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Abstract: Nano- and micro-particles are being increasingly used to tune interfacial frictional properties in
diverse applications, from friction modifiers in industrial lubrication to enhanced biological fluids in human
osteoarthritic joints. Here, we assessed the tribological properties of a simulated synovial fluid enriched
with non-spherical, poly lactic-co-glycolic acid (PLGA) microparticles (uPL) that have been previously
demonstrated for the pharmacological management of osteoarthritis (OA). Three different uPL configurations
were fabricated presenting a 20 pum x 20 um square base and a thickness of 5 um (thin, 5H pPL), 10 um (10H uPL),
and 20 um (cubical, 20H pPL). After extensive morphological and physicochemical characterizations, the
apparent Young’s modulus of the uPL was quantified under compressive loading returning an average value
of ~ 6 kPa, independently of the particle morphology. Then, using a linear two-axis tribometer, the static (u)
and dynamic (u4) friction coefficients of the uPL-enriched simulated synovial fluid were determined in terms of
particle configuration and concentration, varying from 0 (fluid only) to 6x10° uPL/mL. The particle morphology
had a modest influence on friction, possibly because the puPL were fully squeezed between two mating surfaces
by a 5.8 N normal load realizing boundary-like lubrication conditions. Differently, friction was observed to
depend on the dimensionless parameter £, defined as the ratio between the total volume of the uPL enriching
the simulated synovial fluid and the volume of the fluid itself. Both coefficients of friction were documented to
grow with Qreaching a plateau of y, ~ 0.4 and pg4 ~ 0.15, already at £2~ 2x10°. Future investigations will have
to systematically analyze the effect of sliding velocity, normal load, and rigidity of the mating surfaces to
elucidate in full the tribological behavior of uPL in the context of osteoarthritis.
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1 Introduction tissue degeneration, joint pain, limited mobility, and,
eventually, permanent disability. Currently, there is
Osteoarthritis (OA) is a chronic inflammatory disease =~ no disease-modifying drug capable to reverse the
of the joints that affects the population across all ~ progression of OA and the conventional therapies are
ages [1]. It is caused by the progressive breakdown  mostly palliative, providing only a temporary relief

of the cartilage and underlying bone, resulting in  from the symptoms [2—4]. Considering the localized
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nature of the disease, the direct injection of
therapeutic agents into the joint cavity is a clinically
valuable approach, as it avoids possible systemic
off-target effects [5, 6]. Usually, treatment options
depend on the OA severity and level of pain felt by
the patients, where acetaminophen, non-steroidal anti-
inflammatory drugs, opioids represent the first line
of pharmaceutical intervention [7, 8]. With disease
progression, the second option is the intra-articular
(IA) injections of corticosteroids, such as dexamethasone,
methylprednisolone acetate, triamcinolone acetate,
or hyaluronic acid formulations to supplement the
viscosity and tribological properties of the synovial
fluid (visco-supplementation) [9, 10]. Importantly, the
inflammatory component of this disease is associated
with the increase in permeability of the blood vessels
feeding the joint, inevitably resulting in the rapid
clearance of small injected molecules, and even
macromolecules like hyaluronic acid [11, 12]. Specifically,
extensive experimental investigations have documented
that small anti-inflammatory molecules, such as
ibuprofen (206.29 Da), diclofenac (296.148 Da), and
dexamethasone (392.464 Da) have half-lives in the
joints of a few hours, namely 2, 5, and up to 4 h,
respectively [13]; while a 3,000 kDa hyaluronic acid
is typically associated with an half-life of about
12 h [14].

Given this complex biophysical fingerprint of the
disease, the development of drug delivery systems
with a sufficiently small size to be intra-articular
injected and a sufficiently large size to dwell in the
synovial cavity for longer periods of time represents
a promising strategy for OA management. Following
this line of thought, hydrogels, liposomes, nanoparticles,
and microparticles have been investigated as intra-
articular drug delivery systems, enabling the release
of a variety of molecules over extended periods of time
[15-18]. Notably, different studies have confirmed
that the dwelling time of drug delivery systems in the
synovial cavity depends on their size and materials
properties. For instance, Pradal et al. [19] investigated
the correlation between particle size and retention
time in mouse joints with and without inflammation.
Specifically, poly(D, L-lactide) (PLA) nano- and
micro-particles, containing fluorescent dyes, were
injected in osteoarthritic and healthy mice and particle
retention was determined via intravital fluorescence
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microscopy. Data showed that 300 nm particles
spread rapidly out of either inflamed or healthy
joints; while micrometric particles were retained for
several weeks within the synovial cavity [19]. In
another study, Kang et al. [20] confirmed that chitosan
nanoparticles exhibited a shorter retention time than
microparticles in a OA murine knee joint after
intra-articular injection. The authors also confirmed
that 20 pm poly lactic-co-glycolic acid (PLGA) particles,
tagged with the near infrared fluorescence dye Cy5.5,
were retained within a murine osteoarthritic joint
for at least 1 month following intra-articular injection
[21]. From this evidence, it can be concluded that
microparticles are expected to achieve longer intra-
articular dwelling times than nanoparticles and, thus,
realize sustained drug release to possibly ameliorate
joint inflammation and reverse cartilage degeneration.
In previous works, the authors have demonstrated the
realization of biodegradable microparticles, called
microPLates (uPL), made of poly lactic-co-glycolic
acid (PLGA) and presenting a 20 um x 20 um square
base and a tunable height, ranging from 5 pm (thin
plates) up to 20 um (cubic particles). pPL have been
loaded with different therapeutic agents, including
dexamethasone (DEX) [21], small inhibitors of the
CC-chemokine receptor-2 [22]; and ~ 60 nm particles
carrying a matrix metalloproteinase 13 (MMP-13)
interfering ribonucleic acid (RNA) [23]. In different
animal models of osteoarthritis, the authors
demonstrated that the sustained release of these
therapeutic agents from intra-articularly injected uPL
was effective in diminishing joint inflammation and
improving overall joint health [21-23]. In this work, a
preliminary characterization of the mechanical and
tribological properties of these square-shaped pPL
with a characteristic height of 5, 10, and 20 pm is
provided under different operating conditions. A
customized two-axis tribometer was used to measure
the static and dynamic friction coefficients of a
simulated synovial fluid enriched with uPL, as a
function of the particle morphology and concentration.

2 Materials and methods
2.1 Materials

Polydimethylsiloxane (PDMS) (Sylgard 184) and
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elastomer were purchased from Dow Corning
(Midland, Michigan, USA). Poly(vinyl alcohol) (PVA,
Mw 31,000-50,000), poly(D,L-lactide-co-glycolide)
(PLGA, lactide:glycolide 50:50, MW 38,000-54,000)
and acetonitrile (ACN) were purchased from
Sigma-Aldrich (Saint Louis, Missouri, USA). Poly-D-
Lysine was purchased from Glibco™-Thermofisher
Scientific (Waltham, Massachusetts, USA). Synovial
fluid concentrate was purchased from Limb &
things (Bristol, UK). Rigid hard counter-face made of
a 76 mm x 26 mm x 1 mm soda lime glass plates was
purchased from Paul Marienfeld GmbH & Co. KG
(Germany).

2.2 Preparation of the PLGA pPL

PLGA pPL were fabricated using a top-down approach
as previously reported by the authors [24]. Briefly,
using a direct laser writing technique, a master
template was generated by carving into a silicon
wafer a regular matrix of square-shaped wells with
an edge size of 20 um and a depth of 5, 10, or 20 um.
This master template was replicated into a
polydimethylsiloxane (PDMS) intermediate template,
upon adding a curing agent and baking the whole
system in oven at ~ 60 °C for 8 h. Then, the PDMS
template was peeled off from the silicon master and
a PVA solution (10 w/v % in deionized (DI) water)
was deposited over it to obtain, upon exsiccation, a
sacrificial PVA template presenting the same regular
matrix of well as per the original master template.
Finally, a PLGA solutions was spread over the PVA
template to carefully fill the wells. After solvent
evaporation and PLGA matrix solidification, the
so-loaded PVA template was dissolved in DI water
at room temperature in an ultrasonic bath. The PVA
solution was removed through a polycarbonate
membrane filters (40 um pore size) and the uPL were
recovered after two centrifugation steps (1,717xg
for 5 min) and stored at 4 °C. Note that, depending
on the particle size (i.e., depth of the wells), different
amounts of PLGA were dissolved in different
volumes of acetonitrile (ACN). Specifically, the 5H
and 10H pPL were realized using 10 and 15 mg
of PLGA dissolved in a 62.5 uL solution of ACN;
whereas the 20H uPL were realized using 60 mg of
PLGA dissolved in a 200 uL solution of ACN. Indeed,

taller uPL have larger volumes and require a larger
mass of polymer.

2.3 Physico-chemical characterization of the PLGA
uPL

The physico-chemical characterization of uPL was
performed using different, complementary techniques.
Specifically, the uPL morphology (shape and size)
were observed by using a scanning electron microscope
(SEM, Elios Nanolab 650, FEI). Briefly, a drop of
sample was spotted on a silicon template and uniformly
sputtered with gold to increase the contrast and
reduce the sample damaging. An acceleration voltage
of 5-15 keV was used for SEM imaging. Moreover,
the size distribution and the number of uPL were
evaluated via a Multisizer 4 COULTER particle counter
(Beckman Coulter, CA).

2.4 Mechanical characterization of the PLGA uPL

The mechanical properties of the PLGA uPL were
investigated via nanoindentation using a Chiaro
nanoindenter (Optics 11 Life). This device uses a
piezo-driven actuator to apply controlled indentation
to the samples, while evaluating the reaction force
from deflection of a cantilever probe, measured by
interferometry. The system was equipped with a
spherical probe with 9 um diameter and a cantilever
with a stiffness of 4 N/m. Tests were conducted
under DI water inside a glass petri dish, previously
coated with poly-D-lysine to promote the attachment
of the particles to the substrate. uPL were identified
individually through an inversed microscope coupled
with the nano-indenter and indented in displacement
control, at a rate of 4 um/s, over the particle core to
avoid any border effect. Typical indentations reached
a maximum load of 20-40 uN and penetration
depth of ~400 nm. After testing, the load-indentation
(force—penetration) curves were fitted with the classical
Hertz equation to extract the apparent Young's
modulus under compression loading. From the slope
of the force—displacement curves, the Young’s modulus
Y was calculated through the classical Hertzian
equation F = 2RYh, where F is the applied force, & is
the tip displacement, R is the tip radius. To reduce
the influence of the substrate on the measurements,
the force—displacement curve fitting was limited to
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the initial loading portion, up to 30% of the maximum
load. Only indentations with a fitting coefficient
R*> 0.9 were selected and at least 10 particles per
conditions were considered.

2.5 Customized two-axis tribometer

The tribological behavior of the PLGA uPL was
investigated using a customized two-axis tribometer
designed and constructed in the Tribology Laboratory
at the Azrieli College of Engineering in Jerusalem [25].
Based on a moving horizontal counter-face, this device
allows one to evaluate the tribological properties
(friction, adhesion, and peeling) of different materials,
including textured surfaces, under dry or wet contact
conditions according to needs. In this tribometer,
the drive unit consisted of three translation stages (two
motorized and one manual) to adjust the contact
location and apply the loads between the friction
pair components. In the present study, the friction
pair consisted of a Teflon upper disk (a cylinder of
10 mm height and 10 mm diameter, cut directly from
a Teflon rod) mounted on the tribometer via a
self-alignment system, and a bottom glass counter
surface. On the bottom glass, 500 pL of simulated
synovial fluid (SF) enriched with different amount
of PLGA uPL were deposited, prior to each test or
repetition, to conduct the friction tests under lubricated
contact condition. The measurement unit consisted of
two load cells (FUTEK's FSH00092-LSB200) to measure
force variations with a high resolution (0.1 mN) both
in the normal and tangential directions. The operating
and control software were written in a LabVIEW
environment. The measurements were sampled with
a multifunctional data acquisition board Lab-PC-NI
USB-6211 (National Instruments Co., Austin, Texas,
USA) and processed using a LabVIEW 2017 software
package (National Instruments Corporation, 11,500 N.
Mopac Expressway, Austin, Texas, 78759, USA). The
current study used a passive self-aligning system to
ensure full flat-on-flat contact between the mating
surfaces during the entire friction test.

2.6 Experimental determination of the friction
coefficients

All experiments were performed at the room
temperature of 25 + 1 °C and under a relative
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humidity of 35% + 5%. As surface roughness plays a
significant role in determining the frictional properties,
in this study, prior to each friction tests, a controlled
polishing process was used to obtain high surface
finish of the mating surfaces. Specifically, surface
polishing was achieved by gradually decreasing in
stages of 120, 320, 500, and 1,000 to 1,200 grit. Then,
after the polishing, all the samples were characterized
using an optical profilometer (NT1100, Wyko, USA)
to evaluate the surface roughness of the surfaces. The
arithmetic average roughness R, was reduced from
R, ~ 900 nm before polishing to 240-260 nm. The glass
counterface (76 mm x 26 mm x 1 mm) was cleaned
with ethanol. Then, the Teflon rod and glass substrate
were mounted on the tribometer, and the glass
counter-face was covered with 500 uL of simulated
synovial fluid, either blank or enriched with PLGA uPL.
A single friction cycle consisted of 8 consecutive steps:
(i) approaching: the glass counter-face is moved up in
the vertical direction and brought into contact with
the Teflon rod, leading to a gradual increase in the
normal load P until the desired predefined value of
5.8 N is reached; (ii) waiting: the system is left to
accommodate for 0.5 s; (iii) tangential movement: the
Teflon rod is moved in the tangential direction at a
constant sliding velocity of 1 mm:s” for a total crossed
distance of 20 mm. During this step, the normal load is
fixed, while the tangential force resisting the sample
motion is recorded; (iv) waiting: the system is left to
accommodate for 0.5 s; (v) disconnecting: the glass
counter-face is withdrawn in the vertical opposite
direction until a complete separation of the mating
surfaces is achieved; (vi) waiting: the system is left to
accommodate for 0.5 s; (vii) back to the starting point:
the stage holding the glass counter-face is moved
back to its initial position. Importantly, the contact is
open during steps (vi) and (vii) allowing the working
solution to fully cover the frictional surface; (viii)
waiting: the system is left to accommodate for 0.5 s.
At this point, a new test cycle can start.

During each test cycle, the static friction coefficient
us was computed by dividing the max tangential
force measured at the sliding inception point by the
applied normal force (us = Fy/P), while the dynamic
friction coefficient p4 was computed as the average
friction force measured in the stabilized zone (middle

rf %ﬁ é "ﬂﬁﬂi_ @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 12(3): 539-553 (2024)

543

of the sliding stock) divided by the applied normal
force (u4 = <F4>/P)). In the present study, the influence
of the PLGA uPL on the friction coefficient was
evaluated by suspending various aliquots of
microparticles in the simulated synovial fluid, placed
at the interface between the friction pair. Each run
consisted of 13 friction cycles performed consecutively:
the first 3 cycles were considered as running-in
without recording, while the following 10 cycles were
recorded and saved to be analyzed and estimate the
friction coefficients. Upon completion of the 13" cycle,
the 500 pL solution was removed using Kimwipes
before starting the subsequent run. Each PLGA puPL
configuration (5H, 10H, and 20H PLGA pPL) was
tested 3 times using a new friction pair (Teflon and
glass counter face) for each repetition.

3 Results

3.1 Fabrication and physical-chemical characterization
of PLGA uPL

Three configurations of PLGA pPL were synthesized
following a multi-step, top-down fabrication process
(Fig. 1(a)), previously described by the authors [21].
In brief, a regular array of 20 ym x 20 um squared
wells was carved into a silicon template using a
laser writing technique. This master template was
then replicated into an intermediate PDMS template
and a final, sacrificial PVA template presenting the
same array of squared wells as in the silicon master
template. The depth of the wells was defined to be 5,
10, or 20 pm, leading to three different microparticles.
Finally, a PLGA solution was uniformly spread on

()
PLGA solution PVA template loaded PVA template PVA dissolution PLGA pPL
(b) (©)
40,000
— SH — 10H — 20H
WPL Base size Height PLGA &-Pot
' (um) (pm) (mg) (mV) 30,000
E
SH  20x20 5 10 240+33 | E 20,000
5
10H 20x20 10 15 258+2.6 10,000
20H 20x20 20 60 -242+27
0
10 20 30 40
(d) Characteristic size (pm)

Fig. 1 Morphological and physico-chemical characterization of PLGA pPL. (a) Schematic representation of the top-down fabrication
process for the shape-specific PLGA pPL; (b) three pPL configurations presenting different heights, namely 5 pm (SH), 10 um (10H), and
20 um (20H); PLGA amounts; and surface electrostatic {-potential. All the uPL configurations have a square base with an edge size length
of 20 um; (c) multisizer coulter counter size distribution profiles for the three uPL configurations; and (d) SEM images documenting the

different height for the three pPL configurations (scale bar: 10 pm).
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the PVA template to carefully fill up all the wells.
By changing the depth of the wells and the amount
of PLGA, uPL with a height of 5 um (5H pPL), 10 pm
(10H pPL), and 20 pm (20H pPL) were realized, as
listed in Fig. 1(b). Notice that the amounts of PLGA
used for fabricating the UPL were progressively
increased with the particle height in order to properly
fill the wells in the sacrificial PVA template. All uPL
configurations were characterized by scanning electron
microscopy (SEM) and multisizer coulter counter
(Figs. 1(c) and 1(d)). SEM analyses showed that the
size and shape of the microparticles accurately matched
those of the wells in the original silicon templates.
In particular, the SEM images of Fig. 1(d) show a
well-defined pPL morphology with a common edge
size length of 20 um and heights of 5, 10, and 20 pum.
A modest concavity of the particle surface is also
observed, resulting from the loading process. The
difference in size among the three configurations
were further confirmed via multisizer coulter counter
analysis that showed single peaks around 15, 20, and
30 um for the 5H, 10H, and 20H uPL, respectively
(Fig. 1(c)). Notice that the thinnest particles with a
height of 5 um are associated with a size distribution
presenting two peaks: a major peak at 15 um and a
minor peak around 20 um. The tallest peak derives
from the average between the edge size length (20 um)
and the nominal height (5 um) of the 5H uPL. The
secondary peak tends to disappear with the 10H pPL,
who have a major peak around the edge size length
(20 pum). For the 20H uPL, the secondary peak is
absent and only a single peak is visible at 30 um. It is
here important to highlight that a Multisizer system
estimates size distributions assuming that the particles
are spherical and cannot be considered as an absolute
measurement of the size for non-spherical particles,
thus explaining the apparent deviation between the
SEM and the Multisizer peak measurements.

3.2 Mechanical characterization of PLGA uPL

Then, nanoindentation experiments were conducted
to assess the apparent Young’s modulus under
compressive loading of the three pPL configurations,
using a commercially available nanoindenter (Fig. 2(a)).
Following the described protocols, load-indentation
curves were obtained for all three uPL configurations.

A representative curve is provided in Fig. 2(b),
showing a loading phase till a maximum penetration
depth of ~ 600 nm, followed by a holding phase
around 30-35 pN, and an unloading phase down to
eventually 0 uN. At least 10 similar load—indentation
curves were generated for each of the three pPL
configurations. Then, these curves were fitted with
the classical Hertz theory equation to extract the
Young’s modulus of the indented particles considering
only the loading phase up to a penetration depth
of 400 nm (dashed green line, Fig. 2(b)), in order to
minimize any possible effect associated with the
substrate rigidity. Notice that the thinnest particle
had a thickness of 5 um, which is more than 10 times
larger than the reference penetration depth of 400 nm.
The Young's moduli for the three uPL configurations
are listed in Fig. 2(c), presenting values of 5.7 + 2.4,
59 + 2.9, and 5.1 + 3.1 MPa for the 5H, 10H, and
20H pPL, respectively. No statistically significant
difference was detected among the three uPL
configurations (Fig. S1 in the Electronic Supplementary
Material (ESM)). This analysis demonstrates that the
elastic response of the pPL, under compression, is
independent of their thickness, at least for the particle
size range considered in the present study.

3.3 Tribological characterization of PLGA puPL

The tribological properties of the uPL were evaluated
on a customized two-axis tribometer, designed, and
constructed in the Tribology Laboratory at the Azrieli
College of Engineering in Jerusalem [25]. Figure 3(a)
shows a schematic representation of the device that
includes two main units, one for driving and
operating the system, and one for measuring all the
relevant forces. The driving unit comprises three
translation stages to adjust the contact location and
apply loads between a 10 mm Teflon cylinder and a
glass counter surface. The tribological properties of
the simulated synovial fluid (SF), without or enriched
with PLGA pPL, were analyzed by depositing the
working solution on the counter glass surface and
operating the device following 8 specific steps, as
pictured in Fig. 3(b) and described in Section 2. By
measuring the tangential forces in step 3, upon
pushing the counter glass surface against the Teflon
rod with a normal load P=5.8 N (apparent contact
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Fig. 2 Mechanical characterizations of PLGA pPL. (a) Image depicting the stage and loading beam of a Chiaro nanoindenter (Optics 11
Life) equipped with a 9 um spherical tip; (b) a representative load—indentation curve. Following the curve in a clock-wise direction,
it comprises a loading phase till a maximum depth of ~ 400 nm, a holding phase at around 30-35 uN, and an unloading phase down to
0 uN. The apparent Young’s modulus is estimated by fitting the loading portion of the indentation curves using the conventional Hertz
theory (green dashed line); and (c) apparent Young’s modulus for three different pPL configurations, presenting a height of 5 pm (5H),

10 pm (10H), and 20 um (20H) (1 = 10).

pressure of 68 kPa) and sliding it over a 20 mm
distance with a speed of 1 mm:-s”, the characteristic
friction coefficient curves can be generated under
different experimental conditions (Fig. 3(c)). Specifically,
the static friction coefficient i is related to the inception
point (u, = F/P) while the dynamic friction coefficient
Ua is related to the ‘stabilized zone’ (uy4= <Fs>/P)). No
microparticles were observed to adhere at the Teflon
surface post testing (Fig. S2 in the ESM).

The PLGA pPL were resuspended in simulated
synovial fluid at various concentrations, for each of
the three morphological configurations. The tribological
performance of the resulting particle-enriched
simulated synovial fluid was characterized in terms
of static and dynamic friction coefficients. Figure 4(a)
shows the typical friction coefficient curves for the
three different particle geometries, namely 5H, 10H,
and 20H pPL, and four different concentrations,
namely 0.6 x 10°, 1.2 x 105, 6 x 10°, and 0 uPL/mL,

which corresponds to the native simulated synovial
fluid with no particles. Although the friction curves
present similar trends, clearly documenting a peak
(static friction coefficient u;) followed by a stable
phase (dynamic friction coefficient ug), the values of
the coefficients of friction are strongly affected by the
presence of the uPL. This is more clearly documented
by the bars in the chart of Fig. 4(b). At sufficiently
low particle concentrations (< 0.6 x 10° uPL/mL), no
statistically significant difference is observed for
the friction coefficients between the native and the
pPL-enriched synovial fluids. However, as the puPL
concentration increases, both the static and dynamic
coefficient of friction increase too reaching values as
high as ps ~ 0.4 and g4 ~ 0.2 at 6 x 10° uPL/mL. The
increase in friction coefficients appears to be associated
with the piling up of microparticles at the leading
edge of the sliding pair as the pPL concentration
increases (Fig. S3 in the ESM). Differently, for a fixed
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Fig.3 Tribological apparatus and operation. (a) Schematic representations (left) and image (right) of a customized linear two-axis
tribometer used for the tribological characterizations. The apparatus consists of tangential and normal force load cells, a friction pair
comprising a 10 mm Teflon rod, with its self-alignment system, and a counter glass surface with a rubber belt to retain the working fluid;
(b) the apparatus is operated following a cycle of 8 consecutive steps, including the sliding phase 3 during which tangential forces are
continuously measured under a fixe normal load (5.8 N); and (c) a representative curve showing the typical variation of the friction
coefficient during the sliding step. The static coefficient of friction is calculated at the onset of sliding (red dot — {1}), whereas the dynamic
coefficient of friction is calculated by averaging the tangential force during the stable sliding phase (red double edge arrow — {2}).
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Fig. 4 Static and dynamic coefficients of friction of PLGA pPL. (a) Representative curves for the coefficients of friction of 5 um (SH pPL),
10 pm (10H pPL), and 20 um (20H pPL) tall pPL dispersed in simulated synovial fluid at different concentrations (SF alone-red line;
0.6 x 10° pPL/mL~brown line; 1.2 x 10° pPL/mL~gray line; 6 x 10° pPL/mL-blue line); (b) static (left) and dynamic (right) coefficients
of friction for various pPL morphology and concentrations (rn > 30; *: p < 0.05; **: p < 0.01; ***: p < 0.005; ****: p <(0.001). Data
presented as average * standard deviation.
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particle concentration (same color bars), the variations
in static and dynamic coefficients of friction are
modest and statistically less relevant.

Based on this observation, the total volumetric
particle concentration (2 was introduced as the ratio
between the total volume of the microparticles and
the volume of the solution in which they are dispersed.
Therefore, if n is the number of microparticles and
v, =400H pm’ is the volume of a single microparticle
with edge side length of 20 pm and a height H (in pm),
the dimensionless volumetric particle concentration
takes the form:

nVv
00=—F —8uHx10™"
vV

S

where V; is the volume of the simulated synovial
fluid (500 pL = 5x10" pum®). Indeed, for the native
synovial fluid without microparticles enrichment,
Q2 is equal to zero. As the particle concentration in
solution increases, the value of (2 increases linearly
too. Importantly, 2 does not take into consideration

a
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the microparticle morphology but only its concentration.
In Fig. 5(a), the static and dynamic friction coefficients
for the three uPL configurations have been reorganized
and presented for fixed (2 values. The differently
colored bars are therefore related to experiments
conducted with different uPL (5H: red bars; 10H:
blue bars; and 20H: green bars) at the same 2
concentrations. Notably, no statistically significant
difference is observed among the three particle
configurations for a given (2 (Fig. 54 in the ESM).
This would confirm what already observed in
Fig. 4(b), that both friction coefficients depend mostly
on the particle concentration Q2 rather than the particle
morphology. Moreover, by plotting the friction
coefficient as a function of 2 (Fig. 4(b)), it could be
inferred that both coefficients tend to a plateau
for sufficiently high values of 2 Specifically, for
02>2x107 ugsand pg would tend to ~ 0.4 and ~ 0.15,
respectively. Finally, upon reorganizing the same data
in a semi-logarithm plot (Fig. 5(c)), it can be inferred
that the friction coefficients grow quasi logarithmically

0.5=
e
2
= oy
g 04
@
S
= 0.3
2
=}
=
= 0.2+
=
E 0.1
£
=
a
0.0
0 0.48 0.96 1.6 2 2.4 32
Normalized particles concentration 2x103
()
0.4+
¥=0.19x + 0.83 ®
- S
§ 034 R*=0.9665 ../'/
£ B
@
S 024 Y
g * »
g s
£ 0.1 B ™ y=0076x+035
R*=0.9188
0.0 T T T T T T T 1
-4.0 -3.5 -3.0 =25 -2.0
log(2)

Fig. 5 Coefficients of friction of the PLGA microplates as a function of the normalized concentration (2. (a) Static (left) and dynamic
(right) coefficients of friction as a function of the normalized concentration (2 and for different pPL configurations; (b) static (red line)
and dynamic (blue line) coefficients of friction as a function of the normalized concentration 2 plateauing already at £2 ~ 2 x 10”; and
(c) static (red line) and dynamic (blue line) coefficients of friction as a function of the normalized concentration {2 in a semi-logarithm

diagram and corresponding interpolating expressions.
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with the volumetric particle concentration (2 following
the relations:

4, =0.19-log2 +0.83 with R* =0.9665

u, ~0.076-log2+0.35 with R* =0.9188

4 Discussion

Multiple experimental evidence, from the authors and
other laboratories, have shown that intra-articularly
injected microparticles have longer dwelling times than
small molecules, macromolecules, and nanoparticles
in both healthy and osteoarthritic joints [13, 14].
This is essentially due to the slower, or even
impaired, filtration of such larger constructs across
the hyperpermeable walls of the synovium in the
inflamed joint [26]. Also, microparticles can carry
larger amounts of therapeutic agents and release them
over the course of several weeks, as opposed to
nanoparticles that would instead require multiple
consecutive injections to achieve comparable drug
dosing. Moreover, it should be kept in mind that,
microparticles have a characteristic size comparable
to that of most cells populating the joint, including
chondrocytes and synovial macrophages. As such,
their
microparticles could provide a mechanical function

in addition to pharmacological activity,
upon intra-articular deposition. Indeed, previous
data from the authors have shown pPL to distribute
within the synovial cavity and align at the cartilage/
synovial fluid interface, where they could function as
microscopic cushions [21].

This was the main motive for assessing the
tribomechanical properties of polymeric microparticles
presenting different morphologies, ranging from thin
platelets (5SH pPL) to cubical particles (20H pPL), and
made of PLGA, being one of the most extensively
used polymers in biomedical applications. This study
showed that, for sufficiently low particle concentrations
(< 100,000 uPL/ml, or £2< 0.5 x 107), the simulated
synovial fluid enriched with uPL has tribological
properties comparable to that of the native lubricant,
regardless of the particle morphology. However, at
higher particle concentrations (> 100,000 pPL/ml, or
2> 0.5 x 107), both the static and dynamic coefficients

of friction of the enriched synovial fluid increase
with (2 reaching values up to 8 and 3 times higher
than the native fluid, respectively.

It is here important to recall that the modulation of
interfacial friction by particle-enriched lubricants is
governed by different mechanisms and depends on
the morphological and mechanical properties of the
mating surfaces and particles [27]. On rough surfaces,
sufficiently small particles would fill the superficial
irregularities originating a flatter and more uniform
sliding interface. Under this condition, a minimum in
friction is typically achieved for an optimal particle
concentration: at low concentrations, the number of
added particles is not sufficient to ‘regularize’ the
sliding interface; at high concentrations, the excess of
particles tends to form clusters that impair sliding.
Differently, on smooth surfaces, sufficiently stiff particles
could act as balls in rolling bearings and transform
sliding into rolling friction [28]; whereas deformable
particles would squeeze or even exfoliate under
tangential loading and form a film at the interface [29].

In the current configuration, the working fluid
enriched with uPL was trapped between a 10 mm
Teflon rod and a glass countersurface, pushed together
by a total compressive load of 5.8 N. The surfaces
were polished to have a roughness R, ~ 250 nm, which
is much smaller than the micrometric size of pPL.
Also, given the geometry and deformability of pPL
as compared to the rigid mating surfaces, these
microparticles cannot operate as rolling elements.
Consequently, assuming the total normal load (P =
5.8 N) being equally distributed over 10° particles
with a A =20 pm x 20 pm cross section and a E = 6 kPa
Young’s modulus, the 5H, 10H, and 20H pPL would
be fully squeezed at the interface by ~12, 24, and 48 um,
respectively (=10°-PH /(EA)). Indeed, this is a
conservative estimate, as part of the load P would be
distributed over the sub-micrometric asperities of the
two mating surfaces. However, it does suggest that,
under the actual testing conditions, pPL would be
fully squeezed, regardless of their original morphology.
Another important factor to consider is the spatial
distribution of the uPL at the sliding interface.
Indeed, 10° uPL tightly sitting next to each other on
the glass countersurface would cover an area of 4 cm®
which is 5 times larger than the base area of the 10 mm
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Teflon rod (0.785 cm?). Thus, it is likely that, as the
number of particles grows beyond 10°, some of them
would either escape from the contact area or pile up
to form multiple layers. Indeed, during the experiments,
a larger concentration of PLGA uPL was observed
accumulating at the leading edge of the sliding pair.
This build-up of microparticles at the sliding front
could explain the increase in friction with 2.

Based on the above reasonings, future studies on
the tribological performance of pPL-enriched fluids
should address some limitations of the present
study. First, the normal load P and sliding velocity
should be adjusted to reproduce different loading and
kinematic conditions, reaching contact pressures as
high as a few MPa [30]. Second, the mating surfaces
should be realized with soft materials or, at least, one
of the surfaces should be similar to articular cartilage.
Given the biological complexity and architecture of
cartilage, it is not surprising that several studies have
documented major discrepancies in friction coefficients
depending on the nature of the sliding pairs and
interposed fluid [31, 32].

5 Conclusions

Three configurations of poly lactic-co-glycolic acid
(PLGA) microparticles (uPL) were fabricated with
the same square base of 20 um x 20 pm and a height
ranging from very thin (5 pm) to cubical (20 pm)
particles. No statistically significant differences in
physico-chemical and mechanical properties were
documented for the three configurations, returning
a surface electrostatic ¢ potential of -25 mV and
a compressive Young’s modulus of ~6 kPa. The
tribological properties of the PLGA uPL resuspended
in simulated synovial fluid were characterized using
a customized two-axis tribometer quantifying the
static and dynamic coefficients of friction as a
function of the particle morphology and volumetric
concentrations. Under boundary-like lubrication,
the static and dynamic coefficients of friction were
documented to increase rapidly with the particle
concentration up to a plateau of ~ 0.4 and ~ 0.15,
respectively. Given the full compression of the particle
between the two mating surfaces, the morphology
of the PLGA pPL had only a modest effect on the

friction coefficients. Additional work will have to be
performed in the future to fully characterize the
tribological behavior of these PLGA microparticles
by varying systematically the sliding speed, normal
load, and rigidity of the mating surfaces.
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