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ABSTRACT Cationic nanocarriers offer a promising solution to challenges in delivering drugs to negatively charged connective
tissues, such as to articular cartilage for the treatment of osteoarthritis (OA). However, little is known about the effects that
cationic macromolecules may have on the mechanical properties of cartilage at high interstitial concentrations. We utilized argi-
nine-rich cationic peptide carriers (CPCs) with varying net charge (from +8 to +-20) to investigate the biophysical mechanisms of
nanocarrier-induced alterations to cartilage biomechanical properties. We observed that CPCs increased the compressive
modulus of healthy bovine cartilage explants by up to 70% and decreased the stiffness of glycosaminoglycan-depleted tissues
(modeling OA) by 69%; in both cases, the magnitude of the change in stiffness correlated with the uptake of CPC charge var-
iants. Next, we directly measured CPC-induced osmotic deswelling in cartilage tissue due to shielding of charge repulsions be-
tween anionic extracellular matrix constituents, with magnitudes of reductions between 36 and 64 kPa. We then demonstrated
that electrostatic interactions were required for CPC-induced stiffening to occur, evidenced by no observed increase in tissue
stiffness when measured in hypertonic bathing salinity. We applied a non-ideal Donnan osmotic model (under triphasic theory)
to separate bulk modulus measurements into Donnan and non-Donnan components, which further demonstrated the conflicting
charge-shielding and matrix-stiffening effects of CPCs. These results show that cationic drug carriers can alter tissue mechan-
ical properties via multiple mechanisms, including the expected charge shielding as well as a novel stiffening phenomenon medi-
ated by physical linkages. We introduce a model for how the magnitudes of these mechanical changes depend on tunable
physical properties of the drug carrier, including net charge, size, and spatial charge distribution. We envision that the results
and theory presented herein will inform the design of future cationic drug-delivery systems intended to treat diseases in a
wide range of connective tissues.

SIGNIFICANCE Osteoarthritis is a burdensome, highly debilitating degenerative joint disease that affects millions of
people worldwide. Clinical translation of disease-modifying osteoarthritis drug candidates has been difficult, due in part to
challenges in delivering therapeutic compounds to articular cartilage. Positively charged drug nanocarriers offer a
promising solution for efficient intra-cartilage delivery. However, little is known about how these potential treatments
interact with cartilage tissue, which may lead to altered mechanical properties. This is a crucial consideration for designing
cationic delivery molecules, since it is imperative to avoid further exacerbation of the already compromised mechanical
integrity of arthritic cartilage. Here, we evaluate the effects of positively charged peptide delivery systems on cartilage
biomechanics and elucidate biophysical carrier-tissue matrix interactions that mediate these changes.

INTRODUCTION such as glucocorticoids (1) and protein growth factors (2)
have shown promising anti-catabolic and regenerative activ-
ity in connective tissues, their clinical translation has proved
challenging, due in part to the difficulty of delivering drugs
to articular cartilage (3,4). Cartilage is an aneural, avascular
tissue composed of a dense meshwork of structural type II

Currently, there is no Food and Drug Administration-
approved, disease-modifying treatment available for osteo-
arthritis (OA). Although numerous preclinical compounds
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hindrance and rapid clearance from the joint space
following an intra-articular (IA) injection (3). As a potential
solution, the strategy of charge-mediated intra-cartilage
drug delivery has been introduced and developed over the
past decade (7,8). This delivery modality leverages attrac-
tive electrostatic interactions between high valency, posi-
tively charged macromolecular carriers, and the negative
fixed charge density (FCD) of glycosaminoglycan (GAG)
chains in cartilage, which enables spontaneous partitioning
into the interstitial space of the tissue’s extracellular matrix
(ECM) following an IA injection (9). By this mechanism,
the dense cartilage ECM is effectively transformed into a
drug depot, facilitating therapeutically effective intra-carti-
lage exposure levels to chondrocyte targets deep within
the tissue (10,11). Multiple variations of peptide-based
(12,13), protein-based (14-17), polymer-based (18-20),
and particle-based (21) cationic constructs have proved
effective in rapidly penetrating the full thickness of cartilage
tissue; however, the effects of such nanocarriers on the elec-
tro-mechano-chemical homeostasis of cartilage (due to their
high molecular weight and multivalent cationic charge)
have yet to be thoroughly evaluated (22,23). This is a crucial
consideration, since perturbations to this balance in vivo
could compromise the tissue’s ability to withstand physio-
logical loads. Not only is it essential to evaluate the adverse
effects of cationic drug carriers on the mechanical properties
and biological health of cartilage (7,21,24), but a mecha-
nistic understanding of the biophysical interactions underly-
ing such changes in relation to the physical features of the
drug-delivery system (DDS) will also inform the design of
future cationic carriers.

The primary function of articular cartilage is to facilitate
smooth joint motion by 1) providing a low-friction surface
for joint articulation and 2) acting as a dynamic shock
absorber between bone ends (25,26). As such, the function-
ality of cartilage is crucially dependent on its shear and
compressive mechanical strength. The mechanical proper-
ties of cartilage arise from the fine electro-mechano-chemi-
cal balance between its macromolecular matrix constituents.
Under triphasic theory (27), cartilage tissue is composed of
three physical phases that contribute to its mechanical integ-
rity: the solid collagen/proteoglycan ECM, interstitial fluid
(which can be pressurized under non-equilibrium loading),
and charged small ions/polyelectrolytes (i.e., Na*, GAGs)
dispersed throughout the interstitium (28). Importantly,
since anionic GAG chains are interspaced along core pro-
teins by a distance similar to their Debye length (29), like-
charge Coulombic repulsion between neighboring chains
confers significant resistance to compressive forces at the
macro scale (30,31). This electrostatic/Donnan component
of the tissue’s mechanical strength augments the integrity
provided by the macromolecular solid matrix (i.e., the
non-Donnan component), and previous estimates have
attributed up to 62% of cartilage’s equilibrium compressive
modulus to GAG-associated charge repulsions (32).
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Furthermore, GAG repulsions also provide the tissue with
a free swelling pressure, which exists in equilibrium with
constraining tensile forces from collagen fibers (33,34);
therefore, cartilage is prestressed even at rest.

Considering the intimate dependence of cartilage biome-
chanical properties on the delicate physical relationships be-
tween the various ECM components, perturbations to this
balance by high interstitial concentrations of a cationic
DDS could have consequences for the tissue’s mechanical
functionality. For instance, due to their polyelectrolyte na-
ture, the intra-tissue counter charge introduced by a cationic
DDS may intuitively be expected to mask repulsive forces
between GAG chains. Intra-cartilage charge shielding by
small counterionic species (Na™) at high concentrations is
a well-characterized phenomenon that is known to induce
significant deswelling and loss of compressive strength
(35-37); as such, the free swelling pressure and modulus
of cartilage are highly dependent on the osmotic environ-
ment. Our group has previously hypothesized that cationic
drug carriers may induce a similar charge-shielding effect,
and we recently developed a Donnan-equilibrium osmotic
model to predict the reductions in swelling pressure and
modulus associated with empirically observed uptake con-
centrations of differentially charged cationic peptides (23).
However, the theoretically predicted phenomenon of car-
rier-induced charge shielding has yet to be empirically vali-
dated. Moreover, a macromolecular, multivalent cationic
DDS may be expected to interact extensively with ECM
constituents (such as anionic proteoglycans) through non-
specific binding interactions (5,12), and it is unknown
whether such interactions can facilitate additional con-
founding effects on the mechanical properties of the tissue.

Our group has designed and characterized cationic pep-
tide carriers (CPCs) for optimal penetration and retention
of therapeutics in articular cartilage (12,38). CPCs are
3 kDa, =20-amino-acid, a-helical peptides consisting of
cationic arginine residues interspaced with alanine units
for charge separation. CPCs rely on long-range electrostatic
attractive forces as well as synergistic short-range hydro-
phobic interactions (via alanine residues) and hydrogen
bonding for rapid penetration through cartilage and reten-
tion on the order of days (12). Given the ease of altering
their primary amino acid sequence, CPCs are a highly
modular delivery system, with readily tunable net charge,
length, and spatial distribution of cationic residues. Our
group has leveraged this versatility by synthesizing CPCs
with varying net charge (from +8 to +20) and equal size,
which has enabled systematic characterization of the influ-
ence of the carrier’s charge, spatial charge distribution,
and hydrophobicity on intra-cartilage transport properties.
In the current study, we aimed to utilize CPCs in a similar
manner as an experimental tool. The differential charge
and equilibrium uptake levels of CPC variants allow us to
directly probe the relationship between these properties
and the mechanical response in cartilage. Further, the strong
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binding capacity of CPCs with ECM constituents also en-
ables investigation of mechanical effects resulting from car-
rier-solid matrix interactions, beyond charge shielding.

The goal of this study was to use CPCs to investigate alter-
ations to the mechanical properties of articular cartilage asso-
ciated with the uptake of cationic DDS, with a focus on
elucidating the biophysical mechanisms underlying such
changes. We hypothesized that, in addition to shielding of
like-charge repulsions of neighboring GAGs, the multivalency
and distance between charged moieties across the peptide
length may facilitate interactions with macromolecular con-
stituents of the cartilage ECM that could also lead to down-
stream changes in compressive mechanical properties. Using
stress-relaxation, dynamic, and osmotic mechanical testing,
we measured the relationship between the physical properties
of CPCs (i.e., net charge and uptake) and the equilibrium and
fluid flow-dependent mechanical behavior of tissue explants
with variable FCD. Next, we adapted our previously described
Donnan osmotic model to deconvolute bulk equilibrium me-
chanical measurements into Donnan and non-Donnan compo-
nents, which allowed us to probe the biophysical interactions
underlying observed CPC-induced mechanical changes.
Finally, we evaluated the implications of such perturbations
on the tissue’s health by utilizing in vitro chondrocyte and
cartilage explant culture systems to measure the biological
response to CPCs. In addition to providing a critical evaluation
of CPCs individually as a potential clinically translatable
intra-cartilage DDS, we envision that the principles of car-
rier-ECM  biophysical interactions elucidated herein can
inform the design of future cationic DDS.

MATERIALS AND METHODS
Materials

Phosphate-buffered saline (PBS), salts, and other reagents were purchased
from Sigma (St. Louis, MO). Protease Inhibitor Mini Tablets were obtained
from Thermo Fisher Pierce (Rockford, IL). Proteinase-K was from Roche
Diagnostics (Risch-Rotkreuz, Switzerland). Tissue medium components
were purchased from the following suppliers: Dulbecco’s modification of
Eagle’s medium (DMEM) from Cellgro (Manassas, VA); HEPES, insu-
lin-transferrin-selenium (ITS), trypsin-EDTA, penicillin-streptomycin anti-
biotic-antimycotic (PSA), and non-essential amino acids (NEAA) from
Gibco (Carlsbad, CA); ascorbic acid and L-proline from Fisher Bioreagents
(Pittsburgh, PA). Propidium iodide was purchased from Thermo Fisher
Acros Organics (Geel, Belgium), and fluorescein diacetate (FDA) was ob-
tained from Sigma (St. Louis, MO).

Cartilage explant preparation

Bovine articular cartilage explants were harvested as previously described
(12,39). Full-thickness, 3-mm-diameter cartilage plugs were punched from
the femoropatellar groove of 2-week-old bovine calf knee joints, purchased
from a local slaughterhouse (Research 87, Boylston, MA). Plugs were sliced
to produce 1-mm-thick cartilage disks with intact superficial zone. Disks were
washed and equilibrated in PBS supplemented with PSA for 1 h and then
stored at —20°C in PBS supplemented with protease inhibitor (PBS-PI) until
experimentation. To prepare GAG-depleted cartilage disks as a model for mid-
stage OA, explants were incubated in 0.1 mg/mL trypsin-EDTA in PBS at
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37°C for 4 h, followed by a 1-h wash in PBS-PI. Following mechanical exper-
iments, explants were digested by overnight proteinase-K incubation, and
GAG content in the tissue lysate and surrounding bath from trypsin digestion
was measured by dimethyl-methylene blue (DMMB) assay (40).

Cationic peptide preparation and equilibrium
uptake into cartilage

Custom CPCs of various net charge (+8, +14, +16, and +-20) conjugated to
6-carboxyfluorescein (FAM) were synthesized by Fmoc solid-phase peptide
synthesis as previously described (12). Peptides of desired size and charge
were designed by manipulating the number of arginine residues and utiliz-
ing alanine residues as spacers for even spatial charge distribution along the
peptide length. See Table 1 for a summary of CPC sequences.

CPC solution for cartilage uptake experiments was prepared by reconsti-
tuting FAM-labeled CPCs in PBS-PI to a final concentration of 30 uM. For
equilibrium uptake experiments, individual cartilage disks were incubated
in 300 uL of CPC solution in a 96-well plate for 24 h at 37°C with light
shaking. Cartilage explants were subsequently stored at —20°C in PBS-PI
until mechanical testing. Following CPC absorption, the FAM fluorescence
in the surrounding bath was measured at 490/525 nm using a microplate
reader (Synergy HI; BioTek, Winooski, VT); fluorescence measurements
were converted to concentration using a linear standard curve of known
concentrations of CPC in PBS-PI. Total CPC uptake into individual ex-
plants was calculated as the ratio between the concentration of CPC ab-
sorbed into the tissue and the CPC concentration remaining in the
surrounding bath following the 24-h absorption; that is,

C
RU _ CPC’
CCPC

@

where Ry is the CPC uptake ratio, Ccpe is the intra-cartilage CPC concen-
tration (per intra-tissue water volume), and Ccpc is the concentration of
CPC in the surrounding bath after 24 h of uptake.

Stress-relaxation mechanical testing

The equilibrium stiffness of tissue explants pre-equilibrated with CPC was
measured by uniaxial, unconfined, stress-relaxation testing on a TA
ElectroForce 5500 Series dynamic mechanical analysis apparatus (TA In-
struments, New Castle, DE). An unconfined setup was chosen for mechan-
ical tests because: 1) it allows for a larger bath-explant interface during CPC
diffusion; 2) radial CPC diffusion during tests eliminates depth-dependent
anisotropy in axial solute penetration; and 3) a porous platen was not
required, minimizing the surface area of the bath-stainless steel interface,
to which CPCs may bind non-specifically. The testing setup consisted of
a 15-mm-diameter stainless steel chamber mounted atop a TA
ElectroForce 50 Ibf load cell. Samples were compressed with a flat, stain-
less steel, 10-mm-diameter cylindrical platen controlled by a motor accord-
ing to a preset movement process on WinTest software (TA Instruments).
Load and platen displacement data were acquired and recorded by the soft-
ware every 0.05 s.

TABLE 1 Charged peptide carrier (CPC) net charge,
sequence, and size

CPC net charge (z)

Amino acid sequence Peptide size (Da)

+8 (RRAAAA);RR 2478.7
+14 RRRR(AARRR);R 2989.3
+16 (ARRRAARA), 4012.4
+20 (RRRRR), 3500.0

R, arginine; A, alanine.
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Prior to testing, frozen explants were thawed and equilibrated in PBS-PI
at 37°C for 15 min. The thickness of each cartilage disk was measured at
multiple locations using calipers. Disks were placed at the bottom of the
testing chamber with the deep zone of the disk down, in contact with the
bottom of the well, such that the superficial zone was probed during testing.
The well was then filled with 800 uL of 0.15 M (1 x) PBS, and the sample
was equilibrated with the bathing solution for 5 min. A preload of 0.1 N was
then applied to the tissue to ensure platen contact, followed by an 800 s
equilibration period at constant strain. The sample was then subjected to
successive compressive strain ramps of 4%, 2%, and 2% (reaching 8% cu-
mulative strain), applied at a rate of 0.0001 mm/s, with each ramp followed
by an 800 s dwell period, which was confirmed to be adequate for the tissue
to reach an equilibrium stress after the applied strain.

Cyclic loading

Immediately following the final strain hold of stress-relaxation testing, ex-
plants from all CPC treatment conditions were subjected to dynamic me-
chanical testing, consisting of two rounds of sinusoidal compressive
loading (41). Explants underwent testing at two frequencies: 0.01 Hz, at
which sufficient time is given for fluid flow through the tissue with low
dissipative drag (1/f =) (42); and 1 Hz, to mimic loading rates typically
experienced during walking. Following a 600 s equilibration at 8% strain
at the end of stress relaxation, cyclic strain was initiated at 0.01 Hz with
an amplitude of +0.5% (superimposed on the 8% baseline strain) for 30
cycles, and the resultant stress response was recorded. Immediately after
the 0.01 Hz test, the tissue was allowed to relax for 600 s and subsequently
was subjected to 30 cycles of +0.5% strain at 1 Hz.

Real-time measurement of CPC-induced stress
reduction

Intra-tissue stress during and immediately after transient CPC uptake was
measured using a testing method and model based on the technique
described by Eisenberg and Grodzinsky (36). Native cartilage disks (not
pretreated with CPC) were thawed at 37°C and allowed to equilibrate in
PBS-PI for 15 min. Next, explants were transferred to hypotonic PBS
(0.015 M, or 0.1 x) and incubated for 40 min at room temperature for equil-
ibration. Disks were then placed at the bottom of the testing chamber, and
600 uL of 0.015 M (0.1 %, hypotonic) PBS was added to the well. Hypoton-
ic PBS was used such that osmotic pressure changes with higher magnitude
(and higher signal/noise ratio) would be observed due to higher overall tis-
sue swelling. A preload of 0.07-0.1 N was then added to the disk to ensure
platen contact. The sample was equilibrated to the preload at constant strain
for 1000 s, which was then followed by five successive ramp/dwell cycles
of =2% compressive strain held for 800 s each. After the fifth ramp/dwell
cycle, a small volume (=50 uL) of concentrated CPC was added to the
testing well to a final concentration of 30 uM. The resultant drop in stress
in the tissue throughout CPC uptake was measured by holding a constant
strain for 2 h and recording stress measurements every 0.05 s. After the
equilibration period, the disk was subjected to four reverse ramp/dwell cy-
cles of = 1% strain, held for 1000 s each.

Stress-relaxation testing with varying salt
concentration

For multi-salt concentration tests, explants were first prepared by 24-h
equilibration with either PBS-PI or 30 uM CPC +14 as described above
(see cationic peptide preparation and equilibrium uptake into cartilage).
For experimentation, frozen explants were thawed for 20 min at 37°C
and subsequently allowed to equilibrate in 0.02 M NaCl for 40 min at
room temperature. Following this period, explants were loaded on the me-
chanical testing apparatus as described above with an 800 uL bath of
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0.02 M NaCl. A preload of 0.1 N was then added to ensure platen contact
with the explant surface, and the tissue was equilibrated to the preload for
1000 s.

The testing process consisted of five consecutive sets of stress-relaxation
tests, each at a different salt concentration (0.02 M, 0.07 M, 0.19 M, 0.6 M,
and 1.4 M; measured by a freezing point osmometer (34)). The first stress-
relaxation test (at hypotonic saline, or 0.02 M) consisted of a =4% strain
ramp, followed by a 2000 s hold for relaxation. After the first 1000 s
(by which point equilibrium stress had been reached), a small volume
(<100 uL) of concentrated NaCl was added to the testing bath and mixed
thoroughly, such that the bath was now at the next salinity level (i.e.,
0.07 M). The explant was then allowed to equilibrate to the new salt con-
centration at constant strain for 1000 s (the remaining time in the 2000 s
strain hold), during which salt-induced stress relaxation occurred. After
this period, a new set of stress relaxation was instigated, consisting of a
negative =2% strain ramp/1000 s hold, followed by a positive =4% strain
ramp (positive = compression). Negative strain ramps were used to avoid
cumulative compression of the sample beyond 16% throughout the duration
of the test. Finally, after the 4% strain ramp, another 2000 s hold was insti-
gated so that the salt concentration could be changed again. This process
was repeated for a total of four times after the initial 4% stress-relaxation
test, such that stress relaxation was performed at five different salt concen-
trations. See Fig. S1 for a full depiction of the temporal stress and strain
courses.

Mechanical data analysis

To extract mechanical parameters from raw data, temporal stress and strain
data from all mechanical tests were analyzed in MATLAB.

Stress-relaxation analysis

For each explant, three separate stress-relaxation intervals were obtained
throughout testing. To extract values for equilibrium stress and character-
istic time constant, temporal stress data for each relaxation interval was
separately fit to the standard linear solid (SLS) model using non-linear
least-squares regression, in the following form (43):

a(t) = 0,4+ (a X e+ ), 2)

where o is stress (Pa), g, is the equilibrium stress (Pa), ¢ is time (s), and 7 is
the tissue characteristic time constant (s); Since 7 was extracted indepen-
dently for each relaxation interval, it was measured in triplicate and aver-
aged for each sample. Subsequently, the equilibrium modulus (E,,) for
the tissue was calculated as the slope of the linear regression of the resultant
equilibrium stress-strain relationship. Using E,, and 7, the permeability (K)
of each sample was estimated following the biphasic poroelastic model
described by Mow and colleagues (44), using the formula
2
K Li, 3)
Egy x 7

where L is the radius of each disk (1.5 mm), signifying the distance over
which fluid flows out of the tissue during unconfined compression. Since
the mechanical parameters used to estimate permeability were extracted
from a solid viscoelastic (SLS) model, permeability values reported here
were normalized to control (see Fig. S2).

Dynamic loading analysis

For each oscillatory loading frequency tested, the temporal stress and cor-
responding strain data were fit to a sinusoidal function in the following
form:

0-([) = AS”.F_“ X COS(ZWﬁ+ artresx)u (4)
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where ¢ is time (s), A; is the amplitude of the waveform (Pa), 6, is the phase
angle of the waveform (in rad, relative to t = 0), and f is the frequency
(either 0.01 Hz or 1 Hz). Thus, four sinusoidal functions were obtained
for each explant, one describing stress and one describing strain as a func-
tion of time for both 0.01 Hz and 1 Hz. From these fits, two mechanical pa-
rameters were obtained at each frequency (45): the dynamic modulus G*
(Pa) and the relative phase shift 6 (deg) between the stress and strain waves.
These values were calculated using the following formulas:

Astres.\'
G = 6
Axl‘min7 ( )
— 180
0 = T X (estl‘ain - 6.Ytresx)~ (7)

Osmotic swelling pressure analysis

In applying the testing methodology described by Eisenberg and Grodzin-
sky (36), the macroscale, equilibrium mechanical behavior of cartilage is
described by a modified Hooke’s law of the following form, relating equi-
librium stress (a,,) to strain (&p):

0oy = [Ee(C, z) x & ]+ B(C, 2). (®)

In this constitutive equation, both the Young’s modulus E,, and chemical
stress 3 are assumed to depend on the intra-tissue concentration of the
charged species under consideration (C) and the net charge of that species
(z). Importantly, the tissue chemical stress (3 is defined as follows. When a
tissue sample is at equilibrium with a bath of sufficient ionic strength to
shield all charge interactions between matrix constituents, there is zero tis-
sue swelling due to electrical repulsive forces, and the sample remains at a
baseline reference thickness. Upon decreasing the bath ionic concentration
to a given level, small counterions (i.e., Na™) diffuse from the tissue space
and matrix GAG charge repulsions arise, increasing the thickness of the tis-
sue. At a given ionic concentration, ( is defined as the stress that would
need to be applied to return the tissue to the baseline reference thickness.
@ can alternatively be considered as the free swelling stress generated by
intra-tissue charge repulsions, equal to g, at zero tissue strain (g = 0
in Eq. 8).

Temporal stress data from swelling pressure tests (see real-time measure-
ment of CPC-induced stress reduction) was first separated into two portions:
the five initial stress/relaxation cycles before the addition of CPC, and the
four reverse stress/relaxation cycles after the long static hold following
CPC addition. Each of these data sets were analyzed as a separate stress-
relaxation test as described above (stress-relaxation analysis): individual
relaxation intervals were isolated and fit to the SLS model, and two separate
sets of equilibrium stress-strain values were extracted for each cartilage
explant tested. These data were then fit to Eq. 8 by linear regression, and
both a pre- and post-CPC slope and y-intercept were obtained. Importantly,
infitting Eq. 8 to the data, (8 is represented by the y-intercept, since o.,, = (at
gy = 0. Therefore, the magnitude of the change in chemical stress due to
CPC was calculated as the difference in y-intercept between the two stress/
strain curves obtained; that is,

Aﬂ = )8CPC - ﬁPBS- (9)

Notably, by the calculation method herein, the chemical stress within the
tissue is set to be zero at hypotonic salinity. Thus, CPC-associated deswel-
ling is quantified as the magnitude of the resultant drop in chemical stress
relative to the hypotonic chemical stress, and a higher drop in stress repre-
sents more charge shielding by the CPC.

Cationic peptides & cartilage mechanics

Multi-concentration test analysis

For data obtained from stress-relaxation testing at multiple salt concentra-
tions, individual stress-relaxation intervals were isolated and fit to the SLS
model to extract equilibrium stress values, as described above in stress-
relaxation analysis. Stress values were plotted against corresponding strain
levels (calculated relative to a hypertonic reference thickness), and five
stress-strain data sets were obtained (one for each salinity level). These
data sets were each then fit to a linear regression model, and measurements
for equilibrium Young’s modulus at each salt concentration were obtained
as the slope of the corresponding linear fit. See Fig. S1 for a depiction of the
data analysis technique used for multi-salinity testing data.

Non-ideal Donnan modeling of osmotic swelling
pressure

We aimed to generate estimates for free swelling pressures and electrostatic/
Donnan moduli in cartilage based on CPC uptake and GAG content measure-
ments. A modified Donnan osmotic model was used as previously described
by our group (23), which incorporates the counter charge introduced by intra-
tissue CPC into the electroneutrality condition of the classical Donnan frame-
work and thus accounts for deswelling induced by CPC charge shielding.
Importantly, given the availability of empirical data from the experiments
performed herein (intra-tissue CPC concentrations, GAG content, and
Young’s modulus at multiple salt concentrations), we were able to modify
our previously published ideal Donnan model by using the non-ideal
modeling approach described by Zimmerman et al. (34). This involves intro-
ducing an empirical attenuation parameter & as a scaling factor to the tissue’s
FCD, which is derived from classical counterion condensation theory
(46,47). The equation used to calculate intra-tissue swelling pressures was
the following, derived fully in the supporting material:

Trcp = a®RT |:\/[56FCD + (Z X 6cpc)]2 + 4C5 — 2C() s
(10)

where 7rcp is the swelling pressure (in kPa; the theoretical analog to the
measured parameter 3), @ is the ion concentration-dependent, non-ideal os-
motic coefficient, R is the universal gas constant, 7 is the temperature (293
K), z is the charge of the CPC, C, is the surrounding bath salinity (in M),
Ccpc is the intra-tissue concentration of CPC, and Cr¢p is the FCD of the tis-
sue (in Eq/L). As previously described (23,30), this equation for swelling pres-
sure was extended to calculate a component of the bulk Young’s modulus of
the tissue arising from like-charge repulsions (referred to as the “Donnan
component” or EZ;’”"“"). In brief, this was done by expressing Crcp and
Ccpc as functions of tissue strain € in accordance with a confined testing setup
and calculating E?qo”""" using the relation E?q"""”" = 4 (mpcp). To account for
differences between the experimental setup used here and that described by
Zimmerman et al. (i.e., unconfined versus confined compression setup), we
have also included an extra scaling factor « in the equation to be fit with exper-
imental data in addition to &.

Having defined a model for calculating EZI"”””” based on the measurable pa-
rameters Crcp, Cepe, z, and Cp, we next obtained empirical values for the un-
known variables £ and «. This was done by fitting the above model (EZO””””
calculated from Eq. 10) to modulus measurements obtained at various Cy
with untreated control explants (see stress-relaxation testing with varying
salt concentration). Under a triphasic framework at equilibrium, where fluid
pressurization is zero, the bulk measurable compressive modulus of cartilage
can be expressed as the sum of two components (30):

Meas __ ‘Donnan ‘Non—Donnan
EMeas — phoman 4 N , (11)

where E%"““ is the measured modulus and EZ""‘D"""“” is the component of the
modulus arising from support by the solid macromolecular ECM (referred to as
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the “non-Donnan component”). In fitting the Donnan model to experimental
data, we applied the assumption that for untreated cartilage, EZ;’”’D""”"" isin-
dependent of the surrounding salt concentration in the bath. Another assump-
tion made was that the Donnan component EZ{"”""” is zero at sufficiently high
salt concentrations, such that the FCD of the tissue is completely masked. Un-
der these assumptions, E’L}'{/”"’D“""“” (at all Cyp) is equal to the bulk modulus
E’e‘ff”"' measured at hypertonic salinity (i.e., 1.4 M, see stress-relaxation testing
with varying salt concentration). Therefore, by subtracting this assumed value
for E’;’q""’D onnan from EZ"‘” across all concentrations, we were able to extrapo-
late empirical Eﬁ;"”""” values (by Eq. 11) at different Cy, for control explants.
We then used non-linear regression to obtain fitted values for £ and « with
EZ]"”"”” data, with ECPC and z set to zero. The non-ideal Donnan model fitted
against EZ;’"”“" data across salt concentrations is shown in Fig. S3.

The empirical constitutive model for Eﬁ’;’””“" was then applied in order to
separate moduli measured across salt concentrations (from both untreated
and CPC explants) into Donnan and non-Donnan components. Where avail-
able, explant-specific GAG content, wet weights, and intra-tissue CPC con-
centrations were used to generate modeling predictions for E?q””””" for
individual explants, which were averaged within treatment conditions.
For experiments where GAG content/uptake ratios were not measured,
representative average values from previous studies (12) were used.

Live explant culture

For live tissue studies, cartilage explant culture was instigated immediately
after harvesting from bovine calf joints. The complete growth medium con-
tained low-glucose DMEM, 1% HEPES buffer, 1% ITS, 1% NEAA, 1% as-
corbic acid, and 0.4% proline (percentage of total volume). Prior to
experimentation, explants were cultured for 48 h at 37°C and 5% CO,. Ex-
plants were subsequently treated with medium containing 30 uM CPC for
48 h, followed by medium replacement with fresh, complete DMEM sup-
plemented with CPC every 2 days for a total culture of 8 days post treat-
ment. Following culture, explants were either digested with proteinase-K
overnight for DMMB assay to quantify GAG loss or washed in PBS-PI
for 1 h to prepare for cell viability assays.

Chondrocyte health

Chondrocyte metabolism was measured at the end of the 8-day culture via
alamarBlue assay (BioRad, Hercules, CA). Immediately following culture,
explant medium was replaced with complete DMEM containing the ala-
marBlue reagent. Tissues were subsequently incubated at 37°C for 3 h
with protection from light. Explant medium was removed and fluorescence
was read at 540/590 nm using a microplate reader.

Cell viability was assessed at the end of the 8-day culture by live-dead
staining and imaging (39,43). On day 8 of the culture, thin explant sections
were sliced and stained with 10 mg/mL propidium iodide and 4 mg/mL fluo-
rescein diacetate (FDA) for 6 min. This mixture selectively stains non-viable
cells red (by propidium iodide) and viable cells green (by FDA). Following
staining, cartilage sections were washed with PBS and imaged at 4 x magni-
fication using an Eclipse Ts2R fluorescence microscope (Nikon, Tokyo,
Japan). Separate live/dead images were overlaid using ImageJ software.

CPC uptake into chondrocytes

Primary chondrocytes were isolated from articular cartilage slices from
bovine calf joints and cultured as previously described (48). Healthy chon-
drocyte monolayers were exposed to CPC peptides (+8 to +-20) at a concen-
tration of 5 uM for 1 h. After uptake, cells were washed twice with cold PBS
and fixed for 10 min in 4% paraformaldehyde. Cell nuclei were stained with
4’ 6-diamidino-2-phenylindole for 5 min. Cells were then imaged on a Nikon
Eclipse Ts2R fluorescence microscope with constant exposure time. Images
were processed with Image] software. To quantify uptake, cells were
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analyzed with a Cytoflex flow cytometer (Beckman Coulter, Brea, CA).
CPC-associated fluorescence was measured with the fluorescein isothiocya-
nate channel, and 10,000 cell events were captured per sample.

Statistical analysis

All data presented herein represent mean = standard deviation unless
otherwise stated; where noted, 95% confidence intervals were calculated
with the bootstrap method as previously described (49). In general, all ex-
periments were conducted using N = 3-5 replicate explants in multiple
experimental repeats with explants harvested from at least two different an-
imals. Unless otherwise stated, for data sets with single comparisons only,
statistical significance between means compared with control was deter-
mined using a two-way heteroscedastic Student’s ¢-test, with p < 0.05 be-
ing considered significant. To correct for multiple comparisons, one-way
ANOVA followed by Dunnett’s post hoc test was used where appropriate.

RESULTS

The goal of this study was to investigate the effect of cationic
DDS on the mechanical properties of articular cartilage. We
utilized 3 kDa, =20-amino-acid CPCs with varying net
positive charge to systematically probe the dependence of tis-
sue-carrier interactions on the net charge and uptake of the
carrier. Since the transport and equilibrium uptake properties
of CPCs have been studied extensively (12,38), these mole-
cules serve as an ideal experimental tool for mechanistic
studies of the biophysical interactions underlying changes
in tissue mechanical properties following treatment.

CPC uptake alters equilibrium and time-
dependent mechanical properties of healthy and
GAG-depleted cartilage

We first measured the modulus of cartilage explants
following equilibrium uptake of CPCs with varying levels
of net charge (48 to +20) using stress-relaxation testing
(Fig. 1, A and B). Goodness of fit to the SLS model (Eq.
2) was confirmed by calculating residual standard error,
which, on average, was approximately 576 Pa for healthy
explants and 370 Pa for GAG-depleted explants (less than
5% of the magnitude of stress measurements). In general,
the equilibrium modulus increased following uptake of
CPC in tissue samples with native FCD (Fig. 1 C). Explants
treated with CPC 4-14 exhibited the highest increase in stiff-
ness compared with untreated explants (399 kPa versus
235 kPa for CPC +14 and control, respectively, or a 69% in-
crease). Notably, treatment with CPCs of higher net charge
did not result in a larger stiffness increase: CPC +16 re-
sulted in a modulus of 351 kPa (49% increase compared
with control), and CPC 420 did not increase stiffness
with statistical significance.

Additionally, cartilage explants with =50% FCD
(mimicking mid-stage OA) were prepared via controlled
tryptic digestion and mechanically probed following equilib-
rium CPC uptake. All modulus measurements for GAG-
depleted explants were lower than normal-FCD explants
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FIGURE 1 Stress-relaxation testing on normal-FCD and GAG-depleted
cartilage explants, pre-equilibrated with CPC. (A) Depiction of the uniax-
ial, unconfined stress-relaxation testing process used to measure tissue
characteristic time constant (1) and equilibrium stress (o,,) at varying
strains. (B) The standard linear solid (SLS) model was fit to individual
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(235 kPa versus 71.6 kPa for normal and GAG-depleted con-
trol explants, respectively), as expected for tissues with lower
FCD, with reductions similar to those in previous reports
(50,51). Interestingly, an opposite trend with CPC treatment
was observed in 50% GAG-depleted tissue compared with
healthy cartilage: CPCs resulted in markedly decreased stift-
ness of the tissue (Fig. | D). Variants CPC 414 and CPC 420
resulted in a statistically significant decrease in modulus,
—69%, and —63%, respectively compared with untreated
control. This is in stark contrast to the observed stiffening
in healthy tissues, suggesting that following CPC treatment
multiple nanoscale biophysical phenomena may occur
simultaneously within the tissue that depend on the proper-
ties of the ECM.

To further explore these contradictory observations and
gain mechanistic insight, we plotted modulus measurements
against CPC uptake ratio for each individual sample tested
in both the normal-FCD and GAG-depleted experimental
groups. As shown in Fig. 1, E and F, we observed a clear
correlation between CPC uptake and stiffness in both types
of cartilage (R of 0.51 and 0.34 for normal-FCD and GAG-
depleted, respectively). Notably, opposite trends were again
observed between normal and GAG-depleted tissues: while
higher uptake was correlated with increased tissue stiffness
in healthy tissues, GAG-depleted tissues showed lower stiff-
ness with higher uptake. These results provide further evi-
dence that CPC molecules can interact with the cartilage
ECM by multiple biophysical mechanisms, each of which
depend on the amount of CPC within the tissue.

We next conducted further analysis of stress-relaxation data
by extracting measurements for tissue hydraulic permeability
(see stress-relaxation analysis (26) and Fig. S2 for further dis-
cussion of permeability calculations). Shown in Fig. 1, G=J
are relative permeability estimates and respective correlations
with CPC uptake for normal-FCD (Fig. 1, G and I) and GAG-
depleted (Fig. 1, H and J) explants, normalized to control. For
normal explants, CPC treatment resulted in decreased perme-
ability, with CPC 414 showing the largest magnitude of
decrease (by 43% compared with untreated control).
CPCs +16 and 420 also showed statistically significant de-
creases in permeability, albeit to a lesser extent (by 30% and

stress-relaxation curves (three per test) to calculate equilibrium Young’s
modulus (E,,) and permeability (K) from temporal mechanical data.
(C and D) Equilibrium modulus of normal-FCD and 50% GAG-depleted
explants, respectively, equilibrated with CPC of varying net charge
(+8 to +20; see legend at bottom of figure). GAG-depleted explants
modeling mid-state OA were prepared by trypsin digestion. (E and F) Cor-
relation of equilibrium modulus with CPC uptake ratios for normal and
GAG-depleted explants, respectively. (G and H) Measurements of hydrau-
lic permeability of normal-FCD and GAG-depleted explants, respectively,
relative to control; correlations between permeability and uptake are
shown in () and (J). All data are presented as bars are means, with error
bars representing standard deviations. Data points in correlation plots
represent individual sample measurements. Statistical markers (*) repre-
sent p < 0.05 compared with control. N = 3-5 per condition; N = 2
for CPC +20, 50% GAG-depleted condition.
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36%, respectively). Similar to modulus measurements,
permeability correlated closely with CPC uptake—higher up-
take resulted in lower permeability in healthy tissues (R* =
0.52). For GAG-depleted tissues, CPCs did not result in a sig-
nificant change compared with control. Overall, the analysis
of tissue permeability following CPC treatment provides
further mechanistic insight into the interactions between
CPC molecules and the cartilage ECM. The results suggest
that macromolecular carriers can alter the time-dependent me-
chanical properties of cartilage, to an extent that depends on
the amount of carrier within the tissue. This may arise either
from hindered interstitial fluid flow and/or from increased
friction between ECM macromolecules.

Pre-equilibrated healthy cartilage explants were also sub-
jected to oscillatory compressive loading (Fig. 2 A). Two
mechanical parameters were measured: the complex dy-
namic modulus G* and the shift in phase angle # between
the strain and respondent stress waveforms. Considerably
higher measurements for G* were observed at the 1 Hz
testing frequency, as expected due to increased pressuriza-
tion of interstitial fluid at higher loading rates (45). For
both testing frequencies, complex modulus measurements
showed a trend similar to equilibrium modulus, albeit statis-
tically insignificant: CPC uptake resulted in higher G*, with
a lesser magnitude than changes in equilibrium modulus
(Fig. 2 B). Furthermore, minor (but statistically insignifi-
cant) alterations in the observed phase shift # were measured
in explants treated with CPC of higher net charge compared
with control. These results suggest that despite large alter-
ations to equilibrium mechanical stiffness, CPC-ECM inter-
actions are not severe enough to induce changes to the
tissue’s mechanical response under physiological loading
conditions. The mechanical properties measured herein
are summarized in Table 2.

Charge shielding by intra-cartilage CPC induces
osmotic deswelling within the tissue

Having observed contradictory effects of CPCs on tissue
mechanical properties between healthy and GAG-depleted

cartilage, we next aimed to further investigate the biophys-
ical interactions between CPC molecules and matrix constit-
uents that mediate these changes. We first hypothesized that
the cationic charge introduced by intra-tissue CPCs can
shield like-charge interactions between matrix proteogly-
cans (22,36). Since the compressive strength of cartilage re-
lies heavily on electrostatic repulsion between neighboring
anionic GAGs, we expect charge shielding by CPCs to
considerably reduce the modulus of the tissue (as observed
with GAG-depleted cartilage; Fig. 1 D) as well as the free
osmotic swelling pressure (34).

We directly measured reductions in free swelling pressure
induced by CPCs of varying net charge during and after
real-time uptake. To measure swelling pressures (termed
B), we adapted the testing protocol described by Eisenberg
and Grodzinsky (36), in which stress is measured with a tis-
sue sample under constant strain throughout the course of
tissue equilibration with a surrounding counterionic solution
(in this case CPC). The full testing process and data analysis
technique are shown in Fig. 3, A and B; see the sections
“real-time measurement of CPC-induced stress reduction”
and “osmotic swelling pressure analysis” for an in-depth
description of the process for measurement and quantifica-
tion of swelling pressure reduction.

Fig. 3 C shows A{ measurements for CPCs +8
through +20, taken using a 2 h CPC uptake time frame
(hereby referred to as “transient” uptake, as CPC uptake
has not reached equilibrium at 2 h). We measured consider-
able osmotic deswelling induced by CPC (between 36 and
64 kPa, or approximately 10%-20% of the tissue’s
modulus), which demonstrates the charge-shielding effect
induced by intra-tissue CPC molecules. Notably, the magni-
tude of AB did not increase with CPC of higher net charge:
while CPC +14 resulted in a —64.2 kPa drop, a consider-
ably lower drop was observed in CPC +16 and 420 treat-
ment groups (—43.7 kPa and —36.3 kPa, respectively).
This may be reflective of the lower uptake of CPC +16
and +20 compared with CPC +14: as described by previous
theoretical work (23), CPC charge shielding is expected
to depend on both the net charge of the carrier and its
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FIGURE 2 Dynamic mechanical testing on cartilage explants with normal FCD, pre-equilibrated with CPC. (A) Cartilage explants were subjected to si-
nusoidal strain waveforms ( +0.5% amplitude at 0.01 and 1 Hz) to determine complex modulus (B) and phase shift (C) following treatment with CPCs car-
rying net charge. Data are plotted as means with error bars representing standard deviations. n.s., not significant.
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TABLE 2 Summary of measured CPC-associated mechanical and transport properties in healthy articular cartilage

Control CPC +8 CPC +14 CPC +16 CPC +20

Uptake ratio N/A 55.6 + 6.8 3754 + 264 258.0 = 50.8 184.5 = 14.9
Partitioning factor (k) N/A 7.6 3.4 3.0 1.8
Equilibrium modulus (E,,, kPa) 235 £ 55 250 + 65 399 + 43 351 + 83 287 + 52
Complex dynamic modulus (G, MPa)

0.01 Hz 49 = 0.8 41 =12 6.2 = 0.1 53+ 1.1 48 = 1.0

1 Hz 72 £ 14 6.2 = 1.5 9.0 = 0.8 79 = 14 70 £ 1.2
Swelling pressure reduction (AG, kPa) N/A —53.1 £ 233 —642 £ 99 —43.7 = 12.6 —-36.3 £ 7.7

Data are presented as mean = standard deviation. CPC, cationic peptide carrier.

intra-tissue concentration. Here, lower transient uptake of
CPCs +16 and 420 may have outweighed the higher net
charge, resulting in a lower amount of total moles-charge
being introduced into the tissue. These results therefore pro-
vide evidence that the magnitude of A depends directly on
CPC uptake in addition to net charge.

In addition to quantifying net AG, we also considered the
temporal course of stress reduction induced during real-time

CPC uptake (i.e., from time b — ¢). Fig. 3 D shows repre-
sentative curves of stress reduction over time (under con-
stant strain) in explants treated with each CPC variant. For
comparison across samples, stress values were calculated
relative to the stress measured at the time of CPC addition,
which was defined as ¢ = 0. Interestingly, deswelling did not
occur at a constant rate over the 2-h uptake period. Rather,
the temporal course of deswelling was largely reflective of
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FIGURE 3 Real-time measurement of reduction in swelling stress during transient CPC uptake. (A) The testing process adapted from Eisenberg and Grod-
zinsky (36) was used to measure osmotic deswelling induced by CPC uptake. Following five stress-relaxation cycles in hypotonic saline (time a — b), CPC
was added to the testing bath, and constant strain was held for 2 h (time » — c). After this period, stress relaxation was repeated (time ¢ — d). (B) The SLS
model shown in Fig. | was fit to each stress-relaxation interval (before and after CPC treatment), and equilibrium stress was plotted against the corresponding
strain level. Stress-strain data before and after CPC were fit to separate linear regression models (dashed lines). The net change in free swelling pressure (A)
from CPC treatment was calculated as the difference in y-intercepts for the two stress-strain linear fits (i.e., difference in stress at g = 0; see Legend). (C) AS
was quantified for explants treated with CPCs of each net charge level (48 to 4-20). Data are plotted as means with error bars representing standard devi-
ations. Statistical markers (*) represent p < 0.05, calculated by two-sided, paired 7-test between swelling pressure before and after addition of CPC (N = 3-5
per condition). n.s., not significant. (D) Curves from representative samples depicting transient intra-tissue stress levels under constant 12% strain over 2 h of
CPC uptake (beginning at ¢ = 0). Stress reductions were calculated relative to the equilibrium stress at the point of CPC introduction for corresponding sam-
ples (at time b, following the fifth pre-CPC stress-relaxation interval).
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the transport profile of cationic drug carriers in cartilage. We
observed a sharp drop in stress in the first = 100 s after CPC
was added to the bath, which is consistent with the phenom-
enon of Donnan partitioning (due to electrostatic interac-
tions) inducing rapid entry of CPC at the tissue-bath
interface at early times. After this period of rapid deswel-
ling, the intra-tissue stress appeared to level until = 1000
s. Previous studies with CPCs describe a similar temporal
pattern of peptide transport through cartilage tissue whereby
CPC uptake exhibits a lag period during which intra-tissue
binding sites are occupied (9,12). Interestingly, previously
measured lag times for intra-tissue transport are on the order
of 1000 s, which is consistent with the pseudo-equilibration
of CPC-induced stress reduction observed here (evident in
Fig. 3 D). Finally, after = 1000 s for all CPC charge vari-
ants, intra-tissue stress was reduced at a higher rate, which
is also consistent with previous observations describing a
steady-state flux of CPC into the tissue following occupa-
tion of all intra-tissue binding sites. Overall, given the con-
sistency of the temporal pattern of stress reduction with
previous transport studies, these results provide further evi-
dence that deswelling is closely related to the amount of
CPC in the tissue.

Carrier-induced tissue stiffening is mediated by
electrostatic interactions between CPCs and the
cartilage ECM

We next explored the mechanisms by which CPC-induced
tissue stiffening occurs, as observed in tissues with healthy
FCD (Fig. 1 C). To do so, we deconvoluted bulk modulus
measurements into Donnan and non-Donnan components,
under the assumption of a triphasic framework (see non-
ideal Donnan modeling of osmotic swelling pressure). Since
each component represents key macromolecular interac-
tions within the tissue (i.e., charge shielding and macromo-
lecular conformational entropy of the solid matrix for
E?q"””“” and EZ;”"D"””””, respectively), we reasoned that de-
tecting relative changes in separate modulus components
induced by CPCs may provide mechanistic insight into the
biophysical interactions underlying our earlier observations
while measuring bulk moduli. Because Ef;’””“” cannot be
measured directly, we employed a theoretical non-ideal
Donnan osmotic model to generate estimates, which could
then be used to extrapolate E)?"~P7""" (see Eq. 11). Impor-
tantly, this model incorporates experimentally measurable
parameters, including the intra-tissue CPC concentration
Cepe, the FCD of the tissue (Crep), and the salt concentra-
tion in the surrounding bath (Cy). This model was developed
based on classical Donnan osmotic theory (30,52) and incor-
porates the counter charge introduced by CPCs in order to
predict CPC-induced deswelling (23). Furthermore, to
improve the accuracy of modeling predictions, we modified
the ideal model previously described by our group to incor-
porate an empirical attenuation parameter &, which accounts
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for non-ideality(34). The model used herein is described
further in non-ideal Donnan modeling of osmotic swelling
pressure and Figs. S3 and S4, and is summarized in Fig. 4 A.

We began by implementing this model to estimate the
electrostatic/Donnan moduli of the CPC-equilibrated ex-
plants previously analyzed by stress-relaxation testing
(from Fig. 1). Using average uptake ratio measurements
for each CPC variant, we calculated Efq"”’“’” for each CPC
treatment condition, with both normal-FCD and 50%
GAG-depleted tissues (shown in Fig. 4, B and C, respec-
tively, in comparison with measured moduli). Overall, the
Donnan modulus of both normal and GAG-depleted carti-
lage tissues was lower with CPC treatment compared with
untreated control. The Donnan model estimates suggest
that CPCs of higher net charge and uptake induce a larger
reduction in E?;””"”, which is consistent with our empirical
observations of free swelling changes with CPC treatment
(Fig. 3). Supported by our experimental deswelling mea-
surements, these modeling results further suggest that
CPCs can induce significant charge shielding, which mani-
fests in decreased compressive stiffness of the tissue. Impor-
tantly, this modeling approach quantitatively demonstrates
that non-negligible charge shielding likely occurred even
in normal-FCD tissues, for which experimental measure-
ments showed a contradictory net increase in bulk stiffness.
This therefore provides further evidence that multiple CPC-
matrix interactions simultaneously occurred at the nano
scale, which had competing outcomes on measurable me-
chanical properties. For normal-FCD tissues, the electro-
static charge-shielding effects were evidently dominated
by other, non-Donnan interactions, which result in a net in-
crease in the tissue’s stiffness.

The insights provided by deconvoluting bulk modulus
measurements into Donnan and non-Donnan components
prompted us to further investigate the mechanisms by which
CPCs increase the stiffness of cartilage. We hypothesized
that CPCs may participate in electrostatic binding with the
GAG chains of matrix proteoglycans. Since CPCs are multi-
valent with charge distributed across the peptide length
(estimated to be 3.5 nm as an «-helix, which is of the
same length scale as the inter-GAG distance of cartilage
(30)), binding mediated by electrostatic interactions could,
in effect, physically link the ECM and increase stiffness.
Notably, although this phenomenon involves charge interac-
tions, this binding would be considered a non-Donnan effect
because it influences the modulus of the solid phase of the
tissue (i.e., its macromolecular ECM constituents).

To test whether the increase in stiffness associated with
CPC uptake depends on electrostatic interactions, we
measured the modulus of explants pre-equilibrated with
CPC +14 with testing performed at multiple different salt
concentrations (ranging from hypotonic to hypertonic).
This experimental setup can be interpreted as a competitive
binding experiment, since at hypertonic salinity the pres-
ence of overwhelming amounts of small cations (Na™)
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with measured moduli (E%e‘“) for corresponding CPC conditions at physiological salinity (from Fig. 1). (D) The equilibrium moduli of explants pre-equil-
ibrated with CPC +14 were measured at varying levels of bath salinity to investigate the dependence of E,,, on charge interactions. Using the model and Eq. 3
shown in (A), equilibrium modulus measurements were deconvoluted into Donnan (E) and non-Donnan (F) components for each measured salinity level.
Donnan moduli were calculated and averaged for individual explants using corresponding GAG and CPC uptake measurements and varying C in Eq. 1
(shown in (A)); non-Donnan moduli were extrapolated from corresponding Eﬁff‘” and Ef,’"""“” values for each explant using Eq. 3 (shown in (A)). Data
are plotted as means with error bars representing 95% bootstrap confidence intervals. Statistical markers (*) represent p < 0.05, calculated by two-sided
t-test, compared with control at corresponding [NaCl] levels. N = 8 per condition.

out-compete CPCs for electrostatic binding sites on the
negatively charged matrix. Therefore, if CPC-induced stiff-
ening is mediated by electrostatic interactions, we would
expect the magnitude of the stiffness increase to depend
closely on the surrounding salt concentration. Indeed, as
shown in Fig. 4 D, the magnitude of the difference in
modulus between control and CPC +14 explants increased
with lower salt: the modulus of CPC +14 explants was

55.8% higher than the control at hypotonic salinity, whereas
there was no statistically significant difference at salt con-
centrations higher than 0.6 M.

To further probe the effect of electrostatic binding, we
utilized the non-ideal Donnan model to deconvolute
bulk modulus measurements from this experiment into
Donnan and non-Donnan components (shown in Fig. 4,
E and F, respectively). Across all NaCl concentrations,
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the estimates of Efq”””“" generated by the model were
lower for CPC +14-treated tissues compared with control,
as expected due to charge shielding. Importantly, the
extrapolated values for the non-Donnan modulus compo-
nent clearly illustrate the dependence of CPC stiffening
on electrostatic interactions: whereas E’;’;”’D”””“" for con-
trol explants was constant across varying [NaCl] (a funda-
mental assumption of this analysis), EIFV;”’D"”"“" for
CPC +14 explants exhibited a clear dependence on bath
salinity (Fig. 4 F). An important feature of this relation-
ship is that E}"P°""" for both untreated and CPC +14
explants were the same at salt concentrations greater
than 0.6 M, demonstrating that charge interactions were
necessary for the stiffening effect of CPCs to occur. Over-
all, these results provide strong evidence that the observed
increase in stiffness of cartilage following CPC treatment
was primarily mediated by electrostatic interactions be-
tween CPC molecules and the anionic tissue ECM.

ECM and chondrocyte health remained
unaffected by CPC uptake

In addition to investigating mechanical changes associated
with CPC uptake, this study aimed to evaluate whether
such changes adversely affect tissue matrix and chondrocyte
health. To do so, we utilized in vitro culture models of both
live articular cartilage explants and free chondrocytes to
measure the biological response to CPC exposure.

Cartilage explants were cultured with high concentrations
of CPCs for 8 days to investigate the response of chondro-
cytes to CPC in situ. As shown in Fig. 5 A, treatment with
CPCs +8 to +16 did not lead to increased cumulative
GAG loss from the tissue compared with untreated control
throughout the duration of culture. Interestingly, CPC +-20
treatment resulted in a modest decrease in GAG loss at early
time points. In contrast to CPCs of lower net charge, stron-
ger electrostatic interactions with the matrix FCD hinder
CPC +20 transport beyond the superficial =20% of tissue
thickness (12). The uniquely observed lower GAG content
measured in the surrounding media for CPC 4-20-treated tis-
sues may therefore be attributable to steric hindrance from
high concentrations of CPC in the superficial zone, which
could block the flow of large proteoglycans/GAG chains
out of the tissue.

Relative chondrocyte metabolic rate was measured using
the alamarBlue assay at day 8 of culture, which revealed no
change in cell metabolism induced by CPC treatment
compared with control (Fig. 5 B). Furthermore, select ex-
plants were sectioned and stained for imaging of chondro-
cyte viability (Fig. 5 C). Some cell death was observed
near the superficial zone of explants across conditions,
although this may be attributable to cell death from slicing
and explant punching (53). Nevertheless, chondrocytes re-
mained largely viable across all CPC treatments, as indi-
cated by the large visible proportion of green cells.
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Altogether, these results indicate that CPCs of all charges
exhibited minimal adverse biological effects in cartilage
explants.

Finally, to allow for direct quantification of CPC uptake
within chondrocytes, we exposed primary bovine chondro-
cyte monolayers to 5 uM of each CPC variant (conjugated
to FAM) for 1 h and analyzed the cells by flow cytometry.
Gates defining healthy chondrocytes were set based on the
forward scatter and side scatter of untreated chondrocytes,
which were applied to chondrocytes from all CPC treatment
groups (Fig. 5 D). Notably, nearly all cells analyzed fell
within the preset healthy cell gate across treatment with
each CPC variant (Fig. 5 E) despite high intracellular uptake
of CPCs +14 to +20 (demonstrated quantitatively in Fig. 5
F and supported by imaging in Fig. 5 G), indicating few
adverse effects to cell morphology. Altogether, this provides
evidence that CPCs are non-cytotoxic to chondrocytes at the
concentrations tested despite high cellular penetration.

DISCUSSION

Positively charged DDS are rapidly emerging as a promising
modality that can enable therapeutically effective concen-
trations of disease-modifying drugs inside connective tis-
sues with anionic charge, such as articular cartilage in the
case of OA (3,4,7,8). In this study, we have evaluated the ef-
fects of arginine-rich CPCs on the mechanical properties
and biological health of bovine articular cartilage. In doing
so, we aimed to 1) measure the changes in the tissue’s
compressive stiffness associated with uptake of CPCs pos-
sessing various net charges (48 to +20) and 2) elucidate
the biophysical interactions between CPC molecules and
macromolecular ECM constituents that mediate such
changes. A mechanistic understanding of carrier-tissue in-
teractions is of great importance for the design of future
cationic DDS, since the extent of these potentially adverse
effects may depend directly on tunable properties of the
DDS, such as size and net charge (23).

We present three key findings that describe the impact of
CPCs on cartilage biomechanics. First, we found that CPCs
had contradictory effects on tissue explants with different
FCD: while CPCs increased the compressive modulus of
native cartilage with normal FCD, stiffness was decreased
by CPCs in enzymatically GAG-depleted explants
(Fig. 1). We observed that in both cases the magnitude of
stiffening/softening correlated with the uptake of different
CPC charge variants. This suggests that multiple distinct
CPC-mediated biophysical phenomena occurred simulta-
neously within the tissue with opposite effects, and that
the nature of the dominating interaction depended on the tis-
sue’s FCD. Considering these surprising contradictory ob-
servations, we next aimed to elucidate the mechanisms by
which CPCs simultaneously stiffen and soften cartilage.

The second main finding of this study was that the tran-
sient uptake of CPCs directly induced osmotic deswelling
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FIGURE 5 Evaluation of matrix proteoglycan integrity and chondrocyte health following CPC treatment using in vitro live tissue explant and chondrocyte
culture models. (A) Cumulative GAG loss from explants to the surrounding medium over 8 days of culture, measured by DMMB assay. (B) Metabolism of
chondrocytes in situ after 8 days of explant culture with 30 uM CPC treatment every 2 days, measured by AlamarBlue assay. Statistical marker (*) in (A)
represents p < 0.05 compared with control, N = 3 explants per condition. (C) Live-dead staining of chondrocytes in tissues treated with CPCs, taken on day 8
of culture. Viable cells are stained green and non-viable cells are stained red. Scale bar represents 200 um. (D) Chondrocytes were cultured with 5 uM CPC
for 1 h and subsequently analyzed by flow cytometry. Representative gating of control and CPC +14-treated chondrocytes. FSC-A, forward scatter area;
SSC-A, side scatter area. (E) Proportion of chondrocytes that fell within the predesignated healthy cell gate following exposure to CPCs of varying net
charge. (F) Relative uptake of FAM-labeled CPCs into chondrocytes, measured by flow cytometry. Statistical marker (*) represents p < 0.05 compared
with CPC +14 (10,000 events for each sample). n.s., not significant. (G) Representative images showing uptake and retention of FAM-labeled CPCs within
chondrocytes following fixing and washing with PBS. Scale bar represents 50 um. All data are plotted as means with error bars representing standard de-
viations.

in cartilage by shielding like-charge repulsions between but subsequently reached a  pseudo-equilibrium
anionic matrix GAGs (36). We measured reductions in until = 1000 s, which is consistent with the observation
free swelling pressure between 36.3 and 64.2 kPa resulting that cationic nanocarriers exhibit an initial lag period in up-
from CPC uptake, and these magnitudes are consistent with  take on the order of 1000 s as intra-tissue binding sites are

our previously reported predictions of CPC-induced deswel- occupied. Therefore, the results presented here provide
ling obtained by a Donnan osmotic model (23) (Fig. S5). direct evidence in support of the hypothesis proposed by
Additionally, the temporal profile of deswelling was consis- our group (23) and others (22) that cationic drug carriers
tent with previously described intra-cartilage transport prop- can shield repulsive electrostatic forces within cartilage.

erties of CPCs (9,12), suggesting a correlation between A technical limitation of our deswelling experiments was

uptake and deswelling. Most notably, the reduction in tissue that measurements were conducted with hypotonic (0.01 M)
stress upon the addition of CPC was initially rapid (<100 s) PBS, which was chosen so that the overall magnitudes of
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swelling pressures were large enough to be measured above
the noise floor of the mechanical testing machine. Further-
more, it should be noted that the CPC uptake period was
only 2 h, which is shorter than the time required for equili-
bration of intra-tissue transport (38). While the testing setup
used was adequate to test the hypothesis that CPCs induce
osmotic deswelling in a proof-of-concept sense, the noted
limitations force violation of fundamental assumptions of
the modeling approach used here, such as spatial homogene-
ity of CPC uptake, since these 3 kDa CPCs only penetrate
the superficial edge of cartilage in a 2-h time span (12).
Thus, the ability to relate our direct measurements of desw-
elling to other equilibrium mechanical properties of CPC-
treated cartilage is limited. Nevertheless, these results
have strong implications for the design of future cationic
DDS intended for delivery to a variety of electrically
charged tissues (5): since cationic carriers can alter the
swelling properties of the target tissue, constraints on toler-
able levels of tissue deswelling must be imposed, which in
turn necessitates careful consideration of the net charge
and dosing of these therapeutics. Notably, we present here
the first use (to our knowledge) of the experimental method-
ology and theoretical model described by Eisenberg and
Grodzinsky for measuring osmotic swelling pressures,
applied in the context of DDS. We envision that these
methods will be refined by further studies and become a
crucial component of the development and evaluation pro-
cesses for cationic DDS.

We next investigated the biophysical interactions by
which CPC-induced stiffening occurs. The third key finding
presented here is that the magnitude of CPC-induced stiff-
ening (AE,,) in healthy cartilage explants was dependent
on the salinity of the fluid immersing the tissue during
testing. While AE,, was amplified at hypotonic compared
with physiological salinity, there was no statistically signif-
icant change in modulus when measured with a hypertonic
bathing solution (Fig. 4). This observation provides impor-
tant insight into the mechanism of CPC-induced stiffening,
demonstrating that electrostatic interactions between CPCs
and constituents of the solid ECM are necessary for stiff-
ening to occur. This effect is further illustrated by using
the Donnan model of CPC-induced charge shielding to de-
convolute bulk modulus measurements into Donnan and
non-Donnan components: while EX"~Poman for control ex-
plants was constant across different bath salinities (as ex-
pected), EQZ’"‘D”"”“” for CPC-treated tissues showed clear
amplification at hypotonic salinity. Using the Donnan model
to separate measurements of the bulk modulus into triphasic
components represents a novel analysis technique, which
may be highly valuable as a screening tool in future drug
carrier design. There are multiple limitations with using
both ideal (23,30) and non-ideal Donnan models (34),
including the assumption of homogeneous distribution of
CPC within the tissue. Notably, we tested multiple varia-
tions (an ideal model and two variations of the non-ideal
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model; see supporting material), each of which yielded
similar results in modeling E)¢"~??""** and demonstrated
the dependence of EN"~P"" on bath salinity for CPC
explants (Fig. S4). Future work should focus on improving
this modeling approach to incorporate the variable spatial
distribution of carriers in different cartilage zones, as well
as accounting for the physical orientation of a cationic
DDS in the brush network of proteoglycans, which would
enable application of nanoscale models such as the Pois-
son-Boltzmann cell (30,54). This proof-of-concept analysis
supplements direct measurements and provides further
strong evidence for the central role of electrostatic interac-
tions underlying the observed carrier-induced stiffening
effect.

The results presented here allow us to propose a novel
model that describes the carrier-ECM interactions respon-
sible for measurable changes in bulk, equilibrium me-
chanical properties of a target tissue. As depicted in
Fig. 6, the intention of this theory is to relate tunable
properties of cationic DDS, such as net charge, size, or
spatial charge distribution, to specific biophysical interac-
tions that result in downstream alterations to the tissue’s
mechanical homeostasis. As such, we envision that this
model can help guide the design of cationic DDS by intro-
ducing new considerations for their physical properties.
As a demonstration of its use, our methodology of decon-
voluting measurements of the bulk tissue modulus into
Donnan and non-Donnan components represents a quanti-
tative application of this model. This is because experi-
mentally monitoring relative changes in the modulus
components can elucidate the relative contributions of
the physical interactions depicted in Fig. 6 on net changes
to bulk material properties.

In light of triphasic theory (27,55), we denote two broad
classes of phenomena that may occur simultaneously within
the tissue and possibly induce competing effects. These phe-
nomena are defined by the triphasic component of the tissue
that is affected by the carrier, represented quantitatively by
either the Donnan or non-Donnan component of the
compressive modulus. First, as demonstrated empirically
herein, shielding of like-charge repulsions between neigh-
boring GAG chains by high interstitial concentrations of
cationic DDS will induce osmotic deswelling and decrease
the bulk stiffness of the tissue (via diminished EZ;’"’D”””“”).
This is an especially crucial consideration for delivery to
already degenerated tissue that has a reduced FCD (56),
such as arthritic cartilage (as demonstrated in Fig. | and pre-
dicted previously by Warren and Bajpayee (23)). From a
design standpoint, higher amounts of counter charge within
the target tissue will enhance the charge-shielding effect; as
such, limitations may need to be imposed on a carrier’s net
charge or dosing.

Next, in addition to charge shielding, the current study has
elucidated a previously unknown stiffening effect induced by
cationic DDS, which increases EZIO”’D onnan We envision that
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FIGURE 6 Proposed model for biophysical interactions between cationic drug-delivery systems (DDS) and negatively charged constituents of a tissue’s
extracellular matrix (ECM), which can alter the macroscale mechanical properties of the tissue. The data presented herein suggest multiple effects of CPCs on
the mechanical properties of cartilage. First, the high amount of positive counter charge introduced into the tissue space by these carriers results in shielding
of like-charge repulsions between neighboring proteoglycan GAG chains. This manifests in reduced osmotic swelling pressure within the tissue as well as a
lower bulk compressive modulus. Second, the macromolecular size and spatial distribution of multivalent charge possessed by many cationic carriers facil-
itates physical interactions with the solid ECM, which increase the bulk compressive stiffness of the tissue. For example, electrostatic binding between the
carrier and multiple proteoglycans may induce a physical linking effect, and high amounts of mass within the tissue from macromolecular carriers can result
in blocked nanopores and hindered interstitial fluid flow. Thus, from a design perspective, the mechanical “side effects” of cationic carriers that depend on
tunable properties (i.e., charge, size, spatial charge distribution) may be dichotomized into two broad categories based on the tissue phase affected: Donnan,
influencing the like-charge repulsions that give rise to tissue swelling; and non-Donnan, altering the mechanical properties of the solid components of the

ECM (which may or may not involve electrostatic binding).

stiffening may occur by multiple mechanisms depending on
the carrier. For instance, this may involve attractive binding
interactions with ECM macromolecules (12,57), in which
case the spatial separation of charged moieties is a crucial
design parameter that can directly influence the degree of
matrix physical linkages. Additionally, another potential
non-Donnan effect is that conformational entropy of the solid
matrix upon compression may be impeded by high amounts
of exogenous mass introduced into the tissue interstitium.
Under non-equilibrium loading, this would manifest in hin-
dered interstitial fluid flow and increased pressurization due
to blocked nanopores (29), which is consistent with our
observation of decreased permeability by CPCs (Fig. 1). In
this case, the carrier’s size would directly correlate with
enhanced stiffening. In general, by this proposed theory,
the Donnan and non-Donnan phenomena would have
competing effects on the bulk stiffness of the tissue, and
the relative contributions of each would largely depend on
the carrier itself and the FCD of the target tissue, warranting
individual experimental characterization of different DDS.
Notably, the results presented here do not repudiate the pos-
sibility for synergy between these phenomena. Theoretically,
deswelling of the tissue may bring macromolecular matrix fi-
bers closer together and reduce the tissue’s pore size, which
could enhance solid matrix interactions; this effect should be
studied further. This model can be a valuable tool in the

design of cationic DDS intended for applications in a wide
range of connective tissue diseases.

While these results provide strong evidence that stiff-
ening was mediated by electrostatic interactions between
CPCs and macromolecules of the solid ECM, the nature
of this interaction is unclear, including which ECM compo-
nents interacted with CPCs (i.e., collagen or GAGs) and
how such interactions conferred macroscale stiffening. We
propose that CPCs can participate in physical linkages
with the solid cartilage matrix and that enhanced intercon-
nectivity of the ECM is responsible for the concomitant in-
crease in stiffness. Matrix crosslinking is a well-defined
phenomenon that is known to augment the mechanical prop-
erties of tissues (58) and gel systems (59,60). For instance,
many studies have described the clinical application of co-
valent crosslinking of collagen fibers to stabilize a variety
of connective tissue allografts, including cartilage
(43,61,62), tendons (63,64), meniscus (65), the interverte-
bral disk (66,67), and the eye (68). In fact, previous studies
that induced collagen crosslinking via glutaraldehyde in
cartilage (62) and triglycidyl amine in meniscus (65) re-
ported magnitudes of stiffening roughly similar to the obser-
vations reported here with CPCs (twofold and 32%
increases in modulus, respectively). Given the size of CPC
molecules in relation to the average pore size of cartilage
(=3.5 nm versus 6 nm pores (9,69)), we envision that
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CPC-matrix linkages may take three forms (which could in
theory occur simultaneously): intra-fiber linking of collagen
molecules (58,61), linking of neighboring GAG chains (59),
and linkages between GAG chains and constituents of a
neighboring collagen fiber. Each of these phenomena would
be mediated by non-covalent binding forces (H-bonding,
hydrophobic) and, primarily, electrostatic attractions.

CPCs may have induced matrix stiffening via intra-fiber
collagen linking in a mechanism similar to previously stud-
ied exogenous crosslinking agents, such as genipin and
glutaraldehyde (70). Although this may have contributed
to the increase in modulus observed here, multiple lines
of evidence strongly suggest that GAG chains are involved
in the dominant CPC-matrix interaction responsible for
macroscale stiffening. First, the net effect of CPCs in
GAG-depleted explants was softening by charge shielding,
indicating that the ECM stiffening effect was severely
diminished in these tissues compared with explants with
healthy FCD. Since GAG-depleted explants have roughly
the same collagen content as healthy tissues, it is unlikely
that the dominant physical linking mechanism by CPCs
involved only collagen fibers. Furthermore, given the poly-
electrolyte nature of both CPCs and GAG chains, it is intu-
itive that electrostatic attractions between the two species
would confer stability to the matrix (59). In fact, in an anal-
ogous mechanism, such inter-polyelectrolyte attractive
forces have been leveraged extensively as a crosslinking
strategy for stabilization of chitosan-chondroitin sulfate
gel systems (71-73). Further studies of the nature of bind-
ing between CPCs and individual constituents of the carti-
lage ECM, including measurements and comparison of
binding affinities, are required for full characterization of
the carrier-induced stiffening effect reported here. We
note that such mechanistic studies of binding interactions
with the ECM of a target tissue should be applied to the
development of any future cationic DDS. Especially
because we observed stiffening with a DDS as small as
CPCs, larger constructs such as nanoparticles (19,74) (on
the order of the cartilage pore size or larger) may exhibit
markedly higher stiffening effects. This stiffening may be
severe enough to require amelioration by supplementing
the DDS with secondary treatments that block carrier-ma-
trix binding, and thorough knowledge of the specific inter-
actions between the carrier and matrix constituents would
be crucial for the design of such therapeutics.

A secondary aim of this study was to empirically evaluate
CPCs as a clinically translatable delivery system for OA
therapeutics. To this end, we characterized the biocompati-
bility and cytotoxicity (24,75) of high CPC concentrations
using in vitro chondrocyte and cartilage explant culture
models (39,43). The results of biological studies (shown
in Fig. 5) indicate that CPC treatment did not adversely
affect chondrocyte viability or metabolic rate, nor did
CPCs exacerbate matrix degeneration as measured by
GAG loss. Such an in vitro screen is an important evaluative
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step before progression to in vivo studies, and the results
promote the safety of CPCs as a biocompatible delivery sys-
tem. Additionally, an important corollary to our finding that
CPCs themselves did not adversely affect chondrocyte
health is that the mechanical changes in the ECM associated
with CPCs, demonstrated here, were also tolerated by chon-
drocytes. The biological results allow us to propose biocom-
patible limits to levels of carrier-induced deswelling (76),
since the measured levels of deswelling (=10-100 kPa)
and ECM stiffening (=50%) evidently did not stress chon-
drocytes to the point of affecting viability or metabolism.
Further studies investigating the dose-dependent mechani-
cal and biological response of cartilage to CPC (and other
cationic DDS) treatment are warranted. Imposition of upper
limits to biologically tolerable levels of swelling and stiff-
ness changes are a crucial consideration in the design of
future cationic delivery systems for tissues that rely on
swelling for functionality (5,77). Moreover, considering
their biocompatibility, the mechanical effects of deswelling
and ECM stiffening described here may impart CPCs with
intrinsic therapeutic potential, which can be leveraged in
multiple contexts. For example, the charge-shielding capac-
ity of CPCs or another highly cationic DDS may be useful
for treating pathologies involving tissue swelling pressures,
such as reducing intra-ocular pressure in glaucoma patients
(78). Additionally, CPCs could be repurposed as a transient,
non-covalent stabilizing agent for connective tissue allo-
grafts, similar to genipin (58) and glutaraldehyde (62).
Finally, the observation that CPC 420 reduced GAG loss
in vitro at early time points (Fig. 5 A) suggests that CPC-
proteoglycan binding interactions may mediate increased
integrity of proteoglycan assemblies (and intermediate ag-
grecan structures (79)) beyond aggrecan-hyaluronan associ-
ation (80); therefore, CPCs could be used to improve intra-
tissue proteoglycan retention. Leveraging the mechanical
effects of cationic DDS while simultaneously maintaining
tissue biocompatibility should be the subject of further
studies.

There are multiple limitations to the mechanical testing
and modeling methods used here that are worth noting. First,
representing cartilage as a solid, linear viscoelastic material
is inadequate to fully describe the poroelastic characteristics
of the tissue (44,45). An important consequence of the use
of the SLS model is that the hydraulic permeability values
presented are only estimates; applying a poroelastic model
to the stress-relaxation data obtained here would yield
more accurate measurements. However, the purpose of
this study was not to characterize the structural material
properties of CPC-equilibrated cartilage with the highest
possible degree of accuracy. Rather, we primarily aimed
to assess the relative changes in bulk material properties
(i.e., modulus) induced by different CPC charge variants,
from which mechanistic insights into carrier-ECM biophys-
ical interactions could be derived. Therefore, we believe that
the stress-relaxation tests and associated viscoelastic
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modeling performed here were an adequate screening
method to elucidate bulk mechanical changes induced by
CPCs and compare the effects of charge variants. Neverthe-
less, deeper analysis of the mechanical data obtained herein
using a poroelastic model (44,45) is warranted, which could
provide improved accuracy for the measured mechanical pa-
rameters as well as finer granularity to the comparisons
between CPCs. Additionally, it is important to note that
time-dependent mechanics in cartilage can arise from both
fluid flow and flow-independent intrinsic viscoelasticity
from friction between ECM macromolecules. In the context
of the current study, it is difficult to delineate the dominating
contributor, given that the magnitudes of measured time
constants (50-100 s, Fig. S2) were higher than previously
reported solid matrix relaxation times (=1 s (81)). There-
fore, our results suggest that CPCs may alter time-depen-
dent mechanics through either 1) hindering interstitial
fluid flow or 2) increasing intermolecular friction of ECM
components.

Many of the analyses presented here assumed that the
spatial distribution of CPCs throughout the tissue was ho-
mogeneous. Multiple studies have shown that cationic nano-
carriers exhibit variable rates of penetration through the
superficial and deep zones of cartilage (9,12) and other
charged tissues (82). Given the variation in the FCD (and
by extension, mechanical properties) of cartilage with depth
(29), CPCs and other charged constructs may exhibit mark-
edly enhanced deswelling and/or stiffening effects in
different zones of the tissue. This is likely especially true
for trypsin-treated cartilage: local diffusivities of solute
transport have been shown to closely correlate with spatially
variable FCD induced by enzymatic matrix degradation
(83), which would further confound the spatial heterogene-
ity of concentration-dependent mechanical effects of CPCs
measured here. From a clinical perspective, accumulation of
CPCs in the superficial zone at sites of arthritic lesions may
lead to locally enhanced adverse mechanical side effects,
which could further exacerbate tissue degradation origi-
nating at these points through disproportionate compaction.
These phenomena highlight the necessity for further studies
of the relative effects of cationic carriers and their associated
mechanical effects in the different zones of cartilage tissue.

CONCLUSIONS

In summary, we have provided direct evidence that macro-
molecular, cationic drug nanocarriers can alter the mechani-
cal homeostasis of cartilage tissue by multiple mechanisms.
Using CPCs as a tunable experimental system, our results
demonstrate stark changes in tissue stiffness and hydraulic
permeability resulting from treatment. The effects of CPCs
were contradictory depending on the tissue’s FCD, with
CPCs inducing stiffening in healthy cartilage explants and
decreasing the modulus of 50% GAG-depleted tissues. This
may be explained by the simultaneous occurrence of multiple

Cationic peptides & cartilage mechanics

competing mechanical effects induced by CPCs as demon-
strated here, including charge shielding/osmotic deswelling
and electrostatic binding with the ECM. We propose a model
that relates the biophysical interactions between a cationic
drug carrier and the target tissue’s ECM to the carrier’s phys-
ical, tunable properties, and we envision that this theory can
be a useful tool to guide the design of future cationic DDS.
Future studies should focus on further characterization of
the specific binding interactions that mediate ECM stiff-
ening, improvement of the deswelling measurement tech-
nique described here, more accurate modeling of charge
shielding for improved deconvolution of modulus measure-
ments into Donnan and non-Donnan components, and
consideration of the local effects of variable interstitial con-
centrations of CPCs in different zones of cartilage tissue.
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