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Theory of cell membrane interaction with glass
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There are three regimes of cell membrane interaction with glass: Tight and loose adhesion, separated by
repulsion. Explicitly including hydration, this paper evaluates the pressure between the surfaces as functions of
distance for ion correlation and ion-screened electrostatics and electromagnetic fluctuations. The results agree
with data for tight adhesion energy (0.5–3 vs 0.4–4 mJ/m2), detachment pressure (7.9 vs. 9 MPa), and peak
repulsion (3.4–7.5 vs. 5–10 kPa), also matching the repulsion’s distance dependence on renormalization by
steric pressure mainly from undulations.
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I. INTRODUCTION

Physical interactions between cell membranes and with
their substrates are central to biology. Crucial to studying
them is the refinement of modeling for lipid bilayer, the
only common component of cell membranes in general, and
the most important. I show here that membrane-saline-glass
is an even better system for characterizing cell membrane
biophysics than previously recognized, by resolving theoreti-
cally the interaction pressure between lipid bilayer and glass,
which unusually and yet usefully exhibits repulsion between
two zones of attraction. Tight [1] and loose [2] adhesion of
cell membrane to glass pipets respectively facilitate studies
of ion channels’ electrophysiology and spatial distributions.
The tight adhesion energy is vastly stronger; two laboratories
both place it in the range 0.4–4.0 mJ/m2 [3,4]. At interme-
diate separations, glass instead repelling membrane allows
nanopipets to map the topography [5] and stiffness [6] of
individual cells. The peak repulsion is in the range 5–10 kPa
[4,7], though measurements are as yet only incidental to the
need for electrophysiological protocol to achieve tight seals
while minimizing perturbative membrane tension [4,8,9].

To reconcile these regimes of interaction by calculating
the pressure between cell membrane and glass across saline,
this paper has to make various theoretical advances: It in-
corporates hydration rationally, estimates the full distance
dependence of the pressure from electromagnetic fluctuations,
and develops a model for ion-correlated attraction. Results
agree with many classes of measurement, and hence among
other predictions the theory clarifies the views that tight ad-
hesion is to lipid bilayer [3] but includes hydration [10], and
glycans [11], though short ones as illustrated in Fig. 1.

The experimental characterization of the system is best
summarized in terms of protocols for tight adhesion of a
membrane patch to a glass pipet. With a nanopipet the
tight seal forms on the ≈100 nm diameter tip face [12],
whereas micropipets usually seal to blebs extruded inwards
[1]. Both adhesion geometries are called a gigaseal as their

*richard.w.clarke@npl.co.uk

resistance is ideally 10–100 G�. Forming such a seal re-
quires clean, smooth glass and a clear cell membrane [13]
so patch-clamp studies either target (blebs on) new neu-
rons without perineuronal nets, or treat differentiated cells
with proteases. In addition, positive hydrostatic pressure,
typically 3–5 kPa [7], is applied to the pipet during its
approach, producing a flow profile strong enough to clear
membrane proteins [14] from an exclusion zone where the
seal forms [15] but not necessarily the central flow stag-
nation point, sometimes leaving an individual ion channel.
The flow also pushes the area downwards [16]. Thus, at the
next stage when pressure is suddenly released or reversed,
the elastic energy stored in the cytoskeleton [17] springs the
relatively clear patch of membrane up to the pipet, where
its proximity will continue to exclude membrane proteins.
To minimize the absolute tension the membrane experiences,
electrophysiologists can derive approximately half the pres-
sure required for tight adhesion from this spring upward and
the remainder from subsequent suction of 2–2.5 kPa [3,13]
or its sudden release [1,18]. This agrees with the low end of
5 to 10 kPa automated patching suction [7], indicated in Fig. 2
as the experimental range of the peak barrier pressure.

From a theoretical perspective the pressure has separate
contributions from electromagnetic fluctuations and qua-
sistatic ionic charge displacement. This is because ions free to
move in solution exponentially reduce electrostatic interaction
with distance but have too much inertia to screen any but
the longest-lived fluctuations [19]. The electrostatic pressure
is from double-layer overlap and ion-correlation, while the
dispersion pressure is caused by electromagnetic fluctuations’
variation with surface separation [20]. These three compo-
nents are evaluated here as functions of separation for neuron
lipid bilayer approached by silicate or borosilicate glass across
saline at 25 ◦C. I then renormalize the barrier section of the
interaction by the steric pressure from lipid protrusion [21]
and membrane undulation [22].

II. ELECTROSTATIC PRESSURES

The surface charge density of glass σg is typically one
electron per 20 nm2 or −8.01 mC/m2 [23]. Neuronal
cell membrane has a similar surface charge density σl ,
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FIG. 1. Glass-membrane interaction across saline at progressive
magnifications of the circled regions. (a) Glass near cell. (b) Undula-
tions extend the interaction range: Peak depth D is slightly less than
mean gap g. (c) Approach length l indexes strong variation in surface
pressures. (d) Most net surface charge is from sialic acids (−) at
the edge of the membrane’s external hydration layer, on ganglioside
headgroups (�) embedded in it. Divalent cations (bold +) like Ca2+

can bridge charges on the two surfaces.

FIG. 2. Calculated pressures between lipid bilayer and silicate
(blue), borosilicate (orange), or either (purple). Dashes indicate at-
traction. (a) Electrostatic pressures from ion-screened double-layer
repulsion and ion-correlated attraction. (b) Dispersion pressures.
(c) Sum of electrostatic and dispersion pressures reproduces the
observed 5–10 kPa peak barrier pressure (rules) between loose and
tight adhesion. (d) Peak repulsion versus glass surface charge density,
usually −8.01 mC/m2 (line). At −1.42 mC/m2 (arrow) the peak
repulsion for silicate is minimized to 3.4 kPa. (e) Peak repulsion and
its minimization for silicate. (f) Renormalization (right) of the pres-
sure barrier for silicate by the steric pressure, mainly from membrane
undulation rather than lipid protrusion (dots). To avoid curve overlap
for clarity, the minimized barrier is shown.

TABLE I. Neuronal bilayer lipids with net charge.

Bilayer Ratio Half net Charge per
mol % in:out charge outer lipid

Ganglioside 3.29 20:80 −1.1 −0.02897
Phosphatidylserine 9.47 90:10 −0.5 −0.00474
Cardiolipin 0.47 50:50 −1.0 −0.00237
Phosphatidylinositol 2.55 85:15 −0.5 −0.00191
Phosphatidic acid 0.34 50:50 −0.5 −0.00085

calculable from mass-fraction data [24,25]: With � = 1.57 ×
1018 lipids/m2, and 50% ionization as found experimentally
for bilayers with a similar proportion of 10% net charged
lipids [26]. Table I totals 0.0388 electrons per lipid in the outer
leaflet, which is one electron per 16.4 nm2 or −9.78 mC/m2.
This is mainly from the 2.2 sialic acids per ganglioside as
80% of these are on the outer leaflet [25]. Extensive hydro-
gen bonding would stabilize gangliosides in the membrane’s
hydration layer with the charged groups just beyond. Thus in
this model zero approach length retains headgroup hydration
as shown in Fig. 1. With four water molecules around each
headgroup, a volume v ≈ 0.12 nm3, the hard wall thickness
of the hydration layer is 4v� ≈ 0.75 nm [26]. With the above
surface charge densities, Poisson-Boltzmann theory gives
the ion-screened electrostatic pressure from double-layer
overlap as

P ≈ (2σlσg/εrε0)e−κl , (1)

where the Debye length 1/κ is given by κ2 =∑
i ρiz2

i e2/εrε0kBT with ρi and zie the volume density
and charge of ion type i. Approximating physiological saline
as 154 mM sodium chloride [27] of relative permittivity 78.4
at 298.15 K gives 1/κ ≈ 0.775 nm. Though there are more
buffer components, and notably always approximately 1 mM
calcium salts, it is not worth calculating κ more precisely
because tight adhesion is otherwise broadly independent of
saline formulation [28].

Although both surfaces are negatively charged, ion cor-
relation at nanometer separations breaks the mean-field
assumption underlying the derivation of the double layer
pressure and generates strong electrostatic attraction [29–31].
As tight adhesion is promoted by Ca2+ [32], ion cluster-
ing dominates in nondilute electrolytes [33], and divalent
ions contribute most to potential minimization, I model ion
correlation here as two stages of Ca2+ displacement con-
comitant with sialate rearrangement: First, sialate pairing with
silanolate via an intermediate Ca2+, diameter s ≈ 0.51 nm
(averaging over 0.1–10 ns hydration-dehydration exchange
[26]). The cation position is electrostatically bistable with
a typical charge-center separation to one of the anions also
≈ s. Thus, for steric displacement of any second Ca2+ from
the opposite anion (to equal average reservoir potential), and
for sialate rearrangement to occur, the prospective minimized
charge-center separation to the other anion, l − s, must ap-
proach s. This motivates an atomic granularity factor e−(l−s)/s

in the energy per unit area of

G(l ) ≈ − 2eσe−(l−s)/s

4πεrε0(l − s)
. (2)
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Here e is electron charge magnitude, and σ = √
σlσg. The

pressure −dG/dl , negative for attraction, is then

P ≈ − eσ le−(l−s)/s

2πεrε0s(l − s)2
. (3)

This estimate of the ion correlated attraction from calcium
bridges, plotted in Fig. 2, exceeds the ion screened repul-
sion of the two surfaces at approximately l ≈ 2.4 nm, and
applies while l � 2s ≈ 1 nm. In the second stage at tighter
constrictions, the rearrangement to direct electrostatic com-
plementarity [34] between silanolates and protruding positive
headgroups will displace each sialate-Ca2+ to instead attract
its glass image charge. Most hydration would remain though,
as discussed in the dispersion section, precluding ion desolva-
tion. As the ion correlation pressure cannot therefore change
magnitude, for l � 2s I estimate it, along with intersurface
hydrogen bonding, by the linear continuation

P = − eσ

2πεrε0e

(
12

s2
− 5l

s3

)
. (4)

III. DISPERSION PRESSURE

A major success of thermal quantum field theory [35–37],
the dispersion interaction energy per unit area is usually
written as [26]

G(l ) = −HLMU/12π l2. (5)

Here HLMU is the separation-dependent Hamaker coefficient
for lower and upper regions L and U separated by medium M,
a sum over discrete electromagnetic fluctuation lifetimes ν−1

n

at 2π inkBT/h̄ = 2π iνn = iξn [20]:

HLMU = 3

2
kBT

∑′
n�0

ELMEUMRn. (6)

In this equation, which assumes uniform permeability, EAB =
(εA − εB)/(εA + εB) with permittivities ε evaluated at iξn.
For n � 1, relativistic desynchronization is estimated by the
factor Rn = (1 + rn)e−rn where rn�1 = (2lξn

√
εM )/c com-

pares the return-path distance to how far light can travel
across the medium during the fluctuation. These terms cor-
respond to electromagnetic fluctuations too brief for ion
movement to screen [19]–The plasma frequency for Na+ and
Cl-, 1

2π

√
ρe2/εrε0m∗ ≈ 6.1 × 1010 Hz at 154 mM is already

much lower than ν1 = 3.9 × 1013 Hz and would be further
decreased by ion solvation. The ions do move fast enough
to screen the longer-lasting fluctuations of the n = 0 term
though, with full screening by a few nanometers as the Debye
length is so short. Nevertheless, close to contact the n = 0
term exceeds all the others combined, making it necessary
to include the effect of fluctuations of higher-order q in its
calculation [20,37]:

1

2

∑∞
q=1

[(ELMEUM)q/q3](1 + r0q)e−r0q. (7)

Ionic screening is represented here by a factor of R0 with
r0 = 2κl [20] multiplied by q to account for greater ionic
screening of higher-order zero-frequency fluctuations. The
term is halved to avoid double counting it, as indicated by the
dash on the main sum which would otherwise use absolute n
over all integers. Summing to q � 5 is sufficient in practice
[20]. The surface pressure −dG/dl , with attraction negative,
is then

P = − kBT

8π l3

{[
1

2

∑5

q�1
[(ELMEUM)q/q3](r2

0q2 + 2r0q + 2)e−r0q

]
+

[∑N

n�1
ELMEUM(r2

n + 2rn + 2)e−rn

]}
(8)

converging by N ≈ 1000, where now L indicates the lipid
headgroup layer, M the saline medium, and U the glass. A
general form for permittivities’ dependence on fluctuation
lifetime is [26]:

εr (iν) ≈ 1 + εr − n2

1 + (ν/νr )
+ n2 − 1

1 + (ν/νe)2
. (9)

For silicate glass, the low-frequency relative permittivity εr =
3.8, the refractive index in the visible spectrum, n = 1.448,
the rotational relaxation frequency νr ≈ 1012 Hz, and its elec-
tronic transitions mainly absorb ultraviolet light at νe ≈ 3.2 ×
1015 Hz [26]. For borosilicate, industry data [38] averages
to low-frequency relative permittivity εr = 4.90 and optical
refractive index n = 1.480.

As thermal undulations continuously juxtapose sections
of the membrane with the glass even at much wider mean
separations [22], I represent the membrane permittivity by that
of the outer headgroups, including their hydration. This is con-
sistent with measuring the gap from the majority of net surface
charge, ganglioside-sialate at the edge of the hydration layer,
but is separately motivated: The headgroups’ dielectric profile
is broadened by lipid protrusion [21] and by intrusion of ions

and water molecules around the ester links to the tailgroups
[39–42]. Also, equivalent to dispersion pressure repelling two
regions separated by medium with intermediate permittivity
[19], dispersion will favor any average hydration layer struc-
ture with permittivity intermediate to the headgroups and the
solution. For all these reasons, I take the hydration together
with the rest of the headgroup interlayer to have the same
permittivity and include its width in the calculation of this
value: Modelling headgroup permittivity as a function of
frequency requires estimates for the low-frequency relative
permittivity, the refractive index in the visible spectrum, and
the main electronic absorption frequency of ultraviolet light.
The latter must be ≈1.428 × 1015 Hz, the peak UV absorp-
tion frequency of phospholipids [43] that comprise two-thirds
of the bilayer [24]. Headgroups’ low-frequency and optical
permittivities must combine with hydrocarbon tails’ values to
agree with overall bilayer measurements. Each band of the
bilayer displays a capacitance proportional to the quotient
of its permittivity by its thickness, and as these capacitances
are in series the combining equation is DB/εB = (2DH/εH ) +
(2DT /εT ) where DB is the bilayer thickness and DH and DT

are the thicknesses of the headgroups and tailgroups on each
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FIG. 3. Graphs illustrating the origin of the three regimes of
dispersion pressure between glass and cell membrane. Left panels:
Silicate. Right panels: Borosilicate. (a, b) Relative permittivities
evaluated at iξn = 2π inkBT/h̄. For n � 35 the saline medium (green
diamonds) has intermediate permittivity to the glass (squares)

side, so that DB = 2DH + 2DT . Thus headgroup permittivity
is εH = 2DH/[(DB/εB) − (2DT /εT )]. In the zero-frequency
regime the overall relative permittivity of lipid bilayer is
3.2, measured at 80 MHz [44] to avoid million-fold higher
ionic polarization [45,46]. This approximates the permittivity
of the substance apparent to zero-frequency electromagnetic
fluctuations limited in energy to around kBT , evidently only
sufficient there to polarize electron density and hydrogen
bond screening. The permittivity of the hydrocarbon tails at
the bilayer core is 2.0 [20]. Molecular dynamics simulations
[40–42] agree with experimental measurements [39,47] that
ions and water molecules diffuse approximately 0.25 nm into
the 1.25-nm tail moieties, around the ester links [39], and
that there is an ≈0.75 nm [47] hydration layer associated
with the ≈1.0 nm headgroup layer [47], making the rele-
vant thicknesses DH ≈ 2.0 nm and DT ≈ 1.0 nm for a total
bilayer thickness DB ≈ 6.0 nm. These parameters yield a low-
frequency headgroup layer permittivity of εH ≈ 4.6. In the
frequency range of visible light to ultraviolet the refractive
indices are approximately 1.45 for the bilayer [48–50] and
1.41 for the hydrocarbon tailgroups [26], corresponding to
permittivities of 2.1 for the overall bilayer and still 2.0 for the
tailgroups. These estimates indicate the polar headgroup layer
has an optical permittivity εH ≈ 2.165 and hence refractive
index nH ≈ 1.471. For water, the permittivity is fitted in terms
of iξ by [20]:

εr (iξ ) = 1 + d

1 + ξτ
+

∑
j

f j

ω2
j + ξg j + ξ 2

. (10)

The microwave band is covered by parameters d = 74.8,
1/τ = 9.95 × 1010 rad s-1 and higher angular frequencies ξ

by the other coefficients [20]–absent 1015–1016 rad s-1 where
water is transparent.

The dispersion pressure (Fig. 2) calculated from these
permittivity functions (Fig. 3) repels the surfaces at inter-
mediate separations: The strongly attractive n = 0 term in
Eq. (8) outweighs the net repulsion from the other terms, up
to (0.5)0.8 nm for (boro)silicate, where its ion-screened decay
begins to reveal this barrier. At wider separations the attractive

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
and hydrated headgroups (purple triangles), so the correspond-
ing terms in Eq. (8) contribute to pushing the surfaces apart.
The lower panels show the variation with approach length l of
the first thousand terms in square brackets of Eq. (8), without
the prefactor of kBT/8π l3, to aid comparison, but including the
overall minus sign, so that negative terms (red circles) signify
attractive contributions to the overall pressure while the positive
terms (black squares) contribute to pushing the surfaces apart.
(c, d) l = 0.1 nm, (e, f) l = 1 nm, (g, h) l = 10 nm, (i, j)
l = 100 nm. The ion-screened n = 0 term contributes a strongly
attractive pressure exceeding all the other terms combined at
l = 0.1 nm, but by l = 1 nm has decayed sufficiently for
the sum of the negative terms n � 34 to no longer out-
weigh the sum of the positive terms n � 35. As the n = 0
term continues to decay, the dispersion barrier is progressively
revealed. However, with further separation, relativistic desyn-
chronization weakens higher-order terms first until, soon after
l = 10 nm, the pressure switches sign again, because the attractive
terms n � 34 are yet to desynchronize.
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terms n � 34 desynchronize last, forming the loose adhesion
regime. Conversely, symmetry guarantees entirely attractive
dispersion pressure between pairs of bilayers [19].

IV. NET PRESSURE

The net pressure, the sum of the dispersion and elec-
trostatic pressures, repels the surfaces at approach lengths
l between 2 and 18 nm, with peak barrier pressures of 6.3
and 7.5 kPa for quartz and borosilicate at 2.63 and 2.55 nm,
respectively, matching the experimental range from 5–10 kPa
[4,7]. For high resistance, membrane must flatten against the
glass while sealing [4], impossible without a pressure bar-
rier. To reduce the tension perturbing ion channels [4,8,9]
in a membrane patch from sealing its perimeter though, the
model indicates lower glass surface charge would lower peak
repulsion, by decreasing double-layer repulsion relative to
calcium-bridge attraction: At glass surface charge densities of
(−1.75) −1.42 mC/m2 Fig. 2 shows joining pressure minima
of (5.0) 3.4 kPa for (boro)silicate.

The pressure barrier is also seen by quartz crystal microbal-
ance with dissipation monitoring of 75- to 100-nm diameter
unilamellar vesicles (prepared by sonication or extrusion
[51,52]) on glass, as reversible loose adhesion for generally
more natural mixed-lipid compositions [53,54], modulated by
calcium [55] as expected. Loosely adhered vesicles cannot
be easily studied by atomic force microscopy (AFM) be-
cause the cantilever tips apply enough pressure to push them
into tight adhesion even in the gentlest scanning modes: The
minimum AFM tip pressure, for 30-pN force and 30-nm tip
radius [51], is ≈10.6 kPa. Similarly, in Langmuir-Blodgett
deposition of solid-supported lipid bilayer [52,56,57] initial
edge-nucleation would usually ensure progressive mechanical
propagation of adhesion from an interface.

Integrating the adhesive branch of the net pressure down
to either the Debye length, 0.78 nm, or the unhydrated width
of Na+, 0.19 nm [26], gives adhesion energies for silicate of
0.51 and 3.0 mJ/m2, respectively, agreeing with the exper-
imental range 0.4–4.0 mJ/m2 [3,4]. For borosilicate theory
gives 0.49 and 2.6 mJ/m2. The other attractive branch at
far separations accounts for loose adhesion [2], integrat-
ing to weak association energies of 30 and 39 nJ/m2 for
silicate and borosilicate. Neglecting ion screening and the
finite velocity of light, near-field approximation can estimate
tight adhesion [58] but cannot predict any barrier or loose
adhesion.

Even though the ion-correlated and electrodynamic pres-
sures are both strongly attractive at close range, tight
adhesion of cell membrane to glass does not happen instan-
taneously, with micropipet seals taking 2–30 s to exceed
1 G� [1,59]. This delay indicates that the variation within
each laboratory’s measurements of the adhesion energy—0.5–
4.0 mJ m-2 [3] and 0.4–4.0 mJ m-2 [4]—is from viscous
surface hydrogen bonding slowing ion rearrangement, wa-
ter diffusion, and hence gap constriction to such an extent
that variation in settling time matters to the measurements.
The slow lateral escape of excess water might also limit
the mechanical propagation rate of adhesion fronts. At equi-
librium tight adhesion, the combination of electrostatic and

electrodynamic constraints on the hydration layer would
frustrate ion traversal, accounting for the high electrical
resistivity.

The process usually measured to gauge adhesion is the
reverse, peeling, which requires only �p � 2.5 kPa on
membranes across borosilicate pipets with inner radius a ≈
5.75 μm [3]. Thus an upper estimate for the experimental de-
tachment pressure from tight adhesion, assuming microscopic
peeling force normal to the wall and equating integrals of line
tension around the membrane circumferences facing upwards
and outwards, is �p times the ratio of patch cross-section
πa2 to the incremental peel area 2πa/

√
�, viz.,

√
�a�p/2 ≈

9 MPa. This agrees with the theoretical detachment pres-
sure from borosilicate at the Na+ limit, 7.9 MPa, cf. Fig. 2.
Detachment pressure exceeding the usual 3 MPa membrane
rupture tension [60] is consistent with pipet reuse requiring
thorough cleaning [59], and with how raising a tightly ad-
hered pipet either excises the patch or uproots the cell, so
peeling bilayer is evidently stabilized by the remaining surface
adhesion.

V. STERIC RENORMALIZATION

Most stresses on a cell are borne by the cytoskeleton so
there is usually slack in the membrane [17] that allows it to
undulate. If a membrane repels another surface at short range
these undulations and the protrusions of its lipid molecules
extend the distance profile of the pressure exerted. Various
active cellular processes could excite lipid protrusions and
bilayer undulations too, but as far as current estimations are
concerned the excitations are entirely thermal. The pressure
on a wall from thermal undulations is 0.21k2

BT 2/CD3 [22] for
peak depth D and curvature modulus C ≈ 20 zJ [26] (lower
at the melting transition [61]). Pressure from lipid protrusion,
previously determined for pairs of bilayers [21], whose hydra-
tion is taken to repel them conservatively at short range [26],
I derive here for a single bilayer next to a wall in the same
way. The derivations use the potential distribution theorem
that 〈w(z)〉 ≈ −kT ln[

∫
e−w(z,x)/kT dx/

∫
dx] and renormalize

to accessible states by declaring an arbitrary practical limit of
the state space to be L, a few multiples of the protrusion decay
length λ = kT/α, that differentiates out: The interaction free
energy per site at wall separation D given the protrusion
potential αz is 〈w(D)〉 ≈ −kT ln(

∫ D
0 e−αh/kT dh/

∫ L
0 dx) =

−kT ln[λ(1 − e−D/λ)/L] and hence the protrusion pressure
on a wall is P = −∂�〈w(D)〉/∂D = (�αe−D/λ)/(1 − e−D/λ)
where α ≈ 2.5 × 10−11 J m-1 [26] and λ ≈ 0.165 nm [21].
The sum of these two steric pressures renormalizes the barrier
by extending each l by the corresponding D. Renormalized
numerically, the pressure barriers become approximately in-
versely proportional to the third power of the mean gap g,
matching recent experimental measurements of noncontact
cell membrane compression by glass [6], and specifically
fitted by Table II ’s parameters for

P(g) = 1

6π

h − f g

v + (g − d )3
. (11)
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TABLE II. Renormalized pressure barrier fits and limits.

f v h d gmin gmax

(fN) (nm3) (zJ) (nm) (nm) (nm)

Borosilicate 74.4 58.6 13.1 2.39 5.39 123
Silicate 59.9 63.3 11.9 2.50 5.62 135

VI. CONCLUSIONS

The most striking aspect of the model is the theoretical
unification of the repulsion with loose and tight adhesion. By
rendering four associated measurements, the adhesion ener-
gies per unit area, detachment pressure and peak repulsion,
the model shows gangliosides stabilize outer bilayer hydration
and that tight adhesion slowly progresses from salt bridges
to electrostatic complementarity. Of further significance to
electrophysiology is the lower peak repulsion calculated for
silicate glass, an unrecognized advantage for reducing patch
tension and hence ion channel perturbation [8,9] that the
model predicts would improve with lower glass surface charge
density.

Quantitatively resolving phenomena fundamental to
biology, the theory predicts cells forming biofilms on silicates
must first flatten to maximize force from loose adhesion

so active protrusions can push through the barrier to tight
adhesion. Conversely, in relation to enveloped virions’ passive
interactions, the model rationalizes the hitherto empirical use
of glass vials for storing such viruses [62] and vaccines
based on them [63]: Surface association by loose adhesion of
envelope to glass may require displacement by vial inversion,
but nonspecific spike interactions are too transient, weak and
offset to pull envelopes into tight adhesion. Furthermore,
the estimate of ion correlation pressure indicates that to
enhance storage by maintaining the highest possible pressure
barrier to tight adhesion, buffer formulations should not
include multivalent cations like Ca2+. More generally, the
theory shows accessible measurements of the asymmetric
membrane-saline-glass system can accurately refine tractable
models of lipid bilayer that are directly transferable to cell
membrane interactions like synaptogenesis [64].
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