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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
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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.

1. Introduction

ment of osteoarthritis (OA), which is a degenerative musculoskele-
tal disease [1-4]. Cartilage has a high negative fixed charge den-

Charge-based drug delivery has proven to be an effective way sity (FCD ~ -170 mM) owing to the presence of densely packed
of targeting negatively charged tissues like cartilage for the treat- negatively charged aggrecan glycosaminoglycans (GAGs) that are
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key to the tissue’s structure and function as they provide the nec-
essary hydration, swelling pressure, and compressive stiffness [3].
Cartilage is also avascular and thus direct injections into the intra-
articular (IA) space of joints are used for delivering drugs. How-
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ever, transport of most macromolecules into cartilage is hindered
due to its dense extracellular matrix with a nanometer range pore
size [5]. Cartilage is surrounded by synovial fluid (SF) and relies
on passive diffusion of compression induced (due to joint move-
ment) convective diffusion to transport drugs from SF into cartilage
to reach their cell targets [6,7]. The SF is under constant turnover
due to clearance from the lymphatics and synovium vasculature re-
sulting in a very short (1-2 h) intra-joint residence time for small
molecules [5]. As such, drugs rapidly clear out from the joint be-
fore the required intra-cartilage therapeutic index can be achieved
[8]. Multiple injections of high drug doses may be indicated which
are associated with toxicity concerns [9].

This high negative FCD of cartilage (and other tissues) can be
converted from being a challenge to an opportunity by modifying
therapeutics to add optimally charged cationic domains such that
electrostatic interactions can be used for enhancing their intra-
tissue uptake and retention [10-17]. Our previous studies have
demonstrated that the design of cationic carriers can be optimized
based on the target tissue FCD to possess enough electrical driv-
ing force to rapidly penetrate through the tissue’s full thickness in
high concentrations to reach their cell targets [1,2]. We designed
an arginine-rich cationic peptide carrier (CPC) with a net charge
of +14 and demonstrated a very high intra-cartilage uptake of 350
(i.e., a solute concentration inside cartilage was 350x higher than
the surrounding bath [1]. Note that an uncharged small molecule
will have an equilibrium uptake of 1). CPC +14’s intra-cartilage up-
take was the highest among other CPCs with lower or higher net
charge (the net charge was varied between +8 and +20). CPC +14
measured a high Donnan partitioning factor of 3.4 that facilitated
its rapid penetration through the full thickness of cartilage ow-
ing to the weak-reversible nature of charge interactions. Despite
this weak binding, the high density of intra-cartilage negatively
charged GAG binding sites enabled its long-term retention as >95%
of CPC +14 was found to be retained within cartilage over 7-days
desorption period, which was the longest duration over which the
experiment was conducted [1].

SF is another barrier for targeted drug delivery to cartilage; its
interactions with carriers should be taken into account while de-
signing drug delivery systems but are often overlooked [18]. SF is
an ultrafiltrate of blood plasma through the synovial membrane
and is comprised of negatively charged hyaluronic acid (HA), a
non-sulfated GAG chain secreted by the synoviocytes primarily re-
sponsible for providing joint lubrication [19]. HA is present at a
concentration of 1-3 mg/ml conferring it an FCD of -8.8 mM |[3].
SF is also comprised of high levels of plasma proteins, mainly an-
ionic albumin (~ 12 mg/ml) and hydrophobic globulin (81, y, o1,
and o, each at 1-3 mg/ml), and a low concentration of hydropho-
bic phospholipids (Fig. 1, Table 1) [20]. Therefore, competing bind-
ings effects from charge and hydrophobic interactions are expected
within SF, which can hinder electro-diffusive transport and carti-
lage targeting properties of cationic carriers. Additionally, the HA
content 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 (81, v, ¢1& a3) 1-3 (each) [20] -
Phospholipid 0.1[19] -
Cartilage constituents Concentration (ng/mg wet tissue) ~ FCD (mM)
CS 30 -170 [3]
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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);R  +14 2,990 Hydrophobic
CPC +14N  RRRR(NNRRR);R  +14 3,248 Hydrophilic
R+14 Ria +14 2,563 Hydrophilic
CPC +8A (RRAAAA);RR +8 2,479 Hydrophobic
CPC +N (AK);ANANAN +7 2,327 Hydrophilic
CPC +F (AK); AFAFAF +7 2,426 Hydrophobic

is also associated with an increase in degraded GAGs that diffuse
out from cartilage, which may also compete with cationic carriers’
diffusion into cartilage.

2. Materials and methods
2.1. Materials

Protease Inhibitor Mini Tablets were purchased from Thermo
Scientific Pierce (Rockford, IL). Penicillin-streptomycin Antibiotic-
Antimycotic (PSA) and trypsin-EDTA phenol red were purchased
from Gibco (Carlsbad, CA). Tween-20, glycerol, sodium chloride
(NaCl), and bovine serum albumin (BSA) were obtained from
Fisher Bioreagents (Fair Lawn, NJ). Trizmabase, Chondroitin sul-
fate (CS), hyaluronic acid (HA), and Sodium dodecyl sulfate
(SDS) were from Sigma-Aldrich (St. Louis, MO). 2-Dilauroyl-sn-
glycero-3-phosphocholine (DLPC) was purchased from Echelon
Biosciences (Salt Lake City, UT). Gamma globulin (y-Globulin)
from bovine serum was procured from EMD Millipore (Billerica,
MA). Proteinase-K was purchased from Roche Diagnostics (Risch-
Rotkreuz, Switzerland).

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

20 amino acid-long Cationic Peptide Carriers (CPCs) with a net
charge of +14, rich in cationic arginine (R) and non-polar alanine
(A) or polar asparagine (N) residues as spacers were synthesized
using Fmoc solid-phase peptide synthesis (MIT Biopolymers and
Proteomics, MIT, Cambridge, MA). The hydrophobic version with
alanine spacers is referred to as CPC +14A and the hydrophilic ver-
sion with asparagine is referred to as CPC +14N (Table 2). A se-
quence with no spacers (A or N) is used as a control (R+14) with
similar net charge and hydrophilic property. In addition to these,
to evaluate the effect of reducing the net charge and increasing
the relative hydrophobicity on electro-diffusive transport of CPCs
in cartilage in presence of synovial fluid, an R-rich CPC with a
net charge of +8 (CPC +8A) was included. Finally, to study the
competitive effects of charge and hydrophobicity, a charge dom-
inant lysine (K) - rich CPC with net charge +7 (AK); was used
with either a hydrophilic tail (ANANAN, asparagine spaced with
alanine; CPC +N) or a hydrophobic tail (AFAFAF, phenylalanine
with alanine; CPC +F). Table 3 shows the hydropathy scale of dif-
ferent amino acids [22]. The peptides were purified using reverse
phase C18 HPLC (resulting in >95% purity) and CPC masses were
confirmed by matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry. For fluorescence measurements, CPCs were ei-
ther labeled with 5-FAM for in-vitro studies or Cy5 for in vivo ex-
periments.

2.3. Intra-cartilage transport of CPCs in presence of synovial fluid
and its individual constituents

2.3.1. Cartilage explant harvest
Full-thickness 3 mm diameter cartilage plugs were extracted
from 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

slaughterhouse (Research 87, Boylston, MA). The plugs were then
sliced to obtain 1 mm thick cartilage disks from the superficial
layer as described before [15]. The disks were immediately washed
and equilibrated in PBS supplemented with PSA for 1 h and stored
in PBS supplemented with protease inhibitors at -20°C until further
use. Late-stage OA explants were prepared by explants incubation
in 0.1 mg/ml of trypsin-EDTA phenol red in PBS for 14 h to in-
duce ~90% GAG depletion. The explants were washed three times
in PBS and equilibrated for an hour in PBS supplemented with pro-
tease inhibitors to arrest the digestion. GAG depletion percentage
was measured using dimethyl-methylene blue (DMMB) assay [23].

2.3.2. Healthy and arthritic synovial fluid (SF)

Simulated SF was constituted using 3 mg/ml HA (MW ~
1.5 MDa), 12 mg/ml BSA, 12 mg/ml y-Globulin and 0.1 mg/ml
DLPC in PBS at pH 7.4 based on physiological concentrations of
individual SF constituents (Table 1) and previous work [24,25].
Experiments were conducted in simulated SF to provide a con-
trolled healthy environment for comparison is referred as Healthy

SF. Bovine synovial fluid (SF) from Lampire Biological Laboratories
(Pipersville, PA) was aliquoted and frozen at -20°C until the day
of the experiment - this is referred as OA SF. The content of sul-
fated glycosaminoglycans (GAGs) in bovine SF was measured using
DMMB assay [26] to quantify and determine the severity of OA.

2.3.3. Equilibrium uptake of CPCs in bovine cartilage

To study the equilibrium uptake of CPCs in cartilage in pres-
ence of SF, 30 uM CPC solution was made in either Healthy or OA
SE. Individual 3 x 1 mm cartilage disks were equilibrated in 300 pl
of 30 uM CPC solution in a 96 well plate for 24 h at 37°C under
gentle shaking in an incubator [27]. The fluorescence of the initial
and final equilibration CPC baths was measured using a microplate
reader (Synergy H1, Biotek) and converted to CPC concentration
using a standard curve as described before [1]. The uptake ratio
(Ry, Eq. (1)) was defined as the CPC concentration inside cartilage
(C-mmmge) normalized by the CPC concentration in the surrounding
SF bath at equilibration (Cggp):

Ccurtilage .

RU CBath ' (1)

To determine the effects of SF constituents on intra-cartilage
uptake of CPCs, experiments were conducted in presence of in-
dividual SF constituents at their physiological concentrations, i.e.,
either 3 mg/ml HA, 12 mg/ml BSA, 12 mg/ml y-Globulin, or
0.1 mg/ml DLPC, which was used as a model for phospholipids.

2.3.4. The binding affinity of CPCs with SF and cartilage matrix
constituents

The binding affinity of CPCs with individual SF and carti-
lage constituents was determined using microscale thermophore-
sis (MST, Monolith NT.115, NanoTemper Technologies, Munich, Ger-
many) [28]. The stock solutions of CPCs labeled with 5-FAM at the
N-terminus were centrifuged at 14,000 g for 10 min prior to the
experiment to remove any aggregates. Binding interactions were
measured in a buffer consisting of 50 mM Tris pH 7.4, 150 mM
Nacl, 0.005% SDS, 0.1% Tween-20 and 0.025% glycerol. These buffer
conditions were optimized to minimize CPC binding with the cap-
illaries while ensuring that MST trace curves can achieve fluores-
cence equilibrium. 200 nM of fluorescently labeled CPCs were used
as target molecules and titrated individually with serial dilutions of
CS, HA, and y-Globulin as the ligand molecules. The samples were



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

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

A. B.
Excitation light
Fluorescently labeled CPC T * \ e ’
@ Ligand IR-Laser e 4 Q
Bound Unbound 1000 »«V
[ x *x
* ¥ ’g
'S 9 * & 950
* % IR- Laser on~__
£ 900
m IR-Laser off
. 0 5 10 15 20
Increasing ligand (€®) concentration MST experiment time (s)
C. F(;om F:—:m D.
1000 eol o0
~ 0
—_ 0\8 \ K \
2\8, 950 E = Hill equation Fit \
E \ Unbound g 77777 ——
2 £.10 50% bound CPC J
L 900 < 1‘
R |
Bound s Kd }
0 5 10 15 20 102 10" 10° 10' 102 10% 10

MST experiment time (s)

Ligand concentration (M)

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 (Fyorm) 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 K4 and Hill coefficient (n). n > 1 represents positive cooperative binding while n < 1 implies negative cooperative binding.

then loaded on Monolith Premium capillaries and MST measure-
ments were carried out under 50% excitation power and 40% MST
power at room temperature (Fig. 2A). Briefly, each sample was lo-
cally heated using the IR-Laser and the fluorescence values were
normalized by the initial fluorescence prior to heating of the sam-
ple (Fyorm (%o0)) were plotted against time to obtain an MST trace
curve (Fig. 2B, C). Laser on and off times was set as 20 s and
5 s, respectively. The normalized fluorescence at 5 s from the MST
traces of all samples was chosen to plot the binding curve (Fig. 2C,
D). The Fyorm (%0) of each sample was subtracted from the baseline
Fyvorm (%o) at the completely unbound sate to produce AFyorm (%o)
values (Eq. (2)).

FNorm (CLigund) - FNorm (UleOUTld) )

AFyorm (%) = Fyorm (bound) — Fyorm (unbound)’

(2)

Where Fyorm (Crigang) 1S the normalized fluorescence at a given lig-
and concentration, Fyom(unbound) is the normalized fluorescence
of only unbound CPC and Fyg, (bound) is the normalized fluores-
cence of CPC when completely bound by the ligand. Hill equation
was fitted to all the binding curves consisting of AFy,m (%0) values
versus ligand concentrations using the MO Affinity Analysis soft-
ware (Eq. (3), Fig. 2D) to determine the dissociation constant (Ky)
and Hill coefficient co-operativity factor (n):

Form (CLigand) — Fvorm (unbound) _ 1 .
Exorm (bound) — Fyorm (unbound) — K \"
l + (CLxgand>

AFNorm (%) =

(3)

Hill coefficient (n) represents the degree of co-operativity in the
binding event. A coefficient of n > 1 represents positive coopera-
tivity, in which the binding of one molecule facilitates the bind-
ing of subsequent molecules to its binding partner. A coefficient
of n < 1 represents negative cooperativity, meaning the binding of
one molecule makes it difficult for subsequent molecules to bind
[29].

2.4. In vivo biodistribution of CPCs in rat knee joint

Animal studies were performed and pre-approved by the Insti-
tutional Animal Care and Use Committee at Northeastern Univer-
sity. Injections of 50 wul of 300 uM CPC +14A or CPC +14N la-
beled with Cy5 dye were administered intra-articularly through the
patellar tendon into the knee joints of healthy 8-10-week-old male
Wistar rats weighing between 350 and 400 g (Charles River Labo-
ratories, Wilmington, MA). The animal legs were then flexed mul-
tiple times to distribute the injected solutes in the articular knee
joint space. The rats were sacrificed 24 h after the intra-articular
injection and the following knee tissues were collected: articular
cartilage was scraped from the femoral condyle (FC), tibial plateau
(TC), and patella (PC) using a scalpel; menisci (M); anterior and
posterior cruciate ligaments (ACL and PCL); patellar tendons (PT)
and quadriceps tendon (QT); and fat pad (FP). The weight of the
harvested tissues was recorded, and tissue hydration was main-
tained throughout the experiments. We used N=6 joints per treat-
ment condition including a saline control, for a total of 9 rats.
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2.4.1. Confocal microscopy for rat tissue

Tissue samples extracted from the rat knee joints injected with
saline, CPC +14A, and CPC +14N were imaged using Zeiss LSM 800
inverted confocal microscope at 10X magnification. Z stack of im-
ages along the tissue surface in X-Y plane was taken and processed
using Image] to reconstruct the X-Z cross-section to evaluate the
depth of penetration for each solute.

2.4.2. Quantitative measurement of CPC uptake in knee joint tissues

After imaging, the joint tissue samples were digested using
Proteinase-K solution in 1 M Tris pH 8 for 48 h at 57°C to quan-
tify the amount of CPC uptaken by the tissues. The fluorescence
of the digested samples was measured using a microplate reader
(Synergy H1, Biotek). A standard curve of CPC in Proteinase-K in
Tris buffer was used to convert the measured fluorescence values
to moles of CPCs present in tissues, which was then normalized by
the tissue wet weight.

2.5. Statistical analysis

All the data presented here is shown as Mean =+ Standard De-
viation. At least, n = 6 cartilage explants per treatment condi-
tion were used for all in-vitro uptake and transport studies. Addi-
tionally, experiments were repeated using explants from at least
3 animals demonstrating consistent results. For microscale ther-
mophoresis, n = 3 independent runs were performed for each
target-ligand binding affinity measurement. K, is reported as the
Mean =+ Standard Deviation from all the runs. For in vivo intra-
articular biodistribution rat studies, N = 6 joints/ treatment were
used, and CPC uptake data is reported as Mean + Standard Devi-
ation for each tissue. For confocal microscopy, representative im-
ages are shown for each condition. A general linear mixed-effects
model with animal as a random variable was used that showed no
effect of animals, followed by Tukey’s Honestly Significant Differ-
ence (Tukey’s HSD) test to compare multiple treatment conditions.
P < 0.05 was considered statistically significantly different.

3. Results

The GAG content of procured bovine SF was measured to be
103.6 + 11.8 pg/mL, which falls within the range of severe OA stage
[30]. Based on prior literature on human and animal SF, the fol-
lowing GAG concentration range is associated with OA severity:
Normal SF < 25 pg/mL GAGs; Moderate OA SF < 90 pg/mL GAGs;
Late-stage OA > 90 pg/mL GAGs) [31,32]. Therefore, bovine SF is
referred to as late-stage OA SF and the simulated synthetic SF is
referred to as healthy condition.

3.1. Hydrophilic CPC +14N exhibits higher intra-cartilage uptake in
presence of healthy and arthritic SF compared to its hydrophobic
counterpart CPC +14A

The equilibrium intra-cartilage uptake of hydrophilic CPC +14N
and its hydrophobic counterpart CPC +14A was measured in PBS,
Healthy, and OA SF. CPC +14A and CPC +14N had similar very high
mean uptake ratios (Ry) in cartilage in presence of PBS (~350)
owing to charge interactions, implying 350x higher concentration
of CPCs was present inside cartilage compared to the surround-
ing bath at equilibration (Fig. 3Ai). This uptake, however, was re-
duced by 4.5x and 2.7x for CPC +14A and CPC +14N respectively in
presence of Healthy SF owing to competitive binding interactions
(Fig. 3Aii); it is critical to note that these CPCs still maintained a
very high intra-cartilage uptake in presence of SF (Ry = 80 for CPC
+14A and 120 for CPC +14N). Importantly, hydrophilic CPC +14N
demonstrated 1.5x and 2x higher intra-cartilage uptake compared
to its hydrophobic counterpart, CPC +14A, in presence of Healthy
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and OA SF respectively (Figs. 3Ai-iii), highlighting the dominant
role of hydrophobic interactions in causing competitive binding of
CPCs within the SF. R+14, which has no hydrophilic or hydropho-
bic spacers, was used as a control and exhibited similar uptakes
as CPC +14N in PBS and Healthy SF. In OA bovine SF, its uptake
was measured to be 2x higher than CPC +14N potentially owing
to its greater hydrophilic property. As expected, all CPC configura-
tions had lower uptake in arthritic SF compared to healthy SF due
to the presence of degraded GAG chains released from cartilage.
Nevertheless, a high equilibrium intra-cartilage uptake of 15-20x
for CPC +14N and R+14 in presence of OA SF highlights their po-
tential in targeting cartilage at later OA stages.

3.2. Hydrophobic interactions play a more significant role than
charge effects on the binding of cationic peptides within SF

In presence of physiological concentrations of negatively
charged SF constituents HA and BSA, no significant difference in
intra-cartilage uptake for CPC +14A and CPC +14N was observed
(Fig. 3B, C). R+14 uptake dropped by more than half compared
to the other two configurations in presence of HA, potentially ow-
ing to strong electrostatic binding interactions with HA due to its
higher cationic charge density along the peptide length. However,
in presence of hydrophobic y-globulin, hydrophilic CPC +14N per-
formed better as it exhibited 2.8x higher uptake compared to its
hydrophobic counterpart (Fig. 3D). Similarly, CPC +14N exhibited
higher uptake than CPC +14A in presence of phospholipids (DLPC)
(Fig. 3E). In summary, the results suggest that the presence of hy-
drophobic alanine spacers increases CPC binding within SF espe-
cially to globulins while hydrophilic CPCs with asparagine spacers
demonstrate greater cartilage targeting.

These findings were also corroborated by thermophoresis. Since
Chondroitin sulfate-GAG (CS-GAG) is the most prevalent form of
GAG in cartilage matrix [1,3], we measured its relative binding
affinities with CPC +14A and +14N. Both CPCs demonstrated a
very strong binding affinity towards CS-GAG (K of 526.5 +59 nM
for CPC +14A and Ky of 626.1 £87 nM for CPC +14N, Fig. 4A).
Also, both CPCs bound cooperatively with CS (n=3.9 and n=1.6
for CPC +14A and +14N, respectively) potentially due to the ef-
fects of short-range hydrogen bonds that can synergistically stabi-
lize charge-based binding [1,3]. This can be attributed partly to the
presence of guanidinium head-groups on arginine that can form
stable short-range hydrogen bonds with sulfated GAGs [33,34]. Ad-
ditionally, guanidinium cations can form thermodynamically stable
(weakly) like-charge pairs that can facilitate multiple of these pep-
tides to come together by overcoming coulombic repulsions and
bind more strongly to the same ligand site [35]. Finally, the hy-
drophobic CPC +14A showed a higher degree of cooperative bind-
ing potentially due to the presence of auxiliary hydrophobic inter-
actions provided by the alanine spacers, which further stabilized
its binding with CS-GAG.

In contrast, both CPCs remained completely unbound when
titrated with HA as the ligand (Fig. 4B), with concentrations as
high as the physiological concentration in SF (up to 2 uM). Further
increase in HA concentration was limited by its solubility and the
formation of a gel-like solution. On the other hand, at the same
CS concentration, both CPCs were completely bound by the lig-
and, as discussed above. These results further confirm that elec-
trostatic interactions are not the dominant cause of competitive
binding for CPCs within SF. The K; of y-Globulin binding inter-
action with CPC +14A was 1.8x lower compared to that of hy-
drophilic CPC +14N (143.0 + 30 uM for +14A vs 252.3+64 uM
for +14N) demonstrating stronger binding affinity between the hy-
drophobic CPC and y-Globulin (Fig. 4C). Both CPCs demonstrated
negative cooperative binding with y-Globulin (n = 0.67) likely ow-
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ing to steric hindrance caused after saturation of the hydrophobic
patch on globulin structure following initial binding of CPCs [36].
To further investigate the competitive effects of net charge vs.
hydrophobicity on binding within the SF and cartilage targeting,
we next compared the transport of CPC +14A with a new se-
quence CPC +8A, where we replaced 6 arginine residues with ala-
nine thereby decreasing the net charge from +14 to +8 while
nearly doubling the hydrophobicity (Table 2). Decreasing the net
charge of CPC significantly reduced the intra-cartilage uptake by
6x in PBS (Fig. 5A) and by 5x and 3.5x in healthy and OA SF, re-
spectively (Fig. 5B). CPC +8A demonstrated almost 90x lower affin-
ity towards CS-GAG compared to CPC +14A (K; =44.2+2.8 uM
for CPC +8A vs K; =526.5+59 nM for CPC +14A, Fig. 5C and
Table 4) owing to reduced net charge. This further highlights the
importance of engineering carriers with an optimal net positive
charge for effective cartilage targeting and maximal uptake, de-
pending on the tissue’s net negative FCD. Additionally, CPC +14A
reported stronger cooperative binding with CS-GAG compared to
CPC +8A (Table 4) due to a greater number of arginine residues
containing guanidinium that can form stable short-range bidentate
H-bonds with sulfated GAGs and further stabilize CPC's charge-
based binding [34]. In contrast, doubling the hydrophobic residues
in CPC +8A resulted in similar binding affinities with hydropho-
bic y-Globulin as that of CPC +14A (Fig. 5D, Table 4). Both CPC

Table 4

Dissociation constant (K;) and cooperativity factor (n) of binding
interactions between CPC +8A and CPC +14A with CS-GAG and
y-Globulin determined using microscale thermophoresis.

Ligand CPC Ky n
CPC +8A 442 +£2.8 uM 1.09
CPC +14A  5265+59nM 39
CPC +8A 120.7+17 uM 0.9
CPC +14A  1430+30 uM  0.67

+14A and CPC +8A demonstrated non-cooperative binding with
y-Globulin (Table 4) likely due to saturation of hydrophobic pock-
ets on y-Globulin by CPCs making subsequent CPC binding dif-
ficult. These results confirm that hydrophobic interactions play a
more significant role in the binding of cationic carriers within SF
than charge interactions thereby validating the use of electrostat-
ics for developing cartilage targeting therapies. Additionally, CPC
+14A’s stronger binding with intra-cartilage residing CS-GAG indi-
cates that short-range effects of H-bonds can synergistically stabi-
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lize intra-cartilage charge-based binding - a strategy that can be
utilized for enhancing intra-cartilage residence time of hydrophilic
cationic carriers.

3.3. While hydrophobic interactions compete for binding within SF,
they can stabilize charge-based binding in cartilage

To study the competitive effects of charge and hydrophobicity,
we used a charge dominant K-rich CPC with net charge +7 (AK),
and then added a hydrophilic tail (ANANAN, asparagine spaced
with alanine; CPC +N) or a hydrophobic tail (AFAFAF, phenylala-
nine with alanine; CPC +F. See Table 2). The primary amine groups
in lysine are only capable of forming long-range electrostatic bonds
but unlike arginine lack the ability to form hydrogen interactions
[35].

Hydrophobic interactions stabilize charge-based binding in carti-
lage: Hydrophobic CPC +F resulted in significantly higher uptake
in both healthy and 90% GAG-depleted cartilage and had greater
retention when desorbed in 1x or 10x PBS compared to its hy-
drophilic counterpart CPC +N (Fig. 6A, B) [1]. Thermophoresis also
confirmed stronger binding of CPC +F with CS-GAG vs. CPC +N
(Fig. 6C, D, Table 5). Positive cooperativity (n = 1.6) was measured
for CPC +F, implying that the presence of hydrophobic bonds syn-
ergizes with charge interactions to facilitate its binding with CS-
GAG. On the other hand, n = 0.8 for CPC +N with CS implies anti-

Table 5

Dissociation constant (K;) and cooperativity factor (n) of binding in-
teractions between CPC +N and CPC +F with CS-GAG determined
using microscale thermophoresis.

Ligand CPC Ky n
CPC +N 51.1+4.7 uM 0.8
CPC +F 37.9+42 uM 1.6

cooperativity i.e., once the CPC is bound, the coulombic repulsion
due to the same charge prevents engagement of another CPC at the
same site.

Hydrophobic interactions compete for binding within SF: In pres-
ence of both healthy and arthritic SF, the trends were reversed;
hydrophobic CPC +F resulted in lower intra-cartilage uptake vs. its
hydrophilic counterpart, CPC +N (Fig. 6E). As expected, both CPCs
had lower intra-cartilage uptake in presence of OA SF due to com-
peting interactions with the degraded GAG chains released from
cartilage. Intra-cartilage uptake in presence of globulins was lower
for CPC +F vs. CPC +N, reinforcing the stronger binding effects of
hydrophobic interactions within SF (Fig. 6F).
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Table 6
Mean GAG content of different rat tissues determined b.
Tissue FC TC PC M ACL PCL PT QT FP
GAG content (ng/mg tissue wet weight) 343 26 177 52 24 49 0.5 1.3 09
Therefore, similar to H-bonds (as demonstrated in highest GAG content (Table 6) followed by that in the tibial and

Section 3.3 using CPC +14A whose arginine can form stable
H-bonds with CS-GAG), hydrophobic effects can synergistically
stabilize intra-cartilage charge based binding of cationic carriers.
However, since hydrophobic effects are dominant in SF and can
competitively bind with cationic carriers, it is important to make
them hydrophilic and rely on synergistic effects of H-bonds (and
not hydrophobic effects) for stabilizing intra-cartilage charge-based
binding and the residence time of cationic carriers. This can be
achieved by preferring arginine instead of lysine residues in the
sequence as while both residues are cationic and hydrophilic, the
guanidinium in arginine is capable of forming stable short-range
bidentate H-bonds with cartilage CS-GAG.

3.4. Hydrophilic CPC +14N confirmed higher accumulation in rat
knee tissues compared to its hydrophobic counterpart CPC +14A
post-IA injection

Confocal images of rat joint tissues harvested 24 h following
IA administration of CPCs showed significantly higher fluorescence
signal for CPC +14N through the full thickness of femoral, tibial,
and patellar cartilage as well as in menisci compared to CPC +14A
(Fig. 7A). CPC +14N measured 2.5-3.5x higher accumulation com-
pared to +14A in cartilage tissues (Fig. 7B). A weak fluorescence
signal for both CPCs was detected in other less GAG-rich tissues
including quadriceps and patellar tendon, and the fat pad. CPC up-
take correlated strongly and positively with the mean GAG content
of each tissue type (RZ = 0.9 for both CPCs, Fig. 7C) further high-
lighting the important role of electrostatic interactions in intra-
tissue CPC transport and retention. CPC +14N accumulated in the
highest concentrations in the femoral cartilage which also had the

patellar cartilage. Of note, no fluorescence was detected for the in-
jected free dye at the same concentration at 24 h (data not shown).

4. Discussion

The work demonstrates that hydrophobic interactions play a
more significant role than electrostatic interactions in the bind-
ing of cationic carriers within the synovial fluid (SF), which is
rich in hydrophobic globulins and has about 20x lower negative
fixed charge density (FCD) than cartilage (-170 mM in cartilage
vs -8.8 mM in SF) [3]. This is an important finding as the use of
cationic carriers for targeted drug delivery to negatively charged
cartilage tissue has been contended to have limitations due to ex-
pected competitive binding with the anionic synovial fluid [18]. We
used a previously designed arginine-rich cationic peptide carrier
with a net charge of +14 containing non-polar alanine residues as
spacers (CPC +14A), which was optimized for rapid full-thickness
penetration into cartilage and greatest uptake and retention, and
compared its transport with its hydrophilic counterpart, CPC +14N
containing polar asparagine as spacers instead of alanine in pres-
ence of SE. The hydrophilic CPC +14N resulted in significantly
greater intra-cartilage uptake in presence of both healthy and late-
stage arthritic SF compared to CPC +14A (Fig. 3A). Interestingly,
both CPCs maintained high intra-cartilage uptake without any sig-
nificant difference in presence of physiological concentrations of
individual negatively charged SF constituents HA and albumin
(Fig. 3B-C). HA is the most abundant GAG in SF which is comprised
of repeated negatively charged carboxylic groups, while albumin
is the most abundant serum protein with an iso-electric point of
5 conferring a net negative charge at physiological pH [37]. How-



JID: ACTBIO
A. Vedadghavami, T. He, C. Zhang et al.

A.
30 PBS .
5 25 | @ Healthy .
5 20 _DQO% GAG depletion
L5t
8
S0 * 4
i B |
CPC +N CPC +F
C.
CPC +N
0 S
£ =
£
5 -4
z
L 6
< K,=51.1+4.7 uM
81n=08
102 10" 10° 10" 102 10® 10¢
CS concentration (M)
E.
Synovial fluid
10
2
©
o)
-
8
o
=)

Healthy SF OA SF | Healthy SF OA SF

CPC +N CPC +F

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

Acta Biomaterialia xxx (XXXx) Xxx

B.
PBS
%100
c B Healthy *
5 80 ['w90% GAG depletion ~ *#
£ 60
oo
#
L2 40
€ #
[0
© 20+
N E
X 0
1xPBS 10xPBS | 1xPBS 10x PBS
CPC +N CPC +F
D.
CPC +F
—_ 0 S
=
£ -2
o
z
L4
< K,=37.9+£4.2uM
n=1.6
-6
102 10" 10° 10' 10%® 10® 10¢
CS concentration (uM)
F.
- 7N
Globulin
10
5e)
©
2 5y
©
o
)
0

CPC +N CPC +F

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 (K4) 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 y-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.

ever, in presence of hydrophobic globulins, CPC +14N had a 2.8x
higher uptake in cartilage compared to its hydrophobic counter-
part CPC +14A of the same charge and size (Fig. 3D). Both SF pro-
teins globulins and albumin have hydrophobic amino acid residues,
but the globulin’s stable conformation exposes more hydrophobic
patches compared to albumin conferring significantly higher sur-
face net hydrophobicity [38,39]. While albumin’s hydrophobicity
did not affect CPC uptake, we identified globulin as the major pro-
tein constituent in SF that can form hydrophobic bonds with CPCs.
Thermophoresis also confirmed stronger binding of CPC +14A with
globulins (Fig. 4C). Consistent with our findings, a very low bind-
ing affinity between globulin and hydrophilic silanol-rich micro-
spheres has been reported [40]. However, upon modification of 9-
43% of surface siloxane groups with hydrophobic trimethylchlorosi-
lane groups, significant adsorption of y-globulin on microspheres
was reported [40].

Recently, Sharma and coworkers reported visible aggregation
of amine-functionalized cationic polystyrene (PS) nanoparticles
within SF [18], which was initially speculated to be electro-

static. However, no aggregation was observed when particles were
incubated in HA implying that the interaction is not merely
charge-based. Furthermore, didodecyldimethylammonium bromide
(DMAB) nanoparticles consisting of quaternary ammonium with
the same positive charge density as PS nanoparticles did not form
aggregates within SF further suggesting that there are other dom-
inant interactions. This makes sense as SF has significantly lower
negative FCD than cartilage. Additionally, the binding affinity of
CPCs with HA (which is the predominant GAG in SF) is significantly
lower compared to that with CS-GAG, which is the most prevalent
GAG in cartilage. Our thermophoresis measurements confirmed
stronger binding of CPC +14A and CPC +14N with sulfated CS-
GAG (K4 = 526 nM or 626 nM, respectively) while CPCs remained
completely unbound when titrated with HA up to physiological
concentrations (Fig. 4A, B). Similar differences between the bind-
ing affinity of viruses with sulfated and non-sulfated GAGs have
been reported in the literature [41]. Viruses attach to the cell sur-
face through electrostatic interactions between arginine residues
in viral particles and proteoglycans like heparin sulfate in the cell
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membrane, which act as initial docking sites [42]. Similarly, signif-
icant binding of human cytomegalovirus (HCMV) with heparin sul-
fate has been reported while negligible binding with non-sulfated
HA was observed [41].

The second major finding we report is that while hydropho-
bic effects compete for binding in the SF, they can synergisti-
cally stabilize charge-based binding within cartilage. To delineate
this, we used lysine-rich CPCs instead of arginine. Unlike arginine
which can form stable short-range H-bonds with GAGs, the pri-
mary amine in lysine can only form long-range electrostatic bonds
[35,43]. A hydrophilic (CPC +N) or a hydrophobic tail (CPC +F) was

10

added making them controlled sequences for investigating compet-
itive vs. synergistic effects of charge and hydrophobic interactions.
Consistent with our previous findings, hydrophilic CPC +N had
greater intra-cartilage uptake than +F in presence of healthy or
arthritic SF or globulins (Fig. 6E, F), confirming competing effects
of hydrophobicity in SF. The hydrophobic CPC +F, however, had
significantly greater intra-cartilage uptake and retention in both
normal and GAG-depleted late-stage arthritic cartilage explants
(Fig. 6B), which was also confirmed by MST that measured positive
cooperativity (n = 1.6) for binding between +F and CS-GAG mean-
ing hydrophobic effects can synergistically stabilize charge effects.
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On the other hand, negative cooperativity (n = 0.8) for +N and
CS-GAG (Fig. 6C, D, Table 5) implies coulombic repulsion between
CPCs due to the same charge, which is consistent with previous re-
ports on the binding affinity between polylysine and lipid bilayer
[43].

However, since hydrophobic effects are dominant in SF and can
competitively bind with cationic carriers, it is important to make
them hydrophilic and rely on synergistic effects of other effects
like H-bonds (and not hydrophobic effects) for stabilizing intra-
cartilage charge-based binding and the residence time of cationic
carriers. This can be achieved by preferring arginine instead of
lysine residues in the carrier sequence as while both residues
are cationic and hydrophilic, the guanidinium in arginine is ca-
pable of forming stable short-range bidentate H-bonds with car-
tilage CS-GAG [43]. This is supported by our Fig. 5 data which re-
ports stronger cooperative binding of CPC +14A with CS-GAG com-
pared to CPC +8A (Table 4) owing to a greater number of arginine
residues. Therefore, a rational strategy for designing cationic carri-
ers for targeting negatively charged tissues like cartilage in its na-
tive joint environment is to (1) make them hydrophilic to minimize
their binding with the surrounding synovial fluid and (2) to rely on
short-range H-bonds (e.g., by incorporating arginine) for enhanc-
ing intra-cartilage residence time. This is especially relevant when
designing carriers for targeting arthritic cartilage with diminished
FCD due to GAG degradation.

As IA administration is the primary route for drug delivery to
the joint, drug delivery vehicles first come in contact with SF be-
fore diffusing into cartilage. However, only a few studies have in-
vestigated the interactions of nanoparticles with SF and consid-
ered its implications on cartilage targeting strategies [18,44,45].
Recently, it was shown that cationic PLGA particles underwent
complete charge reversal following incubation in SF (+24.6 mV
to -10.9 mV; hydrodynamic diameter increased from 261.5 nm to
300.6 nm) [18]. This masking of positive charge was attributed to
adsorption of SF constituents on nanoparticle surface and forma-
tion of protein coronas [44,45]. The size and shape of nanopar-
ticles are known factors to impact protein binding and the ex-
tent of the formation of protein coronas [46]. Naturally, smaller
nanoparticles with lower surface area bind lower amounts of pro-
tein on their surface [46]. For example, 2 nm gold nanoparticles
were shown not to form protein coronas while larger particles with
the same surface chemistry formed conventional coronas [47]. The
small size of CPCs (~3-4 kDa) makes them unlikely candidates for
forming protein coronas. While the ex vivo transport models used
here help investigate the mechanistic effects of electrostatic and
hydrophobic interactions on the binding of CPCs within SF, they do
not incorporate the effect of rapid SF turnover and compression-
induced convective flow. SF proteins turnover rapidly every 1 h
while hyaluronic acid has a slower turnover rate of around 13 h in
healthy joints [48]. Therefore, we investigated the biodistribution
of hydrophobic CPC +14A and hydrophilic CPC +14N in rat knees
following their IA administration. Consistent with our ex vivo find-
ings, CPC +14N had significantly greater accumulation than its hy-
drophobic counterpart CPC +14A and was present through the full
thickness of femoral, tibial, patellar cartilage, and menisci (Fig. 7)
at 24 h.

In summary, the rapid and high intra-cartilage uptake, as well
as full tissue thickness penetration of CPC +14N, can be attributed
to its optimal net cationic charge while it is its hydrophilic prop-
erty that minimizes its binding within the synovial fluid, mak-
ing it an ideal candidate for drug delivery to cartilage. The pres-
ence of arginine residues stabilizes the intra-cartilage charge-based
binding via short-range H-bonds. CPC +14N, therefore, can also be
effective in targeting arthritic cartilage with diminished negative
FCD.

1
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5. Conclusions

This work demonstrates that hydrophobic interactions and not
charge interactions are the dominant cause of the binding of
cationic carriers in synovial fluid. Hydrophobic interactions can
also synergistically stabilize long-range electrostatic binding in car-
tilage — a mechanism that can be used for enhancing the target-
ing and residence time of cationic carriers within arthritic cartilage
with reduced negative FCD. However, since hydrophobic effects can
cause the binding of carriers within the synovial fluid, short-range
effects like H-bonds can be utilized. It is, therefore, proposed to
make cationic carriers hydrophilic and prefer arginine over lysine
in the sequence. Finally, the cartilage-synovial fluid model used
here provides an excellent model of a complex negatively charged
environment and allows us to generalize these findings to other
tissue systems of varying FCD and develop targeted therapies for
another complex negatively charged environment with varying net
FCD.
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