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Articular cartilage is an extraordinary tribochemical device designed by
nature. Yet, a long-standing debate exists as to the mechanisms by which
its interfacial properties facilitate lubrication toward very low static and
kinetic frictional coefficients. We postulate the physiologic emergence of
proton channels in amphiphile-water sub-systems undergoing mesoscopic
Smoluchowski-type dynamics as a governing mechanism toward nanoscale
articular cartilage lubrication. We argue that an enthalpic interplay be-
tween geometric and electrostatic confinement and the associated entropic
counterpart is characteristic of proton channel crowding rather than of pro-
ton drift. A proton-wave inversion effect also supported by quantum me-
chanical evaluation is demonstrated such that the wave plays a beneficial
role in nanoscale lubrication driven by local free-energy gradients. These
findings have practical implications for the treatment of damaged articu-
lar cartilage as exemplified by the physiochemical scalpel used in modern
tissue rescue interventions as a wound healing biomimic facilitating artic-
ular cartilage lesion recovery. Amphiphile proton channels also provide a
mechanism for surface active phospholipid self-assembly supportive of their
efficacy as an occasional sacrificial layer designed to mitigate certain pertur-
bation events. This behavior remains a necessary requisite to reconstitute
normal bearing surfaces after therapeutic tissue rescue.

DOI:10.5506 / APhysPolB.44.1801
PACS numbers: 82.70.Uv, 87.14.Cc, 47.85.mf, 68.35.Fx

1. Introduction

Understanding mechanisms responsible for the interfacial properties of
articular cartilage (AC) surfaces has long been sought due to their remark-
able performance capabilities and because their dysfunction contributes to
the disease burden of conditions such as osteoarthritis. Recently, the role of
the proton and its attendant protonation potential has been discussed as a
unifying feature in AC therapeutics [1]. Observations such as decreased syn-
ovial fluid pH commensurate with damage, interfacial structured water pro-
ton gradient formation adjacent to hydrophilic biosurfaces, damaged tissue
disaggregation during arthroscopic lavage, and debris delivery mechanisms
for synovial phagocytosis all reflect aspects of interfacial proton dynamics
at AC surfaces. Such protic observations inspired the therapeutic applica-
tion of redox magnetohydrodynamic technology to AC surfaces in order to
create protonation potentials mimicking the azurophilic degranulation res-
piratory burst myeloperoxidase system of polymorphonuclear granulocytes
during the acute phases of wound healing [2, 3|. In the form of a physio-
chemical scalpel, this technology created the therapeutic discipline of tissue
rescue that is now being applied to AC lesions [4].
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The present study considers further the protic phenomena at AC surfaces
in the properties of nanoscale proton channels within amphiphilic structures
as a governing mechanism for AC lubrication (Fig. 1). The surface ac-
tive phospholipid layer (SAPL) is a nanoassembly displaying oligolamellar
amphiphilic structures on AC surfaces judged by many to participate in
boundary lubrication regimes through synergistic mechanisms with other
synovial fluid constituents [1, 5-9]. The SAPL effectively manages ambi-

-

Fig. 1. Schematic representation of a synovial joint organ system consisting of two

poroelastic surfaces within a fluid milieu. The insert represents three types of ion
channels postulated in the mesoscopic non-equilibrium thermodynamic model of
facilitated lubrication presented in this study.

ent pH and associated protonation potentials [7], an attribute deployed as a
trait-targeting method to selectively deliver engineered irrigant protonation
potentials [10] to AC lesions that lack geographic SAPL coverage. Because
amphiphiles exhibit self-assembly behaviors, the SAPL is often viewed as
an occasional sacrificial layer that mitigates certain perturbation events and
subsequently reforms. Hence, the reconstruction of normal bearing surfaces
after therapeutic tissue rescue is achievable provided that a suitable sub-
strate is created upon which SAPL lamina can reconstitute (Fig. 2). Tissue
rescue protonation potentials have been modeled as a biophysical battery
based upon the inverse mass ratio derived from Lorentzian charge-to-mass
calculations useful for titrating therapeutic effects in vivo [3]. As the ambi-
ent aqueous milieu of AC surfaces and SAPL aggregation—disaggregation dy-
namics display protic relationships, further modeling expanding Lorentzian
charge-to-mass ratio calculations have provided additional insights into the
boundary lubrication behaviors of AC [11].
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Fig. 2. Tissue rescue for the articular cartilage lesions associated with osteoarthri-
tis. Intraoperative digital photographs of pre-treatment (left) and post-treatment
(right) lesions with various grades of articular cartilage damage advancing from top
to bottom. The physiochemical scalpel is designed to achieve nanometer resection
precision, increased cell-to-matrix enrichment ratios, and induction of tissue as-
sembly transcriptional responses in tissue subadjacent to the wound bed. Note the
resultant decrease in surface roughness which can allow SAPL nanoassembly lamina
to re-form toward a better bearing surface [5-7]. Reproduced with permission [1].

Inherent to the formation of a protonation potential is proton move-
ment. Molecular dynamic simulations reveal that proton movement near
phospholipid surfaces is generally more inhibited than augmented [12]|. For
example, lateral proton conductance is equally limited at low ambient pH
in bilayers formed from protonatable phospholipids and those formed from
covalently modied phospholipids that cannot be protonated [13]. Further,
differences in proton conductance at higher pH are fully described by electro-
statically induced changes in local proton concentration near phospholipid
membranes |[14]. Such results provide little evidence of significant lateral
proton conduction as a mechanism for the observed management of ambient
pH and associated protonation potentials by the SAPL and is consistent
with the unique properties of interfacial water at phospholipid surfaces [15].
Interfacial water is often less mobile, more ordered, and crystalline-like, con-
straining negative charges but allowing protons to move more freely in bulk
solution. Such interfacial behavior also manifests in colloidal and polymer
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biomatter aggregation—disaggregation dynamics through the well-recognized
mechanism of pore channel formation in a manner similar to the electric dou-
ble layer phenomenon.

Because water plays a prominent role [10] in AC function and phos-
pholipid proton channels [16], the very rapid structural diffusion of protons
in water itself [17] merits brief discussion since interfacial water often ex-
cludes solutes [18| that might consequently influence proton movement. The
Grotthuss proposal has provided a useful conceptual framework to describe
general prototropic transfer by hoping from one water molecule to the next
and accompanied by water molecule reorientation. The actual transfer mech-
anism remains a subject of some debate [12, 19] particularly because the
identity of the conducted proton may change [20] and the recipient water
molecule may reorient in the hydronium donor field [21]. Water is a very
suitable medium for proton conduction because of its propensity to form
hydrogen bonds whereby the hydrogen-bonded network can delocalize sol-
vated protons. Proton transport is determined by the rate at which hydrogen
bonds between a hydronium ion and a water molecule form, which when con-
sidering the hydrogen bond flicker rate of femto- to pico-second levels [22],
is a very rapid process. It has further been proposed that proton mobility is
higher than other ions because contraction of the O—O bond distance adds
energy to hydroxide transfer [23] and the additional kinetic energy of the
excess proton increases the energy of hydronium ions [12].

The purpose of the present study is to describe the dynamic organization
of nanoscale amphiphilic matter at AC surfaces based upon drift velocity in
corresponding Smoluchowski-type convection—diffusion equations as a fur-
ther manifestation of interfacial protic phenomena.

2. Amphiphile proton channel model basics

The proposed model is based on mesoscopic non-equilibrium thermody-
namic (MNET) working schemes that have been well established for colloid-
and polymer-type biomatter aggregation dynamics |24, 25|. In general terms,
the model is based on a set of equations that govern system thermodynamics
at the physical mesoscale. Accordingly, the drift velocity in MNET is given
as follows [20]

s BT W

T ~KB

in which D is the diffusion constant, ® = &(x) Gibbs’ free energy at a space
coordinate x and kg and T are Boltzmann’s constant and temperature,
respectively. The flux in the MNET Smoluchowski-type systems [25] reads

Vd =

J(x,t) = —DaaxP(x, t) +vg P(x,t), (2)
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rendering the local continuity equation to be obeyed by P(z,t) in the form

2
aaﬁ P(x,t) — ;x(vdP(a:,t)) . (3)

One can then specify the Gibbs’ entropy postulate [26] in a y-space as follows

S = Seq — kB [ P(7,t)In II;(J(’?) dy, wherein the specification holds here for

v = x. Here, Sqq is the entropy of the system at equilibrium, while P(v,t)
and Peq(7y) stand for the probability density of finding the system at state
at time ¢ in the former case or at equilibrium in the latter.

The stationary (or, steady) timeless state [27] of Eq. (3) is defined as

0

J = J(x,t) = const. >0, (4)
which follows from % = 0. This single state renders the stationary
solution to Eq. (3) of the well known Boltzmann-like form such as Peqy(z) =~
exp [;B—AT@]. It means that, in principle, it is expected for the system to have
one decisive barrier A® to overcome.

3. Amphiphile channels undergo confinement/crowding
involving proton-waves

MNET provides a general framework from which one can study the dy-
namics of systems defined at a coarse-grained mesoscopic level that has been
used to analyze various processes |13, 14, 28, 29].

3.1. Geometric confinement of the proton channel

Let us begin with the Gibbs’ free energy @ in a classic form
®=H,y-TS, (5)

where enthalpy H, is associated with the pressure p(x) exerted by the pro-
tons’ wave on the channel’s far-end cross section, made up of negatively
charged amphiphiles. The elementary change of Hj, corresponding to some
infinitesimal volume dV in which a part of HT-wave resides, is given by

dHo(x) = pla)dV . (6)
The infinitesimal volume of the channel is taken as
dV =l dA(x), (7)

where [, is its length, taken as a constant, and A(x) is a cross-section area
of the channel, varying with space coordinate x, ¢f. Fig. 3. The figure
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Fig.3. Ion channel of length [.,. The diagonal line when crossing the channel of
length I, having the entrance cross-section area of Ay, shows a systematic con-
finement to ion passages, viewed from left (maximum passage) to right (zeroth
passage). At the beginning, the free movement of ions is allowed. However, the
closer to the right end of the channel, the movement of ions along the length of
channel becomes impossible [29]. For analytical depiction of the (linear) confine-
ment, cf. (15).

represents the proton channel under a geometrical confinement. Then one
obtains a formula for dHg

dHe(z) = Folgy A7 () dA(z), (8)

assuming a constant local electric attraction field, F, = const., between
H*-wave and the negatively charged amphiphile. Moreover, the H*-channel
(Fig. 4) (non)equilibrium entropy S and area A(z) relate to each other as

Seq A(x) = S(x) Ao, 9)

where Ay = const., c¢f. (Fig. 3), is the maximum cross-section area depicted
at the left-hand side end of the channel. Thus an equality, expressing the
cross section versus entropy local balance

Seq dA(z) = dS(z) Ag (10)

is postulated, and ultimately a change of nonequilibrium proton-channel
(Fig. 4) entropy dS(z) looks like
Seq
dS(x) = ——dA(z). (11)
Ao
The form of Boltzmann entropy for Ny+ number of protons of concentration

cqg is as follows
Seq = kBNy+ In[ey Ao len] - (12)
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L

Fig.4. Schematics of proton channel crowding. The left image depicts the least
crowded type. In this case, the free movement of ions is allowed. In the middle
image, the channel is more crowded, yet ions can still move to some degree. The
right image depicts a channel through which ions are not allowed to pass. Gray/red
represents allowed ion pathways whereas dark gray/blue represents non-allowed ion
pathways.

Note that the bigger Seq is, the lower the pH of synovial fluid |7, 11, 13|
due to increasing proton crowding conditions, i.e. if ¢y goes up at constant
channel volume. Thus from relation (5), assisted by (11), we can obtain a
formula

dd(z) = [FalenA  (z) — T Seq Ag '] dA(z) . (13)

Equation (13) is formally equivalent to

dB(z)  (Fale, TSeq) dA(2)
de  \ A(x) Ag dr

(14)

Figure 3 shows the assumed geometry of our H"-channel. The area of the
channel changes according to a linearly decreasing function of x

A(z) = A <1 - “”) . (15)
lch
Inserting Eq. (15) to Eq. (14), upon denoting Wy = Fy Iy, one provides

db(x) (Wel 1 Wentr> | 16)

dz len 1-— ﬁ len

and finally,

dd(x) Fy
= ———% +t Fentr, 1
dx 1-= + Fent (17)

lch

wherein the entropic-force work Wentr = Fentr Lo applies. Below, both forces
will be specified in a more detailed way.
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3.2. Entropic effect of crowding on the proton channel (thermo)dynamics
Thus, the entropic part of the force, provided that the protons are viewed
as an ideal gas, is taken as
kT N+

ch

Fentr = IH[NH+] . (18)

Finally, by inserting formula (17) to (1), one gets final relation for the proton-

wave velocity
H+
Ht D Fl
Vi T T <1_em - Fentr> ; (19)

lch

wherein it has been emphasized that D = DH' due to diffusion characteris-
tics of protons, i.e. that protons are prone to diffuse either directionally or
non-directionally, thus, undergoing sometimes a standard random walk.

From Eq. (19), being generally z-dependent, it follows that there can
be three distinct cases analyzed, that when associated with Fig. 3, can be
evaluated as follows.

First, if in Eq. (19) at  ~ 0, i.e. in the left end of the channel, Fig. 3,
one provides that
D"
kg T’
this way anticipating a constant, and for Fy > Foner positive value of the
proton-wave velocity, vg, implying a domination of electric forces over their
entropic counterpart. If, in turn, Fy < Fentr, and the entropic part of the
force would prevail, the H-wave steps back due to proton overcrowding,
even in the most broad part of the channel. Thus, a proton wave inversion
effect is observed under loading conditions.

In order to further characterize this proton wave inversion effect, let
us consider the value of proton flux velocity. As discussed in previous
models [3], there are about n;, = 4 to 8 lamellae on the surface of nor-
mal AC in various locations, ranging from 6-10 nm in thickness each. If
one takes ny, = 6, then the value of proton channel length can be taken

Vg = (Fel - Fentr) (20)

as lg, = 60 nm. The proton mobility is given by pu = D};;ie;ﬁ which
leads to 36.3 x 1078 m?/sV, and the corresponding electric potential reads
U = —40 mV. Let us put N = 10° protons in the channel. One can obtain
v =30 um/ns = 30 km/s = 107% cyac; Cyac stands for the light speed in
vacuum conditions. Then, the energy of protons is ca. 3.0 €V and a length
of proton wave, estimated from de Broglie principle, is about 10~ m, as
compared to the data from [30] in which the ion-channel velocities of typical

ions such as Na™t are estimated by means of the Langevin dynamics. Our
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estimation of the above data relies on some typical values, but one may also
choose another dataset. The rule, however, is that if one specifies the electric
potential at some value, one has to adjust the number of protons assigned
to it. This physical fact is related to the need to have an adequate level
of electric power to move the corresponding number of protons through the
channel.

At this stage of our presentation, let us recall that the surface active
phospholipid layer (SAPL) is a nanoassembly displaying oligolamellar am-
phiphilic structures lining AC surfaces and has been judged by many to
participate in boundary lubrication regimes through synergistic mechanisms
with other synovial fluid constituents. One such a synergistic mechanism
can be viewed as follows. Assume that a perturbation load is applied to the
system. It may cause a certain deterioration of the first lamella, requiring
adjustment to the new situation. If the system is equipped with additional
amphiphile molecules [31], such a load may cause their translocation, and
at the same time, emergence of a new micellar structure prone to facili-
tate lubrication [1|. If the magnitude of the applied load is increased, then
more lamellae are prone to their structural rearrangement. The result is the
creation of new micelles [5, 14] contributing to the ultralow friction mech-
anism by means of forming new ion/proton passages amongst and within
them. Thus, what we have estimated as the channel length is rather more
the cumulative channel passage (overall ion-channel) of the length of an
oligolamellar system, see above.

Second, if in Eq. (19) at x ~ [,/2, i.e. in the middle of the channel,
(Fig. 3), one gets that

vg ~0, (21)

assuming that a certain force threshold Fg) ~ Fepi, /2 could be reached. It is
feasible to manage when work Wy = Fyle, = (k/2) T N+ In[Ny+], that is
to say, when the electric energy equals (almost) exactly the thermal proton-
wave energy, Ep = (kp/2) T Ny+ In[Ny+] provided again that protons are
dealt with as an ideal gas. In other words, one can say that an almost perfect
mutual compensation of both main parts of the energies applies.

Third, if in Eq. (19) at  ~ I, i.e. at the right-end of the channel,
(Fig. 3), one obtains that the only dominating part remains to be the electric
part of the force enhanced by the confinement x ~ [.,. The entropic part of
the force will not play any considerable role here but only the geometrical
right-end channel’s confinement. Thus, the velocity vg would practically

+
approach vg ~ Fel(oo)i)BLT, wherein Fel(oo) would become a really large value

of the electric force that arises under confinement. In order to arrive at finite
and experimentally accessible values of vy, it has to be assumed that DH'
would drop in the period of the electric force-field action immensely. It is
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plausible to accept, provided that T' = const. still applies, if one assumed
that the protons under confinement would walk subdiffusively, their root
mean-squared displacement, denoted by l.;msq had to cease upon increasing
time ¢, such as lymsq = lrmsq(t) ~ t* with 0 < 1 < 1/2. In other words, the

value of DH' should be assumed t-dependent, causing oL (t) ~ 271 to
decrease in an algebraic way [31]. Another option that one would not discard
is the logarithmic (even Sinai-type or billiard-involving) diffusion which also
decelerates in its tempo when compared with its standard counterpart [32].
In the present study, following others [11, 28, 31|, we wish however to focus
on the power-law behavior of the diffusion function.

Thus, for comparison, let us consider three cases of the prototype
Ht-channel studied in [31] (Fig. 5), and being of relevance to the overall
nano-tribological depiction we are addressing. When transforming previous
studies [11, 31| into our present scheme with close analogy to [33], one would

list them as follows. If at the first instance x ~ 0, then ,Ugﬁ (x ~0) := @,
where

(z) o t! (22)
would appear [11]. In the second case, if z ~ l°7h, then (x?) is related with D
and

(z%) o t, (23)

thus [31]
NP (24)

and finally (i.e., in the third case), if x ~ [, then

20, (25)

Fig. 5. Proton channel types. Ascending levels of confinement are depicted from left
to right. The cathode under the channel depiction (gray/red bar with minus signs)
is conceptualized as causing a constant attracting field influencing HT movement.
The cathode is modeled as either charged phosphate groups (—POy ) from [35] or
a charged HA (hyaluronan) lattice.
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consistently with a reasoning presented in [11, 31]. (') = (¢'(t)) = [~ 2"
P(z,t)dx denote central moments (i = 1,2) of the probability density func-
tion P(z,t) from Eq. (3). We see that based on our approach to the pro-
ton channel we are able to propose a synergistic link between meso- and
nanoscale considerations. The former is based upon designing the drift ve-
locity (vg) based on interplay between electric-field assisting confinement
and entropy (over)crowding, both of which being analyzed above.

The latter relies on proposing the protons’ motions bases on anomalous
random walk concepts |31], and references therein. These bases, in turn, via
the (extended wiz. time-involving [31]) fluctuation-dissipation theory, ad-
dress the proton (time-dependent) diffusivity in terms of the corresponding
local changes of water viscosity by means of the Grotthuss-type mecha-
nism [12| with reorientations of water dipoles, and suitable breakages of the
H-bonds assisting the H" passages [11]. The local viscosity, in turn, can be
thought of as inversely proportional to the dynamic (or, equivalently, kinetic)
coefficient of friction measured for the AC system [7, 13, 31|. Such a mea-
surement is certainly accompanied by adequate pH changes, cf. [1, 5, 6, 14].
Moreover, there is also another conceptual merger to be proclaimed based
on the approach proposed. It is due to having a complete analogy between
the friction coefficient pg and the diffusion coefficient DH+, via the extended
fluctuation-dissipation theorem, applicable virtually to our model AC sys-
tem, namely that pg =~ DH' (t). According to our conceptual view, the
quantity DY can provide an approximate estimate of the Grotthuss-type
conductivity for the AC biosystem under study. To be specific, based on the
theorem, thus accepting that DY is proportional to proton mobility, the lat-
ter being also proportional to the corresponding conductivity, what, in turn,
determines the value of the dynamic (viz. kinetic) friction coefficient [11, 31].
The determination uncovers the fact that the easiest friction viz. maximum
facilitated lubrication mode occurs when protons go with constant and suf-
ficient velocity vy toward negatively charged amphiphile targets. The con-
finement versus crowding property is able to spoil the maximum (nanoscale)
lubrication mode by damping the enhanced protons’ diffusion toward stan-
dard and subdiffusive modes. The synergistic synchronization of both the
Smoluchowski-type mesoscale nonequilibrium thermodynamics mode with
its nanoscale and fluctuation dissipation counterpart lies within the core of
our semi-quantitative, simple proposal. Resorting either to suitably chosen
sets of experimental pH-changes data, c¢f Fig. 6, or toward designing an
adequate computer simulation, terms of molecular dynamics, or even the
Brownian, Langevin-type dynamics, would shed additional light on SAPL
function.
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Fig. 6. Graph shows the interfacial energy wversus coefficient of friction dependence
for phosphatidylcholine (PC) bilayer surface of phosphate (—PO4H/—PO; ) group.
Over the pH range 6 to 9 phosphate group is charged (—POj ), while the amino
group (NHy) group is neutral. The pH 7.4 is a working value when friction processes
are taking place in joints. The graph is congruent to Fig. 6.9. from [35]. The pH
levels seen on the graph can be correlated with outputs of Eq. (12) and/or Eq. (18),
announcing that pH is an important (HT-crowding sensitive) quantity, influencing
friction-lubrication ion conditions. The linear regression (at a confidence level of
0.95) of the small data set yields f(Y) = AY + B, where A = 0.1447 m(mN)~!

B = —0.2312, and f designates the friction coefficient.

4. Quantum description of proton movement
in the narrowing channel

Let us consider a melted quantum mechanical description of proton mov-
ing in a SAPL channel with impermeable walls. To separate proton move-
ment along the channel and the transversal component completely restricted
by wall barrier, we take the wave function in a form

6.9.2) = 3= e (5222 o) (26)

where x is a coordinate along the channel, py, is the radius of boundary,
a limiting value of p, which is the distance from the symmetry axis of the
pore; ¢ is an angle around the axis, J,,, the Bessel function of integer order
m, Kmp is nth root of Jy,; fimn is the amplitude of proton wave function
in its movement along the channel, and ¢, , normalization coefficient of
cylindric part of .
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Now, the problem of proton movement along the channel can be sepa-
rated into the 1-D Schroedinger equation for each f,, with the effective
2 2
potential Ueg ymn(x) = % 1_% — Fz if the cross section of the pore is
lch
Az) = Ao (1 — %), ¢f. (15) (where M is a proton’s mass).

Let us consufer some chosen m and n values and parameterize the ef-

K2,
fective potential by its “entrance” value V = et and a dimensionless
2MAg

Floy,

parameter a = and introduce nondimensional coordinate { = % then,
the effective potential takes a simple form

Ut =V (lfC - ac) (7)

If we also scale energy by V and introduce nondimensional energy parameter
€= %, the values of return points are

e—ai/(a—¢e)?2+4a(c-1)
2a '

Now, let us estimate the transmittance coefficient Dy of the channel in an
usual way

1 1
1nDT=—25f’h7 ”;Mvére /(1_1C—aC—5>2dC . (29)

G2 = (28)

0

The integral in the r.h.s. of the equation can be expressed by elliptic integrals
of the return points values and the real part of the integral should be taken,
which is always less than 2 for nonzero energy and force thus,

9y /2T FTL 1—o)V
Dy = a2 g (Flh)+\/1—<1<2—c1—<2>
C

. 1 1—GC
xE <arcsm o 1o C1>

: 1 -G
1-G (G —Q)F <arcsm G 1= Cl)} (30)

If an upper bound for the integral is applied, the estimation for D is as
follows

l
4Rm n ch

DT > e ™ pp, (0) , (31)

which is the overall range of the H-wave transmission through the channel
we have used.
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The entropic force appearing in the Smoluchowski-like approach, cf. (18)
comes a transversal confinement from localization of the proton wave. The
consequence of this fact is that protons move in effective potential which
is angular momentum dependent and create a finite barrier at the mouth
of the channel and is infinite at its end, ¢f. Fig. 4. In analogous searching-
for-target (or entrance) Smoluchowski dynamics problems, such as the ones
recognizing specific targets along the DNA molecule by some active and
charged (small) proteins, cf. [36, 37| the whole problem splits as ours to some
longitudinal- and transversal-direction involvement, due to the role played
by the confinement, and possibly over-crowding caused by protein effective
number upon performing the complex electrostatics search. However, there
is a finite transmition coefficient of a proton wave through such conus-like
channels. The greater angular momentum the greater the barrier at the
mouth of the channel as xy, , grows with both of the indices m and n. This
means that the confinement energy changes as the channels are steeper,
causing greater forces exerted on proton. However, the forces exerted on
protons are equal to the forces which protons exert on the walls. These forces
and the shear may destroy the molecular structure of walls and also cause
protons at energy level of ~ 1 eV to walk subdiffusively at the narrowest
confinement as changes of effective potential are extremely great within the
geographic hydration shells present.

5. Final address and perspective

The final address can be presented as follows:

e AC damage leads to increased disease burden largely due to lesion pro-
gression exacerbated by the loss of a normal bearing surface [34]. Such
lesion sites exhibit compromised tribochemical performance capabili-
ties because the increased surface asperities associated with interstitial
matrix failure are accompanied by a lack of geographic SAPL cover-
age [1, 3]. The SAPL is an oligolamellar nanostructure exhibiting
reverse micelle characteristics, protic aggregation—disaggregation be-
haviors, surface hydrophilic-hydrophobic balancing actions, and intra-
lamellar hydration swelling features that serve to mitigate certain per-
turbation conditions and protect against pathologic solutes. These
functions are influenced by ambient synovial fluid pH variations that
impact SAPL electrical charge and frictional surface properties [14]
such as that which is observed commensurate with joint organ system
disease [1].
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e This report presents the fundamentals of an MNET-based model envi-
sioning a governing mechanism of AC lubrication in a thermodynamic
system that is based upon proton movement and attendant proto-
nation potentials, also benifiable by means of quantum-mechanical
quantitive reasoning, cf. Fig. 7. The model captures the interplay
between structural confinement and its counter effect during SAPL
aggregation—disaggregation that we have termed the Proton Wave
Crowding. Both effects contribute to a facilitated lubrication function
by way of SAPL nanoscale channels due to the binding of hydrogen ions
at specific sites within molecular hydration shells effecting local dy-
namics at nanometer distances and femto- to pico-second ranges. Be-
cause the Smoluchowski dynamics have been utilized by others in the
context of polymeric dispersive aggregations and their motions [38, 39],
we have utilized the concept of random walk to limit partial differen-
tial equations for standard and time-dependent functions as has been
applied to colloid dispersions in swollen polymer matrices.

Fig. 7. Natural logarithm of transmittance coeflicient Dt in 2klc,/pp(0) units as
a function of work parameter a and energy parameter €. The range of a is from
0 to 5 and the range of € is from 0 to 2. The inversion effect, also anticipated by
the Smoluchowski approach (Sec. 3), is seen near the top of the curve.

e Variation of synovial fluid pH has strong implications for the electrical
charge of both the SAPL and the interstitial matrices of AC thereby ef-
fecting frictional properties. The change of the electrical charge of the
SAPL is due to hydrogen ion binding at specific phospholipid lamina
sites, while for interstitial matrix surfaces, binding occurs within pro-
teoglycan and collagen aggregates exposed by loss of SAPL coverage.
For example, at typical physiologic ambient solution pH = 7.4, which
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is above the resident molecules’ isoelectric point (pI ~ 4.2), SAPL and
exposed interstitial matrix surfaces are both negatively charged [11].
This negative charge density increases with increasing ambient solu-
tion pH due to attendant protonation potentials. For juxtaposed SAPL
membranes, such charge structure facilitates boundary lubrication due
to weak adhesion forces (repulsive interaction) and a very low coeffi-
cient of friction (Fig. 6). Because protons have the highest charge-
to-mass ratio present in the system, and considering their very rapid
structural diffusion in aqueous environments, the MNET model pre-
dicts their role in decreasing interfacial friction under sufficient physio-
logic SAPL loading as consistent with other observations [35]. Further,
during conditions utilizing media replacement of synovial fluid, such
as during arthroscopic interventions, proton recruitment at 5.3 x 10!
during the positive portion of the physiochemical scalpels alternating
current signal generates an irrigant proton pressure force of approxi-
mately 2.8 mmHg that is similar in magnitude to the transcapillary
net filtration gradient required to generate normal net capillary filtra-
tion [3] and which is of a time integrated scale predicted in the MNET
model to be manageable by normal SAPL functions during decreased
loading environments.

e The relationships between solution pH and wettability (measured by
the contact angle), interfacial energy, and friction coefficient of a weak
polyelectrolyte phospholipid bilayer-membrane could insight into the
mechanisms underlying lubrication processes in mammalian joints. It
has been shown [35] that the combination of a low interfacial energy
and large contact angle provides effective biological lubrication. The
significant contribution of phospholipids to the cartilaginous bearing
includes: (i) a membrane for maintaining (weakly) slip plane bilayer
lubricants to the joint cartilage [14], and (%) liposomal synovial fluid
and lamellar spheres which act also as lubricant support at the surface.
The lamellar-roller-bearing lubrication model [35] has been developed
to incorporate a bimodal mechanism of lamellar nearly frictionless bi-
layers movement and a roller-bearing lubrication mode through struc-
tured synovial complex-fluid [6] which occurs when lamellar spheres,
liposomes, and macromolecules act as a roller-bearing [40] placed be-
tween two cartilage surfaces in biological lubrication.

e In very general conceptual terms, the MNET model illustrates that
SAPL nanoscale channels are closed in the unloaded state and open
in the loaded state, a finding in direct agreement with clinical ob-
servations [1—4|. For example, in the unloaded state such as during
arthroscopic therapeutics, the SAPL serves as a charge barrier, a fea-
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ture that has been used as a trait-targeting substrate to achieve the
precision resection of physiochemical scalpels that utilize proton de-
livery gradients. Such charge barrier properties manifest under ther-
apeutic conditions as the delivery gradients deployed in the form of
engineered irrigants do not approach phase transition temperatures
or ambient conditions associated with pore freezing phenomena [41].
Because SAPL coverage is related to interstitial matrix surface rough-
ness, a feature corroborating the intuitive surgical desire to create a
smooth AC surface, these proton delivery gradients are utilized to de-
crease the abnormal surface asperities typical of interstitial matrix fail-
ure. Although the SAPL is fundamental to a normal bearing surface,
therapeutic interventions have only recently been focused upon its re-
establishment. Full-thickness AC lesions have garnered significant at-
tention, yet therapeutic efforts continue to struggle with host-implant
lateral integration principally due to iatrogenic damage of the host
interface at or within the wound bed. Accordingly, attention toward
reconstituting a normal bearing [35] surface to facilitate outcome dura-
bility remains premature for full-thickness lesions. However, recent
advances in tissue rescue for partial-thickness lesions have increased
the awareness of re-establishing a normal SAPL bearing surface, most
notably due to the ability to create a biologically responsive wound
bed without margin collateral damage or phenotypic dedifferentiation
and which displays a decrease in surface roughness amenable to SAPL
reformation (self-assembly) once the treated surface is returned to an
in vivo tribochemical interfacial synovial fluid milieu.

As a future task it is worth noticing that the interfacial [42] properties
of hydrophilic biosurfaces exhibit an aqueous exclusion zone that has unique
characteristics from that of bulk water and which are similar in nature to
an electric double layer |1, 3, 15, 42|. The MNET model provides a founda-
tion from which the mechanisms of exclusion zone and electric double layer
formation can be studied. For example, biosurfaces have been generally
examined in a fairly unloaded state [43] wherein phospholipid tissue mem-
branes act as a charge barrier due to proton gradient formation secondary
to augmented water dissociation. The MNET model depicts this condition
in the right portions of Figs. 3 and 4 that represent the dominating electric
force present and enhanced by geometric channel confinement. This type
of unloaded condition at the SAPL is present during arthroscopic interven-
tions with saline media replacement of synovial fluid. However, when placed
under sufficient load, these phospholipid tissue membranes allow channel
opening as depicted in the left portions of Figs. 3 and 4 that represent the
enthalpic interplay between geometric and electrostatic confinement yielding
proton wave inversions that enhance lubrication capabilities. Accordingly,
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the MNET model describes the return of phospholipid tissue membranes
such as the SAPL from saline media to an in vivo physiologically loaded
synovial fluid environment post-treatment. Both of these loading conditions
are supported by quantum mechanical evaluation. The whole argumentation
addressed above, should be, however, left for another examination.
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