1. Introduction

It is our contention that contemporary mechanisms of protein adsorption to surfaces do not properly
account for the role of water in the process and, in so doing, fail to discern unifying trends in protein
adsorption.'™ For example, literature illustrations depict protein and adsorbent surfaces without
juxtaposing hydration layers, one layer for protein and one for surface, and do not contemplate how
these layers are displaced or coalesced as protein and surface come into close contact. Many modern
computational models probing protein interactions with surfaces regard water as a complicating
feature that can be ignored for the sake of reasonable computational time (see refs. 5-7 and citations
therein). When water is included in such models, it is usually only those molecules directly adjacent
to the protein that comprise the ‘bound-water layer’, classically measured by 0 in grams-water-per-

10 (5~ 0.35 g/g is found to be a representative average value).'” This protein-bound

gram-protein
water layer falls well short of the volume that must be displaced when a protein molecule approaches

a hydrated adsorbent surface. That is to say, since two objects cannot occupy the same space at the
same time, a volume of interfacial water at least equal to the partial specific volume v’ of the

adsorbing protein must move (0.70 <v° <0.75 cm’/g protein).!’ Some or all of this interfacial

water is bound to the adsorbent surface to an extent that varies with surface energy (water

wettability).'*"? Consequently, protein adsorption is found to scale with water wettability,'*'®

underscoring need to incorporate surface hydration explicitly into protein adsorption models.
Indeed, accounting for water in protein adsorption has become a significant preoccupation of quartz
crystal microbalance (QCM) practitioners because QCM measures not only adsorbed protein mass
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but also “trapped”!” or “intra-layer”'® or “hydrodynamically coupled”" water.



We have made use of a simplified ‘core-shell’ model of globular proteins in which spheroidal

molecules are represented as a packed core surrounded by a hydration shell. The core has a radius

r, that scales with molecular weight (MW'?) and the hydration shell has a thickness such that the
ensemble radius R = X r, equals the hydrodynamic radius;' where yx is a generic factor for all
proteins. Calibration to human serum albumin (FV HSA) dimensions reveals that R = 1.37, (30%
larger than 7, ) and contains about 0.9 g water/g protein.”” Hence, the hydration layer accommodated

by this model is ~ 3X greater than J . At surface-saturating protein concentrations (as measured by
neutron reflectometry or tensiometry, for examples), this model suggests that protein packs in a
hydrophobic surface region to nearly face-centered-cubic (FCC) concentrations wherein hydration
shells touch but do not overlap.! We propose that osmotic repulsion among hydrated protein
molecules limits interphase capacity. Stated another way, protein adsorption is limited by the extent
to which the hydrophobic interface can be dehydrated through displacement of interfacial water by

adsorbing protein. Accordingly, protein adsorption is more about solvent than protein itself.

This water-oriented perspective on protein adsorption presents a considerable simplification of the
protein-adsorption process and, as a result, a tractable quasi-thermodynamic theory can be sketched
out for a phenomenon that would otherwise be overwhelmingly complex for more than just a few
proteins in solution. We find that this theory naturally explains the experimentally-observed
‘Traube-rule progression’ in which molar concentrations required to fill the liquid-vapor (LV)
surface follow a homology in protein size, consistent with packing hydrated spheroidal molecules
within this space.! A relatively straightforward set of “mixing rules” follow directly, stipulating both
concentration and weight-fraction distribution of proteins adsorbed to the LV surface from multi-

. eqer . 3 ..
component aqueous solutions such as blood plasma or serum at equilibrium.” These mixing rules



rationalize the long-known-but-otherwise-unexplained observations that (i) LV interfacial tension

y,, of blood plasma and serum is nearly identical, in spite of the fact that serum is substantially
depleted of coagulation proteins such as fibrinogen; and (ii) y, of plasma and serum derived from

human, bovine, ovine, and equine blood is practically identical, even though there are substantial

. . .4
differences in plasma proteome among these species.

This paper discloses results of an investigation of protein adsorption to a well-defined, hydrophobic
solid-water (solid-liquid, SL) interface. Methyl-terminated, self-assembled thiol monolayers

(SAMs) on gold-coated semiconductor-grade silicon wafers exhibiting water contact angles

6, 110° are used as test substrata. Time-and-concentration-dependent contact angles measure

adsorption energetics of (globular) proteins spanning 3 decades in MW in a manner parallel to the
above-cited studies of protein adsorption to the LV surface. We find that the basic pattern observed
at the LV surface is repeated at the hydrophobic SL surface, supporting our contention that water is

the significant controller of protein adsorption to surfaces.

2. Materials and Methods
Purified Proteins and Synthetic Surfactants: Table 1 compiles pertinent details on proteins and
surfactants used in this work. Protein purity was certified by the vendor to be no less than the
respective values listed in Column 4 of Table 1, as ascertained by electrophoresis (SDS-PAGE or
IEP). Mass, concentration, and molecular weights supplied with purified proteins were accepted
without further confirmation. Issues associated with protein purity, especially contamination with
surfactants, and the potential effect on measured interfacial tensions were discussed in detail in

ref. 2. The single value given in Table 1 (Column 5) for physiological concentration of human
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proteins applied in this work was middle of the range listed by Putnam.?' Serial dilutions of protein
stock solutions (usually 10 mg/mL) were performed in 96-well microtiter plates by (typically) 50:50
dilution in phosphate buffered saline solution (PBS) prepared from powder (Sigma Aldrich) in
distilled-deionized (18.2 MQ-cm) water using procedures detailed in ref. 2 (interfacial tension of
PBS and water was checked periodically by Wilhelmy-balance tensiometry). Between 24-30
dilutions were prepared in this manner, covering a dynamic range between 10™'% to 1 % (w/v), taking
care to mix each dilution by repeated pipette aspiration and avoiding foaming of concentrated

solutions.

Surfaces: Methyl-terminated, self-assembled monolayer surfaces (SAMs) were prepared according

to standard methods of surface engineering.zz'26

Briefly, silicon wafers were pre-cleaned in hot 1:4
H,0, (30%)/H,SO4 followed by rinsing with distilled-deionized H,O and absolute ethanol. Gold-
coated wafers were prepared by vapor deposition of chromium and gold (99.99% purity), from
resistively-heated tungsten boats, onto clean 3-in. diameter silicon wafers at about 1 x 10 torr base
pressure in a cryogenically pumped deposition chamber. The sample was not allowed to rise above
~40°C during the evaporation. Film thicknesses, monitored with a quartz crystal oscillator, were
typically 15nm and 200nm for chromium and gold, respectively. Chromium was deposited prior to
gold to enhance adhesion to the substrate. After deposition, the chamber was backfilled with
research-grade nitrogen. Gold-coated samples were removed and immersed in ImM solutions of 1-
hexadecanethiol (CH3(CH,),5SH) in ethanol, contained in glass jars at ambient temperature, for at
least 3 days. The alkanethiol (Aldrich Chemical Co., Milwaukee, WI) and ethanol (commercial

reagent-grade) were used as-received, without further purification. Samples were stored in the thiol

solution until use, and were rinsed with ethanol just prior to an experiment.



Tensiometry & Goniometry: Liquid-vapor interfacial tensions required by this work were
measured by Pendant Drop Tensiometry (PDT) as described in refs. 1-4. Tilting-plate goniometry
(TPG) was performed using a commercial-automated goniometer (First Ten Angstroms Inc.,

Portsmouth, VA). Advancing contact angles (&,) applied in this work have been verified to be in

statistical agreement with those obtained by Wilhelmy balance tensiometry (WBT) and Captive-drop

goniometry (CDQG), as detailed in ref. 27. Receding angles (8.) were shown to be not as reliable as
g, . Consequently, only 8 was analyzed in this work. The tilting-plate goniometer (TPG)

employed a Tecan liquid-handling robot to aspirate 12 uLL of solutions contained in a 96-well
microtiter plate prepared by the serial-dilution protocol mentioned above. The robot was used to
reproducibly transfer the tip with fluid contents into a humidified (99+ % RH) analysis chamber and
dispense 10 uL drops of protein solution onto the surface of test substrata (see below) held within the
focal plane of a magnifying camera. These and all other aspects of TPG were performed under
computer control. Proprietary algorithms supplied by the vendor were used to deduce contact angles
from drop images captured at a programmed rate by a frame grabber. Typically, 600 images were
captured at a rate of 1 image every 6 sec following 0.25 sec delay to permit vibrations of the
expelled drop to dampen. Drop evaporation rates within the humidified chamber deduced from
computed-drop volumes (based on image analysis) were observed to vary with solute concentration,
generally ranging from approximately 25 nL/min for pure water to 10 nL/min for solute solutions >
0.1% w/v. The impact of this evaporation rate over the 60 min time frame of the experiment was
apparently negligible, as gauged from the behavior of purified surfactants discussed in the results

section. Precision of g, was about 0.5° based on repeated measurement of the same drop. The

analysis chamber was thermostated to a lower-limit of 25+1 °C by means of a computer-controlled

resistive heater. Upper-temperature limit was not controlled but rather floated with laboratory



temperature, which occasionally drifted as high as 29 °C during summer months. Thus, reported &,

values were probably not more accurate than about 1° on an inter-sample basis considering the small,
but measurable, variation of water interfacial tension with temperature. This range of accuracy was
deemed adequate to the conclusions of this report which do not strongly depend on more highly

accurate &, that is difficult to achieve on a routine basis. Instead, veracity of arguments raised

herein depend more on a breadth of reliable measurements made across the general family of human

proteins.

Test substrata were held on a rotating, tilting-plate platform driven by stepper motors under
computer control. Substrata were allowed to come to equilibrium within the sample-chamber
environment for no less than 30 min before contact angle measurements were initiated. The
platform was programmed to tilt at 1°/sec from horizontal to 25° after the drop was deposited on the
surface by the robot. The optimal (incipient rolling) tilt angle was found to be 25° and 15° for
solutions of proteins and surfactants respectively. The first 120 sec (20 images) monitored evolution

of the advancing angle. At the end of the 1 hr 8, measurement period, the platform was programmed

to return to horizontal and rotate 15° to the next analysis position along the periphery of the
semiconductor wafer. This process was repeated for all dilutions of the protein under study so that
results reported for each protein were obtained on a single test surface, eliminating the possibility of

substratum variation within reported results.

Computation and Data Representation: Computational, statistical, and theoretical methods used

1,2,14,15,28,29

in this work have been discussed in detail elsewhere. Briefly, time-dependent 8, data

corresponding to protein dilutions (see above) were recovered from TPG files and correlated with



concentrations, leading to a matrix of results with row values representing concentration and time (in

sec) as column values. It was generally observed that &, isotherms were sigmoidal in shape when

14,28

plotted on logarithmic-concentration axes, ~ with well-defined low-concentration asymptote 8’

and high-concentration asymptote &, (see Fig. 1). Successive non-linear least-squares fitting of a

6,-¢,
1+(InC®? /InC,)"

four-parameter logistic equation [Ha = + Ha] to contact angle isotherms data for

each time within the observation interval quantified parameters 8’ and 8, with a measure of

statistical uncertainty. Fitting also recovered a parameter measuring concentration-at-half-maximal-

change in 8,, InCy'"*(where ©/2 =1/20"and @™ =&’ - 4.), as well as a parameter M that

measured steepness of the sigmoidal curve. This multi-parameter fitting to concentration-dependent

6, data was a purely pragmatic strategy that permitted quantification of best-fit protein and

surfactant characteristics but is not a theory-based analysis.'*'>*® Three-dimensional (3D)

representations of time-and-concentration-dependent £, data were created in Sigma Plot (v8) from

the data matrix discussed above and overlain onto fitted-mesh computed from least-squares fitting.

Two-dimensional (2D) representations were created from the same data matrices at selected

observation times. Measured &, were converted to advancing adhesion tension 7, =y cos 8, for
general interpretation;”® where y, was the interfacial tension of the contact-angle fluid. Adhesion
tensions, 7, = )’ cosf, (pure saline) and T, = y;v cosd, (at the minimum contact angle observed &)
were computed with fitted parameters }/z and }/[ reported in refs. 1,2 for the proteins under

investigation. Smoothed adhesion-tension isotherms (7, vs.In C; ) were computed from smoothed

6, using smoothed J, values computed from best-fit parameters reported in refs. 1,2. Likewise,



smoothed spreading pressure isotherms (1, vs.InC,) were computed from smoothed 7, curves,

where 1, E(Ta -7 )

3. Theory
Adsorption Isotherms: Adsorption of surface-active solutes (surfactants, where the term includes
both synthetic detergents and proteins) can affect liquid-vapor (LV), solid-vapor (SV), or solid-
liquid (SL) interfacial tensions, thus producing a change in measured contact angles € as given by

the Young equation 7=y, cos@ =y, -y, ; where T is adhesion tension and y is the interfacial

tension at the interface denoted by subscripts. Thus, contact angles can be used to monitor
adsorption to solid surfaces."*'> Contact-angle isotherms are graphical constructions plotting

advancing contact angles €, against InC, (see Fig. 1 for examples); where surfactant bulk-phase
concentrations C, range from 10" to 1 % (w/v, see Materials and Methods). Contact-angle

isotherms were sequentially interpreted in terms of adhesion tension (7, vs. InCj) and spreading
pressure (M, vs. InCy) isotherms; where 7, =y cos@,, 1, = (Ta - TZ) , V,, 1s the LV interfacial

tension of the fluid at Cy, and 7 is the adhesion tension of pure buffer (y7 =71.97mN/m @ 25°C).

We monitored time dependence of all three isotherm forms but herein interpret only steady-state

(equilibrium) measurements. Secure interpretation of measured &, in terms of 7, depends on
accurate knowledge of y, at the bulk-phase surfactant concentration in equilibrium with SL and LV

interfaces. Thus, solute depletion of the bulk phase by adsorption can require significant correction

of as-prepared bulk-phase concentration C,. In the case of protein adsorption, however, solute

depletion is not a serious issue as can be readily deduced from the following calculation. Adopting 2



mg/m” as a nominal protein concentration adsorbed to the surface of a hypothetical 10 pL spherical
drop (2.2X107° m” surface area) from a surface-saturating 3 mg/mL bulk-phase composition (e.g.

1303t is evident that

albumin adsorbed to the LV surface as determined by neutron reflectometry),
only 47 ng or about 0.15% of bulk-phase protein is removed by adsorption. Thus, it can be

concluded that protein adsorbed from a contact-angle droplet onto a hydrophobic surface does not

significantly deplete the bulk fluid phase and no correction of bulk-phase concentrations is required.

Gibbs’ Excess: Practical use of concentration-dependent contact angles as a measure of adsorption
to the solid-liquid (SL) interface has been discussed at length elsewhere (see, for examples, refs.
14,15,28 and citations therein). Briefly, for the purposes of this paper, the amount of solute

adsorbed to SV and SL interfaces is measured by the Gibbs’ surface excess quantities ', and I,

respectively, in units of moles/area (the subscript “a” specifying advancing contact angles is not

carried in [ symbology for the sake of notational compactness). The difference [rsl - rw] (but not

separate excess parameters) can be computed from data comprising contact-angle isotherms using

Eq. (1):
iné
[Fa-T.]=- lsind] _dé, +[I,, cos 6, ] (1)
‘ RT dInC,
where d8,/dInC, is the slope of a contact-angle isotherm. I, = _%ET a’all ’(”: is the surface
n B

excess at the LV interface determined from separate measurement of concentration-dependent y,, of
the solute under study.' It is important to stress that [rs1 - rsv] and [, values obtained without

correcting concentration C, for solute activity are “apparent” surface excess values that can
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substantially deviate from actual surface excess calculated from (d 6./d ,u) and ay % u ; where

[ is activity-corrected chemical potential.'~'** However, previous work suggests that the
discrepancy between apparent and actual I, is roughly constant for the proteins of this study and

apparent surface excess was about 56X larger than actual surface excess." We assume that apparent

[I'Sl - I'SV] is also ~56X larger than actual, activity-corrected surface excess because the ratio

[ rsl B rsv]

= ~1 (see below) and comparison to instrumental measures of adsorption confirms this

Iv

factor (see Table 3, Results section).

For relatively hydrophobic surfaces exhibiting 8, > 60° and under experimental conditions that
avoid inadvertent mechanical deposition of solute at the (SV) interface, as through drop movement
on the surface or evaporation for examples, it is has been shown that '~ 0 and

[I'Sl - I'SV] ~ [,.'"*"® Under the additional restrictions that (i) solute activities at SL and LV

[rsl B rsv] - 1

Iy

sl

interfaces are approximately equal and (i1) [~ I, , it can be expected that

Iv>

Remarkably, experimental results confirm that these stringent physical conditions prevail and it is

therefore concluded that apparent [FS1 - FSV] [, for proteins reported herein.

Theory of Protein Adsorption: Previous work disclosed a theory of protein adsorption to the LV
surface' that appears to be directly applicable to adsorption to the SL surface with little-or-no

modification because apparent [FSl - FW] can be directly interpreted in terms of I, as discussed

above. This protein-adsorption theory was based on two related experimental observations and
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implications thereof; namely, (1) a surprisingly slight variation in concentration dependence of J,,

among the same diverse globular proteins studied herein (Tables 1,2) and (i1) a substantially

constant, MW-independent value of the apparent Gibbs’ surface excess I, = 179 £ 27

picomoles/cm®. This work demonstrates parallel behavior at the hydrophobic SL surface with (i)

only modest variation in 1 isotherms (Tables 1,2) and (i1) a substantially constant value of the
apparent Gibbs’ surface excess [rsl - rw] = 175 + 33 picomoles/cm’ (Table 3, Fig. 5). Protein

adsorption theory asserts that these experimental observations are outcomes of a relatively constant
partition coefficient P that entrains protein within a 3D interphase separating surface regions from
bulk phases (bulk-solution from bulk-vapor for the LV surface or bulk-solution from bulk-solid for
the SL surface). This “Guggenheim” interphase treatment, which is especially relevant to the
adsorption of large solutes such as proteins, is to be contrasted with the more usual 2D interface
“Langmuir” paradigm in which the surface is construed to be a planar area with negligible thickness
(see ref. 12 for more discussion). This interphase is proposed to thicken with increasing protein size
because volume occupied by adsorbed-protein molecules scales in proportion to MW according to
the well-known relationships among MW, solvent-exposed area, volume, and packing density.®> As

a consequence, molar interphase concentrations C, of larger proteins are lower than that of smaller
proteins at constant P = % . In fact, C, is shown to vary inversely with MW and this leads
B

directly to the Traube-rule-like ordering for proteins mentioned in the Introduction. These principal
assertions, coupled with a packing model for adsorbed protein, provide analytical relationships that,
when fitted to experimental data, yield scaling relationships for protein adsorption relating molecular

size to interfacial energetics. Theory development will be repeated here only in so far as is
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necessary to introduce Eq. (3) that relates protein MW to the bulk-phase protein concentration C;™*

at which limiting spreading pressure 1)**is achieved.

34,35

Oblate-spheroid, globular-protein molecules are approximately spherical in aqueous solution™” and

1/3

are consequently modeled as spheres with radius 7,=6.72X10*MW'” (packing-volume radius in cm

for MW expressed in kDa; see ref. 33 for a review of literature up to 1977 and refs. 36-41 for
subsequent work regarding spherical dimensions and molecular packing proteins). Thus, we assume
that spherical dimensions apply approximately to proteins with 10 < MW < 1000 kDa, although we
have no specific evidence for this other than the above-cited literature and the extent to which the
derived model simulates or fits experimental data. With these molecular dimensions, the highest
conceivable solution concentration of protein corresponds to face-centered-cubic (FCC, or

equivalently hexagonal) close packing of spheres with radius #, . Such a close-packed unit cell
contains eight & spheres and six /2 spheres (total of 4 spheres) residing within a cubic volume
(27’V\/E )’ and hence the FCC protein concentration C,.. =4molecules /(2VV\/§ ). Using HSA as an
example protein with MW = 66.3 kDa and calculated »,= 2.7 nm, C,..= 14.6 mM (or about 24X
physiological concentration;*"** In Crce =23.41n pM). Such high concentrations are not at all
likely in either bulk solution or within the interphase. However, it seems reasonable to propose that
the maximal interphase concentration C;™* is proportional to C,.. through a packing-efficiency
parameter £ that effectively measures how close protein spheres can pack, such that C;"* = £C,...

We assume that packing within an aqueous interphase is limited by repulsion of hydrated spheres®
and, as a consequence, regard £ as a generic factor independent of protein (sphere) size that is

approximately constant for all globular proteins discussed herein. Calibration to HSA hydrodynamic
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radius or C™* measured by neutron reflectometry reveals that £ =0.45." If sphere repulsion is
uniform and symmetric, then C;™* effectively results from packing spheres with radius R = 7, ;
where x is a factor measuring the excluded volume surrounding each molecule. Given that
Crcc =4molecules /(2r, \/5)3 and C™ =4molecules /(2R\/§)3 = &Cpc, it follows that y = g”.
Hence, molecular dimensions (2r,) differ from the characteristic dimensions J =27, x =2r,e™"">.
Eq. (2) combines the notion of C;™* with the MW-dependent radius of spherical proteins, where

experimentally-convenient dimensions of picomolarity (102 moles/L) have been introduced:

max 5(4 molecules) _ 0.177&emolecules _ 9.68X10" ¢

picomole ) b
' (2n42)  (672x007MW') MW ( A @

It is apparent from Eq. (2) that maximal interphase protein concentration varies inversely with

protein size (MW ), with higher concentrations for low-MW proteins and sharply-lower

concentrations for higher-MW proteins. Interphase saturation occurs at C;™* and must therefore

correspond to the bulk concentration C;** at which the limiting adhesion tension 7, is achieved
(i.e. the concentration at maximum spreading pressure 17 = (Ta - TZ) ). C;** can be estimated

from concentration-dependent &, curves (see Appendix 7.1) and is related to C;™* through the
partition coefficient P = C;™ /C;*. Eq. (3) states this relationship as a logarithmic expression that
is convenient to apply to concentration-dependent &, data:

InCI™ = In C}“% =1n(9.68X10") ~In MW +In(e/P) = ~In MW + 27.6+In(&/P) (3)
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Assuming that £/ P is constant for all proteins within this study (as discussed in ref. 1), Eq. (3)

predicts a linear relationship between In C;** and In MW with a slope of —1. A value for the

unknown ratio £/ P can be extracted from the intercept (see Results section).

4. Results
SAM Stability: Pure water contact angles on SAMs were observed to monotonically decrease with

observation time while interfacial tension y, (measured by PDT) remained constant, as shown in
Fig. 2. Specifically, it was observed that 8’ of a pure water droplet slowly decreased with time

from the initial value of 108°<8 <106° at t = 0 to 104°<8? <102° at t = 1 hr; where 8’ is the pure
water contact angle. The range of reported results corresponds to all of the 17 methyl-terminated
SAM surfaces analyzed during the course of this work. We attribute this systematically-varying
wettability to slow “hydration” of SAM surfaces but have no specific proof this was the cause. This
same phenomenon apparently affects measurement of protein-solution contact angles because we
observed that the whole contact angle isotherm (8, vs. concentration) slowly shifted lower with time
(see Fig. 1, annotation in Panel B). We do not believe this slight but apparently unavoidable
attribute of SAMs on silicon wafers negatively affects the veracity of conclusions drawn herein
which were based on final, steady-state measurements made at ~ 1 hr analysis time. Note that this

effect was not evident in 'l isotherms because spreading pressure normalizes to 7, (i.e.

General Aspects of the Data: Table 2 compiles quantitative results of this work. Replicate protein

preparations were studied for Ub, FV HSA, FXII, IgM and d,-macroglobulin. Different vendors
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were used as a means of controlling for discrepancies that might arise from sourcing (Table 1).
Contact angle parameters 8, 6., InC;’* and M listed in cols 2-5 of Table 2 are the mean fitted
values corresponding to final 25 8 curves recorded within the 60-minute time frame of the TPG
experiment. Listed error is standard deviation of this mean. Corresponding adhesion tensions 7.
and 7, (Columns 6, 7) were computed from 8° and 8, values, respectively, with uncertainty
estimates computed by propagation of error in &, and y, measurements (Materials and Methods).
Maximum “spreading pressure” 17" = (Ta - TB) (Column 8) was computed directly from
aforementioned 7, values and associated uncertainty again estimated by propagation of error. Only

computed estimates of 7. ,7, and M"™ parameters are provided for FXII since the required y/,,

values were graphical estimates (see refs. 1-4). Parameters for ubiquitin and 0;-macroglobulin are

also graphical estimates from the steady-state, concentration-dependent &, curve since surface

saturation was not reached within solubility limits for these proteins at the SL interface (as discussed

in Appendix 7.3). Therefore, firm values could not be ascertained by statistical-fitting procedures

described in Materials and Methods section.

Contact-angle isotherms: Time-and-concentration-dependent &, for the nonionic surfactant

Tween-20 (MW= 1226Da), and purified proteins, prothrombin (FII; MW = 72kDa) and IgM (MW

=1000kDa) are compared in Fig. 1 in both three-dimensional (3D, &, as a function of time and
concentration) and two-dimensional (2D, &, as a function of concentration at specified times)
representations. Note that the logarithmic-solute-concentration ordinate InC, in Fig. 1 is expressed

in picomolarity units (pM, 10™? moles solute/L solution; see Materials and Methods section for
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computational and data representation details). Examining first 3D and 2D representations of

Tween-20 interfacial activity (Fig. 1A) which serves as a reference compound, it was observed that
the &, curve was sigmoidal in shape, with a well-defined low-concentration asymptote £’ and a
high-concentration asymptote .. In this latter regard, Tween-20 exhibited concentration-limiting

behavior that is typically interpreted as achievement of a critical micelle concentration (CMC), at
least for surfactants. This paper provides no evidence of micelles, for either proteins or surfactants,
and so only acknowledges a limiting behavior at which further increase in solute concentration did

not measurably change &,. Smooth curves through the data of Fig. 1 result from least-squares fitting

of the four-parameter logistic equation described in Materials and Methods.

Results for the proteins FII and IgM (Fig. 1B and 1C, respectively) were similar to Tween-20 in that
sigmoidal-shaped &, isotherms connected low- and high-concentration asymptotes. Significantly
more pronounced time dependence in 8, was observed for proteins, however, especially for

intermediate concentrations. Dynamics were undoubtedly due to rate-limiting, mass-transfer and
adsorption steps that slowly brought large macromolecules to LV and SL interfaces relative to the
small-molecule reference compound Tween-20 for which only limited dynamics were observed.
Observation of time-dependence was important in this particular work only in so far as data
demonstrate that 8, dynamics dampen within the time frame of experimentation and achieved
steady-state (equilibrium) within the 1 hr observation window. In fact, data collected in Table 2

refers only to steady-state measurements. The bulk-solution concentration at which the limiting
occurs (In C*) is of theoretical interest in this work and was estimated from fitted parameters

compiled in Table 2, as described in the Appendix 7.1.
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Adhesion Tension and Spreading Pressure Isotherms: Fig. 3 traces sequential interpretation of

steady-state (1 hr drop age), concentration-dependent 8, data (Panel A) in terms of concentration-
dependent 7, (Panel B) and spreading pressure [1, (Panel C) for human serum albumin (FV HSA).

Smooth curves through the data serve as guides to the eye. Steady-state (equilibrium) spreading

pressure isotherms 1, were used as the basis of comparison of protein adsorption for the

compounds listed in Table 1. Fig. 4 collects 'l isotherms for selected proteins spanning the

a

molecular weight range 10 < MW < 1000 kDa showing only smoothed curves for the sake of

clarity, but representative 8,, 7, and I, isotherms with authentic data are amply illustrated in Figs.
1, 3. The dynamic range of 1, ~ 20 mN/m was similar to that observed for these proteins at the LV

surface (15 < M, <30 mN/m)' and M™* fell within a relatively narrow 5 mN/m band for the

diverse set of proteins studied. Furthermore, the same ‘Traube-rule’ ordering of protein adsorption

observed at the LV interface was repeated at the SL interface in that high-MW proteins reduce I1

to any arbitrary value at lower molarity than low-MW proteins, as suggested by the horizontal arrow

annotation on Fig. 4.

Apparent Gibbs’ Surface Excess: Adsorption to the solid-liquid (SL) interface was measured
through the apparent Gibbs’ excess parameter [FSl - FSV] computed using Eq. (1) applied to contact-
angle isotherms (see Appendix 7.2 for example calculations). As noted in the Theory Section, the
term “apparent” alerts the reader to the fact that casual application of Gibbs’ adsorption isotherm
using C, instead of activity treats solutes (proteins and surfactants) as isomerically-pure, non-
ionized polyelectrolytes®' at infinite dilution with unit activity coefficients.”* Table 3 collects results

for proteins and the small-molecule surfactant standards SDS and Tween-20. ', used in calculation
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r,-r
of [I_Sl - I'SV] and [Slr—”] for surfactant standards was 342+10 and 455+17 for SDS and

v
Tween-20, respectively, and were measured specifically for this work (by PDT; see refs. 1,2).

[I'Sl - I'SV] for proteins were computed using the grand average I', = 179 * 27 picomoles/cm’

previously reported to be characteristic of the proteins listed in Table 1." Table 3 also lists results of

independent measures of adsorption, C

sl >

for a few of the compounds listed in Table 3 to be

compared to apparent [I'Sl - I'W] measured by TPG. Note that results for small molecule surfactants

r,-r
SDS and TWN20 were in good agreement with TPG (i.e. M ~0.99+0.01; rows 10, 11
sl
column 6), but results for proteins (rows 1-9, column 6) were in substantial disagreement (i.e.

[rsl - rsv]

sl

=62.5+14.9). Fig. 5 shows that MW dependence of apparent [FSl - FSV] (panel A)

[rsl B rsv]
|

v

and ', (panel B) as well as the ratio panel C) was flat for proteins listed in Table 1

[rsl - rsv]

Iv

yielding ~1 (see Theory section).

A Traube-Rule-Analog for Protein Adsorption and Partition Coefficient: Fig. 6 plots InC;™

data compiled in Table 2 for proteins at the solid-liquid (SL) interface (panel A), and compares with
results from the liquid-vapor (LV) interface (panel B, see refs. 1-4) on natural logarithmic
coordinates compatible with Eq. (3) of the Theory section (data corresponding to ubiquitin was
estimated as described in the Appendix 7.3). Protein data fell within a monotonically-decreasing

band generally consistent with the anticipation of a unit slope and positive intercept
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[InCy™ =(=1.3£0.2)In MW +(19.8 £1.0); R* = 78%] Comparison to Eq. (3) revealed that

£/ P ~4.1x10™ from the nominal intercept value and, by assuming & ~ 0.45 (as discussed in the

Theory section), estimated P ~1,100.

5. Discussion

Accuracy of Measured Contact Angles and SAM Stability: &, measurements by TPG employed

in this work was verified against Wilhelmy-balance tensiometry (WBT) as described in ref. 27.

However, 8 measurements by TPG were found to be systematically offset from the benchmark
WBT and exhibited greater variability. This work has not pursued the cause of unreliable 8. further,
choosing rather to construct contact-angle isotherms using 8, measurements that have been certified

by comparison to WBT. It is worthwhile mentioning in this context that WBT itself is inappropriate
for studies of protein adsorption at the SL interface (at least as applied herein) because (i) the
technique requires thin plates that are difficult to two-side coat with gold for thiol-SAM preparation,
(i) WBT generally requires high solution volumes (~ 10 mL) that greatly exceed availability of
purified proteins and (iii) the moving three-phase line deposits solute (protein or surfactant) at the

SV interface making interpretation of the Gibbs’ surface excess parameter [FSl - FSV] highly

ambiguous.” Overall, we have found the tilting-plate method applicable to measuring adsorption, at

14,15

least for hydrophobic surfaces, and suitable for 1 hr equilibration times if a humidified chamber

is used to control evaporation.

Adsorption Isotherms: Adsorption isotherms constructed from concentration-dependent contact

angles (8, 7,,and I, see Figs. 1,3 and 4) for the proteins studied herein exhibited many
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similarities to concentration-dependent ), reported previously.! Maximum spreading pressure,
M, fell within a relatively narrow 10 < M7 <20 mN/m band characteristic of all proteins

studied, just as observed at the LV surface. Furthermore, 1 isotherms exhibited the ‘Traube-rule-

a

like’ progression in MW observed at the LV surface wherein the molar concentration required to
reach a specified I, value decreased with increasing MW. Bearing in mind the great range in MW
spanned by proteins in Fig. 4, it is reasonable to conclude that commensurate variability in protein
composition did not confer widely-varying SL interfacial activity; at least not in comparison to the
full range available to ordinary surfactants. The inference taken from the Traube-rule-like
progression is that protein concentration required to reduce 1, to a specified value decreases with
MW in a manner loosely consistent with the addition of a generic amino-acid-building-block having
an “average amphilicity” that increases MW but does not radically change protein amphilicity.
Otherwise, if MW increased by addition of amino-acid-building-blocks with highly-variable

amphilicity, then 1 would be expected to be a much stronger function of protein MW than is
observed. Thus, it appears that molar variability in 1, is achieved by aggregating greater mass of

similar amphiphilic character, as opposed to accumulating greater amphilicity with increasing MW .

Apparent Gibbs’ Surface Excess: Adsorption measurements by concentration-dependent contact
angles were in good agreement with literature values for the surfactant standards SDS and
Tween-20, as listed in Table 3. Close agreement between apparent [FS1 - FW] and C,, from
alternative methods suggests that (i) assumptions of purity and unitary activity coefficients were
reasonable for these small molecules and (i1) solute deposition at the SV interface was negligible

(see Theory section). However, [Fs, - FSV] for proteins were quite different than values drawn from
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