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a b s t r a c t 

Charge-based drug delivery has proven to be effective for targeting negatively charged cartilage for the 

treatment of osteoarthritis. Cartilage is surrounded by synovial fluid (SF), which is comprised of nega- 

tively charged hyaluronic acid and hydrophobic proteins that can competitively bind cationic carriers and 

prevent their transport into cartilage. Here we investigate the relative contributions of charge and hy- 

drophobic effects on the binding of cationic carriers within healthy and arthritic SF by comparing the 

transport of arginine-rich cartilage targeting cationic peptide carriers with hydrophilic (CPC + 14N) or hy- 

drophobic property (CPC + 14A). CPC + 14N had significantly greater intra-cartilage uptake in presence of 

SF compared to CPC + 14A in-vitro and in vivo . In presence of individual anionic SF constituents, both CPCs 

maintained similar high intra-cartilage uptake while in presence of hydrophobic constituents, CPC + 14N 

had greater uptake confirming that hydrophobic and not charge interactions are the dominant cause of 

competitive binding within SF. Results also demonstrate that short-range effects can synergistically sta- 

bilize intra-cartilage charge-based binding – a property that can be utilized for enhancing drug-carrier 

residence time in arthritic cartilage with diminished negative fixed charge density. The work provides a 

framework for the rational design of cationic carriers for developing targeted therapies for another com- 

plex negatively charged environments. 

Statement of significance 

This work demonstrates that hydrophobic and not charge interactions are the dominant cause of the 

binding of cationic carriers in synovial fluid. Therefore, cationic carriers can be effectively used for carti- 

lage targeting if they are made hydrophilic. This can facilitate clinical translation of various osteoarthri- 

tis drugs for cartilage repair that have failed due to a lack of effective cartilage targeting methods. It 

also demonstrates that short-range hydrogen bonds can synergistically stabilize electrostatic binding in 

cartilage offering a method for enhancing the targeting and residence time of cationic carriers within 

arthritic cartilage with reduced charge density. Finally, the cartilage-synovial fluid unit provides an excel- 

lent model of a complex negatively charged environment and allows us to generalize these findings and 

develop targeted therapies for other charged tissue-systems. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Charge-based drug delivery has proven to be an effective way 

f targeting negatively charged tissues like cartilage for the treat- 
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ent of osteoarthritis (OA), which is a degenerative musculoskele- 

al disease [1–4] . Cartilage has a high negative fixed charge den- 

ity (FCD ∼ -170 mM) owing to the presence of densely packed 

egatively charged aggrecan glycosaminoglycans (GAGs) that are 

ey to the tissue’s structure and function as they provide the nec- 

ssary hydration, swelling pressure, and compressive stiffness [3] . 

artilage is also avascular and thus direct injections into the intra- 

rticular (IA) space of joints are used for delivering drugs. How- 
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Table 2 

Cationic Peptide Carriers (CPC): Sequence, net charge, and molecular weight. 

CPC CPC Sequence Net charge (z) MW (Da) Property 

CPC + 14A RRRR(AARRR) 3 R + 14 2,990 Hydrophobic 

CPC + 14N RRRR(NNRRR) 3 R + 14 3,248 Hydrophilic 

R + 14 R 14 + 14 2,563 Hydrophilic 

CPC + 8A (RRAAAA) 3 RR + 8 2,479 Hydrophobic 

CPC + N (AK) 7 ANANAN + 7 2,327 Hydrophilic 

CPC + F (AK) 7 AFAFAF + 7 2,426 Hydrophobic 
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ver, transport of most macromolecules into cartilage is hindered 

ue to its dense extracellular matrix with a nanometer range pore 

ize [5] . Cartilage is surrounded by synovial fluid (SF) and relies 

n passive diffusion of compression induced (due to joint move- 

ent) convective diffusion to transport drugs from SF into cartilage 

o reach their cell targets [ 6 , 7 ]. The SF is under constant turnover

ue to clearance from the lymphatics and synovium vasculature re- 

ulting in a very short (1-2 h) intra-joint residence time for small 

olecules [5] . As such, drugs rapidly clear out from the joint be- 

ore the required intra-cartilage therapeutic index can be achieved 

8] . Multiple injections of high drug doses may be indicated which 

re associated with toxicity concerns [9] . 

This high negative FCD of cartilage (and other tissues) can be 

onverted from being a challenge to an opportunity by modifying 

herapeutics to add optimally charged cationic domains such that 

lectrostatic interactions can be used for enhancing their intra- 

issue uptake and retention [10–17] . Our previous studies have 

emonstrated that the design of cationic carriers can be optimized 

ased on the target tissue FCD to possess enough electrical driv- 

ng force to rapidly penetrate through the tissue’s full thickness in 

igh concentrations to reach their cell targets [ 1 , 2 ]. We designed

n arginine-rich cationic peptide carrier (CPC) with a net charge 

f + 14 and demonstrated a very high intra-cartilage uptake of 350 

i.e., a solute concentration inside cartilage was 350x higher than 

he surrounding bath [1] . Note that an uncharged small molecule 

ill have an equilibrium uptake of 1). CPC + 14’s intra-cartilage up- 

ake was the highest among other CPCs with lower or higher net 

harge (the net charge was varied between + 8 and + 20). CPC + 14

easured a high Donnan partitioning factor of 3.4 that facilitated 

ts rapid penetration through the full thickness of cartilage ow- 

ng to the weak-reversible nature of charge interactions. Despite 

his weak binding, the high density of intra-cartilage negatively 

harged GAG binding sites enabled its long-term retention as > 95% 

f CPC + 14 was found to be retained within cartilage over 7-days 

esorption period, which was the longest duration over which the 

xperiment was conducted [1] . 

SF is another barrier for targeted drug delivery to cartilage; its 

nteractions with carriers should be taken into account while de- 

igning drug delivery systems but are often overlooked [18] . SF is 

n ultrafiltrate of blood plasma through the synovial membrane 

nd is comprised of negatively charged hyaluronic acid (HA), a 

on-sulfated GAG chain secreted by the synoviocytes primarily re- 

ponsible for providing joint lubrication [19] . HA is present at a 

oncentration of 1–3 mg/ml conferring it an FCD of -8.8 mM [3] . 

F is also comprised of high levels of plasma proteins, mainly an- 

onic albumin ( ∼ 12 mg/ml) and hydrophobic globulin ( β1 , γ , α1 , 

nd α2 each at 1–3 mg/ml), and a low concentration of hydropho- 

ic phospholipids ( Fig. 1 , Table 1 ) [20] . Therefore, competing bind-

ngs effects from charge and hydrophobic interactions are expected 

ithin SF, which can hinder electro-diffusive transport and carti- 

age targeting properties of cationic carriers. Additionally, the HA 

ontent and viscosity of SF decrease with arthritis severity [21] . It 
Table 1 

Primary constituents of synovial fluid and cartilage matrix, their con- 

centrations, and resulting net negative fixed charge density (FCD) y 

DMMB assay. 

Synovial fluid constituents Concentration (mg/ml) FCD (mM) 

HA 1–4 [19] -8.8 [3] 

Albumin 12 [20] - 

Globulin ( β1 , γ , α1 & α2 ) 1–3 (each) [20] - 

Phospholipid 0.1 [19] - 

Cartilage constituents Concentration (μg/mg wet tissue) FCD (mM) 

CS 30 -170 [3] 
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s also associated with an increase in degraded GAGs that diffuse 

ut from cartilage, which may also compete with cationic carriers’ 

iffusion into cartilage. 

. Materials and methods 

.1. Materials 

Protease Inhibitor Mini Tablets were purchased from Thermo 

cientific Pierce (Rockford, IL). Penicillin-streptomycin Antibiotic- 

ntimycotic (PSA) and trypsin-EDTA phenol red were purchased 

rom Gibco (Carlsbad, CA). Tween-20, glycerol, sodium chloride 

NaCl), and bovine serum albumin (BSA) were obtained from 

isher Bioreagents (Fair Lawn, NJ). Trizmabase, Chondroitin sul- 

ate (CS), hyaluronic acid (HA), and Sodium dodecyl sulfate 

SDS) were from Sigma-Aldrich (St. Louis, MO). 2-Dilauroyl-sn- 

lycero-3-phosphocholine (DLPC) was purchased from Echelon 

iosciences (Salt Lake City, UT). Gamma globulin ( γ -Globulin) 

rom bovine serum was procured from EMD Millipore (Billerica, 

A). Proteinase-K was purchased from Roche Diagnostics (Risch- 

otkreuz, Switzerland). 

.2. Design and synthesis of Cationic Peptide Carriers (CPC) 

20 amino acid-long C ationic P eptide C arriers (CPCs) with a net 

harge of + 14, rich in cationic arginine (R) and non-polar alanine 

A) or polar asparagine (N) residues as spacers were synthesized 

sing Fmoc solid-phase peptide synthesis (MIT Biopolymers and 

roteomics, MIT, Cambridge, MA). The hydrophobic version with 

lanine spacers is referred to as CPC + 14A and the hydrophilic ver- 

ion with asparagine is referred to as CPC + 14N ( Table 2 ). A se-

uence with no spacers (A or N) is used as a control ( R + 14 ) with

imilar net charge and hydrophilic property. In addition to these, 

o evaluate the effect of reducing the net charge and increasing 

he relative hydrophobicity on electro-diffusive transport of CPCs 

n cartilage in presence of synovial fluid, an R-rich CPC with a 

et charge of + 8 ( CPC + 8A ) was included. Finally, to study the

ompetitive effects of charge and hydrophobicity, a charge dom- 

nant lysine (K) – rich CPC with net charge + 7 (AK) 7 was used 

ith either a hydrophilic tail (ANANAN, asparagine spaced with 

lanine; CPC + N ) or a hydrophobic tail (AFAFAF, phenylalanine 

ith alanine; CPC + F ). Table 3 shows the hydropathy scale of dif- 

erent amino acids [22] . The peptides were purified using reverse 

hase C18 HPLC (resulting in > 95% purity) and CPC masses were 

onfirmed by matrix-assisted laser desorption/ionization (MALDI) 

ass spectrometry. For fluorescence measurements, CPCs were ei- 

her labeled with 5-FAM for in-vitro studies or Cy5 for in vivo ex- 

eriments. 

.3. Intra-cartilage transport of CPCs in presence of synovial fluid 

nd its individual constituents 

.3.1. Cartilage explant harvest 

Full-thickness 3 mm diameter cartilage plugs were extracted 

rom 2–3 week-old bovine knee joints purchased from a local 
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Fig. 1. Charge interactions enable rapid and full depth penetration of CPCs into negatively charged cartilage. The synovial joint is filled with synovial fluid (SF), which is 

comprised of a high concentration of negatively charged constituents, hyaluronic acid (HA) and albumin, and hydrophobic immunoglobulins and phospholipids that may 

alter or hamper the cartilage targeting ability of intra-articularly administered therapeutics. 

Table 3 

Hydropathy scale of different amino acids with 

4.5 being the most hydrophobic and -4.5 the 

most hydrophilic residue (Table adapted from 

[22] ). 

Residue Hydropathy index 

Ile 4.5 

Val 4.2 

Leu 3.8 

Phe 2.8 

Cys 2.5 

Met 1.9 

Ala 1.8 

Gly -0.4 

Thr -0.7 

Ser -0.8 

Trp -0.9 

Tyr -1.3 

Pro -1.6 

His -3.2 

Glu -3.5 

Gln -3.5 

Asp -3.5 

Asn -3.5 

Lys -3.9 

Arg -4.5 
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laughterhouse (Research 87, Boylston, MA). The plugs were then 

liced to obtain 1 mm thick cartilage disks from the superficial 

ayer as described before [15] . The disks were immediately washed 

nd equilibrated in PBS supplemented with PSA for 1 h and stored 

n PBS supplemented with protease inhibitors at -20 °C until further 
se. Late-stage OA explants were prepared by explants incubation 

n 0.1 mg/ml of trypsin-EDTA phenol red in PBS for 14 h to in-

uce ∼90% GAG depletion. The explants were washed three times 

n PBS and equilibrated for an hour in PBS supplemented with pro- 

ease inhibitors to arrest the digestion. GAG depletion percentage 

as measured using dimethyl-methylene blue (DMMB) assay [23] . 

.3.2. Healthy and arthritic synovial fluid (SF) 

Simulated SF was constituted using 3 mg/ml HA (MW ∼
.5 MDa), 12 mg/ml BSA, 12 mg/ml γ -Globulin and 0.1 mg/ml 

LPC in PBS at pH 7.4 based on physiological concentrations of 

ndividual SF constituents ( Table 1 ) and previous work [ 24 , 25 ].

xperiments were conducted in simulated SF to provide a con- 

rolled healthy environment for comparison is referred as Healthy 
3 
F . Bovine synovial fluid (SF) from Lampire Biological Laboratories 

Pipersville, PA) was aliquoted and frozen at -20 °C until the day 
f the experiment – this is referred as OA SF . The content of sul- 

ated glycosaminoglycans (GAGs) in bovine SF was measured using 

MMB assay [26] to quantify and determine the severity of OA. 

.3.3. Equilibrium uptake of CPCs in bovine cartilage 

To study the equilibrium uptake of CPCs in cartilage in pres- 

nce of SF, 30 μM CPC solution was made in either Healthy or OA 

F. Individual 3 × 1 mm cartilage disks were equilibrated in 300 μl 

f 30 μM CPC solution in a 96 well plate for 24 h at 37 °C under
entle shaking in an incubator [27] . The fluorescence of the initial 

nd final equilibration CPC baths was measured using a microplate 

eader (Synergy H1, Biotek) and converted to CPC concentration 

sing a standard curve as described before [1] . The uptake ratio 

R U , Eq. (1 )) was defined as the CPC concentration inside cartilage 

 ̄C cartilage ) normalized by the CPC concentration in the surrounding 

F bath at equilibration ( C Bath ): 

 U = 

C̄ cartilage 

C Bath 
; (1) 

To determine the effects of SF constituents on intra-cartilage 

ptake of CPCs, experiments were conducted in presence of in- 

ividual SF constituents at their physiological concentrations, i.e., 

ither 3 mg/ml HA, 12 mg/ml BSA, 12 mg/ml γ -Globulin, or 

.1 mg/ml DLPC, which was used as a model for phospholipids. 

.3.4. The binding affinity of CPCs with SF and cartilage matrix 

onstituents 

The binding affinity of CPCs with individual SF and carti- 

age constituents was determined using microscale thermophore- 

is (MST, Monolith NT.115, NanoTemper Technologies, Munich, Ger- 

any) [28] . The stock solutions of CPCs labeled with 5-FAM at the 

-terminus were centrifuged at 14,0 0 0 g for 10 min prior to the 

xperiment to remove any aggregates. Binding interactions were 

easured in a buffer consisting of 50 mM Tris pH 7.4, 150 mM 

aCl, 0.005% SDS, 0.1% Tween-20 and 0.025% glycerol. These buffer 

onditions were optimized to minimize CPC binding with the cap- 

llaries while ensuring that MST trace curves can achieve fluores- 

ence equilibrium. 200 nM of fluorescently labeled CPCs were used 

s target molecules and titrated individually with serial dilutions of 

S, HA, and γ -Globulin as the ligand molecules. The samples were 
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Fig. 2. Methodology for measuring binding affinity of CPCs with cartilage and SF constituents using microscale thermophoresis (MST). A. A fixed concentration of fluo- 

rescently labeled CPC is titrated with varying concentrations of a ligand molecule. CPCs are completely unbound in the highly dilute state while they are fully bound at 

high ligand concentrations. Samples are then loaded in capillary tubes and heated locally with an infrared (IR) laser to create a temperature fluorescence gradient. B. The 

normalized fluorescence ( F Norm ) is recorded for 20 s to obtain an MST trace curve. C. The MST traces of all samples from varying concentrations of ligands are plotted over a 

span of 20 s. D. Dose-dependent binding of CPC with its ligand further alters the fluorescence, which is measured as MST and plotted vs the respective ligand concentration. 

Hill equation is fitted to extract K d and Hill coefficient (n). n > 1 represents positive cooperative binding while n < 1 implies negative cooperative binding. 
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hen loaded on Monolith Premium capillaries and MST measure- 

ents were carried out under 50% excitation power and 40% MST 

ower at room temperature ( Fig. 2 A ). Briefly, each sample was lo-

ally heated using the IR-Laser and the fluorescence values were 

ormalized by the initial fluorescence prior to heating of the sam- 

le ( F Norm 
( ‰ )) were plotted against time to obtain an MST trace

urve ( Fig. 2 B, C ). Laser on and off times was set as 20 s and

 s, respectively. The normalized fluorescence at 5 s from the MST 

races of all samples was chosen to plot the binding curve ( Fig. 2 C,

 ). The F Norm 
( ‰ ) of each sample was subtracted from the baseline

 Norm 
( ‰ ) at the completely unbound sate to produce �F Norm 

( ‰ )

alues ( Eq. (2 )). 

F Norm ( % ) = 

F Norm 

(
C Ligand 

)
− F Norm ( unbound ) 

F Norm ( bound ) − F Norm ( unbound ) 
; (2) 

here F Norm 
( C Ligand ) is the normalized fluorescence at a given lig- 

nd concentration, F Norm 
( unbound ) is the normalized fluorescence 

f only unbound CPC and F Norm 
( bound ) is the normalized fluores- 

ence of CPC when completely bound by the ligand. Hill equation 

as fitted to all the binding curves consisting of �F Norm 
( ‰ ) values

ersus ligand concentrations using the MO Affinity Analysis soft- 

are ( Eq. (3 ), Fig. 2 D ) to determine the dissociation constant (K d )

nd Hill coefficient co-operativity factor (n): 

F Norm ( % ) = 

F Norm 

(
C Ligand 

)
− F Norm ( unbound ) 

F Norm ( bound ) − F Norm ( unbound ) 
= 

1 

1 + 

(
K d 

C Ligand 

)n ;

(3) 
4 
Hill coefficient (n) represents the degree of co-operativity in the 

inding event. A coefficient of n > 1 represents positive coopera- 

ivity, in which the binding of one molecule facilitates the bind- 

ng of subsequent molecules to its binding partner. A coefficient 

f n < 1 represents negative cooperativity, meaning the binding of 

ne molecule makes it difficult for subsequent molecules to bind 

29] . 

.4. In vivo biodistribution of CPCs in rat knee joint 

Animal studies were performed and pre-approved by the Insti- 

utional Animal Care and Use Committee at Northeastern Univer- 

ity. Injections of 50 μl of 300 μM CPC + 14A or CPC + 14N la-

eled with Cy5 dye were administered intra-articularly through the 

atellar tendon into the knee joints of healthy 8–10-week-old male 

istar rats weighing between 350 and 400 g (Charles River Labo- 

atories, Wilmington, MA). The animal legs were then flexed mul- 

iple times to distribute the injected solutes in the articular knee 

oint space. The rats were sacrificed 24 h after the intra-articular 

njection and the following knee tissues were collected: articular 

artilage was scraped from the femoral condyle (FC), tibial plateau 

TC), and patella (PC) using a scalpel; menisci (M); anterior and 

osterior cruciate ligaments (ACL and PCL); patellar tendons (PT) 

nd quadriceps tendon (QT); and fat pad (FP). The weight of the 

arvested tissues was recorded, and tissue hydration was main- 

ained throughout the experiments. We used N = 6 joints per treat- 

ent condition including a saline control, for a total of 9 rats. 
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.4.1. Confocal microscopy for rat tissue 

Tissue samples extracted from the rat knee joints injected with 

aline, CPC + 14A, and CPC + 14N were imaged using Zeiss LSM 800 

nverted confocal microscope at 10X magnification. Z stack of im- 

ges along the tissue surface in X-Y plane was taken and processed 

sing ImageJ to reconstruct the X-Z cross-section to evaluate the 

epth of penetration for each solute. 

.4.2. Quantitative measurement of CPC uptake in knee joint tissues 

After imaging, the joint tissue samples were digested using 

roteinase-K solution in 1 M Tris pH 8 for 48 h at 57 °C to quan-
ify the amount of CPC uptaken by the tissues. The fluorescence 

f the digested samples was measured using a microplate reader 

Synergy H1, Biotek). A standard curve of CPC in Proteinase-K in 

ris buffer was used to convert the measured fluorescence values 

o moles of CPCs present in tissues, which was then normalized by 

he tissue wet weight. 

.5. Statistical analysis 

All the data presented here is shown as Mean ± Standard De- 

iation. At least, n = 6 cartilage explants per treatment condi- 

ion were used for all in-vitro uptake and transport studies. Addi- 

ionally, experiments were repeated using explants from at least 

 animals demonstrating consistent results. For microscale ther- 

ophoresis, n = 3 independent runs were performed for each 

arget-ligand binding affinity measurement. K d is reported as the 

ean ± Standard Deviation from all the runs. For in vivo intra- 

rticular biodistribution rat studies, N = 6 joints/ treatment were 

sed, and CPC uptake data is reported as Mean ± Standard Devi- 

tion for each tissue. For confocal microscopy, representative im- 

ges are shown for each condition. A general linear mixed-effects 

odel with animal as a random variable was used that showed no 

ffect of animals, followed by Tukey’s Honestly Significant Differ- 

nce (Tukey’s HSD) test to compare multiple treatment conditions. 

 < 0.05 was considered statistically significantly different. 

. Results 

The GAG content of procured bovine SF was measured to be 

03.6 ± 11.8 μg/mL, which falls within the range of severe OA stage 

30] . Based on prior literature on human and animal SF, the fol- 

owing GAG concentration range is associated with OA severity: 

ormal SF < 25 μg/mL GAGs; Moderate OA SF < 90 μg/mL GAGs; 

ate-stage OA > 90 μg/mL GAGs) [ 31 , 32 ]. Therefore, bovine SF is

eferred to as late-stage OA SF and the simulated synthetic SF is 

eferred to as healthy condition. 

.1. Hydrophilic CPC + 14N exhibits higher intra-cartilage uptake in 

resence of healthy and arthritic SF compared to its hydrophobic 

ounterpart CPC + 14A 

The equilibrium intra-cartilage uptake of hydrophilic CPC + 14N 

nd its hydrophobic counterpart CPC + 14A was measured in PBS, 

ealthy, and OA SF. CPC + 14A and CPC + 14N had similar very high

ean uptake ratios (R U ) in cartilage in presence of PBS ( ∼350) 

wing to charge interactions, implying 350x higher concentration 

f CPCs was present inside cartilage compared to the surround- 

ng bath at equilibration ( Fig. 3 Ai ). This uptake, however, was re-

uced by 4.5x and 2.7x for CPC + 14A and CPC + 14N respectively in

resence of Healthy SF owing to competitive binding interactions 

 Fig. 3 Aii ); it is critical to note that these CPCs still maintained a

ery high intra-cartilage uptake in presence of SF (R U = 80 for CPC 

 14A and 120 for CPC + 14N). Importantly, hydrophilic CPC + 14N 

emonstrated 1.5x and 2x higher intra-cartilage uptake compared 

o its hydrophobic counterpart, CPC + 14A, in presence of Healthy 
5

nd OA SF respectively ( Figs. 3 Ai–iii ), highlighting the dominant 

ole of hydrophobic interactions in causing competitive binding of 

PCs within the SF. R + 14, which has no hydrophilic or hydropho- 

ic spacers, was used as a control and exhibited similar uptakes 

s CPC + 14N in PBS and Healthy SF. In OA bovine SF, its uptake

as measured to be 2x higher than CPC + 14N potentially owing 

o its greater hydrophilic property. As expected, all CPC configura- 

ions had lower uptake in arthritic SF compared to healthy SF due 

o the presence of degraded GAG chains released from cartilage. 

evertheless, a high equilibrium intra-cartilage uptake of 15–20x 

or CPC + 14N and R + 14 in presence of OA SF highlights their po-

ential in targeting cartilage at later OA stages. 

.2. Hydrophobic interactions play a more significant role than 

harge effects on the binding of cationic peptides within SF 

In presence of physiological concentrations of negatively 

harged SF constituents HA and BSA, no significant difference in 

ntra-cartilage uptake for CPC + 14A and CPC + 14N was observed 

 Fig. 3 B, C ). R + 14 uptake dropped by more than half compared

o the other two configurations in presence of HA, potentially ow- 

ng to strong electrostatic binding interactions with HA due to its 

igher cationic charge density along the peptide length. However, 

n presence of hydrophobic γ -globulin, hydrophilic CPC + 14N per- 

ormed better as it exhibited 2.8x higher uptake compared to its 

ydrophobic counterpart ( Fig. 3 D ). Similarly, CPC + 14N exhibited 

igher uptake than CPC + 14A in presence of phospholipids (DLPC) 

 Fig. 3 E ). In summary, the results suggest that the presence of hy-

rophobic alanine spacers increases CPC binding within SF espe- 

ially to globulins while hydrophilic CPCs with asparagine spacers 

emonstrate greater cartilage targeting. 

These findings were also corroborated by thermophoresis. Since 

hondroitin sulfate-GAG (CS-GAG) is the most prevalent form of 

AG in cartilage matrix [ 1 , 3 ], we measured its relative binding

ffinities with CPC + 14A and + 14N. Both CPCs demonstrated a 

ery strong binding affinity towards CS-GAG (K d of 526 . 5 ± 59 nM

or CPC + 14A and K d of 626 . 1 ± 87 nM for CPC + 14N, Fig. 4 A ).

lso, both CPCs bound cooperatively with CS ( n = 3 . 9 and n = 1 . 6

or CPC + 14A and + 14N, respectively) potentially due to the ef- 

ects of short-range hydrogen bonds that can synergistically stabi- 

ize charge-based binding [ 1 , 3 ]. This can be attributed partly to the

resence of guanidinium head-groups on arginine that can form 

table short-range hydrogen bonds with sulfated GAGs [ 33 , 34 ]. Ad- 

itionally, guanidinium cations can form thermodynamically stable 

weakly) like-charge pairs that can facilitate multiple of these pep- 

ides to come together by overcoming coulombic repulsions and 

ind more strongly to the same ligand site [35] . Finally, the hy- 

rophobic CPC + 14A showed a higher degree of cooperative bind- 

ng potentially due to the presence of auxiliary hydrophobic inter- 

ctions provided by the alanine spacers, which further stabilized 

ts binding with CS-GAG. 

In contrast, both CPCs remained completely unbound when 

itrated with HA as the ligand ( Fig. 4 B ), with concentrations as 

igh as the physiological concentration in SF (up to 2 μM). Further 

ncrease in HA concentration was limited by its solubility and the 

ormation of a gel-like solution. On the other hand, at the same 

S concentration, both CPCs were completely bound by the lig- 

nd, as discussed above. These results further confirm that elec- 

rostatic interactions are not the dominant cause of competitive 

inding for CPCs within SF. The K d of γ -Globulin binding inter- 

ction with CPC + 14A was 1.8x lower compared to that of hy- 

rophilic CPC + 14N ( 143 . 0 ± 30 μM for + 14A vs 252 . 3 ± 64 μM

or + 14N) demonstrating stronger binding affinity between the hy- 

rophobic CPC and γ -Globulin ( Fig. 4 C ). Both CPCs demonstrated 

egative cooperative binding with γ -Globulin ( n = 0 . 67) likely ow- 
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Fig. 3. A. Intra-cartilage equilibrium uptake of CPC + 14A, CPC + 14N, and R + 14 in (i) PBS, (ii) healthy synovial fluid, and (iii) OA synovial fluid, and in presence of the 

following individual SF constituents at physiological concentrations: B. HA, C. BSA, D. γ -Globulin and E. DLPC. ∗ vs CPC + 14A, # vs CPC + 14N; p < 0.05. 
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Table 4 

Dissociation constant ( K d ) and cooperativity factor ( n ) of binding 

interactions between CPC + 8A and CPC + 14A with CS-GAG and 

γ -Globulin determined using microscale thermophoresis. 

Ligand CPC K d n 

CPC + 8A 44 . 2 ± 2 . 8 μM 1 . 09 

CPC + 14A 526 . 5 ± 59 nM 3 . 9 

CPC + 8A 120 . 7 ± 17 μM 0 . 9 

CPC + 14A 143 . 0 ± 30 μM 0 . 67 

+
γ
e

fi

m

t

i

+

ng to steric hindrance caused after saturation of the hydrophobic 

atch on globulin structure following initial binding of CPCs [36] . 

To further investigate the competitive effects of net charge vs. 

ydrophobicity on binding within the SF and cartilage targeting, 

e next compared the transport of CPC + 14A with a new se- 

uence CPC + 8A, where we replaced 6 arginine residues with ala- 

ine thereby decreasing the net charge from + 14 to + 8 while 

early doubling the hydrophobicity ( Table 2 ). Decreasing the net 

harge of CPC significantly reduced the intra-cartilage uptake by 

x in PBS ( Fig. 5 A ) and by 5x and 3.5x in healthy and OA SF, re-

pectively ( Fig. 5 B ). CPC + 8A demonstrated almost 90x lower affin- 

ty towards CS-GAG compared to CPC + 14A ( K d = 44 . 2 ± 2 . 8 μM

or CPC + 8A vs K d = 526 . 5 ± 59 nM for CPC + 14A, Fig. 5 C and

able 4 ) owing to reduced net charge. This further highlights the 

mportance of engineering carriers with an optimal net positive 

harge for effective cartilage targeting and maximal uptake, de- 

ending on the tissue’s net negative FCD. Additionally, CPC + 14A 

eported stronger cooperative binding with CS-GAG compared to 

PC + 8A ( Table 4 ) due to a greater number of arginine residues

ontaining guanidinium that can form stable short-range bidentate 

-bonds with sulfated GAGs and further stabilize CPC’s charge- 

ased binding [34] . In contrast, doubling the hydrophobic residues 

n CPC + 8A resulted in similar binding affinities with hydropho- 

ic γ -Globulin as that of CPC + 14A ( Fig. 5 D , Table 4 ). Both CPC
 c

6 
 14A and CPC + 8A demonstrated non-cooperative binding with 

-Globulin ( Table 4 ) likely due to saturation of hydrophobic pock- 

ts on γ -Globulin by CPCs making subsequent CPC binding dif- 

cult. These results confirm that hydrophobic interactions play a 

ore significant role in the binding of cationic carriers within SF 

han charge interactions thereby validating the use of electrostat- 

cs for developing cartilage targeting therapies. Additionally, CPC 

 14A’s stronger binding with intra-cartilage residing CS-GAG indi- 

ates that short-range effects of H-bonds can synergistically stabi- 
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Fig. 4. Comparison between binding properties of CPC + 14A and CPC + 14N with the following ligands determined using MST: A. Chondroitin sulfate (CS), B. Hyaluronic acid 

(HA) C. γ -Globulin. 
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Table 5 

Dissociation constant ( K d ) and cooperativity factor ( n ) of binding in- 

teractions between CPC + N and CPC + F with CS-GAG determined 

using microscale thermophoresis. 

Ligand CPC K d n 

CPC + N 51 . 1 ± 4 . 7 μM 0 . 8 

CPC + F 37 . 9 ± 4 . 2 μM 1 . 6 

c

d

s

e

h

h

h

p

c

f

h

ize intra-cartilage charge-based binding - a strategy that can be 

tilized for enhancing intra-cartilage residence time of hydrophilic 

ationic carriers. 

.3. While hydrophobic interactions compete for binding within SF, 

hey can stabilize charge-based binding in cartilage 

To study the competitive effects of charge and hydrophobicity, 

e used a charge dominant K-rich CPC with net charge + 7 (AK) 7 
nd then added a hydrophilic tail (ANANAN, asparagine spaced 

ith alanine; CPC + N ) or a hydrophobic tail (AFAFAF, phenylala- 

ine with alanine; CPC + F . See Table 2 ). The primary amine groups

n lysine are only capable of forming long-range electrostatic bonds 

ut unlike arginine lack the ability to form hydrogen interactions 

35] . 

Hydrophobic interactions stabilize charge-based binding in carti- 

age: Hydrophobic CPC + F resulted in significantly higher uptake 

n both healthy and 90% GAG-depleted cartilage and had greater 

etention when desorbed in 1x or 10x PBS compared to its hy- 

rophilic counterpart CPC + N ( Fig. 6 A, B ) [1] . Thermophoresis also

onfirmed stronger binding of CPC + F with CS-GAG vs. CPC + N 

 Fig. 6 C, D , Table 5 ). Positive cooperativity ( n = 1.6) was measured

or CPC + F, implying that the presence of hydrophobic bonds syn- 

rgizes with charge interactions to facilitate its binding with CS- 

AG. On the other hand, n = 0.8 for CPC + N with CS implies anti-
7 
ooperativity i.e., once the CPC is bound, the coulombic repulsion 

ue to the same charge prevents engagement of another CPC at the 

ame site. 

Hydrophobic interactions compete for binding within SF: In pres- 

nce of both healthy and arthritic SF, the trends were reversed; 

ydrophobic CPC + F resulted in lower intra-cartilage uptake vs. its 

ydrophilic counterpart, CPC + N ( Fig. 6 E) . As expected, both CPCs 

ad lower intra-cartilage uptake in presence of OA SF due to com- 

eting interactions with the degraded GAG chains released from 

artilage. Intra-cartilage uptake in presence of globulins was lower 

or CPC + F vs. CPC + N, reinforcing the stronger binding effects of 

ydrophobic interactions within SF ( Fig. 6 F ). 



A. Vedadghavami, T. He, C. Zhang et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; August 17, 2022;4:46 ] 

Fig. 5. Intra-cartilage equilibrium uptake of CPC + 14A and CPC + 8A in A. PBS and B. healthy and OA synovial fluid. ∗ vs CPC + 14A, # vs Healthy SF; p < 0.05. Dissociation 

constants (K d ) and cooperativity factors (n) are determined using MST for binding of CPC + 8A with C. Chondroitin sulfate (CS) and D. γ -Globulin. 

Table 6 

Mean GAG content of different rat tissues determined b. 

Tissue FC TC PC M ACL PCL PT QT FP 

GAG content (μg/mg tissue wet weight) 34.3 26 17.7 5.2 2.4 4.9 0.5 1.3 0.9 
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Therefore, similar to H-bonds (as demonstrated in 

ection 3.3 using CPC + 14A whose arginine can form stable 

-bonds with CS-GAG), hydrophobic effects can synergistically 

tabilize intra-cartilage charge based binding of cationic carriers. 

owever, since hydrophobic effects are dominant in SF and can 

ompetitively bind with cationic carriers, it is important to make 

hem hydrophilic and rely on synergistic effects of H-bonds (and 

ot hydrophobic effects) for stabilizing intra-cartilage charge-based 

inding and the residence time of cationic carriers. This can be 

chieved by preferring arginine instead of lysine residues in the 

equence as while both residues are cationic and hydrophilic, the 

uanidinium in arginine is capable of forming stable short-range 

identate H-bonds with cartilage CS-GAG. 

.4. Hydrophilic CPC + 14N confirmed higher accumulation in rat 

nee tissues compared to its hydrophobic counterpart CPC + 14A 

ost-IA injection 

Confocal images of rat joint tissues harvested 24 h following 

A administration of CPCs showed significantly higher fluorescence 

ignal for CPC + 14N through the full thickness of femoral, tibial, 

nd patellar cartilage as well as in menisci compared to CPC + 14A 

 Fig. 7 A ). CPC + 14N measured 2.5–3.5x higher accumulation com- 

ared to + 14A in cartilage tissues ( Fig. 7 B ). A weak fluorescence

ignal for both CPCs was detected in other less GAG-rich tissues 

ncluding quadriceps and patellar tendon, and the fat pad. CPC up- 

ake correlated strongly and positively with the mean GAG content 

f each tissue type ( R 2 = 0 . 9 for both CPCs, Fig. 7 C) further high-

ighting the important role of electrostatic interactions in intra- 

issue CPC transport and retention. CPC + 14N accumulated in the 

ighest concentrations in the femoral cartilage which also had the 
8 
ighest GAG content ( Table 6 ) followed by that in the tibial and

atellar cartilage. Of note, no fluorescence was detected for the in- 

ected free dye at the same concentration at 24 h (data not shown). 

. Discussion 

The work demonstrates that hydrophobic interactions play a 

ore significant role than electrostatic interactions in the bind- 

ng of cationic carriers within the synovial fluid (SF), which is 

ich in hydrophobic globulins and has about 20x lower negative 

xed charge density (FCD) than cartilage (-170 mM in cartilage 

s -8.8 mM in SF) [3] . This is an important finding as the use of

ationic carriers for targeted drug delivery to negatively charged 

artilage tissue has been contended to have limitations due to ex- 

ected competitive binding with the anionic synovial fluid [18] . We 

sed a previously designed arginine-rich cationic peptide carrier 

ith a net charge of + 14 containing non-polar alanine residues as 

pacers (CPC + 14A), which was optimized for rapid full-thickness 

enetration into cartilage and greatest uptake and retention, and 

ompared its transport with its hydrophilic counterpart, CPC + 14N 

ontaining polar asparagine as spacers instead of alanine in pres- 

nce of SF. The hydrophilic CPC + 14N resulted in significantly 

reater intra-cartilage uptake in presence of both healthy and late- 

tage arthritic SF compared to CPC + 14A ( Fig. 3 A). Interestingly, 

oth CPCs maintained high intra-cartilage uptake without any sig- 

ificant difference in presence of physiological concentrations of 

ndividual negatively charged SF constituents HA and albumin 

 Fig. 3 B-C). HA is the most abundant GAG in SF which is comprised

f repeated negatively charged carboxylic groups, while albumin 

s the most abundant serum protein with an iso-electric point of 

 conferring a net negative charge at physiological pH [37] . How- 
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Fig. 6. A. Comparison between equilibrium uptake of hydrophilic CPC + N and its hydrophobic counterpart CPC + F in healthy and 90% GAG depleted cartilage in PBS. B. % 

Intra-cartilage CPC retention following 24 h desorption in 1x and 10x PBS bath Adapted with permission from [1] . Dissociation constants (K d ) and cooperativity factors ( n ) are 

determined using MST for binding between chondroitin sulfate (CS) and C. CPC + N or D. CPC + F. E. Intra-cartilage uptake of CPC + N and CPC + F equilibrated in γ -Globulin 

at physiological SF concentration F. Intra-cartilage uptake of CPC + N and CPC + F equilibrated in healthy and OA SF. ∗ vs healthy, # vs corresponding condition in CPC + N; 

p < 0.05. 
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ver, in presence of hydrophobic globulins, CPC + 14N had a 2.8x 

igher uptake in cartilage compared to its hydrophobic counter- 

art CPC + 14A of the same charge and size ( Fig. 3 D). Both SF pro-

eins globulins and albumin have hydrophobic amino acid residues, 

ut the globulin’s stable conformation exposes more hydrophobic 

atches compared to albumin conferring significantly higher sur- 

ace net hydrophobicity [ 38 , 39 ]. While albumin’s hydrophobicity 

id not affect CPC uptake, we identified globulin as the major pro- 

ein constituent in SF that can form hydrophobic bonds with CPCs. 

hermophoresis also confirmed stronger binding of CPC + 14A with 

lobulins ( Fig. 4 C). Consistent with our findings, a very low bind- 

ng affinity between globulin and hydrophilic silanol-rich micro- 

pheres has been reported [40] . However, upon modification of 9–

3% of surface siloxane groups with hydrophobic trimethylchlorosi- 

ane groups, significant adsorption of γ -globulin on microspheres 

as reported [40] . 

Recently, Sharma and coworkers reported visible aggregation 

f amine-functionalized cationic polystyrene (PS) nanoparticles 

ithin SF [18] , which was initially speculated to be electro- 
9 
tatic. However, no aggregation was observed when particles were 

ncubated in HA implying that the interaction is not merely 

harge-based. Furthermore, didodecyldimethylammonium bromide 

DMAB) nanoparticles consisting of quaternary ammonium with 

he same positive charge density as PS nanoparticles did not form 

ggregates within SF further suggesting that there are other dom- 

nant interactions. This makes sense as SF has significantly lower 

egative FCD than cartilage. Additionally, the binding affinity of 

PCs with HA (which is the predominant GAG in SF) is significantly 

ower compared to that with CS-GAG, which is the most prevalent 

AG in cartilage. Our thermophoresis measurements confirmed 

tronger binding of CPC + 14A and CPC + 14N with sulfated CS- 

AG (K d = 526 nM or 626 nM, respectively) while CPCs remained 

ompletely unbound when titrated with HA up to physiological 

oncentrations ( Fig. 4 A, B). Similar differences between the bind- 

ng affinity of viruses with sulfated and non-sulfated GAGs have 

een reported in the literature [41] . Viruses attach to the cell sur- 

ace through electrostatic interactions between arginine residues 

n viral particles and proteoglycans like heparin sulfate in the cell 
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Fig. 7. A. Confocal images showing distribution and depth of penetration of CPC + 14A and CPC + 14N in various rat knee tissues 24 h post-intra-articular injection. B. 

CPC uptake in different rat knee tissues 24 h after intra-articular injection. Data are shown as Mean ± standard deviation. Tissue GAG concentration is shown in blue. 

C. Correlation between intra-tissue uptake of CPCs and GAG concentration is plotted. The dotted line is the linear least squared fit and solid lines show 95% confidence 

intervals (Femoral cartilage: FC; Tibial cartilage: TC; Patellar cartilage: PC; Meniscus: M; Anterior crucial ligament: ACL; Posterior crucial ligament: PCL; Patellar tendon: PT; 

Quadriceps tendon: QT; Fat pad: FP). 
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embrane, which act as initial docking sites [42] . Similarly, signif- 

cant binding of human cytomegalovirus (HCMV) with heparin sul- 

ate has been reported while negligible binding with non-sulfated 

A was observed [41] . 

The second major finding we report is that while hydropho- 

ic effects com pete for binding in the SF, they can synergisti- 

ally stabilize charge-based binding within cartilage. To delineate 

his, we used lysine-rich CPCs instead of arginine. Unlike arginine 

hich can form stable short-range H-bonds with GAGs, the pri- 

ary amine in lysine can only form long-range electrostatic bonds 

 35 , 43 ]. A hydrophilic (CPC + N) or a hydrophobic tail (CPC + F) was
10 
dded making them controlled sequences for investigating compet- 

tive vs. synergistic effects of charge and hydrophobic interactions. 

onsistent with our previous findings, hydrophilic CPC + N had 

reater intra-cartilage uptake than + F in presence of healthy or 

rthritic SF or globulins ( Fig. 6 E, F), confirming competing effects 

f hydrophobicity in SF. The hydrophobic CPC + F, however, had 

ignificantly greater intra-cartilage uptake and retention in both 

ormal and GAG-depleted late-stage arthritic cartilage explants 

 Fig. 6 B), which was also confirmed by MST that measured positive 

ooperativity ( n = 1.6) for binding between + F and CS-GAG mean- 

ng hydrophobic effects can synergistically stabilize charge effects. 



A. Vedadghavami, T. He, C. Zhang et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; August 17, 2022;4:46 ] 

O  

C

C

p

[

c

t

l

c

c

l

a

p

t  

p

p  

r

e

t

t

s

i

d

F

t

f

v

e  

R

c

t

3

a

t  

t

t

n

t

w

t

s

f

h

h

n

i

w

h

o

f

i

d

t

a

a

t

e

i

e

b

e

F

5

c

c

a

t

i

w

c

e

m

i

h

e

t

a

F

D

c

i

A

(

(

R

 

n the other hand, negative cooperativity ( n = 0.8) for + N and

S-GAG ( Fig. 6 C, D, Table 5 ) implies coulombic repulsion between 

PCs due to the same charge, which is consistent with previous re- 

orts on the binding affinity between polylysine and lipid bilayer 

43] . 

However, since hydrophobic effects are dominant in SF and can 

ompetitively bind with cationic carriers, it is important to make 

hem hydrophilic and rely on synergistic effects of other effects 

ike H-bonds (and not hydrophobic effects) for stabilizing intra- 

artilage charge-based binding and the residence time of cationic 

arriers. This can be achieved by preferring arginine instead of 

ysine residues in the carrier sequence as while both residues 

re cationic and hydrophilic, the guanidinium in arginine is ca- 

able of forming stable short-range bidentate H-bonds with car- 

ilage CS-GAG [43] . This is supported by our Fig. 5 data which re-

orts stronger cooperative binding of CPC + 14A with CS-GAG com- 

ared to CPC + 8A ( Table 4 ) owing to a greater number of arginine

esidues. Therefore, a rational strategy for designing cationic carri- 

rs for targeting negatively charged tissues like cartilage in its na- 

ive joint environment is to (1) make them hydrophilic to minimize 

heir binding with the surrounding synovial fluid and (2) to rely on 

hort-range H-bonds (e.g., by incorporating arginine) for enhanc- 

ng intra-cartilage residence time. This is especially relevant when 

esigning carriers for targeting arthritic cartilage with diminished 

CD due to GAG degradation. 

As IA administration is the primary route for drug delivery to 

he joint, drug delivery vehicles first come in contact with SF be- 

ore diffusing into cartilage. However, only a few studies have in- 

estigated the interactions of nanoparticles with SF and consid- 

red its implications on cartilage targeting strategies [ 18 , 44 , 45 ].

ecently, it was shown that cationic PLGA particles underwent 

omplete charge reversal following incubation in SF ( + 24.6 mV 

o -10.9 mV; hydrodynamic diameter increased from 261.5 nm to 

00.6 nm) [18] . This masking of positive charge was attributed to 

dsorption of SF constituents on nanoparticle surface and forma- 

ion of protein coronas [ 44 , 45 ]. The size and shape of nanopar-

icles are known factors to impact protein binding and the ex- 

ent of the formation of protein coronas [46] . Naturally, smaller 

anoparticles with lower surface area bind lower amounts of pro- 

ein on their surface [46] . For example, 2 nm gold nanoparticles 

ere shown not to form protein coronas while larger particles with 

he same surface chemistry formed conventional coronas [47] . The 

mall size of CPCs ( ∼3-4 kDa) makes them unlikely candidates for 

orming protein coronas. While the ex vivo transport models used 

ere help investigate the mechanistic effects of electrostatic and 

ydrophobic interactions on the binding of CPCs within SF, they do 

ot incorporate the effect of rapid SF turnover and compression- 

nduced convective flow. SF proteins turnover rapidly every 1 h 

hile hyaluronic acid has a slower turnover rate of around 13 h in 

ealthy joints [48] . Therefore, we investigated the biodistribution 

f hydrophobic CPC + 14A and hydrophilic CPC + 14N in rat knees 

ollowing their IA administration. Consistent with our ex vivo find- 

ngs, CPC + 14N had significantly greater accumulation than its hy- 

rophobic counterpart CPC + 14A and was present through the full 

hickness of femoral, tibial, patellar cartilage, and menisci ( Fig. 7 ) 

t 24 h. 

In summary, the rapid and high intra-cartilage uptake, as well 

s full tissue thickness penetration of CPC + 14N, can be attributed 

o its optimal net cationic charge while it is its hydrophilic prop- 

rty that minimizes its binding within the synovial fluid, mak- 

ng it an ideal candidate for drug delivery to cartilage. The pres- 

nce of arginine residues stabilizes the intra-cartilage charge-based 

inding via short-range H-bonds. CPC + 14N, therefore, can also be 

ffective in tar geting arthritic cartilage with diminished negative 

CD. 
11
. Conclusions 

This work demonstrates that hydrophobic interactions and not 

harge interactions are the dominant cause of the binding of 

ationic carriers in synovial fluid. Hydrophobic interactions can 

lso synergistically stabilize long-range electrostatic binding in car- 

ilage – a mechanism that can be used for enhancing the target- 

ng and residence time of cationic carriers within arthritic cartilage 

ith reduced negative FCD. However, since hydrophobic effects can 

ause the binding of carriers within the synovial fluid, short-range 

ffects like H-bonds can be utilized. It is, therefore, proposed to 

ake cationic carriers hydrophilic and prefer arginine over lysine 

n the sequence. Finally, the cartilage-synovial fluid model used 

ere provides an excellent model of a complex negatively charged 

nvironment and allows us to generalize these findings to other 

issue systems of varying FCD and develop targeted therapies for 

nother complex negatively charged environment with varying net 

CD. 

eclaration of Competing Interest 

The authors declare no conflict of interests. 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgements 

This work was supported by the National Science Foundation 

NSF) CAREER AWARD 2141841 and National Institutes of Health 

NIH) R01AR075121 . 

eferences 

[1] A. Vedadghavami, E.K. Wagner, S. Mehta, T. He, C. Zhang, A.G. Bajpayee, Car- 

tilage penetrating cationic peptide carriers for applications in drug delivery 
to avascular negatively charged tissues, Acta Biomater. 93 (2019) 258–269, 

doi: 10.1016/j.actbio.2018.12.004 . 

[2] A.G. Bajpayee, M. Scheu, A.J. Grodzinsky, R.M. Porter, Electrostatic interactions 
enable rapid penetration, enhanced uptake and retention of intra-articular in- 

jected avidin in rat knee joints, J. Orthop. Res. 32 (2014) 1044–1051, doi: 10.
1002/jor.22630 . 

[3] A. Vedadghavami, C. Zhang, A.G. Bajpayee, Overcoming negatively charged tis- 
sue barriers: drug delivery using cationic peptides and proteins, Nano Today 

34 (2020) 100898, doi: 10.1016/j.nantod.2020.100898 . 

[4] E.K. Wagner, A. Vedadghavami, T.D. Jacobsen, S.A. Goel, N.O. Chahine, A.G. Baj- 
payee, Avidin grafted dextran nanostructure enables a month-long intra-discal 

retention, Sci. Rep. 10 (2020) 1–14 2020 101, doi: 10.1038/s41598- 020- 68351- 1 . 
[5] A .G. Bajpayee, A .J. Grodzinsky, Cartilage-targeting drug delivery: can electro- 

static interactions help? Nat. Rev. Rheumatol. 13 (2017) 183–193, doi: 10.1038/ 
nrrheum.2016.210 . 

[6] B.T. Graham, A.C. Moore, D.L. Burris, C. Price, Sliding enhances fluid and solute 

transport into buried articular cartilage contacts, Osteoarthr. Cartil. 25 (2017) 
2100–2107, doi: 10.1016/J.JOCA.2017.08.014 . 

[7] L. Ngo, M.L. Knothe Tate, Osteoarthritis: new strategies for transport 
and drug delivery across length scales, ACS Biomater. Sci. Eng. 6 (2020) 

6009–6020, doi: 10.1021/ACSBIOMATERIALS.0C01081/ASSET/IMAGES/MEDIUM/ 
AB0C01081 _ 0 0 05.GIF . 

[8] S. Mehta, T. He, A.G. Bajpayee, Recent advances in targeted drug delivery for 

treatment of osteoarthritis, Curr. Opin. Rheumatol. 33 (2021) 94–109, doi: 10. 
1097/BOR.0 0 0 0 0 0 0 0 0 0 0 0 0761 . 

[9] S. Mehta, S. Akhtar, R.M. Porter, P. Önnerfjord, A.G. Bajpayee, Interleukin-1 re- 
ceptor antagonist (IL-1Ra) is more effective in suppressing cytokine-induced 

catabolism in cartilage-synovium co-culture than in cartilage monoculture, 
Arthritis Res. Ther. 21 (2019) 238, doi: 10.1186/s13075- 019- 2003- y . 

[10] C.C. Young, A. Vedadghavami, A.G. Bajpayee, Bioelectricity for drug delivery: 

the promise of cationic therapeutics, Bioelectricity 2 (2020) 68–81, doi: 10. 
1089/bioe.2020.0012 . 

[11] A .G. Bajpayee, M.A . Quadir, P.T. Hammond, A .J. Grodzinsky, Charge based 
intra-cartilage delivery of single dose dexamethasone using Avidin nano- 

carriers suppresses cytokine-induced catabolism long term, Osteoarthr. Cartil. 
24 (2016) 71–81, doi: 10.1016/j.joca.2015.07.010 . 

[12] A.G. Bajpayee, C.R. Wong, M.G. Bawendi, E.H. Frank, A.J. Grodzinsky, Avidin as 
a model for charge driven transport into cartilage and drug delivery for treat- 

ing early stage post-traumatic osteoarthritis, Biomaterials 35 (2014) 538–549, 

doi: 10.1016/j.biomaterials.2013.09.091 . 

https://doi.org/10.13039/100000002
https://doi.org/10.1016/j.actbio.2018.12.004
https://doi.org/10.1002/jor.22630
https://doi.org/10.1016/j.nantod.2020.100898
https://doi.org/10.1038/s41598-020-68351-1
https://doi.org/10.1038/nrrheum.2016.210
https://doi.org/10.1016/J.JOCA.2017.08.014
https://doi.org/10.1021/ACSBIOMATERIALS.0C01081/ASSET/IMAGES/MEDIUM/AB0C01081_0005.GIF
https://doi.org/10.1097/BOR.0000000000000761
https://doi.org/10.1186/s13075-019-2003-y
https://doi.org/10.1089/bioe.2020.0012
https://doi.org/10.1016/j.joca.2015.07.010
https://doi.org/10.1016/j.biomaterials.2013.09.091


A. Vedadghavami, T. He, C. Zhang et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; August 17, 2022;4:46 ] 

 

[

[

[

[

[

[

[

[

[

[

 

[

[

[

[  

[  

[

 

[  

 

[

[

[

[

[

[

[

[

[13] T. He, C. Zhang, A. Vedadghavami, S. Mehta, H.A. Clark, R.M. Porter, A.G. Ba-
jpayee, Multi-arm Avidin nano-construct for intra-cartilage delivery of small 

molecule drugs, J. Control. Release 318 (2020) 109–123, doi: 10.1016/j.jconrel. 
2019.12.020 . 

[14] C. Zhang, T. He, A . Vedadghavami, A .G. Bajpayee, Avidin-biotin technology to 
synthesize multi-arm nano-construct for drug delivery, MethodsX 7 (2020) 

100882, doi: 10.1016/J.MEX.2020.100882 . 
[15] A.G. Bajpayee, M. Scheu, A.J. Grodzinsky, R.M. Porter, A rabbit model demon- 

strates the influence of cartilage thickness on intra-articular drug delivery and 

retention within cartilage, J. Orthop. Res. 33 (2015) 660–667, doi: 10.1002/jor. 
22841 . 

[16] M.R. Warren, A.G. Bajpayee, Modeling electrostatic charge shielding induced 
by cationic drug carriers in articular cartilage using donnan osmotic theory, 

Bioelectricity (2021), doi: 10.1089/bioe.2021.0026 . 
[17] T. He, I. Shaw, A. Vedadghavami, A.G. Bajpayee, Single-dose intra-cartilage 

delivery of kartogenin using a cationic multi-arm avidin nanocarrier sup- 

presses cytokine-induced osteoarthritis-related catabolism, Cartilage 13 (2022), 
doi: 10.1177/19476035221093072 . 

[18] S. Brown, J. Pistiner, I.M. Adjei, B. Sharma, Nanoparticle properties for de- 
livery to cartilage: the implications of disease state, synovial fluid, and off- 

target uptake, Mol. Pharm. 16 (2019) 469–479, doi: 10.1021/acs.molpharmaceut. 
7b00484 . 

[19] T.M. Tamer, Hyaluronan and synovial joint: function, distribution and healing, 

Interdiscip. Toxicol. 6 (2013) 111, doi: 10.2478/INTOX- 2013- 0019 . 
20] A.Y. Hui, W.J. McCarty, K. Masuda, G.S. Firestein, R.L. Sah, A systems biology 

approach to synovial joint lubrication in health, injury, and disease, Wiley In- 
terdiscip. Rev. Syst. Biol. Med. 4 (2012) 15, doi: 10.1002/WSBM.157 . 

[21] Y. Kusayama, Y. Akamatsu, K. Kumagai, H. Kobayashi, M. Aratake, T. Saito, 
Changes in synovial fluid biomarkers and clinical efficacy of intra-articular in- 

jections of hyaluronic acid for patients with knee osteoarthritis, J. Exp. Orthop. 

1 (2014) 1–9, doi: 10.1186/S40634- 014- 0016- 7 . 
22] J. Kyte, R.F. Doolittle, A simple method for displaying the hydropathic charac- 

ter of a protein, J. Mol. Biol. 157 (1982) 105–132, doi: 10.1016/0022-2836(82) 
90515-0 . 

23] V. Coulson-Thomas, T. Gesteira, Dimethylmethylene blue assay (DMMB), Bio- 
Protocol. 4 (2016), doi: 10.21769/bioprotoc.1236 . 

24] E.L. Bortel, B. Charbonnier, R. Heuberger, Development of a synthetic syn- 

ovial fluid for tribological testing, Lubricants 3 (2015) 664–686, doi: 10.3390/ 
lubricants3040664 . 

25] N. Stark, M. S Streckenbach, S. Gilchrist, T. Schwenke, B. Thomas, 
Synthetic synovial fluid compositions and methods for making the same 

(Patent No. US20120186356A1) (2012), https://patents.google.com/patent/ 
US20120186356A1/en 

26] R.W. Farndale, C.A. Sayers, A.J. Barrett, A direct spectrophotometric microassay 

for sulfated glycosaminoglycans in cartilage cultures, Connect. Tissue Res. 9 
(1982) 247–248, doi: 10.3109/03008208209160269 . 

27] A. Vedadghavami, S. Mehta, A.G. Bajpayee, Characterization of intra-cartilage 
transport properties of cationic peptide carriers, J. Vis. Exp. 2020 (2020) 1–22, 

doi: 10.3791/61340 . 
28] M. Jerabek-Willemsen, T. André, R. Wanner, H.M. Roth, S. Duhr, P. Baaske, 

D. Breitsprecher, MicroScale Thermophoresis: interaction analysis and beyond, 
J. Mol. Struct. 1077 (2014) 101–113, doi: 10.1016/J.MOLSTRUC.2014.03.009 . 

29] M.I. Stefan, N.Le Novère, Cooperative binding, PLOS Comput. Biol. 9 (2013), 

doi: 10.1371/journal.pcbi.1003106 . 
30] S.M.G. Mattiello-Rosa, P.F.A. Cintra Neto, G.E.G. Lima, K.N.Z. Pinto, M. Cohen, 

E.R. Pimentel, Glycosaminoglycan loss from cartilage after anterior cruciate lig- 
ament rupture: influence of time since rupture and chondral injury, Braz. J. 

Phys. Ther. 12 (2008) 64–69, doi: 10.1590/S1413-35552008000100012 . 
[31] J.L. Palmer, A.L. Bertone, H. McClain, Assessment of glycosaminoglycan concen- 

tration in equine synovial fluid as a marker of joint disease, Can. J. Vet. Res.

59 (1995) 205 . 
12 
32] P. Kulkarni, S. Deshpande, S. Koppikar, S. Patil, D. Ingale, A. Harsulkar, Gly- 
cosaminoglycan measured from synovial fluid serves as a useful indicator for 

progression of Osteoarthritis and complements Kellgren–Lawrence Score, BBA 
Clin. 6 (2016) 1, doi: 10.1016/J.BBACLI.2016.05.002 . 

33] J.B. Rothbard, T.C. Jessop, R.S. Lewis, B.A. Murray, P.A. Wender, Role of mem- 
brane potential and hydrogen bonding in the mechanism of translocation of 

guanidinium-rich peptides into cells, J. Am. Chem. Soc. 126 (2004) 9506–9507, 
doi: 10.1021/JA0482536 . 
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