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Abstract

A systematic study of liquid-vapor (LV) interfacial tension V, of blood plasma and serum derived

from four different mammalian species (human, bovine, ovine and equine) reveals nearly

identical concentration-dependence ( d/v_; where C,; is plasma/serum dilution expressed in
dInC,

v/v concentration units). Comparison of results to a previously-published survey of purified

human-blood proteins reveals that _9%_ of plasma and serum is surprisingly similar to that of
dinC,

purified protein constituents. It is thus concluded that any combination of blood-protein

constituents will be substantially identical because _9% _of individual proteins are very similar.
dinC,

Experimental results are further interpreted in terms of a recently-developed theory emphasizing
the controlling role of water in protein adsorption. Accordingly, the LV interphase saturates with

protein adsorbed from bulk solution at a fixed weight-volume concentration (~436 mg/mL)

independent of protein identity or mixture. As a direct consequence, _9%  of purified proteins
dinC,

closely resembles that of mixed solutions and does not depend on the relative proportions of

individual proteins comprising a mixture. Thus variations in the plasma proteome between

species are not reflected in _4% _nor is serum different from plasma in this regard, despite
dinC,

being depleted of coagulation proteins (e.g. fibrinogen). A comparison of pendant-drop and

Wilhelmy-balance tensiometry as tools for assessing protein Y, shows that measurement

conditions employed in the typical Wilhelmy plate approach fails to achieve the steady-state

adsorption state that is accessible to pendant-drop tensiometry.
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1. Introduction
Clinical interest in the liquid-vapor (LV) interfacial tension v, of blood plasma and serum
extends back at least eight decades to the pioneering work of Morgan and Woodward who, in
1913, used the venerable drop-weight method to demonstrate that y - of blood serum was

much lower than that of water [1]. Related work further showed that pathological conditions

such as syphilis, typhoid, tuberculosis, and cancer led to statistically-significant reduction in

serum J . Otherwise, however, it was found that plasma/serum Y, was remarkably consistent

within and among species (human, canine, porcine, equine and ovine); with a lower V. limit

near 45 mN/m and an upper bound no greater than 48 mN/m for normal donors. Studies

carried out between 1916-1929 by thought leaders of the day such as William Harkins [2, 3]

and Pierre DuNouy [4, 5] debated the best method for measuring equilibrium y of biological

fluids (see also the 1929 work of Jolin [6]). DuNuoy and Harkins reported that y,, of plasma

was about 10 mN/m higher than that reported by Morgan and Woodward. Still later in 1935,
Zozaya undertook a comprehensive study of human blood serum, reporting an average value of
54.2 mN/m [7, 8]. Recent work by Kratochvil et al. reports values within the 60-68 mN/m range
[9, 10]; with yet higher values for plasma derived from patients with disease conditions such as
rheumatoid arthritis, proliferative glomerulonephritis, some tumors of the central nervous

system, and disorders of the urogenital tract.

Our main interest in blood plasma and serum interfacial tension lies not in the dissimilarities
observed between normal and pathological groups but rather in the impressive similarity in y of
plasma and serum prepared from normal blood of diverse species. We find this consistency

remarkable in view of the substantial differences in plasma proteome across species [11]. And

of course serum is substantially depleted of fibrinogen relative to plasma, removing one of the
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five most abundant proteins (2.5-4.5 mg/mL) [12]. Specifically, we are curious to know in detail

how it happens that Y, values for these proteinaceous mixtures are so similar in light of the

general expectation that compositional/structural differences among proteins should result in

quite different adsorption energetics and commensurately different concentration-dependent

Y, - Stated somewhat more precisely, we wish to know the ‘mixing rules’ that relate protein type

or MW and bulk-phase composition to observed y and how these rules explain adsorption from

complex proteinaceous milieu such as blood plasma and serum [13].

This paper reports a systematic survey of concentration-dependent liquid-vapor (LV) interfacial
tension J,, of blood plasma and serum derived from human and animal species, measured by
both pendant drop and Wilhelmy balance tensiometry (PDT and WBT, respectively). PDT
results generally corroborate that of Morgan and Woodward mentioned above in that we find

considerable consistency in interfacial tension across species with an average y _~ 45 mN/m.

Comparison of PDT and WBT results suggest that historical lack of agreement between
investigators studying plasma/serum J,, is related to the slow achievement of steady-state
protein adsorption that effectively invalidates tensiometric methods in which the LV interface is
continuously moving or forming (as in typical applications of WBT or drop-weight tensiometry).
We further report that concentration-dependent y,, of plasma and serum is surprisingly similar
to that of purified constituents by comparing results to survey of human-blood proteins [14]. A

newly-developed theory of protein adsorption [13, 15] is employed to reconcile experimental

findings.
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2. Materials and Methods
Purified Proteins and Protein Mixtures: Human platelet-poor plasma (citrated) was prepared
from outdated (within 2 days of expiration) lots obtained from the Hershey Medical Center Blood
Bank. Human serum was prepared in 15 mL batches by recalcification with 0.1 M CaCl, at 5:1
v/v plasma:calcium ratio in clean glass scintillation vials for about 15 min. Bovine, ovine and
equine plasma and serum were used as received from Hemaresource and Supply Inc. (Aurora,
OR) and were not subject to any additional fractionation/purification steps. Purified bovine
albumin, FV and FAF were used as-received from Sigma-Aldrich and were the highest purity
available (>96% as assessed by SDS PAGE). Mass, concentration, and molecular weights
supplied with purified proteins were accepted without further confirmation. Ref. [14] discloses
details of protein purity and protein-solution preparation including serial dilutions of protein stock
solutions (usually 10 mg/mL) that 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 MQ) water (interfacial tension of PBS and water was checked periodically

by Wilhelmy-balance tensiometry).

Liquid-Vapor Interfacial Tension Measurements: LV interfacial tensions Y, reported in this

work were measured by either Wilhelmy-balance tensiometry (WBT) or pendant-drop
tensiometry (PDT). Unless specifically indicated otherwise, results refer to PDT performed on a
commercial automated tensiometer (First Ten Angstroms Inc., Portsmouth VA). Briefly, the
tensiometer employed a Tecan liquid-handling robot to aspirate between 10-12 uL 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 between 6-11 uL pendant drops (smaller drop volume

required for lower interfacial tensions) within the focal plane of a magnifying camera. These and
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all other aspects of pendant-drop analysis were performed under computer control. Precision of

y, was about 0.5 mN/m based on repeated measurement of the same pendant drop. The

instrument was calibrated against pure water interfacial tension and further confirmed on
occasion against WBT. 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, however, not

controlled but rather floated with laboratory temperature, which occasionally drifted as high as

29 °C during summer months. Thus, reported y, values are probably not more accurate than

about 1 mN/m on an inter-sample basis considering the small but measurable variation of water

interfacial tension with temperature. This range of accuracy is deemed adequate to the

conclusions of this report which do not strongly depend on more accurate y that is difficult to

achieve on a routine basis with the multiplicity of protein solutions investigated herein.

WBT was performed using a commercial computer-controlled instrument (Camtel CDCA 100,
Royston UK) applying techniques discussed in detail elsewhere [14]. Solvent-and-plasma-
discharge-cleaned glass coverslips were used as the plate (Fisher brand 22X30 mm #1) and
solutions (approximately 10 mL) were contained in disposable polystyrene beakers (Fisher)
previously determined not to measurably affect interfacial tension of water contained therein.
No attempt was made to thermostat the balance and all reported measurements were obtained
at ambient laboratory temperature. Also, no attempt was made to correct for the (presumably
small but not measured) variation in the perimeter of glass coverslips used as plates in the

Wilhelmy method.
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Computation and Data Representation: Computational, statistical, and theoretical methods

used in this work have been discussed in detail elsewhere [16]. Briefly, time-dependent Y, data

corresponding to solutions at different w/v or v/v concentration C; (for purified proteins or

protein mixtures respectively) were recovered from PDT files and correlated with

concentrations, leading to a matrix of results with row values representing concentration and
time (seconds) as column values. It was generally observed that y ~data take on a sigmoidal
shape when plotted on logarithmic-concentration axes [16], with a well-defined low-
concentration asymptote ys and a high-concentration asymptote yl'v . Successive non-linear
least-squares fitting of a four-parameter logistic equation

(W =Ll = 1) 1@+ (InCZ" 1InC,)Y)] + 4, }) to concentration-dependent y data for each

time within the observation interval quantified yl‘z and yl'v parameters with a measure of
statistical uncertainty. Fitting also recovered a parameter measuring concentration-at-half-
maximal-change in interfacial activity, InC['"* (where M/2=1/2M"* and N™ =y, -y, ), as
well as a parameter M that measured steepness of the sigmoidal curve. This empirical, multi-
parameter fitting to concentration-dependent V. data was a purely pragmatic strategy that

permitted quantification of best-fit protein and surfactant characteristics but is not a theory-

based analysis [16]. Three-dimensional (3D) representations of time-and-concentration-

dependent y data were created in Sigma Plot (v8) from the data matrix discussed above and

overlain onto fitted-mesh data computed from least-squares fitting. Two-dimensional (2D)

representations were created from the same data matrices at selected observation times.
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3. Results
The principal experimental observations of this work were time- and concentration-
dependent liquid-vapor (LV) interfacial tension V, of human and animal (bovine, ovine, equine)
blood plasma and serum. J,, of serially-diluted, whole plasma or serum was measured using

either or both pendant-drop (PDT) and Wilhelmy-balance tensiometry (WBT), as detailed in the

Materials and Methods section, resulting in graphical constructions herein referred to as * J,,
curves’. Figures 1-3 are y,, curves summarizing experimental results. Table | compiles

quantitative results from statistical fitting of steady-state (equilibrium) y, data for each species

studied. Purified proteins listed in Table | (FV and FAF BSA) supplement a previously-
published survey of purified blood proteins spanning three decades in molecular weight (MW)

[14].

Fig. 1 compiles representative PDT results for human (HS, panel A), ovine (OS, panel B), and
equine blood serum (ES, panel C). Concentration-dependent y, was observed to follow a
sigmoidal-like function on logarithmic concentration axis; yielding parameters yfj . yl'v , In CB"”2 ,

and M when statistically-fit to a four-parameter logistic equation as described in Materials and

Methods. In each case represented in Fig. 1, y,, was observed to change with time to a final,

steady state y;v value. Dynamics were undoubtedly due to protein mass-transfer and

adsorption-kinetic effects.

Characteristic J,, -curve parameters (see Methods and Materials) listed in columns 2-6 of
Table | compare PDT and WBT results. Parameters for PDT represent the mean of the final 25

y curves recorded within the 60-minute observation time of the PDT experiment, with standard
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deviation of the mean J,, used as a measure of statistical uncertainty. Parameters for WBT

result from best fit to a single, concentration-dependent y curve because no time dependence

was recorded in WBT experiments. Here, uncertainty was taken to be the standard-error-of-the-
fit to the four-parameter logistic equation (Methods and Materials). Note that WBT was applied
only to plasma and serum solutions because the high volume requirement (~ 10 mL) made
WBT impractical for purified proteins available in only small quantities. Replicate preparations
for HP, HS, and albumin (bovine FV and FAF) provide a sense for the variation in results

associated with the whole analytical process leading from concentrate preparation, serial

dilution, and finally v, measurement.

Close inspection of columns 2 and 3 of Table | reveals that whereas yl‘: parameters (pure PBS)

obtained by PDT and WBT were not significantly different. However, WBT y;v values (column 3)
were frequently (9/12 cases) higher than PDT by about 10 mN/m. This discrepancy between
techniques propagates directly into differences in 1™ values listed in column 6. Likewise,
InC{""? (column 4) and M (column 5) parameter estimates from PDT and WBT y,, curves were
in substantial disagreement. Taken together, this data shows that PDT and WBT give different
measures of concentration-dependent J,, for protein mixtures. In fact, we have found that PDT
¥,, curves most strongly resemble that of WBT at early observation times within the 1 hr PDT

measurement window (not shown), suggesting that lack of agreement between PDT and WBT

was related to dynamic effects (mass transport and adsorption kinetics).

Fig. 2 graphically compares representative PDT steady-state y curves for human, bovine,

ovine and equine plasma serum on a single set of axis where the surrounding band encloses
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data within 99% confidence intervals around the best-fit human-plasma data listed in Table I.
Fig. 2 demonstrates that plasma and serum of diverse species could not be confidently
distinguished based on this data. Fig. 3 is similar to Fig. 2 comparing new-born, calf, and adult
bovine plasma/serum; where the band encloses 99% confidence intervals around the best-fit,
adult-bovine-plasma data listed in Table I. Fig. 3 demonstrates that plasma and serum derived

from different age groups of a single species could not be confidently distinguished based on

this data. However, the high-concentration asymptote yl'v among bovine species appears not as

well-defined as observed for other species studied (Fig. 1), for as yet unresolved reasons.

However, Figs. 1-3 collectively show that there is a striking similarity in y,, curves for plasma

and serum across both donor species and age. Serum was, of course, compositionally distinct

from plasma by virtue of being depleted of fibrinogen.

4. Discussion
Quantitative Comparison of PDT and WBT: It is common knowledge in modern surface
science that proteins exhibit slow (relative to low MW surfactants) mass transport and
adsorption kinetics that depend strongly on molecular size (MW; see, for example, refs. [17, 18]
and citations therein). These dynamics are responsible for the time dependence observed in
interfacial tensions [19]. In the early 1900’s, however, these phenomena were being observed

for the first time (through the pioneering work of DuNouy, Morgan, and Harkins briefly reviewed
in the Introduction section), as were consequences of changing LV surface area during J,,
measurement. Meniscus stretching in WBT measurements or expansion of droplets in drop-

weight tensiometry conspires with adsorption kinetics by inducing movement of protein to

freshly-formed surface (see refs. [19, 20] for more discussion). As a consequence, adsorption

may not reach equilibrium and J,, not achieve the lowest possible value. Thus, historical
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debate in the literature regarding the equilibrium value of plasma/serum y,, is not surprising in

retrospect, given the widespread reliance on either drop-weight or DuNouy ring tensiometry in
that era. Discrepancies among more recent investigators [9, 10] may also be related to dynamic

effects in plasma/serum y,, measurements.

We attribute the significant differences between WBT and PDT measurement of concentration-
dependent J,, of plasma/serum quantified in Table | to a failure to achieve steady-state
adsorption in WBT measurements [14]. By contrast, the stagnant drop used in PDT yields a

verifiable steady-state (equilibrium; see Fig. 1) and a commensurately lower yl'v than observed

in WBT. Furthermore, we contend that WBT, as applied in this work, does not measure
adsorption kinetics in the same way as PDT due to quite different mass-transfer and adsorption
processes occurring at the moving plate-meniscus region compared to the stagnant-drop

interface. These differences are negligible at very low protein concentrations (WBT and PDT

each yielding yfv’ ~ 72 mN/m consistent with pure PBS) but become increasingly important at
higher concentration; leading to significant discrepancies in y_,InC{"?, and M between
tensiometric methods [14]. Interestingly, the average PDT y;v ~ 45 mN/m was in close (but

undoubtedly fortuitous) agreement with the work of Morgan and Woodward [1]. WBT yl'v ~52

mN/m closely matches that of Harkins [3], presumably because WBT and drop-weight
tensiometry (as applied by investigators) undershoots steady state in approximately the same

way. Hence, we contend that neither drop-weight nor WBT (with a continuously moving solid-

liquid interface) are appropriate methods for measuring protein y,, [14, 16, 21].
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Concentration-Dependent y,, of Plasma, Serum, and Protein Constituents Thereof:

Similarity in concentration-dependent J,, of blood plasma and serum obtained from normal

donors of diverse species and age groups is very intriguing in light of the substantial differences
in protein composition. Observations collected in Figs. 1-3 corroborating general trends of

experimental work dating back to the early 1900’s are all the more compelling in light of our

recent findings that _9%. _ of a broad range of purified blood-protein constituents are likewise
dInC,

similar [14]. Furthermore, we find that the saturating minimum interfacial tension yl'v falls within

a relatively narrow 20 mN/m band characteristic of all proteins studied. Experiment thus

suggests that _d%,_ of any combination of blood-proteins is substantially identical because
dinC,

d/. of individual protein constituents are very similar [14, 15]. All taken together, we find this
dinC,

evidence suggestive of a heretofore unresolved mechanistic commonality underlying protein

adsorption from complex mixtures to the LV surface.

Our recently-developed theory of protein adsorption to the LV surface [13, 15] asserts that the
mechanistic commonality mentioned above is the behavior of water at interfaces [22-24].
Theory suggests that interfacial capacity for protein is controlled by the extent to which
interfacial water can be displaced by adsorbing protein molecules. This maximal interfacial

capacity can be expressed either as a maximal volume fraction or, equivalently, a maximum

weight/volume (not molar) concentration denoted W,™ at which yl'v occurs. Calibration of

theory to experimental neutron-reflectivity or light scattering data has revealed that W™ ~ 436
mg/mL, corroborating the conclusion drawn from diverse literature sources that adsorbed

protein concentrations can be surprisingly large [22]. Importantly, W,"*is found not to be
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dependent on protein identity or MW but rather is a generic, water-limited adsorption capacity
for protein. Furthermore, W,™ can be attained by any mixture of proteins, which is of relevance
in the interpretation of concentration-dependent y,, of multi-component protein mixtures such

as blood plasma or serum, as further discussed below.

First, fixed W, ™ immediately explains the experimental observation that y,, curves for diverse

purified proteins spanning three decades of MW appear more similar than dissimilar when

scaled on a w/v basis [15]. Serial dilution of a protein solution at surface-saturating

concentration W,™ exhibiting the characteristic interfacial tension }/I'v will trace similar

concentration dependence because 4/ of individual proteins are substantially identical.
dInC,

Second, fixed W™ rationalizes the experimental observation that J,, curves for plasma and

serum are substantially identical, regardless of species or age of normal donor. At 60-85

mg/mL total protein (including fibrinogen) [25], plasma and serum is well over the ~ 3 mg/mL
required to saturate the LV surface at W,"*, achieving minimum interfacial tension yl'v (see Fig.
1A). Depletion of coagulation proteins in the conversion of plasma to serum certainly changes
the number and concentration of individual protein constituents in bulk solution, but does not

alter W,"™ because the bulk-solution concentration is well above that required to saturate the LV

surface. As a consequence, concentration-dependent J,, curves of plasma and serum are
nearly identical because other protein constituents compete for the interfacial vacancies
effectively created by removal of proteins consumed in the coagulation process (e.g. conversion
of fibrinogen to insoluble fibrin). Third, although variations in plasma proteome among species

and age groups lead to a different weight-fraction distribution of proteins in the bulk phase and

surface, these differences do not affect surface saturation (W, ~436 mg/mL). And, because
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d/y of individual protein constituents are substantially identical, the net observed y,, curves
dinC,

for plasma derived from different species are not significantly different.

However, fixed W™ does not explain why y, of plasma/serum from abnormal (pathological)

donors is (reportedly) different from that of normal donors (see Introduction). Perhaps disease

states ‘contaminate’ plasma with unknown compounds that affect y,, or accurate measurement

of plasmay,, . Given the rather substantial impact methods of y,, measurement have on

results, we are inclined to suspect that some or all of the 5-10 mN/m discrepancies between
normal and pathological plasma J,, can be traced directly to metrological issues. Values as
high as 60-68 mN/m [9, 10] cannot be reconciled with our theoretical interpretation of plasma
Y\, - In a more general sense, it is difficult to rationalize how plasma J,, can rise to such high
levels without invoking an improbable, wholesale dilution of blood. Another experimental
observation not reconciled by theory is failure of bovine plasma (at various ages) to achieve a

sharp plateau (Fig. 3). Bovine plasma is unlike that of other species studied in this regard

(compare Figs 1-2) for as yet unresolved reasons.

5. Conclusions

The principal conclusion to be drawn from this and related work [14, 15] is that differences in

concentration-dependent liquid-vapor (LV) interfacial tension dy, among blood plasma,
dinc,

serum, and purified constituents thereof are surprisingly small. Likewise, differences in _ 4%
dinC,

among plasma and serum derived from disparate species (bovine, ovine, human) or within a
species at different stages of development (new-born, calf and adult bovine) are not resolvable

within 99% statistical confidence. Although these experimental observations extend and
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corroborate results of work published in the early part of the 20" century [1-4, 6], collective

implications for protein-adsorption mechanisms have apparently been considered only recently

[13]. Our interpretation is that the insensitivity of 4/ to substantial differences in plasma
dinc,

proteome among donor species, and the obvious difference between plasma and serum
chemistry within these groups, arises from an invariance in protein amphilicity (interaction

energetics with water) with protein type (molecular weight or size) [14].

Adsorption of proteins from heterogeneous aqueous solution can be accurately viewed as a
competition for space in the LV surface region [13]. LV surfaces of concentrated protein
solutions such as plasma or serum are always saturated with protein. Thus, enrichment or

depletion of any particular protein in bulk solution does not have a significant effect on

_4/._because substitution of one protein for another within the surface region does not affect
dInC,

surface saturation.
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