of swelling below the lower critical solution tempera-

ture (LCST) of poly(N-isopropyl acrylamide) (pNIPAm) than analogously crosslinked solid

nanoparticles (sNPs). Both hNPs and sNPs loaded roughly 2.5 times more MK2i when

swollen below the LCST than when constricted above the LCST, and demonstrated the

benefit of using pNIPAm based NPs. Furthermore, the hNPs released significantly more

MK2i than the analogously crosslinked sNPs after 5 days. The hNPs were endocytosed and

degraded from primary derived bovine chondrocytes in 5 - 7 days in vitro. As shown by in

vivo imaging, hNPs were accurately injected into the joint and remained there for 7 days.

Finally, all MK2i loaded hNPs inhibited inflammation, as measured by normalized IL-6 ex-

pression two days after treatment. Notably, only the 1x crosslinked hNP loaded with MK2i

reduced IL-6 production four days after a single treatment. The MK2i-loaded hNPs were

able to inhibit inflammation in vitro and showed promise in preventing the progression of

PTOA.

Chapter 3 showed the ability of the hNPs to be functionalized with tissue-specific pep-

tides using the acrylic acid (AAc) monomer polymerized within the shell of the particles.

Increasing the molar ratio of peptide to AAc increased peptide conjugation to the hNP.

Specifically, we used the HA-binding peptide GAH to generate the GAH-hNP therapeutic.

The 19 GAH-hNP therapeutic was able to significantly bind to HA, as measured by changes

in dynamic viscosity upon its addition. Both the unconjugated hNP and GAH conjugated

hNP penetrated into aggrecan-depleted cartilage explants, while they remained on the sur-
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face of healthy articular cartilage. The 19 GAH-hNP significantly restored the compressive

strength of aggrecan-depleted cartilage to healthy levels for at least 6 days after treatment.

Moreover, Safranin O and Fast Green staining and immunohistochemistry for collagen type

II showed 19 GAH-hNP inhibited further ECM degradation and may support cartilage regen-

eration. Treatment with 19 GAH-hNP is a promising therapeutic to inhibit the progression

of PTOA.

The e�cacy of MK2i loaded hNPs and unloaded hNPs were tested in a small animal

PTOA model detailed in Chapter 4. Rats underwent tibial compressions to non-invasively

rupture their ACL. Previously, the NIACLRmodel was characterized in rats as a reproducible

and physiologically relevant method that resulted in PTOA19,20. However, our results were

inconclusive as not all injuries resulted in complete ACL tears. Furthermore, hNPsRBITC

injected into the joint space of NIACLR rats remained within the knee 3 days following

injury rather than 7 days in non-injured knees. While our results were inconclusive due

to low sample numbers, the injuries with successful ACL tears closely aligned trends of

previously developed models20,21. These results suggest further work is needed to develop

our NIACLR model, and that a second dose of therapeutic may inhibit the progression of

PTOA.

The work described within this dissertation shows the promise in using MK2i loaded

degradable hNPs to inhibit inflammation and GAH conjugated hNPs to restore the com-

pressive strength to aggrecan-depleted cartilage and inhibit the progression of PTOA.

5.2 Future Directions

The hNPs developed here could be transitioned to treat other diseases and conditions.

In addition to inhibiting inflammation, MK2i previously demonstrated the ability to prevent

abdominal adhesion22, inhibit pulmonary fibrosis23, and limit intimal hyperplasia after vein

graft bypass24; future work using MK2i loaded hNPs could be used to treat these conditions.

The e�cacy of the therapeutics could also be examined to treat OA, as the GAH-hNPs may
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restore functionality to damaged cartilage and allow for ECM repair. The release of MK2i

from hNPs in this study was limited to a non-degrading environment and future research

will characterize the release of MK2i from hNPs in a degrading model, and will assess the

size of the hNP fragments using size exclusion chromatography. Additionally, the ability of

the hNPs to be functionalized with peptides is not limited to HA-binding peptides. These

chemistries could be used to conjugate peptides to the surface of the hNP that are specific to

other ECM components and further translated to numerous disease models without altering

the nanoparticle synthesis.

Future work will continue the small animal study to generate a model to reproducibly

induce an ALC rupture in rats, and treat the joint with the dual 19 GAH-hNP loaded with

MK2i (19 GAH-hNP + MK2i). Preliminary work combined the GAH conjugated hNPs

with MK2i, which had analogous MK2i loading and release profiles as the unconjugated

hNP. Treatment of NIACLR rats with the 19 GAH-hNP + MK2i could inhibit inflammation

following injury and treat the damaged cartilage. Additionally, treating the injured joint

with a second dose of MK2i loaded hNP (hNP + MK2i) or 19 GAH-hNP + MK2i could be

advantageous as the particles were shown to be cleared from the joint 4-7 days following the

injury. This study would also benefit from examining inflammation 24-36 hours after joint

injury to assess the utility of MK2i to inhibit inflammatory cytokine production.

The hNPs described here are anionic and currently proven to load cationic peptides.

Future iterations of these particles will explore altering the synthesis and replacing the an-

ionic sulfated monomer, 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) polymerized

within the polymer shell with a cationic monomer, such as (3-Acrylamidopropyl)trimethylammonium

chloride (APTMA), 2-Aminoethylmethacrylamide hydrochloride (AEMAAHCl), N-[3-(Dimethylamino)propyl]methacrylamide

(DMAPMAm), or 2-(Dimethylamino)ethyl methacrylate (DMAEMA). Incorporating a cationic

monomer within the shell of the nanoparticle could enable anionic therapeutics to be loaded

and released from the hNPs.
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