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ABSTRACT

Synovial fluid (SF) is the natural lubricant found in articulated joints, providing unique cartilage
surface protecting films under confinement and relative motion. While it is known that the
synergistic interactions of the macromolecular constituents provide its unique load-bearing and
tribological performance, it is not fully understood how two of the main constituents,
glycosaminoglycans (GAGs) and glycoproteins, regulate the formation and mechanics of robust
load-bearing films. Here, we present evidence that the load-bearing capabilities, rather than the
tribological performance, of the formed SF films depend strongly on its components' integrity. For
this purpose, we used a combination of enzymatic treatments, quartz crystal microbalance with
dissipation (QCM-D) and the surface forces apparatus (SFA) to characterize the formation and
load-bearing capabilities of SF films on model oxide (i.e., silicates) surfaces. We find that, upon
cleavage of proteins, the elasticity of the films is reduced and that cleaving GAGs results in
irreversible (plastic) molecular re-arrangements of the film constituents when subjected to
confinement. Understanding thin film mechanics of SF can provide insight into the progression of
diseases, such as arthritis, but may also be applicable to the development of new implant surface
treatments or new biomimetic lubricants.
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INTRODUCTION

Despite intense research efforts to elucidate the molecular mechanisms that allow articular joints
to support high stresses and deformations over a person's life span, it remains unclear what role
synovial fluid (SF) plays in load-bearing and boundary lubricating conditions. SF is a complex fluid
composed of a mixture of biomolecules and ions, such as glycosaminoglycans (e.g., hyaluronan),
glycoproteins (e.g., lubricin), seric proteins (e.g., albumin), lipids (e.g., DPPC), among others.
These give rise to a highly viscous liquid in homeostasis, with various identified biochemical[1]
and biomechanical[2] functions. SF components adsorb to the articular cartilage or implant
surfaces and form films that arrest cell attachment[3,4] and maintain surfaces separated at high
contact pressures. This prevents adhesion,[5] and when the surfaces are in relative motion,
provides wear protection and lubrication.[6,7]

The ability of specific SF components to adsorb to surfaces is crucial to build and control the
supramolecular assembly of an effective load-bearing, wear-protecting, and lubricating film.
Without it, molecules would be squeezed out from the junction at the high contact (normal) loads
experienced during locomotion (~10-15 MPa).[8] For example, hyaluronan, a major component
of SF, has been shown to provide remarkable wear protection only when strongly bound
(chemisorbed) to model mica substrates, expelled and poorly protecting against wear when
weakly bound (physisorbed).[9-11] Molecular complexation has been demonstrated to control the
mechanical response of SF components. For instance, single-molecule stretching studies using
magnetic tweezers force spectroscopy exemplified that the degree of glycosylation regulates
tension in the hyaluronan-aggrecan bottlebrush complex,[12] abundant in SF, and is suggested
to impact cartilage normal load bearing at the mesoscale.[13] Additionally, concentrations of SF
components can tune the conformations adopted by biomolecules due to crowding effects. That
is the case for isolated lubricin, which adopts different conformations when adsorbed to mica
surfaces depending on its concentration.[14] Combined, it is clear that each of the above
mentioned parameters (i.e., adsorption to surfaces, complexation, conformation) are crucial for
load-bearing films' proper function. A biochemical imbalance will invariably result in a
biomechanical imbalance as well. This is evidenced in rheology studies of synovial fluids obtained
from patients with various autoimmune or trauma related joint pathophysiology, in which
downregulation of SF component concentrations or shift in molecular weight distributions lead to
altered viscosity and viscoelastic responses.[4,15]

Many SF studies have focused on the lubricity and wear protection properties of isolated
components, such as lubricin,[14,16] hyaluronan,[10,11] or lipids.[17,18] Higher-order mixtures
studies, such as hyaluronan and lubricin,[19-21] hyaluronan and phospholipids,[22—-25] lubricin
and galectins,[26] or hyaluronan and aggrecans,[27,28] combined with a top-down approach in
which different components have been enzymatically digested,[29,30] emphasize that it is the
synergistic interactions that provide SF's unique load-bearing, wear protecting, and lubricating
properties. Still, less is known about the formation of SF films on surfaces and film properties,
such as viscoelasticity and load-bearing capabilities. The present study provides evidence that
the load-bearing capabilities of the formed SF films depends strongly on the integrity of its
components. Particularly, we focus on glycosaminoglycans (GAGs) and glycoproteins' roles in
the formation kinetics, viscoelasticity, and load-bearing mechanics of protecting SF films. For this
purpose, we used a combination of quartz crystal microbalance with dissipation (QCM-D) and the
surface forces apparatus (SFA) to characterize the formation and load-bearing properties of SF
films on model oxide (silica and mica) surfaces and elucidate the SF film's structural changes
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under different enzymatic treatments and dilutions. We find that the absence of either GAGs or
proteins dysregultes the load-bearing capabilities. Therefore, the findings reported can be of
relevance to understand the formation of protecting films on cartilage or implant surfaces.
Furthermore, we emphasize the importance of load-bearing properties of SFs under confinement
in addition to the tribological characterization, to fully understand the supramolecular assemblies
and synergistic interactions of SF components.

EXPERIMENTAL SECTION

Synovial fluids. All experiments performed with synovial fluid (SF) were in agreement with the
procedures and guidelines provided by the biosafety committee at the University of California
Merced.

Pooled bovine SF (Lampire Biological Laboratories, 8600853) was used to prepare working
aliquots, kept frozen (T=-80 °C) and thawed the day of the experiment. SF was first centrifuged
for 5 min at 6000 rpm for all experiments to remove cell debris and large tissue aggregates, and
suspension moved to a new tube. This condition is referred to from now on as nontreated SF. To
cleave GAGs in SF, centrifuged and undiluted SF was treated with 2 pL of 1.25 mg/mL
hyaluronidase (HAase) from bovine testes (Sigma, H3506) for every 50 pL of SF, following
established protocols.[7,30] SF plus the hyaluronidase were placed on a shaker for 1.5 to 2 hrs.,
followed by a second centrifugation step, 5 min at 6000 rpm, and the suspension transferred to a
new tube. This condition is referred to from now on as SF+HAase. To digest proteins present in
SF, centrifuged and undiluted SF was treated with 2 mg/mL trypsin from bovine pancreas, tosyl
phenylalanyl chloromethyl ketone (TPCK) treated and salt-free (Sigma, T1426) stock solution,
from which 25 pL were added for every 1 mL SF, following established protocols.[7,30] SF plus
trypsin were placed in an incubator at 37 °C for at least 2 hrs. There was no need for a second
centrifugation step for trypsin-treated SF, as no supernatants were ever found. This condition is
referred to from now on as SF+Trypsin.

Nontreated SF, SF+HAase, and SF+Trypsin were diluted to the following percentages using
phosphate buffered saline (PBS) (Gibco, 10-010-023): 1%, 5 %, 50%, and 100% (undiluted)
solutions for QCM-D, and 5% and 100% for SFA experiments.

Quartz Crystal Microbalance with Dissipation (QCM-D). In QCM-D measurements, a quartz
crystal oscillator is set to oscillate at its resonance frequency. The shift in frequency due to the
formation of an SF adsorption layer is typically 10-200 Hz. The frequency and dissipation changes
can be related to the mass oscillating with the crystal and the viscoelastic properties of the layer
through various models.®

Surfaces Forces Apparatus (SFA). The SFA allows to measure normal forces (e.g., forces due
to the surface and liquid structure, polymer, steric) between macroscopic surfaces with high force
sensitivity while simultaneously monitoring the absolute surface distance (film thickness) and
contact shape.

A full detailed experimental protocol with all relevant equations and theoretical modeling of QCM-
D and SFA can be found in the Supporting Information.
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The dissipation behavior of the films as a (blue). For clarity, only every 100" data point is shown.
function of time followed an identical qualitative trend as what described for the change in surface
mass density for all concentrations and treatments. Nontreated SF at 100% stands out from the
rest of the conditions. AI' and Ad values decrease after reaching an almost instantaneous
maxima, as shown in Figure 1(d). After the 30 minutes of experimental time, the film continues to
experience molecular re-arrangements and has not reached a steady state/equilibrium. Most
likely components with higher molecular weight (MW) and complexes are slowly pushed upward
due to the oscillating surface in a phenomena that bears similarity to the vibration-induced
granular segregation (or the Brazil nut effect),[37] combined with competing events of molecules
with higher affinities to silica surface. Furthermore, SF+Trypsin presented an initial sharp peak,
decreasing in amplitude with increasing concentration, which we attribute to fluid pressure
gradients acting on the sensor, due to the lack of glycoproteins dissipating shear stresses.

N
&
s
N oo s
o

Change in surface mass density, &

a0 50 8 10 20

30 40 50
Time, t (min)

E

8
>

a SF+Trypsin

A SFeTrypsin

r
3 8
3 8
-
Change in dissipation,
8d (10
S
S

Change in surface mass density.

g

AT (ng/cm?)

Change in dissipation,

+ Nontreated SF
250} | # SFehaase
[ + SFeTrypsin 25

Change in surface mass density,

10 20 30 a0 50 10 20 30 40 50
Time, t (min) Time, t (min)

s

100% 100%

© Nontreated S
175 O SFeHaase

ol s ® sFeTrypsin
[,

| B

3 s ?

(10-%)
5 8
o _in

Ar (ng/cm?)

@ Nontreated SF

Change in dissipation,

N
o o

250] ® SFeHAase
® SF+Trypsin

Chage in surface mass density,

°

Next, we rinsed nontreated SF, SF+HAase, and SF+Trypsing films with PBS to quantify the
amount of SF components strongly physisorbed to the silica oscillator surface and the change in
dissipation for each condition (treatment and concentration). After rinsing with PBS, the change
in surface mass density and change in dissipation did not significantly shift for the lower
concentrations, one percent and five percent of any of the treatments, summarized in Sl Table 1
and denoted AAT". However, rinsing with PBS did considerably shift the change in surface mass
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density and change in dissipation to lower values for the two higher concentrations, 50% and
100% of nontreated SF, SF+HAase, and SF+Trypsin, as further described in the following section,
Langmuir adsorption isotherms.

These results indicate that at 50% concentration, independent of the enzymatic treatment, a full
film, strongly adhered to the silica oscillator surface has formed, and that a second weakly bound
layer has started to build, which was easily removed by rinsing with PBS. Again, nontreated SF
at 100% presented a unique behavior, as the dissipation after the PBS rinse dramatically shifted
to very low values.

Langmuir adsorption isotherms
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Figure 2. Surface density and dissipation changes with SF concentration. (a) Schematic representation of partially
formed and fully formed SF films. (b) Surface density and (c) dissipation of tightly bound films and excess and (d)
surface density and (e) dissipation of the tightly bound films left after PBS rinse formed by nontreated SF (red),
SF+HAase (black), and SF+Trypsin (blue) before a PBS rinse. Dashed lines represent fitting curves for the Langmuir
model, eq. 4.

To describe the coverage of molecules adsorbed onto the silica oscillator and the dissipation of
the films formed as a function of SF concentrations, we used the Langmuir isotherm model, SI
eg. 4, for nontreated SF, SF+HAase, and SF+Trypsin before and after a PBS rinse, Figure 2.
Here, we report the surface mass densities (I') and dissipation (d) rather than AI' and Ad as we
report the average over the last 20 data points, illustrated in Sl Figure 3. The I' were similar
between treatments at all tested concentrations (1%, 5%, 50%, and 100%). These findings are
not surprising, as the enzymes randomly cleave b-N-acetylhexosamine-glycosidic bonds in GAGs
(HAase)[38] or proteins at the carboxyl side of Lys and Arg residues (Trypsin) and we did not
extract the fragments. Interestingly, we found that the maximum surface mass density was
reached with at least 50% nontreated SF, SF+HAase, or SF+Trypsin concentration, extending to
a maximum value of ~1650 ng/cm?, and did not increase with higher concentrations (i.e., 100%
SF, non-diluted). Instead, we expected differences between treatments in the dissipative
properties of the films. At 1%, 5%, and 50% concentration, the dissipation values for all treatments
were similar between them, increasing from ~2x10° to ~3x10® and finally to ~7.5x10°. At the
highest concentration (100%), however, d values were different for each treatment. For


https://doi.org/10.1101/2021.11.19.469284
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469284; this version posted November 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

nontreated SF, d values continued to increase, from 7.5x10° to 10.0x10%. SF+HAase also
presented an increase in dissipation with increasing concentration, from 7.5x10°to 9x10°. For
SF+Trypsin, the increase in d was similar to what was observed for SF+HAase, increasing from
7.5x10%to 9x10®. SI Table 3 summarizies these values. Collectively, I' and d suggest that films
formed at 1%, 5%, and 50% concentrations are very similar independent of treatment, but not at
100% concentration, despite having similar surface mass densities. These values indicate that
the loosely bound molecules adsorbed onto the primary layer are most likely presenting
differences in orientation, conformation, and/or grafting densities.

Next, rinsing with PBS to remove loosely bound molecules revealed a similar qualitative trend to
what we observed and described for films before the rinsing step. 1% and 5% dilutions of
nontreated SF, SF+HAase, and SF+Trypsin formed partial films with surface mass densities (I")
of ~500 ng/cm? and ~1000 ng/cm?, and d values of ~2.0x10° and ~3.0x10°¢, respectively. A fully
formed, tightly bound film was reached with at least 50% nontreated SF, SF+HAase, or
SF+Trypsin, with a measured I" of ~1250 ng/cm? and dissipation of ~5.0x10°. At 100% nontreated
SF, SF+HAase, and SF+Trypsin, I' did not further increase and remained like what was measured
at 50% for all three treatments, ~1250 ng/cm?. The dissipation d, however, were not similar
between treatments. We measured a d value of ~5.0x10°® for SF+HAase and SF+Trypsin, and a
lower d for nontreated SF, ~4.0x10°. The drop in d after the PBS rinse is an indication that the
film is more rigid, possibly due to a different supramolecular assembly sequence of events,
yielding a more compact and dense film, as further discussed in the Discussion section.

Compliance of SF films
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Figure 3. Elastic component of the shear dependent compliance. Change in dissipation as a function of surface
density obtained for the adsorption of nontreated SF (red), SF+HAase (black), and SF+Trypsin (blue) for (a) before
(filled circles) and (b) after (open circles) a PBS rinse.

For films that are stiffer than the surrounding liquid and considerably thinner than the penetration
depth of the shear weave used (~150 nm for the third overtone, n = 3), the elastic component of
the shear dependent compliance (v) can be obtained from Sl eq. 2. Figure 3 shows d as a function
of I'. In this plot, we remove the symbol delta from the dissipation and surface mass density.
These averaged values are not reported as a function of time but rather averaged values at well-
defined time points of the measurement (i.e., before rinsing step, end of the experiment). Sl Figure
3 shows the region from which data points for the elastic component of the compliance was
extracted. We identified two regimes for films before rinsing with PBS, Figure 3(a). A less
compliant regime, corresponding to the partially formed films (high dilutions, 1% and 5%), and a
more compliant regime for the fully formed films (low or no dilution, 50% and 100%). v, obtained
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from Sl eq. 2 and corresponding to the slopes in Figure 3 were 3.2x10° cm?/ng, 2.5x10° cm?/ng,
and 2.8x10° cm?/ng for nontreated SF, SF+HAase, and SF+Trypsin for partially formed films,
respectively. Fully formed films, at concentrations of 50% and 100% were considerably more
compliant, with v values of 7.1x10° cm?/ng, 8.5x10 cm?/ng, and 10.0x102 cm?/ng for nontreated
SF, SF+HAase, and SF+Trypsin. From these measurements, we observe that nontreated SF
films are less compliant than SF+HAase and SF+Trypsin.

Next, we quantified v for films after a PBS rinsing step to remove loosely bound SF components
and characterize the compliance of tightly bound films. v remained unchanged for partially formed
films (1% and 5%), 3.1x10 cm?/ng, 2.5x10° cm?ng, and 3.3x10° cm?ng for nontreated SF,
SF+HAase, and SF+Trypsin, respectively. It was for fully formed films that we observed a
considerable change in compliance. The rinsing step left behind a less compliant, tightly bound
film with v being 4.1x10° cm?ng, 2.5x10° cm?ng, and 7.5x10° cm?ng for nontreated SF,
SF+HAase, and SF+Trypsin, respectively. These results suggest that SF fluid films,
independently of treatment, form films with a compliance gradient, being less compliant at the
substrate interface, and become more compliant at the bulk SF interface. The effect of treatment
changes the magnitude of the gradient.

Normal interaction forces between mica surfaces across undiluted SF

To determine the effect of the enzymatic treatments on the load-bearing properties of SF, we
used the SFA to measure normal forces between undiluted (100%) nontreated SF, SF+HAase,
or SF+Trypsin. Figure 4(a) shows the experimental schematic and representative force-distance
profiles for SFs. Figure 4(b)-(e) and Sl Figure 4 displays normal forces, reported as F/R, F being
the normal force and R the surface radius of curvature as a function of the surface separation
distance, D. For all treatments, the force-distance profiles were purely repulsive, but the range
and the magnitude of the repulsion depended on the enzymatic treatment and loading/unloading
history. Figure 4(b)-(e) compares forces measured for nontreated SF (red curves), SF+HAase
(black curves), and SF+Trypsin (blue curves) for subsequent measurements performed on the
same location, with 10 min waiting period between measurement. There are qualitative and
guantitative differences between force curves. For the first loading/unloading cycle, Figure 4(b),
the onset of repulsion, Do, for all conditions occurs at ~210 nm, equivalent to two SF relaxed films,
and increases monotonically with decreasing separation. For untreated SF, at a distance less
than ~50 nm, the forces increased sharply, but the substrates never deformed/flattened, reaching
a hardwall (HW) at ~40 nm, equivalent to two compressed SF films. During unloading, the force-
distance profile followed the trajectory of the loading curve, indicating no hysteresis. For
SF+HAase, the repulsion continued to increase monotonically with decreasing separation, until
reaching a HW at ~40 nm, like nontreated SF. During unloading, however, forces initially
decreased sharply, and transitioned to a monotonic force decay at ~50 nm, showing a significant
hysteresis between loading and unloading. For SF+Trypsin, the repulsion increased
monotonically with decreasing separation, until reaching a critical thickness, ~90 nm at which the
forces increased sharply, followed by a monotonic increase, resembling a sigmoidal curve,
reaching a HW at ~60 nm. During unloading, forces decreased sharply, but followed the loading
curve trajectory afterwards. The behavior observed for SF+HAase and SF+Trypsin suggests that
the films experience a molecular re-arrangement due to confinement, that was not observed for
nontreated SF.
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Figure 4. Comparison of normal interaction forces between two mica surfaces across nondiluted SF. All
conditions were purely repulsive, and no adhesion was measured. (a) Schematic of the SFA and cartoon representing
the main SF components forming a film and confined between mica surfaces. Profiles of the loading (in, filled symbols)
and unloading (out, open symbols) for (b) first cycle, (c) second cycle, (d) third cycle, and (e) fourth cycle of nontreated
SF, SF+HAase, and SF+Trypsin.

Subsequent loading and unloading cycles in the same location were very similar to the first loading
and unloading cycle for nontreated SF, with no change in the onset of repulsion (Do), hard wall
(HW), and unloading, Figure 4(c) and (d) and Sl Figure 4(a). That was not the case for SF+HAase,
Figure 4 (c) and (d) and Sl Figure 4(b). Do shifted from ~210 nm to ~150 nm, the force-distance
curve of the second compression cycle followed the first unloading force-distance curve very
closely, followed by an unloading curve that showed, once again, significant hysteresis. The
described behavior repeated for the third loading cycle, with the Do shifting form ~150 nm to ~125
nm, however less loading/unloading hysteresis was detected. The substrates never
deformed/flattened for this condition. Lastly, for SF+Trypsin, the second and third
loading/unloading cycles were almost identical between them, as well as to the unloading force-
distance curve of the first compression cycle. That is, Do started at ~210 nm increasing
monotonically with decreasing separation. At a distance less than ~65 nm, the forces increased
sharply, but the substrates never deformed/flattened, reaching a HW at ~60 nm, equivalent to two
compressed SF+Trypsin films. The behavior observed for SF+HAase suggests that the films
continue to experience molecular re-arrangements due to confinement, which was no longer
observed for nontreated SF and SF+Trypsin at similar compression forces and compression
rates. Alternatively, it could be possible that by leaving the SF films under an applied load (rather
than controlling force) for a finite time, films could experience molecular re-arrangement as well,
leading to similar hysteresis. This hypothesis will have to be investigated in future studies.

To test if molecular film re-arrangement continued with higher applied normal forces, we manually
compressed (F/R > 200 mN/m) nontreated SF, SF+HAase, and SF+Trypsin films until clear
flattening occurred, followed by a final motor-controlled loading-unloading cycle, 10 minutes after
manual compression. All conditions experienced plastic/viscoelastic deformation, observed by a
shift in Do to smaller distances. Nontreated SF decreased to ~125 nm, SF+HAase decreased to
~100 nm, and SF+Trypsin decreased to ~150 nm, Figure 4(e). HW values decreased to ~50% of
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the initially measured HW (FR 1), to ~20 nm, ~25 nm, and ~40 nm for nontreated SF, SF+HAase,
and SF+Trypsin, respectively.

To understand the origin of the repulsive interactions described above, "In" force-distance profiles
(filled symbols) shown in Figure 4 were fitted with the Alexander-de Gennes (AdG) model, Sl eq.
5. Experimental data and fits are shown in Sl Figure 5 and fitted parameters summarized in Sl
Table 4. Our results confirmed that normal forces between two mica surfaces across nontreated
SF can be well described by the AdG model, as previously reported.[6,39] For this model, the
average effective brush thickness L = Do/2, corresponding to a brush on each mica surface. The
average effective brush thickness (L) and average effective grafting distance (s) values were 93
+ 6 nm and 0.6 + 0.01 nm, respectively. Based on the coefficient of determination (r?) from our
non-linear least-squares regression of the AdG model, we observed that the prediction as a brush
decreases for SF+HAase (r? = 0.95 + 0.02) and SF+Trypsin (r> = 0.88 + 0.07) when compared
against nontreated SF (r> = 0.98 + 0.01). The average L and s values increase to 125 + 23 nm
and 0.47 £ 0.08 nm for SF+HAase, and 107 £ 14 nm 0.54 + 0.07 nm, for SF+Trypsin, respectively.
These results, combined with the force-distance profile shapes, clearly demonstrate that
nontreated SF, SF+HAase, and SF+Trypsin form films on silica that respond differently to
confinement (compression) due to differences in the supramolecular assembly.

To further describe the repulsive behavior of mica across nontreated SF, SF+HAase, and
SF+Trypsin, we additionally used the Dolan and Edwards (DnE) model, Sl eq. 6. Experimental
data and fits are shown in Sl Figure 5 and summarized in Sl Table 4 as well. The fitted decay
length, Ref, increased as follows: SF+Trypsin (9.5 = 8.0 nm), followed by nontreated SF (19 £ 5.0
nm), and SF+HAase (663 + 1100 nm). The pre-factor A, which quantifies the amplitude of the
repulsion, varied considerably between treatments, an indicator of the load-bearing capability of
the films, and increased as follows: Nontreated SF (84 + 26 nm), followed by SF+HAase (1320 +
1070 nm), and lastly SF+Trypsin (1,228,045 + 1,087,503 nm).

Normal interaction forces between mica surfaces across diluted (5%) SF

Next, based on the Langmuir adsorption isotherm results, we asked how partially formed films
would respond to confinement. We investigated the interaction forces of mica across 5%
nontreated SF, SF+HAase, and SF+Trypsin using the SFA. While little to no hysteresis was
observed for 5% nontreated SF and for 5% SF+HAase either between in (loading) and out
(unloading) or between cycles (Force Run 1-3), 5% SF+Trypsin showed considerable hysteresis,
between in/out (loading/unloading) and between cycles (Force Runs). Interestingly, Do for Force
Run 2 and 3 were very close to the termination of interaction of Force Run 1 and 2, respectively.
This observation suggests that the film has undergone long-term molecular rearrangement, Sl
Fiugre 5 and Sl Figure 6.

Similar to what performed for 100% and based on the coefficient of determination (r?) from our
least-squares regression of the AdG and DnE models, summarized in Sl Table 5, we observe that
the prediction of the confinement force normalized by the radius of curvature as a function of the
separation distance is more accurately described as an end-grafted polymer in the mushroom
regime for films formed with diluted (5%) SF solutions.
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DISCUSSION

The main goal of this study was to examine the effects of two enzymatic treatments on the
formation and shear-dependent compliance of SF nano-films, and interaction forces of
macroscopic surfaces across SF adsorbed to oxide surfaces (e.g., silica and mica). SF
components known to contribute to the load-bearing, wear protection, and lubrication of articular
cartilage surfaces were digested using GAG and protein specific enzymes. We used HAase to
depolymerize HA. However, it is very likely that other GAGs, such as chondroitin sulfate were
also degraded, given the structural similarity. In fact, it has been reported that HAases have strong
hydrolytic activity toward chondroitin sulfate comparable to that for HA.[40] To cleave SF proteins,
we used trypsin, a protease that reacts with peptide bonds between carboxylic acid groups of
lysine or arginine and the amino group of the adjacent amino acid residue, with its efficacy
depending on the tertiary and quaternary protein structure, as some of the peptide bonds may
become inaccessible.[41] This treatment is effective on large glycoproteins, such as lubricin[7,30]
but will also target smaller glyco- and globular proteins, like decorin and albumin, respectively,
however less efficient on the latter given its compact structure. Osteo- and rheumatoid-arthritic
SFs have been show to present, with varying concentrations, enzymes such as cathepsin,[42,43]
plasmin,[44,45] and higher HAase activity compared to that of healthy SFs.[46] Cartilage from
human femoral head has a reported surface charge density of 37 mC/m?,[47] which is within range
to that for silicates, 3.2-80 mC/m? used in this study.[48,49] Therefore, findings reported here can
provide insights into the formation of films by healthy (nontreated SF) or pathophysiologic SFs
(SF+HAase or SF+Trypsin) on either implanted surfaces (e.g., oxides) or the reformation of torn
lamina splendens on the articular cartilage surface.

At low concentrations (1-5%), film-formation kinetics results revealed that only trypsin altered the
characteristic saturation time, decreasing it by a factor of two, Sl Figure 2 and Sl Table 1. This
could be due to the smaller radius of gyration of the peptide fragments combined with the
positively charged ends (arginine and lysine), leading to a faster migration and adsorption to the
negatively charged silica and mica surfaces. Adhesion studies of small molecules having cationic
amino acids, in particular lysine, have been proposed to drive electrostatic adsorption to mica
surfaces in high ionic strength environments (I = 150 mM).[50,51] The fact that the saturation
times for nontreated SF and SF+HAase are similar suggests that glycoproteins, such as lubricin,
which carry two positively charged globular end-domains, could be driving the adsorption process.
At higher concentrations, however, the main adsorption mechanisms are dominated by bulk
transport, as the saturation time for all treatments tested are similar. Bulk transport has been
observed for human serum albumin studies adsorbed to silica resonators using QCM-D at
concentrations 5-10 mg/ml, equivalent to the concentrations found in SF (our 50% and 100%
dilutions, respectively).[39,52] However, given the complex composition of SF, different
processes such as desorption/adsorption, competitive exchange, and exchange via transient
complex formation will also participate in the film formation and maintenance of the film.

SF is known to be rheopectic at low shear rates but shear-thinning at high shear rates.[6,53] We
observed rheopectic behavior for nontreated SF and SF+HAase, but not for SF+Trypsin, for which
we qunatified shear-thinning response only, SI Figure 8. We also quantified the bulk refractive
index of SFs and did not find a correlation between refractive index and treatment, Sl Figure 9.

From the Langmuir adsorption isotherms, Figure 2, we observed that full film formation is
achieved with at least 50% SF concentrations for all treatments. This observation could be
interpreted as a protection mechanism to ensure instantaneous surface saturation to reform a
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protecting film, even if local concentration variations are present due to, for example, large
depletion forces driven by external macroscopic factors (e.g., locomaotion).[54] Furthermore, this
film could be an essential precursor step for the formation of the lamina splendens,[6,7] which
has been implicated in providing wear protection and lubrication,[6,55,56] as well as regulating
the permeability and compression resistance of the superficial layers of cartilage.[57] Films,
regardless of treatment and concentration, consist of a strongly adsorbed layer, followed by a
second loosely bound layer that could be easily removed by rinsing with PBS. The pre-rinse and
post-rinse films showed mechanical differences between them, Figure 3, most likely because of
structural, compositional, and hydration differences. Pre-rinse films did not reveal apparent
differences between treatments in their shear-dependent compliance, but confinement showed
significant differences in the interaction forces, Figure 4. A mechanical analogy describing the film
responses during confinement is as follows: for nontreated SF films, we observed a dominant
elastic response (for the investigated loading/unloading rates and forces applied), which could be
modeled as a series of parallel one-dimensional springs. In our configuration, the film dimensions
(L = 100 nm) are considerably thinner than the contact diameter (© > 10 um). That is, the film
thicknesses are at least two orders of magnitude smaller than the contact diameter. For these
conditions, the multi-spring model, the Winkler model, can be used. Other studies have used it to
approximate the compression forces of hydrogels[58] and protein films.[59] The springs have a
specified compression range, corresponding to the indentation. For a compression spring, the
stiffness is determined by the number of active coils per unit length, the diameter of the coil, and
the diameter of the wire. SF+Trypsin films can be modeled with the same spring (i.e., identical
coils per unit length, coil diameters, and wire diameters) as the nontreated SF films, however,
with a shorter compression range, as the compression force-distance initial slope is very similar
as the nontreated SF until approximately 65 nm, were the force rapidly increases. This response
would correspond to the bottoming or full compression of the spring. We propose to describe the
compression of SF+HAase films as a series of dashpots in parallel, as the force-distance profiles
showed a significant hysteresis with no recovery during experimental time scales, which could be
due to the molecular re-arrangements leading to enhanced hydrophobic interactions favored by
confinement, overcoming entropic stabilization driven by excluded volume. The mechanical
analogies for the films are schematized in Figure 6. The AdG and DnE model described well the
interaction forces of mica surfaces across SFs, and suggest that the elastic films (nontreated SF)
are better modeled as fully swollen polymer brushes and that enzyme treated SFs films
(SF+HAase and SF+Trypsin) are better modeled as polymer mushrooms.

It is interesting to note that HA and its complexes provided stiffness to the tested films under
confinement, while lubricin and other glycoproteins provided an extended elastic range. It is well
documented that HA regulates the viscosity of SF in bulk, and mediates elastoviscous
lubrication.[21] On the other hand, lubricin is now accepted as the main molecule mediating
boundary lubrication.[14] However, building body of evidence suggests that the synergistic
surface interactions of SF components are responsible for the extremely efficient wear protection
and lubrication properties of articular cartilage surfaces,[19,23,27,29] and that the film can
strongly affect the rheological an tribological behaviors of viscosuplements.[19,21,60] Based on
these reports, it is crucial to understand and identify the precursor films' properties (e.g., chemical
make-up, stiffness, roughness, etc.).

Elasticity and robustness of nontreated SF films is desired. For example, synovial joint situations
in which the tangential velocity is very small or zero (the investigated condition) are "heel-strike"
or "toe-off". In the absence of relative motion between the interacting surfaces (e.g., apposing
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Figure 6. Mechanical model for SF films. (a) nontreated SF with the mechanical spring model — long spring, (b)
SF+HAase with the mechanical dashpot model, and (c) SF+Trypsin with the mechanical spring model — short spring.
(1) shows the initial “in rest” configuration of the SF films, where the thickness is equivalent to Do. (2) represents the
maximum applied force configuration, reaching a film thickness equivalent to the HW. (3) corresponds to the
configuration of the films after removing the applied load.

cartilage surfaces), hydrodynamic or elasto-hydrodynamic lubrication cannot exist, and the
surfaces experience pure normal loads. A study in the 50's reported that SF has a special capacity
for forming a layer with some degree of elasticity.[5] Here, we report that both biomolecules (or
more broadly, GAGs and proteins in SF) are crucial for the proper load-bearing properties of films,
and that nontreated SF films have some degree of elasticity indeed.

Furthermore, we report that by digesting GAGs or proteins, the elasticity is removed or reduced,
respectively. These findings emphasize the importance of the synergistic interactions of SF
components not only for the lubrication and wear protection of the surfaces (natural or synthetic),
as reported extensively, but also for the proper load-bearing properties of the film. Indeed, it can
be the poor load-bearing capabilities of the films that lead to improper lubrication. Even more, the
combined effects could then lead to excessive interstitial fluid pressurization,[61,62] essential to
the load-bearing and lubrication properties of articular cartilage. While effects of loading/unloading
rates, contact times, contact loads, are all important parameters to fully understand the
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mechanisms of SF films under confinement and the effect of enzymatic treatments, it is beyond
the focus of this study and is being systematically investigated.

Oxides such as alumina and ultra-high molecular weight polyethylene (UHMWPE) are frequently
used for artificial joint surfaces, due to their mechanical properties, biocompatibility, and good
tribological performance. A well-known failure mode in artificial joints is due to the release of
UHMWPE wear particles leading to abrasion or release of metal and metal oxide ions due to
tribocorrosion, both activating adverse biological responses.[63—65] Surface functionalization
approaches, such as grafting of polymer brushes or plasma treatments to modify surface charge
and control adsorption of SF components has been intensively investigated in the last decade,
with the goal of enhancing the tribological performance of the interacting implant surfaces.[66,67]
By controlling the adsorption of SF components, it could become possible to tune the tribolayer
that forms at the surface of implanted joints. These layers have been suggested to improve load
distribution imposed by the orthopedic implant.[68] If the initially formed films on implant surfaces
is built by pathological SF, as modeled here by enzymatic treatments, it is clear that the load
distribution of the films would be not as efficient as that of films formed by healthy SF, potentially
leading to a poor tribolayer formation. Given that implants, such as total hip or knee replacements
are commonly placed in patients that have synovial joint pathophysiology, understanding how SF
components interact with surfaces is of crucial interest to identify the suitable surface
functionalization strategies that yield SF films with the desired physico-chemical properties.

CONCLUSIONS

Collectively, our results suggest that SF forms fully saturated films at concentrations of at least
50% of what is found at physiological concentrations, and that the removal of the excess layer
exposes differences in the shear dependent elastic component of compliance of the different SF
films. Furthermore, we find that the absence of either GAGs or proteins abolishes the load-bearing
capabilities, and that the loading curves can be well described by two simple models from polymer
physics used to describe the interaction forces of endgrafted polymer chains, de Alexander-de
Gennes (AdG) and the Dolan and Edwards (DnE) models. The findings reported can be of
relevance to understanding the formation of protecting films on cartilage or implant surfaces and
emphasize the importance of load-bearing properties of these SFs under confinement in addition
to the tribological characterization, to fully understand the supramolecular assemblies and
synergistic interactions of SF components.
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EXPERIMENTAL SECTION
Quartz Crystal Microbalance with Dissipation (QCM-D)

QCM-D measurements were performed using an openQCM-Q1 microbalance (Novaetech SRL,
Pompey, ltaly), AT-cut crystals coated with 50 nm silica, 5 MHz fundamental frequency
(NanoScience Instruments, QSX 303), and the 3" overtone (fs). First, silica crystals were cleaned
with 2% w/v sodium dodecyl sulfate (SDS) solutions (MP Biomedicals LLC, 811032), followed by
2% w/v digestive enzyme solution (Contrex EZ, 5405), copious amounts of ultrapure water, 70%
ethanol, then dried under a stream of compressed nitrogen, and ending with a plasma cleaning
step for 2 minutes (PDC32-G, Harrick, USA) before use. The baseline for the measurements were
obtained by flowing PBS through the system and allowing for equilibration, using a peristaltic
pump set at ~75 pL/min (Golander LLC, BQ80S Microflow Variable-Speed). SF solutions
(nontreated SF, SF+HAase, or SF+Trypsin) were then pumped through the system, filling the fluid
cell and stopping the flow. After surfaces reached saturation, approximately after 30 minutes, PBS
was pumped to remove loosely bound molecules, referred to as rinsing step. After each
experiment, the tubing and system were cleaned with 2% w/v digestive enzyme solution, 2% w/v
SDS, and ultrapure water. All measurements were conducted at 25 °C.

The resonance frequency (f) of a quartz crystal microbalance in contact with liquid is determined
as described by Kanazawa and Gordon.[1,2] The dissipation (d) of the crystal for our system is
determined by measuring the full with half max (FWHM) of the resonant conductance curve.[3,4]

Theoretical modeling of the QCM-D data. In QCM-D measurements, a quartz crystal oscillator
is set to oscillate at its resonance frequency. The shift in frequency due to the formation of an SF
adsorption layer is typically 10-200 Hz. The frequency and dissipation changes can be related to
the mass oscillating with the crystal and the viscoelastic properties of the layer through various
models.[5]

The Sauerbrey model. The Sauerbrey model, equation 1, relates the frequency change (Af,) of
the oscillating quartz crystal, due to the presence of a thin film, to the change in surface mass
density of the film (AI'):[6]
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where n, fo, tq, pq are the overtone number, the fundamental frequency of the quartz oscillator, the
thickness, and the density of quartz, respectively. The value for ¢ of the crystals used is 17.7 ng
Hz cm2 [Catonerro The Sauerbrey equation gives the surface mass density, including liquid inside
the film. Eq. 1 is valid only for thin films in air. However, for lateral homogeneous films with a
change in dissipation value larger than zero (Ad > 0), the elastic component of the shear
dependent compliance (v) can be approximated from the ratio between the change in dissipation
(Ad) and the change in surface mass density (AI'):[5,7,8]

Ad
- 2)

In QCM-D, the dissipation is defined as the sum of all energy losses in the system per oscillation
cycle, and it is a dimensionless number, as it relates the energy lost per cycle over the energy
stored. An ideally rigid film will have zero dissipation for any change in surface mass density. For
a purely viscous film, the maximum possible change in dissipation is -2 for every Hz, which
adjusted to surface mass density is 644 Ad ng! cm?. A kinetic model was used to determine the
time it took each SF treatment and dilution to saturate the silica surfaces, the saturation time t,
obtained by:[9]

Vv =

t

['=A>L,, (1 _ e‘?) (3)

where I' is the instantaneous surface mass density, Al},,4, iS the maximum measured change in
surface mass density, and t the experimental time. The saturation time, T was used as free fitting
parameter. Time t = 0 corresponds to the injection of either nontreated SF, SF+HAase, or
SF+Trypsin.

The Langmuir isotherm model. The Langmuir model, equation 4, describes the coverage of
molecules adsorbed on a solid surface:[9]

_ FmaxKa[SF]

1+ K,[SF]

where AI' is the change in surface mass density, AL, ,, iS the change in surface mass upon
saturation, and K is the equilibrium constant. While this model is valid for single components, it

will be used to describe the coverage of SF molecules adsorbed on the silica surface at different
dilutions, with the understanding that SF is a multicomponent and complex fluid.

(4)

Surface Forces Apparatus (SFA)

SFA surface preparation. SFA experiments were performed using an SFA 2000 (SurForce LLC,
CA, USA). Surfaces were prepared using established procedures.[10,11] Two back silvered mica
surfaces, 2—3 pum thick (S&J Trading INC, ruby mica grade #1 V-1/V-2), were glued on cylindrical
glass discs with a radius of curvature of R = 2 cm using thermosetting glue (EPON, 1004F). After
gluing the mica surfaces, one surface was mounted on a double cantilever spring, with an optically
calibrated spring constant of kn = 471 N/m, resulting in a force (normalized by the radius of
curvature, F/R) resolution of ~0.001 mN/m. The other mica surface was installed on a top holder,
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facing the lower surface in a crossed-cylinder configuration, building an optical cavity. Using
Multiple Beam Interferometry, the thickness of the mica surfaces was measured at contact in
air.[12] The wavelength of the fringes of equal chromatic order (FECO) were recorded using a
scientific digital camera (Hamamatsu Orca R?, Japan) and post analyzed using an in-house
MATLAB (MathWorks, R2020b) script. After the calibration step, surfaces were adjusted to a
separation distance (D) of ~1 mm and 30 pL of nontreated SF, SF+HAase, or SF+Trypsin injected
between the surfaces. The bottom of the SFA chamber was filled with water to saturate the
atmosphere with water vapor and minimize the evaporation of SF during the experiment.

SFA measurements. SFA measurements of the normal interaction forces (F) were performed
using well-established procedures.[10] After letting the SF solutions saturate the surfaces for 1
hr., surfaces were brought together manually to a separation distance of ~1 um. Then, surfaces
were approached (in) or separated (out) at a constant velocity of ~15 nm/s using a DC motor with
a 1670:1 gear ratio (Faulhaber Micromo). The separation distance (D) between the surfaces and
the normal interaction force were measured using FECO analysis.[12] All experiments were
performed at 25 °C. Three consecutive measurements were performed in each new position
(FR1-3), with 10 min intervals between compression (in/out) cycles. This was followed by a
manual-driven compression resulting in surface flattening, finishing with a last motor-controlled F-
D measurement (FR4). Two positions per sample were tested.

The Alexander-de Gennes model (AdG). The AdG model, equation 5, relates the force
normalized by the radius of curvature (F/R) of the interacting films to the equilibrium film thickness
(L) and the average spacing between close neighboring chains (s) of a polymer brush:[13]

5/4 7/4
T=m [7 (%) " s (%) " 12] for D < 2L (5)
where k is the Boltzmann constant, and T is the experimental temperature. The first term comes
from the osmotic pressure, which increases as the two surfaces approach each other. The second
term accounts for the decrease in elastic energy as the films are compressed. This model was
originally developed to describe the interaction forces of neutral, grafted polymer brushes. This
work does not necessarily imply that the SF films would adopt a well-defined dense brush
conformation on the mica substrate. It instead suggests that the film can be described as a purely
repulsive effective brush layer. The use of this model is justified by the high salinity of the medium
(PBS ~150 mM, with Deby length, k < 1 nm), which is expected to screen most of the electrostatic
interactions and can therefore be considered neutral.

The Dolan and Edwards model (DnE). The DnE model, equation 6, relates the force normalized
by the radius of curvature (F/R) of the interacting films to the effective coil size (Re#r) and the area
per chain (a):[14]
" _ D

F _ 72rkT "R, 6

E—Te ff forD<Reff ( )
where k is the Boltzmann constant, and T is the experimental temperature. This model was
developed to describe the interaction forces between two surfaces with sparse, end-grafted
chains in a theta solvent, that is, engrafted polymers adopting a mushroom configuration, instead
of a well swollen polymer brush (AdG). This work does not necessarily imply that the SF films

would adopt a mushroom conformation on the mica substrate, instead, it suggests that the film
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can be described as a purely repulsive mushroom layer. In this manuscript we report the pre-
factor A = 22 which provides a scaling for the amplitude of the repulsion.

a 3

Bulk rheometry. To test the effects of enzymatic treatment on SF, we performed bulk rheology
measurements. An Anthon-Parr rheometer (model MCR-102) with parallel stainless-steel plate
attachments (Anthon-Parr, PP25, diameter 25 mm) was used to probe the SF sample. Data was
collected using Rheocompass. A working gap of 500 um was used in all experiments. Tests were
performed at room temperature (25 °C) to confirm that enzymatic treatments, SF+HAase and
SF+Trypsin, altered the bulk viscoelastic properties of SF. Nontreated SF was used as a control.
Viscosity as a function of shear rate is shown in Sl Figure 8, for nontreated SF, SF+HAase, and
SF+Trypsin. 300uL total volume of each SF treatment were loaded to the bottom parallel plate of
the rheometer. The top plate was lowered until the final gap reached 500um; the assembly was
then left for 5 minutes to equilibrate. Viscosity measurements were taken at constant flow for 5
minutes at a specific shear rate. Shear rate was varied from 0.01 to 1000 1/s.

Refractive index measurements. A benchtop Abbe refractometer (Atago Co.) was used to
determine the refractive index () of nontreated SF, SF+HAase, and SF+Trypsin with + 0.0005
resolution.

RESULTS

Film formation kinetics
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Sl Figure 1. Change in surface mass density and change in dissipation during the adsorption of SFs to silica.
(a) Nontreated SF, (b) SF+HAase, and (c) SF+Trypsin at the four tested concnetrations, 1%, 5%, 50%, and 100%. For
clarity, only every 100™ data point is shown.

Sl Table 1. Film formation kinetics parameters. Saturation time, z, from eq. 3, and surface mass density lost
during the PBS rinse, AAT.
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Nontreated 0.7+

SF 34+19 -44 + 6 20+1.1 -76 £ 11 0.9+0.3 -230 + 47 0.3 -520 + 142
SF + 09+
40+19 | -67+32 21+09 |-105+23 | 0.9+0.2 -218 £ 35 -532 + 128
HAase 0.3
SF + -331+ 1.0+
Trypsin 16+09 | -42+95 | 0.7+0.1 -95+ 13 09+05 507 0.2 -320 £ 151

Langmuir adsorption isotherms

S| Table 2. Langmuir model fitting results. Maximum surface mass density (I"), maximum dissipation (d), and
equilibrium constant (K,) values obtained by using the Langmuir model, eq. 4.

Condition Maximum surface mass Maximum dissipation, K, (min)
density, F'pex (Ng/cm?) d gy (X10°6) e
Pre-rinse Post-rinse Pre-rinse Post-rinse Pre-rinse Post-rinse
Nontreated SF 1638.8 1245.5 13.0 3.8 0.47 0.82
SF+HAase 1678.8 1317.0 10.0 5.3 0.36 0.49
SF+Trypsin 1707 1402.5 9.3 5.4 0.39 0.50
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S| Figure 2. Change in surface mass density during the adsorption of SF to silica. (a) Nontreated SF, (b)
SF+HAase, and (c) SF+Trypsin. For clarity, only every 100" data point is shown.

S| Table 3. Langmuir model fitting results. Maximum surface mass density (I"), maximum dissipation (d), and
equilibrium constant (K,) values obtained by using the Langmuir model, eq. 4.

Condition Maxin_wm surface mass Maximum dissipation, K, (min)
density, I'yay (Ng/lcm?) dpay (x109) a
Pre-rinse Post-rinse Pre-rinse Post-rinse Pre-rinse Post-rinse
Nontreated SF 1638.8 1245.5 13.0 3.8 0.47 0.82
SF+HAase 1678.8 1317.0 10.0 5.3 0.36 0.49
SF+Trypsin 1707 1402.5 9.3 5.4 0.39 0.50
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Sl Figure 4. Normal interaction forces between two mica surfaces across nondiluted SF. All conditions were
purely repulsive, and no adhesion was measured. (a) Nontreated SF showed little hysteresis between loading (in) and
unloading (out), as well as between compression cycles (FR1-3). (b) SF+HAase showed significant hysteresis between,
and (c) SF+Trypsin.
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Sl Figure 5. Experiment, Alexander-de Gennes (AdG), and Dolan and Edwards (DnE) model comparison for
100% nontreated SF, FS+HAase, and SF+Trypsin. Comparison between experimental normal interaction forces and
best fi values for the AdG theory of end-grafted polymer brushes (eq. 5) and DnE model for two mica surfaces across
SF. Note that the experimental data, AdG, and DnE models are shown in semilogarithmic plots.
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Sl Table 4. Parameters obteined from non-linear least-square fits for AdG and DnE models for 100% SF films.
Effective brush thickness (L) and grafting distance (s) from the AdG brush model (eq. 5), and radius of gyration (Rg)
and pre-factor (A) from the DnE model (eq. 6) used to fit the interaction forces between two mica surfaces across SFs
for Force Runs 1-3 in.

Alexander-de Gennes model, eq. 5 Dolan and Edwards model, eq. 6
Condition Effective brush Effective grafting | Fit r? Effective coil Prefactor, | Fitr?
thickness, L (nm) distance, s (hm) | value size, Rg (nm) A (mN/m) | value
0.98 £ 0.98 =
Nontreated SF 93+6 0.59+0.01 0.01 19+5.0 84 + 26 0.01
0.95 £ 1320 0.99
SF + HAase 125+ 23 0.47 £ 0.08 0.02 663 + 1100 1070 0.01
1,228,045
SF + Trypsin 107 + 14 0.54 + 0.07 068571' 9.5+ 8.0 + 0(')9311
) 1,087,503 ]
Bovine SF* 60 + 13 1.15+0.23 NA NA NA NA

*From reference [15]
Normal interaction forces between mica surfaces across diluted (5%) SF

Next, based on the Langmuir adsorption isotherm results, we asked how partially formed films
would respond to confinement. We investigated the interaction forces of mica across 5%
nontreated SF, SF+HAase, and SF+Trypsin using the SFA. Figure 5 and Sl Figure 6 show
representative force-distance profiles. Like what observed for nondiluted (100%) films, the force-
distance profiles were purely repulsive, and the range and the magnitude of the repulsion varied
with treatment and compression cycle. Nontreated SF and SF+HAase force-distance profiles
were alike qualitatively and quantitatively. The onset of repulsion, Do, for both treatments was
measured to be ~95 nm, reaching a HW at ~10 nm. D, shifted to lower values with each
subsequent compression cycle, to ~75 nm, and ~50 nm. The HW value remained constant for
both treatments after a second and third compression at ~10 nm. This was not the behavior shown
by SF+Trypsin, where Dy for the first compression cycle (Force Run 1, Figure 5(a)) was ~200 nm,
reaching a HW at ~50 nm. Do, and HW values decreased with each subsequent compression
cycle. For Do, values decreased to ~90 nm and ~60 nm, and for HW to ~25 nm and ~10 nm, for
Force Run 2 and 3, respectively. While little to no hysteresis was observed for 5% nontreated SF
and for 5% SF+HAase either between in (loading) and out (unloading) or between cycles (Force
Run 1-3), 5% SF+Trypsin showed considerable hysteresis, between in/out (loading/unloading)
and between cycles (Force Runs). Interestingly, Do for Force Run 2 and 3 were very close to the
termination of interaction of Force Run 1 and 2, respectively. This observation suggests that the
film has been plastically deformed.

Repeating the experimental procedures introduced for nondiluted SF (100%) and to test if
molecular film re-arrangement continued with higher applied normal forces (F/R > 200 mN/m), we
manually compressed nontreated SF, SF+HAase, and SF+Trypsin films until visible surface
deformation/flattening occurred, followed by a final motor-controlled loading-unloading cycle, 10
minutes after the manual compression. All conditions experienced plastic/viscoelastic
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e used the same WO gyrfaces across 5% diluted synovial fluid. All conditions were purely
models, the AdG (eq. 5) and repulsive, and no adhesion was measured. Profiles of the loading (in, filled

the DnE (eq.6) employed in symb_ols) and unloading (out, open symbols) for (a) first cycle, (b) second cyc!e,
. . (c) third cycle, and (d) forth cycle of nontreated SF, SF+HAase, and SF+Trypsin.
the previous section to
understand the repulsive behavior of the diluted films. Experimental data and fitted parameters
obtained from non-linear least-squares are shown in Sl Figure 7 and summarized in Sl Table 4.
Frist, we used the AdG model (eq.5) to obtain the average effective brush thickness (L) and
average effective grafting distance (s) values. For nontreated SF, L and s were 49 £ 8 nm and
0.6 £ 0.1 nm, values that were similar in order of magnitude to SF+HAase, 33 +18 nm and 0.4
0.2 nm for L and s, respectively. Interestingly, for SF+Trypsin, larger L and s values were
observed, 107 £ 9 nm and 0.7 + 0.3 nm, respectively. These values are very close to what
measured for nondiluted SF+Trypsin (L = 107 £ 14 nm; s = 0.54 £ 0.07 nm).

Second, we used the Dolan and Edwards model (eq.6) to acquire the effective coil size, Rer, and
pre-factor A to model the SF films as end-grafted polymers in a mushroom configuration. For
nontreated SF, Rer and A were 3.8 + 0.2 nm and 462 + 78 mN/m and for SF+HAase 3.6 + 0.2 nm
and 690 + 78 mN/m, respectively. Not surprisingly, based on the previous AdG results, the Res
and A values for SF+Trypsin were 22.5 £ 4.6 nm and 63 £ 37 mN/m, an order of magnitude higher
for Rer compared to nontreated SF and SF+HAase, and an order of magnitude lower for the pre-
factor A compared to nontreted SF and SF+HAase. Based on the coefficient of determination (r?)
from our least-squares regression of the AdG and DnE models, summarized in Sl Table 4, we
observe that the prediction of the confinement force normalized by the radius of curvature as a
function of the separation distance is more accurately described as an end-grafted polymer in the
mushroom regime.
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Sl Figure 6. Normal interaction forces between two mica surfaces across bovine synovial fluid. All conditions
were purely repulsive, and no adhesion was measured. (a) Nontreated SF showed little hysteresis between loading (in)
and unloading (out), as well as between compression cycles (FR1-3). (b) SF+HAase showed significant hysteresis
between, and (c) SF+Trypsin.

Sl Table 5. Parameters obtained from non-linear least-square fits for AdG and DnE models for 5% SF films.
Effective brush thickness (L) and grafting distance (s) from the AdG brush model (eq. 5), and radius of gyration (Rg)
and prefactor (A) from the DnE model (eq. 6) used to fit the interaction forces between two mica surfaces across SFs
for Force Runs 1-3 in.

Alexander-de Gennes model, eq. 5 Dolan and Edwards model, eq. 6
Condition Effective brush Effective grafting | Fit r? Effective coil Pre-factor, Fit r2
thickness, L (nm) distance, s (hm) | value size, Rg (nm) A (mN/m) value
Nontreated SF 49.0£ 8.0 0.6+0.1 093 3802 46278 | 999%
SF + HAase 33.0 £ 18.0 0.4+0.2 o 36+0.2 690£78 | 0%
SF + Trypsin 107.0+9.0 0.7+03 oo 225 + 37 4637 | 9%
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Sl Figure 7. Experiment, Alexander-de Gennes (AdG), and Dolan and Edwards (DnE) model comparison for 5%
nontreated SF, FS+HAase, and SF+Trypsin. Comparison between experimental normal interaction forces and best
fi values for the AdG theory of end-grafted polymer brushes (eq. 5) and DnE model for two mica surfaces across SF.
Note that the experimental data, AdG, and DnE models are shown in semilogarithmic plots.
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Sl Table 6. Parameters obtained from non-linear least-square fits for AdG and DnE models for 5% SF films.
Effective brush thickness (L) and grafting distance (s) from the AdG brush model (eq. 5), and radius of gyration (Rg)
and prefactor (A) from the DnE model (eq. 6) used to fit the interaction forces between two mica surfaces across SFs
for Force Runs 1-3 in.

Alexander-de Gennes model, eq. 5 Dolan and Edwards model, eq. 6
Condition Effective brush Effective grafting | Fitr? Effective coil Pre-factor, Fit r2
thickness, L (nm) distance, s (nm) | value size, Rg (nm) A (mN/m) value
Nontreated SF 49.0£8.0 0.6+0.1 098 38+0.2 46278 | 2V
SF + HAase 33.0 + 18.0 04+0.2 %%?())si 3.6+0.2 690 + 78 %‘%%11
SF + Trypsin 107.0 £9.0 07+03 %‘%%f 225+ 37 4.6+37 %.%%11
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S| Figure 8. Bulk viscosity of SFs. Nontreated SF,
SF+HAase, and SF+Trypsin as a function of shear rate.
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