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ABSTRACT

Protein adsorption is believed to be a very important factor ultimately leading to a
predictive basis for biomaterials design and improving biocompatibility. Standard adsorption
theories are modified to accommodate experimental observations. Adsorption from single-protein
solutions and competitive adsorption from binary solutions are mainly considered. The standard
solution-depletion method of measuring protein adsorption is implemented with SDS-gel
electrophoresis as a multiplexing, separation-and-quantification tool to measure protein
adsorption to hydrophobic octyl sepharose (OS) adsorbent particles. Standard radiometric
methods have also been used as a further check on the electrophoresis method mentioned above
for purified-protein cases. Experimental results are interpreted in terms of an alternative kinetic
model called volumetric interpretation of protein adsorption. A partitioning process between bulk
solution and a three-dimensional interphase region that separates bulk solution from the physical
adsorbent surface is the concept of the model. Protein molecules rapidly diffuse into an inflating
interphase that is spontaneously formed by bringing a protein solution into contact with a physical
surface, then follows by rearrangement of proteins within this interphase to achieve the maximum
interphase concentration (dictated by energetics of interphase dehydration) within the thinnest
(lowest volume) interphase possible. An important role of water in protein adsorption is
emphasized and supported by this model. The fundamental aspects including the
reversibility/irreversibility of protein adsorption, the multilayer adsorption, the applicability of
thermodynamic/computational models, the capacity of protein adsorption, and the mechanism of
so called Vroman effect are discussed and compared to the conventional theories.
Superhydrophobic effect on the adsorption of human serum albumin is also examined.
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Chapter 1

Introduction

Adsorption of proteins to implanted materials is considered to be an early step in
biological responses to the materials dictating biocompatibility in end use [1]. The mechanism of
protein adsorption still remains unsolved althought it has been widely studied for decades.

Protein-adsorption kinetics is of practical importance in biomaterials because adsorption
rates have been implicated as a cause of selective protein adsorption. For example, the so-called
Vroman Effect is commonly thought to occur because low-molecular-weight proteins presumably
arriving first at a surface immersed in a multi-component solution are displaced by highermolecular-weight proteins arriving later [1-16]. The final adsorbed-protein composition is thus
purported to be achieved through a complex series of time-dependent, adsorption-displacement
steps. Adsorption kinetics is also of fundamental importance in surface science, which subsumes
the field of biomaterials surface science, because adsorption rates provide important insights into
adsorption mechanism(s). As a consequence, adsorption kinetics has been an active area of
scientific investigation for decades.

Therefore, kinetics of protein adsorption is one of the most important and fundamental
issues of biomaterial surface science understanding how protein arrives at, and adsorbs to
biomaterial surfaces. This work introduces new experimental findings and provokes an alternative
interpretation of protein adsorption which can greatly improve the understanding of the physical
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chemistry of the process and thus enable and permit prospective design of biomaterials for a wide
variety of medical devices.

The standard solution-depletion method of measuring protein adsorption is implemented
with SDS-gel electrophoresis as a multiplexing, separation-and-quantification tool to measure
protein adsorption to adsorbent particles. The basic protocol of the depletion method has been
applied to experiments of purified-protein solutions as well as protein mixtures. Standard
radiometric methods have also been used as a further check on the electrophoresis method
mentioned above for purified-protein cases.

Chapters 2-4 of this dissertation are presented in a form of published papers (Chapter 2
and 4) and a submitted manuscript (Chapter 3) with a separate abstract, introduction, methods and
materials, results, discussion, conclusions, appendix, and references. The structure of the
dissertation is outlined in Table 1.1. Chapter 2 reports new experimental observations on
adsorption kinetics of proteins ranging from low- to high-molecular weight (Lysozyme, AlphaAmylase, Human Serum Albumin, Prothrombin, Human IgG, and Fibrinogen) from purifiedprotein solutions to a hydrophobic surface (Octyl Sepharose, OS). Chapter 3 covers new
experimental findings on kinetics of protein-adsorption competition from mixtures formed by
different pairs of proteins to a hydrophobic surface, OS. The 4th chapter reports a study of the
superhydrophobic effect on the adsorption of human serum albumin. An expanded
polytetrafluororethylene (ePTFE) is used as the examined adsorbent exhibiting superhydrophobic
wetting properties. This work is the collaboration between me and another Ph.D student in
Chemistry. My contribution for the work is mainly on protein adsorption conducted by
electrophoresis.

3

Table 1.1: Schematic outline of the dissertation
Chapter

Content/Paper

1

Introduction

2

Naris Barnthip, Hyeran Noh, Evan S. Leibner, and Erwin A. Vogler. Volumetric
Interpretation of Protein Adsorption: Kinetics Consequences of a SlowlyConcentrating Interphase. Biomaterials. 2008; 29: 3062-74.

3

Naris Barnthip, Purnendu Parhi, Avantika Golas, and Erwin A. Vogler. Volumetric
Interpretation of Protein Adsorption: Kinetics of Protein-Adsorption Competition
from Binary Solution. Submitted to Biomaterials.

4

Evan S. Leibner, Naris Barnthip, Weinan Chen, Craig R. Baumrucker, John V.
Badding, Michael Pishko, and Erwin A. Vogler. Superhydrophobic Effect on the
Adsorption of Human Serum Albumin. Acta Biomaterialia. 2009; In Press.

5

Summary and Future Work
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The significant outcomes of the work mentioned above are as follow:

From Chapter 2 [17]

● Experiment (see Chapter 2 for details) is inconsistent with the conventional theory.

● Alternative interpretation suggests time-dependent energetics of blood protein
adsorption can be interpreted in terms of a slowly-concentrating three-dimensional interphase
volume. The sequence of adsorption events specially considered is:

1. Protein spontaneously diffuses into a newly-created interface and rapidly accumulates
within a thickening 3D interphase volume in proportion to bulk concentration.

2. The interphase region separating the physical surface from the bulk solution undergoes
significant time-dependent decrease in volume.

3. Interphase concentration of adsorbed protein increases commensurately over the
timeframe to satisfy an equilibrium partition coefficient (verified by the derivation from the
fundamental thermodynamic adsorption equation) by moving water out of the interphase.
Consequently, the interphase volume slowly decreases by that process.

● Alternative interpretation of protein-adsorption kinetics accommodates experimental
data.
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From Chapter 3 [18]

● The experimental results of adsorption-competition kinetics between 2 proteins (i and j)
competing for adsorption to the same adsorbent surface immersed in a mixture show that the
pattern of adsorption competition kinetics is not as anticipated by conventional theory called
“Vroman Effect”. The specifically observed findings are:

1. There are two states of adsorption-competition kinetics called state1 and state 2. Fixed
mass of each protein is observed at state1 and decreases to the lower fixed mass at state 2 during
the transition period.

2. Adsorbed-mass ratio of competing proteins is constant with adsorbed time and is
proportional to the solution weight-concentration ratio.

● Selectivity between proteins i and j scales with relative molecular weight ( MW j / MWi
is also proportional to relative protein volume V j / Vi ).

● Decreasing in adsorbed mass of competing proteins from State 1 to State 2 strongly
suggests that all protein adsorption is not inherently irreversible as proposed by different theories.

● Adsorption-competition results show that co-adsorption of i, j proteins can form
multilayers which is completely inconsistent with monolayer protein adsorption.
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● Results are interpreted in terms of a kinetic model of adsorption that has protein
molecules rapidly diffusing into an inflating interphase, in proportion to individual (not
collective) bulk-solution concentration, that is spontaneously formed by bringing a protein
solution into contact with a physical surface (State 1). State 2 follows by rearrangement of
proteins within this interphase to achieve the maximum interphase concentration (dictated by
energetics of interphase dehydration) within the thinnest (lowest volume) interphase possible by
ejection of initially-adsorbed proteins.

From Chapter 4 [19]

● Experimental observations strongly suggest that air trapped within the interstices of the
expanded polytetrafluororethylene (ePTFE) structure that gives rise to superhydrophobic wetting
properties prevents intimate contact with HSA solutions, which, in turn, strongly influences
protein-adsorption outcomes.

● Degassing of buffer solutions and evacuation of ePTFE adsorbent to remove trapped
air immediately prior to contact with protein solutions are shown to be essential to the human
serum albumin (HSA) adsorption to ePTFE.

● Solution depletion quantified using radiometry (125I-labeled HSA) or electrophoresis
yield different measures of adsorption, with nearly 4-fold higher surface concentrations of
unlabeled HSA measured by the electrophoresis method.

● 125I-radiolabeling of HSA appears to significantly alter protein adsorption properties.
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● Rinsing does remove a significant portion of HSA adsorbed to ePTFE showing that
protein adsorption is not inherently irreversible as proposed by different theories.
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Chapter 2

Volumetric Interpretation of Protein Adsorption: Kinetic Consequences of a
Slowly-Concentrating Interphase 1

Abstract

Time-dependent energetics of blood-protein adsorption are interpreted in terms of a
slowly-concentrating three-dimensional interphase volume initially formed by rapid diffusion of
protein molecules into an interfacial region spontaneously formed by bringing a protein solution
into contact with a physical surface. This modification of standard adsorption theory is motivated
by the experimental observation that interfacial tensions of protein-containing solutions decrease
slowly over the first hour to a steady state value while, over this same period, the total adsorbed
protein mass is constant (for lysozyme, 15 kDa; α-amylase, 51 kDa; albumin, 66 kDa;
prothrombin, 72 kDa; IgG, 160 kDa; fibrinogen, 341 kDa studied in this work). These seemingly
divergent observations are rationalized by the fact that interfacial energetics (tensions) are explicit
functions of solute chemical potential (concentration), not adsorbed mass. Hence, rates of
interfacial tension change parallel a slow interphase-concentration effect whereas solution
depletion detects a constant interphase composition within the timeframe of experiment. A
straightforward mathematical model approximating the perceived physical situation leads to an
analytic formulation that is used to compute time-varying interphase volume and protein

1

This chapter is based entirely on Barnthip N, Noh H, Leibner ES, and Vogler EA. Volumetric
Interpretation of Protein Adsorption: Kinetics Consequences of a Slowly-Concentrating Interphase.
Biomaterials. 2008; 29: 3062-74.
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concentration from experimentally-measured interfacial tensions. Derivation from the
fundamental thermodynamic adsorption equation verifies that protein adsorption from dilute
solution is controlled by a partition coefficient at equilibrium, as is observed experimentally at
steady state. Implications of the alternative interpretation of adsorption kinetics on biomaterials
and biocompatibility are discussed.

Impact Statement: This work yields detailed insights into the physical chemistry of protein
adsorption by elucidating relationships among elapsed time, mass transfer, and interfacial
energetics.
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2.1. Introduction

Protein-adsorption kinetics are of practical importance in biomaterials because adsorption
rates have been implicated as a cause of selective protein adsorption. For example, the so-called
Vroman effect is commonly thought to occur because low-molecular-weight proteins presumably
arriving first at a surface immersed in a multi-component solution are displaced by highermolecular-weight proteins arriving later (see Refs. [1–24] and citations therein). The final
adsorbed protein composition is thus purported to be achieved through a complex series of timedependent, adsorption–displacement steps. Adsorption kinetics is also of fundamental importance
in surface science, which subsumes the field of biomaterials surface science, because adsorption
rates provide important insights into adsorption mechanism(s). As a consequence, adsorption
kinetics has been an active area of scientific investigation for decades. Fig. 2.1 shows a timeline
summary of selected papers that have appeared over the last century, first among which appears
to be Milner’s pioneering work published in 1907 [1] using Fick’s core theory [2] to pursue
subsequent observations of Marangoni and Rayleigh (cited in Ref. [1]).

One of the early conclusions drawn from the work shown in Fig. 2.1 was that adsorption
rates were not, in general, controlled solely by mass transfer/diffusion from stagnant solution to
the surface region. This conclusion was based on the observation that the rate of appearance of
surfactants (meant here to include surface-active compounds such as detergents, soaps, and
proteins) at surfaces brought into contact with bulk solution was orders of magnitude too slow to
be controlled by diffusion. For example, simple calculations presented in Appendix 2A based on
Bond and Puls analysis [3] or Fick’s law reveal that protein adsorption should come to
equilibrium within milliseconds under purely diffusion control. By contrast, the interfacial
tensions that are exquisitely sensitive measures of surfactant adsorption are observed to decay
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Ross

Milner Hypothesis

Bond & Puls

“…diffusion…into the
surface…takes
appreciable time, and
that fall in tension is
proportional to the
amount…diffused…”

Experimental and
theoretical
confirmation of the
Milner Hypothesis
for “…indefinitety
dilute solutions…”

Marangoni

1890

“By combining
Fick’s law with a
semi-reflecting
barrier, we derive an
analytical solution
for the rate
of adsorption…”

Applied RSA
to protein
adsorption

1937

1907 1916

Varoqui & Pefferkorn

Feder & Giaever

Smoluchowski

1871

1855

“…possibly other
factors than diffusion
are equally as
responsible for the
change of surface
tension with time.”

1945

1980 1986

1944

1918

1987

2007

Ward & Tordai
Fick’s Law

Rayleigh

Langmuir Adsorption
Equation
“…theory requires
that…the adsorbed
film should not
exceed one molecule
in thickness…”

Clark, Kotlicki et al.
“…rate-determining
process is not
diffusion.” “…an
activation barrier…
determines the rate
of adsorption.”

“…[new] model capture[s]
unique features…including
fast mass loading…
Gradual change in surface
energy…”

Schaaf & Dejardin
“…Fick’s second law
cannot be applied at
the interface, for it
leads to physically
unsound results at
very short times.”

Figure 2.1: Timeline summary of selected papers on the subject of adsorption kinetics illustrating more than a century
of continuous scientific inquiry. An important conclusion drawn from early work was that diffusion alone cannot
account for experimentally-observed slow kinetics.
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over tens-of-minutes or even hours (see Refs. [4–11] for recent work on a broad selection of
purified blood proteins as well as serum derived from different species).

In view of this discrepancy between measured rates and diffusion theory, physical
chemists proposed that surfactant molecules must overcome an energy barrier to become
adsorbed and that the height of this putative energy barrier controlled adsorption rates. Fig. 2.2
shows a typical description of the physical situation (adapted from Ref. [12]) in which surfactant
molecules are proposed to quickly diffuse to, and collect within, a subsurface region separated
from the physical surface by an energy barrier. This energy barrier is sometimes referred to as a
reflecting plane [13] because it can repel surfactant molecules arriving from bulk solution. A ratelimiting process is presumed to bring surfactant to the surface region where these now-adsorbed
molecules can participate in surface phenomena such as reduction of interfacial tensions.
Effectively, the energy barrier to adsorption accounts for the fact that not every encounter with
the surface leads to adsorption so that the surface is semi adsorbing (reflecting), as opposed to a
perfectly-adsorbing sink [13]. The Random Sequential Adsorption (RSA) model [14–16], and the
venerable Langmuir adsorption isotherm [17–20], from which RSA models ultimately originate,
are implicitly energy barrier models as well. Here, net adsorption is controlled by opposing
adsorption/desorption rates which, according to activated-rate theory, are moderated by activation
energy barriers, with lower barriers corresponding to faster rates.

Our recent work has focused on energy and mass balances in protein adsorption from
stagnant solutions [5–8, 10, 21–26], motivated by the idea that these complimentary measures of
adsorption for a broad range of proteins should clarify unresolved mechanistic issues such as
adsorption reversibility, formation of adsorbed multilayers, and applicability of thermodynamic
models. This work has emphasized that adsorption is a partitioning process [27, 28] distributing

15

Subsurface Interface

Physical Surface

Energy Barrier/Reflecting Plane
Rate-Determining Adsorption

Reflection

Diffusion

Bulk Solution

Figure 2.2: Sketch of a 2D adsorption paradigm in which protein molecules (spheroids) adsorb to a planar interface
separating the physical (air or solid) surface from bulk solution. The thickness dimension is effectively ignored in the
2D paradigm. Proteins are thought to arrive at a subsurface region by diffusion from which rate-limiting adsorption to
the authentic interface occurs. Adsorption rate is controlled by energy required to cross the energy barrier/reflecting
plane. Molecules within subsurface region are not construed to be in the adsorbed state whereas molecules within the
interface are adsorbed and contribute to reduction of interfacial energetics.
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both protein and water molecules between the bulk solution phase and a three-dimensional (3D)
interphase region (Guggenheim surface construction [28, 29]). The interphase paradigm is not
new to surface science but is quite different from the more conventional view of adsorption as
occurring at a two-dimensional (2D) plane (see Fig. 2.2) that typically does not include the role of
water in the adsorption process in an explicit way. We use the 3D model (so-called ‘‘Volumetric
Interpretation’’ of protein adsorption [22–25]) herein to reexamine protein-adsorption kinetics
and to formulate an alternative interpretive physical model that rationalizes rapid rates of protein
diffusion and slow rates of time-dependent interfacial energetics. Implications for biomaterials
are discussed in light of these findings.
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2.2. Methods and materials

2.2.1. Proteins and adsorbent particles

Proteins were used as-received from the vendor without further purification. Table 2.1
lists relevant details. Protein solutions were prepared by 80:20 dilution in PBS. SDS-PAGE of
protein solutions yielded single bands. Octyl SepharoseTM 4 Fast Flow adsorbent (OS) was
obtained from Amersham Biosciences (75% by volume of 90 μm nominal-diameter sepharosebased particles dispersed in 20% aqueous ethanol solution). The actual surface area of these
hydrogel particles was not measured because accurate knowledge of adsorbent surface area is not
necessary in volumetric analysis of protein adsorption [22–24] and because analytical difficulties
encountered in working with relatively low-nominal-surface-area, hydrated-hydrogel particles
precluded accurate surface-area determinations at a size scale relevant to proteins. OS was freshly
prepared just before each depletion experiment by 3X washing in PBS (to remove ethanol) using
a sequential centrifugation/resuspension protocol (40 rpm for 1 min in a Hettick microtube fixedrotor centrifuge, VWR) that processed 1 mL of as-received suspension (750 μL beads, 250 μL
fluid). After each of 3 centrifugations, 1 mL of supernate was replaced with 1 mL of PBS, ending
with a 75:25 v/v stock suspension in PBS. For each depletion experiment, 20 μL stock (5 μL
fluid, 15 μL beads) was pipetted into a 0.5 mL microtube (~ 65 cm2 adsorbent surface area or a
97:3 adsorbent-to-tube surface area ratio). Beads were re-suspended by gentle pipette aspiration
in 25 μL protein solution prepared in advance to the desired protein composition or concentration
so that the final depletion volume VB = 30 μL. In all depletion experiments, adsorbent settled to
B

the bottom of the conical test tube, allowing particle-free supernate to be sampled without
centrifugation.

Table 2.1: Purified Protein Source and Purity

Molecular weight
(kDa)

As-received
form

Purity (electrophoresis) or
activity

Vendor

Lysozyme (human neutrophils)

15

Powder

> 95%

Sigma-Aldrich

α-Amylase (human saliva)

51

Powder

1,920 units/mg

Sigma-Aldrich

66.3

Powder

96-99%

Sigma-Aldrich

Prothrombin (human blood)

72

Powder

90 μg/unit

Enzyme research

Human IgG (human blood)

160

Powder

> 95%

Sigma-Aldrich

Fibrinogen (Human blood)

341

Powder

80% clottable protein

Sigma-Aldrich

Name of protein (Origin)

Human serum albumin (human blood)

2.2.2. Depletion measurements

Experimental details for the SDS-electrophoresis implementation of the depletion method
have been disclosed elsewhere [22–24]. Briefly, protein solutions (25 μL) in phosphate buffered
saline (PBS; Sigma; 0.14 M NaCl, 3 mM KCl prepared in 18 MΩ water) at varying
concentrations were mixed with a fixed amount (surface area) of washed sepharose particles (20
μL; see above) by gentle pipette aspiration and allowed to stand undisturbed in 0.5 mL conical
microtubes (Safe-lock microcentrifuge tubes, Eppendorf; approximately 2 cm2 internal surface
area) every 5 min for 90 min before analysis. No correction was made for the small-butmeasurable adsorption to tube surfaces [23] (see further Section 2.2.5). Control experiments in
which tube contents were continuously mixed on a hematology rocker did not yield significantly
different results than unmixed experiments (see Table 2.2 and Section 2.3). Consequently,
continuous mixing of low-volume solutions with adsorbent was abandoned as an unnecessary
inconvenience that invited experimental error related to solution/particle hang-up within the
plastic microtube and inadvertent loading of adsorbent particles onto electrophoresis gels.

2.2.3. SDS-PAGE electrophoresis

Twenty-six lane NuPAGE® Novex Tris–Acetate precast gels (Invitrogen; 500 kDa
capacity) were used to separate and quantify proteins. NuPAGE® Novex Bis-Tris gels were used
for the low-MW protein lysozyme. Electrophoresis was carried out for 70 min at 150 V (Tris–
Acetate) or 35 min at 220 V (Bis-Tris) using an XCell Sure LockTM Cell (Invitrogen). Gels were
stained with SimplyBlueTM SafeStain (Invitrogen) for 1 h and destained with de-ionized (18 MΩ)
water for several hours while mixing on a standard hematology rocker. Band intensity was
quantified using the Gel-doc system (Bio-Rad Laboratories) that employed a highly-sensitive
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CCD camera to read optical density (OD). A standard curve was prepared for each protein and
each gel using the first 6–8 lanes by applying solutions of known concentration of the probe
protein(s). Linear calibration curves were obtained (R2 >98%) within the concentration range 0.1
< WBo < 4 mg/mL (single-protein experiments) for gels of all proteins listed in Table 2.1. Each
different protein required a separate calibration curve on the same gel to account for differences
in staining density.

2.2.4. Radiometry

Radiometric assessment of solution depletion was carried out basically as described
above except that depletion of a radioactively-labeled protein was used to quantify depletion
rather than electrophoresis. Standard methods of radiometry were applied [30]. Iodine-125 was
purchased from Perkin–Elmer (Waltham, MA). Proteins were labeled using the Chloramine T
(Sigma) method [31, 32] for 30 sec to yield specific activity of 30.4 μCi/g for HSA and 36.4
μCi/g (Wallac 1470 Wizard Automatic Gamma Counter, Perkin–Elmer). Free iodine was
separated from the labeled protein using a G 50 chromatographic column (Sigma). Stock labeled
protein was stored at 2 °C and used within 2 days over which protein degradation was assessed by
chromatography on a on a G 100 column (Sigma) and judged to be less than 5% of labeled
protein. Test protein solutions were prepared by mixing 3 μL of stock labeled protein solution
with 1.5 mL unlabeled protein solution prepared at the desired concentration to yield 0.8 μCi/mL.
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2.2.5. Computational methods

Computational and statistical methods have been disclosed in detail in Ref. [22]. Briefly
reiterating essential details for the purposes of this paper, amount of protein adsorbed to OS
adsorbent was calculated by difference D in protein-solution concentrations before WBo and after

(

)

WB adsorption to particulates D = ⎡⎣WBo − WB ⎤⎦ . In the absence of particulate adsorbent, D < 0.1
B

( )

mg/mL for all proteins at surface saturating bulk-solution concentrations WBo

max

and decreased

in proportion to decreasing WBo . This background adsorption, due to all sources of protein loss to
tubes and pipette tips in handling procedures, represented less than 1–2% of experimental D
measured in the presence of particulate adsorbent. Thus, it was concluded that background
correction of depletion measurements was unnecessary within the WBo range explored in this
work [22]. Solution depletion by radiometry at a given elapsed contact time was measured in
triplicate using empty vials as a measure of background counts.
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2.3. Results

2.3.1. Protein-adsorption kinetics measured using the solution depletion method

The basic idea behind the depletion method was to measure the w/v concentration
(mg/mL) of protein in solution before WBo and after WB contact with test particulate adsorbents.
Loss in solution concentration at any time t due to adsorption was calculated by difference (mass

(

)

balance) as the solution depletion D = ⎡⎣WBo − WB ⎤⎦ for each of the proteins listed in Table 2.1,
where D is expressed as mass lost per-unit-volume bulk solution (mg/mL). Effectively then,
depletion is a gravimetric method measuring mass of protein adsorbed. Solution depletion
occurred because protein adsorbed from solution into the interphase region surrounding the
adsorbate particles which, according to the volumetric interpretation of adsorption, had a discrete

⎛ VI ⎞
⎟ , where VB is the volume of the bulk⎝ VB ⎠

volume VI and concentration WI so that D = WI ⎜

B

solution phase. We implemented the depletion method in two ways in this work using either gel
electrophoresis or radiometry as the means of quantifying adsorption.

The gel-electrophoresis implementation of the standard depletion method described in
Section 2.2 met the need for unambiguous interpretation in a manner that was largely free of
experimental artifacts, such as solute labeling, rinsing/drying, or complicated instrumentation.
This method was sensitive to about 0.1–0.2 mg/mL (estimated to be equivalent to 0.3 mg/m2 [23]
or approximately 10% CV). Previous work ‘‘certified’’ method and theory applied to steady-state
adsorption (t→1 h) by first studying adsorption of a broad range of single proteins to hydrophobic
[22] surfaces (OS and silanized glass) from aqueous-buffer solution, showing that results
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comported with thermochemically-measured free energies of adsorption and interfacial energetics
measured by tensiometry (contact angle and wettability methods). Subsequently, HSA adsorption
to silanized-glass adsorbent particles with incrementally-increasing hydrophilicity was measured
[23], showing here that mass and energy balances for HSA adsorption were in full agreement.
Consistent mass-and-energy balance obtained using very different analytical methods engendered
confidence that this gel-electrophoresis implementation of the depletion method provided
internally-consistent and accurate results; at least for proteins adsorbing to surfaces from stagnant
fluids at steady state. We have also demonstrated utility of these results in studying proteinadsorption competition to the same adsorbent surface immersed in multi-component solutions
[24]. Standard radiometric methods were used as a check on the electrophoresis method described
above for two of the proteins listed in Table 2.1, HSA and IgG. Methods outlined in Section 2.2.2
were sensitive to about 0.05–0.1 mg/mL (approximately 5% CV). Methods outlined in Section
2.2.2 could not be reliably executed by our hands in less than about 3 min, yielding a minimum
reproducible elapsed time resolution of about 5 min (which was small compared to the 15–60 min
time span over which significant adsorption kinetics was observed using tensiometry [5–11]; see
below).

Fig. 2.3 shows adsorption kinetics of IgG to octyl sepharose chromatography particles
(OS) at various solution concentrations measured by the depletion method. All proteins given in
Table 2.1 exhibited similar adsorption kinetics in that (i) there was no statistically-significant
variation observed in total adsorbed protein mass with time t over the range 5 ≤ t ≤ 90 min and
(ii) the amount adsorbed increased in proportion to solution concentration. Fig. 2.4 shows the
comparison of three methods of measuring adsorption of HSA to OS from a 2.4 mg/mL solution.
Panel A shows electrophoresis adsorption results from stagnant solution, Panel B shows
electrophoresis results obtained under continuous mixing using an inverting hematology rocker,
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Figure 2.3: Adsorption kinetics of IgG to octyl sepharose from buffer solution measured by the depletion method. Note
that the depletion (ordinate) is in proportion to initial bulk concentration (filled circles = 0.8 mg/mL, open circles = 1.6
mg/mL, filled inverted triangles = 2.4 mg/mL, open triangles = 3.2 mg/mL, filled squares = 3.9 mg/mL) and does not
vary (mean ± standard deviation) with time in the experimentally-accessible range 5

≤t≤

90 min.
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Figure 2.4: Comparison of results using different methods of quantifying adsorption of HSA to octyl sepharose from
buffer solution. Panels A and B show that statistically-identical results are obtained using stagnant or continuously
mixed solutions, respectively. Quantification by radiometry (Panel C) yields lower estimates by about 15% (for this
particular protein and concentration) but the same kinetic trend. Lower adsorption estimated by radiometry is attributed
to the influence of the radiolabel on protein amphilicity (see Table 2.2 for comparison of radiolabel effect on HSA and
IgG).
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and Panel C shows radiometric assessment of adsorption from stagnant solution. As reported
previously [22–25], mixing did not significantly influence adsorption outcomes (compare Panels
A and B) and continuous mixing of low volume solutions with adsorbent was abandoned as an
unnecessary inconvenience that invited experimental error related to solution/particle hang-up
within the plastic microtube. Radiometry results confirmed constant adsorbed protein mass with
time t over the range 5 ≤ t ≤ 90 min, but the total amount of radio-labeled HSA was about 15–
20% lower than that obtained with unlabeled protein (using the electrophoresis method at 2.4
mg/mL, see Table 2.2). We attribute this difference to the influence of the radiolabel on protein
amphilicity [33–37]. Table 2.2 compiles experimental results obtained for the proteins listed in
Table 2.1.

2.3.2. Protein-adsorption kinetics measured using tensiometry

Time-and-concentration dependent buffer/air interfacial tensions and contact angles for
proteins given in Table 2.1 have been reported and extensively discussed elsewhere [5–11]. Fig.
2.5 shows example data for HSA (taken from Ref. [6]) showing measurable changes in buffer/air
interfacial tension γ lv over 15–30 min. Panel A shows the combined effect of solution
concentration and time. Panel B compares time slices taken from Panel A. It is apparent from Fig.
2.5A, B that adsorption kinetics reach steady state within about 30 min for HSA. Highermolecular-weight proteins such as IgM (1000 kDa, not studied in this work) required up to an
hour to achieve or asymptotically approach steady state. These results are to be contrasted with
the constant protein mass measured within 5 min by depletion, as shown in Figs. 2.3 and 2.4 and
summarized in Table 2.2.

Table 2.2: Time-Average Protein Adsorption to Octyl Sepharose Particles by Solution Depletion

Concentration
(mg/ml)

Mean depletion ± standard deviation (mg/ml, N ≤ 20 )

Experimental
condition

Human serum albumin

Human IgG

Lysozyme

Stagnant solution

0.44 ± 0.11

0.37 ± 0.06

0.51 ± 0.06

Stagnant solution

0.96 ± 0.15

0.71 ± 0.08

Continuous mixing

0.81 ± 0.08

0.71 ± 0.07

Radiometry stagnant solution

0.58 ± 0.04

0.52 ± 0.03

Stagnant solution

1.18 ± 0.26

0.98 ± 0.10

Continuous mixing

1.06 ± 0.17

1.00 ± 0.07

Radiometry stagnant solution

0.83 ± 0.11

0.83 ± 0.04

3.2

Stagnant solution

1.75 ± 0.25

1.47 ± 0.12

3.9

Stagnant solution

2.01 ± 0.43

1.75 ± 0.17

0.8

1.6

2.4

α-Amylase

Prothrombin

Fibrinogen

0.57 ± 0.06

0.90 ± 0.12

1.30 ± 0.14
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Figure 2.5: Interfacial tension profile of HSA adsorbing to the buffer/air (liquid–vapor, lv) interface in 3D (Panel A, lv
interfacial tension
and 2D (Panel B,

γ lv in dyn/cm as a function of elapsed time and natural logarithmic solution concentration CB pM)
B

γ lv

as a function of natural logarithmic solution concentration CB pM at selected elapsed times). The
B

symbols in the 2D panel represent time slices through the 3D representation (filled circle = 0.25 sec, open circle = 900
sec, filled triangles = 1800 sec, and open triangles = 3594 sec). Notice that interfacial energetics exhibit significant
kinetics within the range 5 < t

≤

60 min whereas mass adsorption does not (Figs. 2.3 and 2.4).

2.3.3. Interpretation of kinetic data

The model used to interpret experimental data comparing mass (depletion measurements)
and energy (tensiometric measurements) balance in adsorption was predicated on the idea that
proteins rapidly move from bulk solution by Fickian diffusion into an interphase with timedependent volume VI(t) that was spontaneously formed by bringing protein solution into contact
with a physical surface (forming a buffer/air interface or immersing particulate OS adsorbent into
solution in this work), as further elaborated in Section 2.4. The mathematical model outlined in
Appendix 2B assumed that time-dependent interfacial tension γ (t ) arises from time-dependent
interphase

concentration

CI(t)

according

to

the

differential

Eq.

(2.3)

stating

that

⎛ d γ (t ) ⎞ ⎛ d γ (t ) ⎞ ⎛ dCI (t ) ⎞
⎟⎜
⎜
⎟=⎜
⎟.
⎝ dt ⎠ ⎝ dCI (t ) ⎠ ⎝ dt ⎠

The fundamental surface thermodynamic adsorption Eq. (2.4) was solved in terms of
equilibrium interphase concentration C IE for dilute solutions and was applied to the kinetics
problem by proposing that, at any instant in time, a quasi-equilibrium (microscopic partitioning
equilibrium) exists between interphase and bulk solution. This assumption was justified on the
basis that protein adsorption from stagnant solutions follows expectations of a reversible
partitioning between interphase and bulk solution and has been shown to be inconsistent with
irreversible adsorption ([22–24], and Refs. [11, 21] for more discussion). In accordance with
experimental observations, it was proposed that CI(t) increased with time because a fixed mass of
protein was trapped within an interphase volume that was decreasing with time to an equilibrium
value VIE . Eq. (2.3) was then solved in terms of interfacial tension reduction (spreading pressure)

Π (t ) ≡ ( γ ο − γ (t ) ) , where γ ο is the initial interfacial tension and γ is the interfacial tension at
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any time t. Finally, solution for the ratios ⎡⎣VI (t ) / VIE ⎤⎦ and ⎡⎣CI (t ) / CIE ⎤⎦ was obtained in terms
of experimental parameters by assuming that the total protein mass adsorbed to buffer/air and
buffer/OS interfaces was approximately the same, so that the apparent Gibbs’ surface excess Γ app
measured at the liquid–vapor (lv) surface approximated that at the hydrophobic OS solid–liquid
(sl) surface (see Appendix 2B). This assumption was justified on the basis that concentrationdependent tensiometry has shown that Gibbs’ surface excess at buffer/air and buffer/hydrophobic
surfaces (such as methyl-terminated self-assembled monolayers) were not measurably different
(i.e. Γlv = [ Γ sl − Γ sv ] ≈ Γ sl , where sv refers to the solid–vapor interface; see Refs. [9, 21] for
more discussion). Associated with this, it was further assumed that spreading pressures were
similar at lv and sl interfaces. These latter simplifications avoided the complexity of interpreting
sl interfacial tensions in terms of time-dependent contact angles [9– 11, 21] and were deemed
adequate for the limited purpose of semi-quantitative demonstration of core ideas contained
within this paper. Assumptions and simplifications embodied by the model were made in full
recognition of the facts that these were not general, did not apply to more hydrophilic surfaces,
and that a more general approach was required for the development of a rigorous proteinadsorption kinetics theory beyond the scope of this work.

Fig. 2.6 used Eq. (2.13) to calculate ⎡⎣VI (t ) / VIE ⎤⎦ (left-hand ordinate) and ⎡⎣CI (t ) / CIE ⎤⎦
(left-hand ordinate) as a function of t and Π (t ) for prothrombin (blood factor FII, 2.2 mg/mL)
using time-dependent lv interfacial tension γ lv reported in Ref. [6] as input experimental data.
The vertical line annotation marks 5 min corresponding to the first observation of adsorption by
depletion. Values for ⎡⎣VI (t ) / VIE ⎤⎦ and ⎡⎣CI (t ) / CIE ⎤⎦ to the left of this vertical line extrapolate
theory back in time before it is securely known that mass adsorption was constant and should be
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Figure 2.6: Interphase volume (left axis, closed circles) and concentration (right axis, open circles) ratios computed
from interfacial tension data for prothrombin (FII, 2.2 mg/mL). Interphase concentration occurs because a fixed protein
mass is trapped in a volume VI(t) that is shrinking with time to an equilibrium value
from the interphase to fulfill demands of an equilibrium partition coefficient.

VIE by the exclusion of water
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accepted only as speculation. Values for ⎡⎣VI (t ) / VIE ⎤⎦ and ⎡⎣CI (t ) / CIE ⎤⎦ to the right of the
vertical line apply theory within the time interval during which it is securely known by
experiment that mass adsorption was constant. The reciprocal relationship between VI(t) and CI(t)
(by model construction) corresponding to nearly 10-fold reduction of VI(t) was plainly evident
from Fig. 2.6. Effectively, ⎡⎣VI (t ) / VIE ⎤⎦ and ⎡⎣CI (t ) / CIE ⎤⎦ measured time-dependent packing
efficiency of protein rapidly adsorbed within the interphase region.
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2.4. Discussion

2.4.1. Interpretation of principal experimental observations

The two principal experimental observations of this work are that:

(i) Total mass of protein adsorbed from solution to hydrophobic OS surfaces measured by
solution depletion exhibits no detectable change as a function of time over 5 ≤ t ≤ 90 min for all
proteins listed in Table 2.1 at any solution concentration examined (see Figs. 2.3 and 2.4 for
examples).

(ii) Interfacial energetics of adsorption (interfacial tensions measured by buffer/air
interfacial tension γ lv and advancing contact angles) exhibit significant concentration-dependent
kinetics over 0.25 sec ≤ t ≤ 60 min (see Fig. 2.5 for example and Refs. [5–11, 21] for more
details).

We take observations (i) and (ii) as strong evidence that these two venerable methods of
measuring protein adsorption are sensitive to two different rate-determining steps. That is to say,
mass transfer to the surface region (a.k.a. interphase) is not directly related to reduction of
interfacial energetics. Observations (i) and (ii) are together inconsistent with the popular notion
that interfacial energetics decrease with time because protein adsorbs to the surface at a
proportional rate. This inconsistency can be resolved by recognizing that, according to
conventional Gibbsian (or Guggenheim) surface thermodynamics (see, for example, Ref. [28]),
interfacial energetics are explicit functions of solute chemical potential (protein concentration) –
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not the absolute mass of adsorbed solute. In other words, interfacial tensions decrease because
protein concentration within the surface region increases, not necessarily just because the
absolute adsorbate mass increases. In fact, there are three ways interphase concentration can
increase: (a) total adsorbed mass within a fixed interphase volume can increase, (b) the interphase
volume containing a fixed total adsorbed mass can decrease, or (c) both (a) and (b) can
simultaneously occur.

Solution depletion is basically a gravimetric method that measures mass lost from
solution upon adsorption. Principal observation (i) shows that, over the time interval sampled in
this work, total adsorbed mass is constant, thereby eliminating both options (a) and (c) as an
explanation of increasing interphase protein concentration (decreasing interfacial tensions). It is
concluded, therefore, that constant adsorbed mass and decreasing interfacial tensions over the
same time interval must mean that interphase volume VI(t) decreases with time, presumably due
to the loss of interphase water (time-dependent protein concentration by interphase dehydration).

Principal observations (i) and (ii) are not entirely unique to this work and do not
necessarily establish precedence in the literature. Using a novel Resonant Elastomeric Surface
Tension (REST) sensor, Clark et al. recently measured rapid mass accumulation of hen egg white
lysozyme associated with much more gradual change in surface energy (tension of adsorbed
protein) [38]. Clark et al. thus capture the essence of observation (i); relatively fast mass
adsorption that is not directly coupled to slow change in interfacial tension. And of course
tensiometry has been applied to measure protein-adsorption kinetics by many investigators over
the last few decades, including our own extensive survey of blood-protein adsorption to various
surfaces reported over the last few years [5–11, 21]. Obviously, we make no priority claim to
surface thermodynamics showing that interfacial tensions scale by concentration, not mass (see
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Appendix 2B). However, use of the standard depletion method in the measurement purified
human blood protein adsorption kinetics to reveal instantaneous (within the timeframe of
experiment) adsorption of protein mass in proportion to solution concentration does appear to be
new. Likewise, our interpretation that the comparatively slow change in interfacial energetics
arises from the concentration effect of moving water out of the interphase, not protein into the
interphase, seems to be novel. This latter interpretation is completely consistent with our general
interpretation of a variety of experimental evidence [5–11, 22–24, 39–41] that water controls the
essential aspects of protein adsorption. The conclusion that protein mass adsorption rates are
much faster than otherwise inferred from interfacial energetics has a number of ramifications in
the interpretation of the biological response to materials, as will be discussed further in Section
2.4.4.

In summary, according to the above rationalization of principal experimental
observations, a fixed mass of protein in proportion to bulk-solution concentration diffuses
promptly into an interface that is spontaneously formed by bringing protein solution into contact
with a physical surface (see Section 2.4.3 below for more detail). The total mass of adsorbed
protein measured by depletion is thus constant within the time resolution of experiment (which is
long compared to diffusion but short compared to decay in interfacial tensions). The initiallyformed interphase volume shrinks continuously with time to an equilibrium volume,
concentrating the fixed adsorbed protein mass to satisfy an equilibrium ratio of interphase (I) and
bulk-solution (B) concentrations (a partition coefficient P( t → ∞ ) ≡ (WI/WB) = (CI/CB), where
B

B

Wand C are weight or molar concentrations). This partition coefficient is controlled by the overall
ο
free energy of adsorption ΔGabs
= − RT ln P , which itself may be the sum of several components

[22, 23]. Interfacial tensions slowly decrease in response to slowly increasing interphase
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concentrations. Section 2.4.3 articulates this qualitative mechanism in terms of a mathematical
model that allows calculation of ⎡⎣VI (t ) / VIE ⎤⎦ and ⎡⎣CI (t ) / CIE ⎤⎦ from tensiometric data.

2.4.2. An examination of interface and interphase models

Principal observation (i) and the findings of Clark et al. discussed above are inconsistent
with standard adsorption-kinetic theories briefly outlined in Section 2.1 that are responsible, in
whole or in part, for the general expectation that interfacial energetics decrease with time because
protein adsorbs to the surface at a proportional rate. It is thus of interest to critically reexamine
the conceptual basis of these theories as a means of identifying the source of inconsistency
between theoretical expectation and experimental reality.

It is our contention that the 2D model of the surface region is an inadequate conceptual
basis for the formulation of protein-adsorption theories [27, 40] because it ignores the thickness
dimension. In so doing, the 2D interpretation effectively forgoes the concept of chemical activity
(concentration) so essential to a complete understanding of mass and energy balances in protein
adsorption. Indeed, interphase thickness is not negligible because blood-protein dimensions are
quite large in comparison to low-molecular-weight amphiphiles for which the 2D surface
interpretation seems to work quite well. Blood proteins exhibit a partial specific volume vo that
falls within a surprisingly conserved range of 0.70 ≤ v o ≤ 0.75 cm3/g protein [42] (see Refs. [43–
48] for basic information regarding spherical dimensions and molecular packing of proteins).
Thus, the interphase separating a physical surface from bulk-protein solution (e.g. solution/air or
solution/solid interface) must have a volume not less than vo, and can be expected to be
significantly larger when packing efficiencies, hydration spheres, and protein multilayering are
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taken into account (see Ref. [6] and citations therein for more discussion). And yet, examination
of theories ranging from Fick’s law [2] to the Langmuir adsorption isotherm [2], through to the
more modern embellishments of Varoqui and Pefferkorn [13] or the RSA model in all of its
various editions (Fig. 2.1; see also Refs. [14–16, 38, 49–53]) reveals a pervasive predilection to
strictly interpret ‘‘adsorbed’’ as bound to a 2D surface. Molecules residing below this interface
are not construed to be in the adsorbed state, even if only separated from that surface by an
invisible reflecting plane (see Fig. 2.2) introduced to the literature as a theoretical expedient
rather than an experimental actuality. We further find this 2D perspective not to be in general
accord with Gibbs or Guggenheim theories which define a surface as a boundary region
(interphase) between immiscible contacting phases having a composition that is different than
either of these bulk phases (see, for example, Ref. [28] for a lucid discussion of Gibbs and
Guggenheim models). Accordingly, the subsurface region diagrammed in Fig. 2.2 must be an
essential part of this interphase and molecules contained therein in excess of bulk solution
(positive or negative) must be thus regarded as (positively or negatively) adsorbed. In other
words, the interface (interphase) should properly be regarded as a volume comprised of both 2D
surface and subsurface region – not just 2D surface alone. This distinction between 2D and 3D
becomes particularly important in the event of multilayer adsorption, as has been shown to occur
for proteins by a number of investigators using a variety of experimental methods over the last 20
years or so [5, 6, 10, 22, 24, 26, 54–63].

A primary issue with the 2D model applied to the interpretation of principal observations
(i) and (ii) of the preceding section is that it eliminates an important degree-of-freedom that
allows adsorbate concentration to vary independent of adsorbed mass. Partly because of this, we
suspect, modern embellishments of RSA theory are forced to embrace an ever-increasing number
of variables to explain all experimental outcomes (see, as a recent example, Ref. [38]). We
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speculate (but do not show herein) that simpler protein-adsorption kinetic models can be
assembled by linking diffusion-based theories (such as that of Varoqui and Pefferkorn [13]) with
a 3D interphase model in a way that fills an expanding interphase volume by diffusion at a rate
and extent that is dependent on bulk-solution concentration, followed by relatively slow
interphase concentration by the elimination of interphase water.

2.4.3. Time-dependent interphase volume

Appendix 2B implements a mathematical model embracing the core concepts outlined in
the preceding sections that are proposed to control adsorption kinetics. Specifically, the model
proposes that protein adsorption occurs in at least three sequential stages, presented here as
discrete steps for the sake of clarity but recognizing that the process is more likely quite concerted
in nature:

1. Spontaneous movement of water and ions to accommodate the energetic perturbation
induced by creation of the interface formed by bringing protein solution into contact with a
physical surface [64]. In this work, hydrophobic buffer/air or buffer/ OS adsorbent–particle
interfaces are specifically considered, wherein the buffer contains varying concentrations of the
purified proteins listed in Table 2.1. It is presumed that this initial surface region, possibly only a
few water molecules thick in the fleeting moments after creation [40, 65], is depleted in protein
relative to bulk concentrations because objects in the size of protein do not fit within this initial
interphase volume.

2. Fickian diffusion of protein from bulk solution into the newly formed interface due to
the concentration gradient formed by Step 1. Influx of protein forms a 3D interphase scaling with
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protein-molecule dimensions that thickens with time to accommodate newly-arrived protein.
Initially, the interface is a perfect sink for protein but adsorption efficiency decreases with time
due to back diffusion of protein molecules (reflection) in the manner contemplated by Varoqui
and Pefferkorn [13]. This initial interphase concentration CI( t → 0 ) is much lower than that
dictated by the steady-state partition coefficient Pt →1h that can require interphase concentrations
between 100 and 500X higher than bulk-solution concentration [6, 22].

3. Resolution of the concentration disequilibrium established in Step 2 by movement of
water (not necessarily proteins) out of the interphase. This interphase dehydration step is slow
relative to diffusion of protein into the interphase (Step 2) because it requires organization,
interaction, and concentration of protein molecules into a loose interfacial network like that
inferred from various studies including neutron reflectometry [66, 67], interfacial rheology [26],
and interfacial tensiometry [6] (see also citations in Ref. [40]).

Steps 1 and 2 are essentially common to all diffusion-based theories of adsorption [68]
and it is herein assumed that these steps are complete within the timeframe of depletion
measurements (5 ≤ t ≤ 90 min for all proteins listed in Table 2.1 at any solution concentration
examined; see Figs. 2.3 and 2.4 for examples). It is important to stress that this assumption is
particular only to proteins at the relatively high solution concentrations studied herein. It is
known that mass-adsorption kinetics can be observed for proteins at low concentrations ( ≤ 1
mg/mL) by sensitive techniques with good time resolution [34, 38].

The model given in Appendix 2B implements Step 3 with assumptions and
simplifications discussed in Section 2.3.3. Solution of the fundamental surface thermodynamic
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adsorption Eq. (2.4) in terms of time-dependent interphase concentration CI(t) for dilute solutions
predicts that protein adsorption at equilibrium should be governed by a partition coefficient P, as
has been observed experimentally for various blood proteins adsorbing to surfaces spanning a full
range of water wettability [22–24]. Protein-adsorption experiments that do not comply with such
a partitioning process must thus fall outside the range of applicability of the fundamental
adsorption equation and, conversely, protein-adsorption experiments exhibiting such behavior
probably approximate conditions contemplated by reversible thermodynamics, including
reversible partition of protein between interphase and bulk solution [9, 21].

Fig. 2.6 illustrates the reciprocal relationship between interphase volume and
concentration. Early stages of adsorption t< 5 min falling to the left of the vertical line annotation
are purely speculation because it is not known with experimental certainty that mass adsorption is
constant within this time period. However, if events outlined in Steps 1–3 above capture the
general trends, it can be expected that ⎡⎣VI (t ) / VIE ⎤⎦ rises sharply from essentially zero within the
first moments of interphase formation to a peak value within the first few microseconds in which
Step 2 dominates adsorption (see Appendix 2A). Presumably, Fig. 2.6 captures the falling edge of
this volume peak as Step 3 becomes manifest. Thereafter, relatively minor changes in interphase
volume are responsible for slow changes in interphase concentration.

2.4.4. Implications for the biological response to materials

Biocompatibility is controlled by the acute and chronic biological response to materials
[69–72]. A working hypothesis that has emerged as a fundamental biomaterials-surface-science
tenet from more than three decades of biomaterials research is that protein adsorption is among
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the first steps [24] in the acute biological response to artificial materials [5, 64, 73–76]. Hence,
biocompatibility is presumed to be directly related to protein adsorption. Understanding how
protein arrives at, and adsorbs to, biomaterial surfaces is thus one of the most fundamental
problems of biomaterials surface science. It is of practical interest, therefore, to consider how this
work might impact understanding of the fundamentals of biocompatibility.

Based on the findings of this and recent work on protein adsorption [22–24, 38], we
conclude that immersion of a hydrophobic surface into a concentrated, multi-component protein
solution such as blood [77, 78] leads to virtually instantaneous accumulation of protein molecules
from the proximal fluid phase (relative to the timescale of the observable acute biological
responses to materials; see Appendix 2A). Given that (i) surface capacity for protein is actually
quite small (in the range of 2–3 mg/m2 or mmol/m2 for kDa-size proteins), (ii) the total bloodprotein concentration is large (50–60 mg/mL [77, 78]), and that (iii) proteins exhibit surprisingly
little difference in adsorption energetics across a broad range of blood-protein types (three
decades in molecular weight, see Refs. [6–11, 21–24, 26] for more discussion), we see little
reason to suspect that this proximal solution is significantly depleted by adsorption and no
readily-apparent physical rational for significant surface-selective adsorption of one protein over
another in this early phase (say, within the first few minutes of surface–solution contact). Rather,
it seems more likely that the concentration profile of initially-adsorbed protein resembles that of
the contacting solution phase so that ‘‘.in mixtures such as blood, the proteins would be adsorbed
simply in proportion to their surface collision frequency or concentrations.’’; as argued by Brash
and Lyman in the early 1960’s [79] and supported by more recent studies of protein adsorption
competition [24]. The qualitative explanation for the Vroman effect based on relative arrival rates
of low- and high-molecular-weight proteins articulated in Section 2.1 thus seems untenable
because proteins traverse only short distances from concentrated solutions to arrive at a rapidly-
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filled surface region; arguably only a few protein-molecule diameters thick (see Appendix 2A1).
Hence, there seems simply too little time and space for mass transfer to exert a significant
adsorption-discrimination effect from concentrated protein solution. However, if physical
circumstances permit equilibration of the initially-adsorbed protein layer with bulk solution, as
might occur in a simple test-tube experiment or perhaps by continuous contact of a stagnant
interphase with flowing solution [80] as examples, then sorting of proteins based on relative size
and/or adsorption affinity that results in selective adsorption might occur; as has been shown to
occur in at least stagnant solutions using both depletion and tensiometric methods [7, 24].

Interpreting the above in terms of blood-contact phenomena as a single example of
practical importance to cardiovascular biomaterials, we propose that the relative concentration of
blood proteins initially adsorbed to a surface immersed in plasma is substantially equivalent to
whole plasma (irrespective of surface energy but excluding surfaces with ion-exchange
functionalities or immobilized ligands). If the surface is relatively hydrophobic (using a water
contact angle greater than about 60° as an useful demarcation between hydrophobic and
hydrophilic types [39, 40, 81]), then the interphase-concentration effect can lead to timedependent, selective concentration of relatively small proteins (such as Hageman factor, FXII) at
the expense of larger proteins [24] because protein adsorbs to hydrophobic materials with
characteristic partition coefficients P ≥ 100 [6, 21, 22]. By contrast, no such interphaseconcentration effect occurs at hydrophilic materials (water contact angle less than 60° according
to above) because protein does not adsorb at concentrations greater than solution concentration (P
= 1, see citations above). Perhaps these events partially account for the sluggish coagulation of
plasma in contact with hydrophobic materials compared to hydrophilic analogs [82, 83], even
though FXII activation in neat solutions is found to be nearly surface-energy independent [84].
Clearly the significance of such interpretation warrants considerable investigation and verification
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before it is incorporated into general biomaterials thinking. But it seems clearly evident from the
data at hand that the reality of fast mass adsorption followed by slow interphase concentration
will have significant ramifications in understanding biocompatibility.
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2.5. Conclusions

This study shows that a fixed mass of protein in proportion to solution concentration
promptly partitions from solution to a surface immersed in concentrated protein solutions. This
interphase region separating the physical surface from bulk solution undergoes significant timedependent decrease in volume. Interphase concentration of adsorbed protein increases
commensurately over this timeframe to satisfy an equilibrium partition coefficient by moving
water out of the interphase. This revision of standard adsorption theory has important
ramifications in the interpretation of biocompatibility and emphasizes an important role of water
in protein adsorption.
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Appendices

Appendix 2A

Appendix 2A1. Bond and Puls Analysis

Bond and Puls state that the depth of solution that would hypothetically be depleted to fill
a surface region to the equilibrium value of Gibbs’ surface excess Γ (mass/surface area) is Γ / C ,
where Γ has units of mass/surface area and C is solution concentration in mass/volume. At Γ = 2
mg/m2 for example, and a blood-protein concentration of 50 mg/mL, Γ / C =40 nm; or about 10X
the diameter of albumin (see Refs. [43–48] for basic information regarding spherical dimensions
and molecular packing of proteins). Although adsorption is unlikely to deplete surrounding
solution in the manner contemplated by such as simple calculation, it is evident that the depth of
solution surrounding an adsorbent significantly affected by adsorption will be only a few protein
molecules in depth when the solution phase is concentrated.

Bond and Puls further estimate that the half-time τ required to fill this surface region to
be τ = ⎡( Γ / C ) / D ⎤ , where D is the diffusion coefficient. Using D ~ 10-6 cm2/sec appropriate
2

⎣

⎦

for proteins [85], τ ≈ 1.6 msec, anticipating that equilibrium would be achieved within a few
milliseconds.

Appendix 2A2. Simple Diffusion Theory

The solution to Fick’s’ law for diffusion of a solute ‘‘2’’ in solvent ‘‘1’’ reads [80]:
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1/ 2

⎛ Dt ⎞
Γ 2 (t ) = 2C ⎜
⎟
⎝π ⎠
o
B

(

(2.1)

)

where Γ 2 ≡ nI ,2 / A measures the number of solute moles within the interphase nI,2 per unit area
o
(mol/cm2), CB ,2 is the initial bulk solution concentration of 2, D is the solute diffusion constant in

solvent 1, and t is time. Eq. (2.1) can be expressed in terms of solute interphase concentration

CI ,2 (t ) = Γ(t ) / Ω(t ) where Ω(t ) is the time-dependent thickness of the interphase region and
solved for time:

⎛ π ⎞ ⎡⎛ C (t ) ⎞ ⎛ Ω(t ) ⎞ ⎤
t = ⎜ ⎟ ⎢⎜ I ,2o ⎟ ⎜
⎟⎥
⎝ D ⎠ ⎣⎢⎜⎝ CB ,2 ⎟⎠ ⎝ 2 ⎠ ⎦⎥

2

(2.2)

For spheroidal blood proteins with diameters falling between, say, 5 and 10 nm,

10−14 ≤ Ω(t ) 2 ≤ 10−12 cm (see Refs. [43–48] for basic information regarding spherical
dimensions and molecular packing of proteins). Combined with D ~ 10-6 cm2/sec appropriate for
such

proteins

(compared

to

10-5

cm2/sec

for

water

[86]),

this

implies

that

2
10−7 < ⎡⎢t ( CBo ,2 / CI ,2 (t ) ) ⎤⎥ < 10−6 sec and that diffusion will approach the equilibrium dictated
⎣
⎦

(

)

by C I ,2 (t ) / C Bo ,2 → 1 within a few microseconds if purely Fickian diffusion prevailed over the
entire adsorption process.
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Appendix 2B

We adopt the practical idea that time-dependent interfacial tension γ (dyn/cm) follows
time-dependent interphase concentration CI(t) (molarity) [87] which, as discussed in Sections
2.4.1 and 2.4.3, increases with time due to interphase dehydration:

d γ (t ) ⎛ d γ (t ) ⎞ ⎛ dCI (t ) ⎞
=⎜
⎟⎜
⎟
dt
⎝ dCI (t ) ⎠ ⎝ dt ⎠

(2.3)

The objective of the model is to solve Eq. (2.3) in terms of time-dependent interphase
volume VI(t) by finding approximate analytical relationships for the two terms on the right hand
side (RHS). CI(t) follows immediately from VI(t) because the total mass adsorbed within the
interphase is constant within the time interval considered by the model.

⎛ d γ (t ) ⎞
⎟
⎝ dCI (t ) ⎠

Appendix 2B1. ⎜

The fundamental equilibrium adsorption equation for a two component system (solvent
component ‘‘1’’, solute component ‘‘2’’; water and protein, respectively) according to the
Guggenheim surface construction [28, 29] reads:

⎡
⎛n ⎞ ⎤
d γ = − ⎢Γ 2 − ⎜ B ,2 ⎟ Γ1 ⎥ d μ2
⎜n ⎟
⎝ B ,1 ⎠ ⎦⎥
⎣⎢

(2.4)
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where γ is the interfacial tension (erg/cm2 = mJ/m2), Γ ≡ ( nI / A) measures the number of moles
within the interphase nI per unit area (mol/cm2), and nB is the mole number within bulk solution.
B

At equilibrium, the solute chemical potential μ 2 in bulk solution is equal to that within the
interphase so that

d μ B ,2 = RTd ln AB ,2 = ( RT / AB ,2 ) dAB ,2 = d μ I ,2 = RTd ln AI ,2 = ( RT / AI ,2 ) dAI ,2

where A is solute activity and B or I denotes bulk phase or interphase, respectively. Neglecting
the (nB,2/nB,1) term in Eq. (2.4) in view of the fact that nB,1  nB,2 for dilute solutions, allows the
fundamental adsorption equation to be rewritten as:

⎛ RT Γ 2 ⎞
⎛ RT Γ 2 ⎞
dA
dγ = − ⎜
dAI ,2 = − ⎜
⎟
⎜ A ⎟
⎜ A ⎟⎟ B ,2
⎝ I ,2 ⎠
⎝ B ,2 ⎠

(2.5)

(

) (

)

Eq. (2.5) thus leads to the conclusion that dAI ,2 / dAB ,2 = AI ,2 / AB ,2 , or that an
incremental change in solution activity leads to an incremental change in interfacial activity
governed by the ratio of activities. This is the essence of solute partitioning. The relevance of this
observation

becomes

clearer

when

activity

is

converted

to

concentration

using

AI ,2 ≡ σ I ,2 X I ,2 and X I ,2 ≈ ( nI ,2 / nI ,1 ) = ( CI ,2 / C I ,1 ) , where σ I ,2 is an activity (fugacity)
coefficient and the approximation is appropriate to dilute solute solutions. Accordingly,

AI ,2 = σ I ,2 ( CI ,2 / CI ,1 ) and it becomes evident that:
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⎛ AI ,2 ⎞ ⎛ σ I ,2 ⎞ ⎛ CI ,2 ⎞ ⎛ CB ,1 ⎞ ⎛ σ I ,2 ⎞ ⎛ p2 ⎞ ⎛ σ I ,2 ⎞
⎛ AI ,2 ⎞ ⎛ σ B ,2 ⎞
⎟⎟
⎜⎜
⎟⎟ = ⎜⎜
⎟⎟ ⎜⎜
⎟⎟ ⎜⎜
⎟⎟ = ⎜⎜
⎟⎟ ⎜ ⎟ = ⎜⎜
⎟⎟ P2 or P2 = ⎜⎜
⎟⎟ ⎜⎜
⎝ AB ,2 ⎠ ⎝ σ I ,2 ⎠
⎝ AB ,2 ⎠ ⎝ σ B ,2 ⎠ ⎝ CB ,2 ⎠ ⎝ CI ,1 ⎠ ⎝ σ B ,2 ⎠ ⎝ p1 ⎠ ⎝ σ B ,2 ⎠

where the partition coefficient

(2.6)

p ≡ CI / CB measures relative concentrations within the

interphase and bulk-solution phase. The term p2/p1 is the ratio of these partition coefficients for
solute and solvent. As the relative solute interphase concentration increases (p2>1), the relative
solvent concentration must decrease commensurately (p1<1) because two things cannot occupy
the same space at the same time. In fact, for any particular protein, the amount of water displaced
from the interphase upon adsorption will principally depend on size of the protein (excluded
volume). Consequently, the ratio of partition coefficients will be particular to, and characteristic
of, the protein defining a net partition coefficient such that P2 = (p2/p1). Eq. (2.6) thus predicts that
adsorption from dilute solutions of purified proteins can be expected to be controlled by a
characteristic partition coefficient P2. In fact, this kind of adsorption behavior is observed
experimentally, up to surface saturation for various blood proteins adsorbing to surfaces spanning
a full range of water wettability [22–24]. Thus, experiment vindicates the assumptions leading to
Eq. (2.5) and first-principles theory explains why protein adsorption from dilute solutions is
controlled by a partition coefficient at equilibrium (steady state). Failure of a real protein system
to follow expectations of partitioning is diagnostic that protein does not adsorb reversibly and,
conversely, it can be expected that protein partitioning is diagnostic of reversible protein
adsorption.

Returning

now

to

the

(

)

relationship AI ,2 = σ I ,2 CI ,2 / CI ,1 ,

it

is

evident

that

dAI ,2 = ⎡⎣(σ I ,2 dCI ,2 / CI ,1 ) + ( CI ,2 dσ I ,2 / CI ,1 ) ⎤⎦ for dilute solutions in which the change in
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solvent concentration accompanying an incremental change in solute concentration is small (CI,1
approximately constant). Insertion of this relationship into Eq. (2.5) leads to:

⎛ C ⎞ ⎛ RT Γ 2 ⎞ ⎡⎛ σ I ,2 dCI ,2 ⎞ ⎛ CI ,2 dσ I ,2 ⎞ ⎤
d γ = − ⎜ I ,1 ⎟ ⎜
⎟⎟ ⎢⎜⎜
⎟⎟ + ⎜⎜
⎟⎟ ⎥
⎜ C ⎟⎜ σ
⎝ I ,2 ⎠ ⎝ I ,2 ⎠ ⎢⎣⎝ CI ,1 ⎠ ⎝ CI ,1 ⎠ ⎥⎦
⎛ RT Γ 2 ⎞
⎡σ dC + CI ,2 dσ I ,2 ⎤⎦
dγ = − ⎜
⎜ σ C ⎟⎟ ⎣ I ,2 I ,2
I
,2
I
,2
⎝
⎠

or

d γ = − RT Γ 2 d ln ⎡⎣σ I ,2CI ,2 ⎤⎦

(2.7)

The model applies the equilibrium adsorption Eq. (2.7) to adsorption kinetics by
proposing that, at any instant in time, a quasi-equilibrium exists between protein within the
interphase and bulk solution. In other words, the distribution of protein between interphase and
bulk solution is controlled by a time-dependent partition coefficient P2(t) and interfacial tension is
a function of time because interphase concentration is a function of time. Writing Eq. (2.7)
explicitly in terms of time-dependent interfacial tension γ (t ) and interphase concentration CI,2(t)
and expanding the differential leads to:

⎛ RT Γ 2 ⎞⎛ d
⎞
d γ (t )
= −⎜
σ C (t )
⎟⎜
⎟
⎜ σ C (t ) ⎟⎜ dC (t ) ⎟ ( I ,2 I ,2 )
dCI ,2 (t )
,2
,2
,2
I
I
I
⎝
⎠⎝
⎠

⎤
⎛ RT Γ 2 ⎞ ⎡⎛ 1 ⎞ d
d γ (t )
CI ,2 (t ) ) ⎥
σ
= −⎜
⎢
(
⎟
⎜
⎟
I
,2
⎜ C (t ) ⎟ ⎜ σ ⎟ dC (t )
dCI ,2 (t )
⎥⎦
⎝ I ,2 ⎠ ⎣⎢⎝ I ,2 ⎠ I ,2

(2.8)
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⎛ dCI (t ) ⎞
⎟
⎝ dt ⎠

Appendix 2B2. ⎜

Under experimental conditions explored in this work when the mass of protein adsorbed
from solution is constant (depletion does not change with time or dD/dt = 0), then it is apparent

(

)

that time dependent interphase concentration dCI ,2 (t ) / dt must be due only to change in timedependent interphase volume VI(t) because nI,2 is constant and:

⎡⎛ nI ,2 ⎞ ⎛ dVI (t ) ⎞ ⎤
⎡⎛ CI ,2 (t ) ⎞ ⎛ dVI (t ) ⎞ ⎤
⎛ dCI ,2 (t ) ⎞ ⎡
d ⎛ 1 ⎞⎤
⎟ ⎥ = − ⎢⎜
⎟⎜
⎜
⎟ = ⎢ nI ,2 ⎜
⎟ ⎥ = − ⎢⎜
⎟⎥
2 ⎟⎜
dt ⎝ VI (t ) ⎠ ⎦
⎝ dt ⎠ ⎣
⎣⎝ VI (t ) ⎠ ⎝ dt ⎠ ⎦
⎣⎝ VI (t ) ⎠ ⎝ dt ⎠ ⎦

(2.9)

⎛ d γ (t ) ⎞
⎟
⎝ dt ⎠

Appendix 2B3. ⎜

Eqs. (2.8) and (2.9) can be combined in accordance with Eq. (2.3) and solved for timedependent interfacial tension γ (t ) due to time-dependent interphase volume VI(t):

d γ (t ) ⎛ d γ (t ) ⎞ ⎛ dCI ,2 (t ) ⎞
=⎜
⎜ dC (t ) ⎟⎟ ⎜⎝ dt ⎟⎠
dt
⎝ I ,2 ⎠
⎤ ⎡ ⎛ C (t ) ⎞ ⎛ dV (t ) ⎞ ⎤
⎛ RT Γ 2 ⎞ ⎡⎛ 1 ⎞ d
d γ (t )
σ
CI ,2 (t ) ) ⎥ ⎢ − ⎜ I ,2 ⎟ ⎜ I ⎟ ⎥
= −⎜
⎢
(
⎟
⎜
⎟
I
,2
⎜
⎟ ⎜
⎟
dt
⎝ CI ,2 (t ) ⎠ ⎣⎢⎝ σ I ,2 ⎠ dCI ,2 (t )
⎦⎥ ⎣ ⎝ VI (t ) ⎠ ⎝ dt ⎠ ⎦
or

⎡⎛ 1
⎞ ⎤ ⎡⎛ 1 ⎞ ⎛ dVI (t ) ⎞ ⎤
d γ (t )
d
σ
CI ,2 (t ) ) ⎟ ⎥ ⎢⎜
= RT Γ 2 ⎢⎜
(
⎟⎜
I
,2
⎟⎥
⎜
⎟
dt
⎠ ⎦⎥ ⎣⎝ VI (t ) ⎠ ⎝ dt ⎠ ⎦
⎣⎢⎝ σ I ,2 dCI ,2 (t )

(2.10)
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Eq. (2.10) is not experimentally useful in the present form due to unknown parameters
appearing in the RHS, especially including Γ 2 . In principle, Γ 2 can be calculated from depletion
data for a particular protein with molecular weight (MW) through Γ 2 = ( DVB / aMW ) ; where VB
B

is the volume of the bulk-solution phase (see Ref. [23] for details of depletion arithmetic).
Unfortunately, a surface area of OS hydrogel adsorbent materials used in this work is not known
with precision, introducing considerable uncertainty in such calculations. Apparent Gibbs’
surface excess Γ app is, however, known from concentration-dependent γ lv [6,11,21] within 10–
20% and is a good measure of Γ 2 for dilute solutions, as discussed above, if proper correction for
the non-ideality proteins is made (and assuming that γ lv is a good surrogate for γ sl of OS
adsorbent particles, see Section 2.3.3).

(

Noting that Γ 2 = − AB ,2 / RT

)( d γ

lv

/ dAB ,2 ) and Γ app = − ( X B ,2 / RT )( d γ lv / dX B ,2 ) , it

is evident that

⎡⎛ X 2
⎢⎜
⎛ Γ app ⎞ ⎣⎝ RT
⎜
⎟=
Γ
⎝ 2 ⎠ ⎡⎛ A2
⎢⎜
⎣⎝ RT

⎞ ⎛ d γ lv ⎞ ⎤
⎟⎥
⎟⎜
⎠ ⎝ dX 2 ⎠ ⎦ ⎛ X 2 ⎞ ⎛ dA2 ⎞
=⎜
⎟.
⎟⎜
⎞ ⎛ d γ lv ⎞ ⎤ ⎝ A2 ⎠ ⎝ dX 2 ⎠
⎟⎥
⎟⎜
⎠ ⎝ dA2 ⎠ ⎦

Inserting relationships among mole fraction, activity, and activity coefficients, it is found
that:
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⎡⎛ CI ,2 ⎞ ⎛
CI ,2 ⎞ ⎤
⎢⎜⎜
⎟⎟ d ⎜⎜ σ I ,2
⎟⎥
CI ,1 ⎠⎟ ⎦⎥ ⎛ 1 ⎞ d
⎛ Γ app ⎞ ⎣⎢⎝ CI ,1 ⎠ ⎝
=⎜
⎟
(σ I ,2CI ,2 )
⎜
⎟=
⎛ CI ,2 ⎞ ⎛ CI ,2 ⎞ ⎤ ⎜⎝ σ I ,2 ⎟⎠ dCI ,2
⎝ Γ2 ⎠ ⎡
⎢σ I ,2 ⎜⎜
⎟⎟ d ⎜⎜
⎟⎟ ⎥
⎝ CI ,1 ⎠ ⎝ CI ,1 ⎠ ⎦⎥
⎣⎢

or

⎡⎛ 1 ⎞ d
⎤
CI ,2 ) ⎥
σ
Γ app = Γ 2 ⎢⎜
(
⎟
I
,2
⎜
⎟
⎣⎢⎝ σ I ,2 ⎠ dCI ,2
⎦⎥

(2.11)

Using this relationship in Eq. (2.10) leads to the relationship sought between timedependent interfacial tension γ (t ) and interphase volume VI(t):

⎡⎛ 1 ⎞ ⎛ dVI (t ) ⎞ ⎤
⎡ dVI (t ) ⎤
d γ (t )
= RT Γ app ⎢⎜
⎟⎜
⎥
⎟ ⎥ ⇒ d γ (t ) = RT Γ app ⎢
dt
⎣ VI (t ) ⎦
⎣⎝ VI (t ) ⎠ ⎝ dt ⎠ ⎦

γ (t ) = RT Γ app ln [ k1VI (t )]

(2.12)

where k1 is a combination integration constants. It is important to stress that Γ app is not a function
of time when dD/dt = 0 because both nI,2 and adsorbent surface area are constants. At equilibrium,
Eq. (2.12) becomes γ E = RT Γ app ln ⎡⎣ k1VIE ⎤⎦ , where γ E is the steady state interfacial tension at
the particular bulk-solution concentration under consideration and VIE is the corresponding

(

)

steady-state interphase volume. The equilibrium spreading pressure Π E ≡ γ ο − γ E can be
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related to the time-dependent spreading pressure

Π (t ) ≡ ( γ ο − γ (t ) ) by the parameter

ΔΠ (t ) ≡ ( Π E − Π (t ) ) , allowing Eq. (2.12) to be written in terms of ΔΠ (t ) :

⎡VI (t ) ⎤ ( ΔΠ (t ) / RT Γapp )
⎡ C (t ) ⎤ −( ΔΠ (t ) / RT Γapp )
and ⎢ I E ⎥ = e
⎢ E ⎥=e
⎣ VI ⎦
⎣ CI ⎦

(2.13)
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Chapter 3

Volumetric Interpretation of Protein Adsorption: Kinetics of ProteinAdsorption Competition from Binary Solution 2

Abstract

The standard solution-depletion method of measuring protein adsorption is implemented
with SDS-gel electrophoresis as a multiplexing, separation-and-quantification tool to measure
simultaneous adsorption competition. Using this method, adsorption competition between two
different test proteins (i and j ) for the same hydrophobic octyl sepharose (OS) adsorbent particles
immersed in binary aqueous-buffer solutions is studied for a variety of relative i, j solution
concentrations. Competition kinetics from stagnant solution frequently exhibit two sequential
pseudo-steady-state adsorption regimes (State 1 and State 2). State 1 and State 2 are connected
by a smooth transition, giving rise to sigmoidally-shaped adsorption-kinetic profiles with a
downward inflection near 60 minutes of solution/adsorbent contact. Mass ratio of adsorbed i, j
proteins ( mi m j ) remains nearly constant between States 1 and 2, even though both mi and m j
decrease in the transition between states.

State 2 is shown to be stable for 24 hours of

continuous-adsorbent contact with stagnant solution whereas State 2 is eliminated by continuous
mixing of adsorbent with solution. In sharp contrast to binary-competition results, adsorption to
OS from single-protein solutions (pure i or j) exhibits no detectable kinetics within the timeframe
2

This chapter is based entirely on Barnthip N, Parhi P, Golas A, and Vogler EA. Volumetric
Interpretation of Protein Adsorption: Kinetics of Protein-Adsorption Competition from Binary Solution.
Submitted to Biomaterials.
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of experiment from either stagnant or continuously-mixed solution, quickly achieving a single
steady-state value in proportion to solution concentration. Comparison of binary competition
among ubiquitin (Ub, MW = 10.7 kDa), human serum albumin (HSA, MW = 66.3 kDa),
prothrombin (FII, 72 kDa), immunoglobulin G (IgG, MW = 160 kDa), or fibrinogen (Fib, MW =
341 kDa) at different relative i, j solution concentrations demonstrates that selectivity between i
and j scales with relative molecular weight ( MW j / MWi proportional to relative protein volume

V j / Vi ). Results are interpreted in terms of a kinetic model of adsorption that has protein
molecules rapidly diffusing into an inflating interphase that is spontaneously formed by bringing
a protein solution into contact with a physical surface (State 1). State 2 follows by rearrangement
of proteins within this interphase to achieve the maximum interphase concentration (dictated by
energetics of interphase dehydration) within the thinnest (lowest volume) interphase possible by
ejection of interphase water and initially-adsorbed proteins.

Implications for understanding

biocompatibility are discussed using a computational example relevant to the problem of bloodplasma coagulation.

Impact Statement: This work illuminates how adsorption kinetics control selective-protein
adsorption to hydrophobic surfaces from binary solution.
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3.1. Introduction

A widely-held belief within the biomaterials community is that adsorbed protein
catalyzes, mediates, or moderates the biological response to artificial materials [1-10]. In light of
this seemingly incontrovertible fact, it is self evident that responsible proposition of evidencebased biochemical mechanisms for the biological response to materials requires quantitative
knowledge of the exact composition of protein that becomes adsorbed to biomaterials in contact
with complex biological mixtures such as blood. This composition must be known both in terms
of protein identity and concentration.

It also seems self evident that prospective materials

engineering for various medical applications requires detailed knowledge that relates biomaterial
properties to protein adsorption.

Otherwise, structure-property relationships cannot be

formulated, leaving biomaterials engineering dependent on design-directed or trial-and-error
approaches [11]. Thus, the entirety of biomaterials surface science seems critically dependent on
a thorough understanding of protein adsorption.

As a consequence of the long-recognized and fundamental importance of protein
adsorption, the experimental and theoretical focus on the biophysics of the process has been
intense. History of the subject perhaps begins as early as Johlin’s 1929 work discovering a direct
connection between protein adsorption and blood coagulation [12-14]; much later followed by the
systematic studies of Lyman and Brash of the 1965-1975 era [15-17] (among numerous other
pioneering studies made in this timeframe); through to recent emphasis on the use of powerful
analytical techniques such as atomic-force microscopy [18], ellipsometry [19], internal-reflection
spectroscopy [20], surface-plasmon resonance [21] and tensiometry [22] to name but a few
methods from an extensive list of surface-science tools. And yet, even after many decades of
focused effort, the physical chemistry involved in adsorption of single purified proteins from
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solution remains an elusive and controversial problem [23].

Complete understanding of

adsorption competition between two, or among many, proteins from mixed solution to the same
surface immersed in that solution thus remains outside our collective intellectual grasp. It must
be concluded then that current understanding of the molecular basis of biocompatibility remains
rather speculative and primitive.

Our work in protein adsorption is aimed at experimental resolution of some of the as-yetunresolved fundamental aspects of protein adsorption, motivated by the hope that clarification of
the physical chemistry of adsorption will ultimately lead to a predictive basis for cardiovascular
biomaterials design. These fundamental aspects include the reversibility/irreversibility of protein
adsorption, mechanism of the so-called Vroman effect [1, 17, 20, 24-43], capacity of proteins to
adsorb in multilayers [6, 38, 44-60], energetics of protein adsorption [6, 14, 22, 43, 45, 49-51, 6163], and the applicability of thermodynamic/computational models [47]. In particular, we have
focused on obtaining energy [6, 14, 22, 43, 50, 51, 61-63] and mass [44, 45, 47] balance for the
adsorption of a wide variety of purified blood proteins to a broad span of materials with different
surface chemistry/energy. Results of this survey have been illuminating (see brief review in the
introduction of ref. [45]) and strongly implicate a controlling role for water in the adsorption
process. In very brief summary, experimental results have led us to interpret protein adsorption
as a partitioning between bulk solution and a three-dimensional (3D) interphase region that
separates bulk solution from the physical adsorbent surface.

This so-called ‘volumetric

interpretation’ of adsorption has it that proteins are expelled from aqueous solution to the
interphase by what amounts to be the hydrophobic effect. Expelled protein can partition into the
interphase if-and-only-if it is energetically favorable to displace a volume of interphase water
equal to that of the adsorbing hydrated protein [51]. In this way, water-wettability substantially
controls adsorption because it requires more energy to displace water from the interphase of
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relatively hydrophilic surfaces than from the interphase of more hydrophobic counterparts [45].
Efforts to understand competition between two proteins adsorbing from mixed solution [43, 46]
based on this overarching mechanism have been less satisfactory because, for reasons detailed
herein, we have failed to fully appreciate the role that adsorption kinetics plays in proteinadsorption selectivity.

It has been widely (but not universally) assumed that protein adsorption occurs over a
relatively long timeframe that is directly related to tens-of-minutes-to-hours change in interfacial
energetics observed when a protein solution is brought into contact with a surface [6, 14, 22, 43,
50, 51, 61]. Furthermore, it is popularly held that selective adsorption of certain proteins from a
mixture is due, at least in part, to a time-dependent adsorption-displacement phenomenon
involving proteins engaged in adsorption competition (a.k.a Vroman Effect). Recent work shows
that the former perspective is substantially incorrect for concentrated (mg/mL) protein solutions
[48, 64]. This finding, in turn, suggests that the interpretation of the Vroman effect is also
problematic. A more correct view seems to be that protein molecules rapidly diffuse into an
inflating interphase volume that is initially formed upon contact of an adsorbent with
concentrated protein solution [48]. Through this process, the interphase captures a fixed mass of
protein in proportion to solution concentration. Mass transport from concentrated solution is
effectively complete within seconds, if not milliseconds, but certainly well before the tens-ofminutes-to-hours associated with interfacial energetic changes.

Indeed, protein-adsorption

kinetics are difficult to follow unless solution concentrations are quite low in the μg/mL range.
This initially-formed interphase slowly shrinks in volume by efflux of interphase water, causing
interphase protein concentrations to increase and interfacial tensions to concomitantly decrease
over the aforementioned tens-of-minutes-to-hours time scale. Unfolding of proteins (changing
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occupied volume, denaturation) at a surface [65] can also lead to concentration of protein within
the interphase region.

Curious to understand ramifications of the above-described adsorption kinetics on
protein-adsorption competition from mixed-protein solutions, we adapted the standard solutiondepletion method to measure adsorption competition [46] between two proteins as a function of
time, ranging from 5 minutes to 90 minutes and, in one test case, 24 hours. Herein we show that
adsorption competition is very rapid, leading to selectivity that persists long after the initial burst
of protein arriving at the adsorbent surface.

This outcome has significant ramifications in

understanding both protein adsorption and how protein adsorption controls the biological
response to materials.
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3.2. Methods and materials

3.2.1. Proteins and adsorbent particles

Proteins were used as received from the vendor without further purification. Table 3.1
lists relevant details. SDS-PAGE of purified protein solutions yielded single bands. Selected
pairs of proteins were mixed together in phosphate buffer solution (PBS; Sigma; 0.14 M NaCl,
3mM KCl prepared in 18 MΩ water) at concentrations specified in column 3 and 4 of Table 3.2
that correspond to specific competitive-adsorption Cases 1-5 further discussed in Section 3.3.2.

Octyl Sepharose™ 4 Fast Flow adsorbent (OS) was obtained from Amersham
Biosciences (75% by volume of 90 μm nominal-diameter sepharose-based particles dispersed in
20% aqueous ethanol solution). The actual surface area of these hydrogel particles was not
measured because accurate knowledge of adsorbent surface area is not necessary in volumetric
analysis of protein adsorption [44-46]. Also, analytical difficulties encountered in working with
relatively low-nominal-surface-area, hydrated-hydrogel particles precluded accurate surface-area
determinations at a size scale relevant to proteins. OS adsorbent was freshly prepared just before
each depletion experiment by 3X washing in PBS (to remove ethanol) using a sequential
centrifugation/resuspension protocol (40 RPM for 1 min in a Hettick microtube fixed-rotor
centrifuge, VWR) that processed 1 mL of as-received suspension (750 μL beads, 250 μL fluid).
After each of 3 centrifugations, 1 mL of supernate was replaced with 1 mL PBS, ending with a
75:25 v/v stock suspension in PBS. For each depletion experiment, 20 μL stock (5 μL fluid, 15
μL beads) was pipetted into a 0.5 mL microtube (Safe-lock micro centrifuge tubes, Eppendorf;
approximately 2 cm2 internal surface area).

Adsorption experiments employed ~ 65 cm2

Table 3.1: Purified Protein used in Competitive Adsorption Experiments

Molecular
Weight
(kDa)

As-received
form

Purity (Electrophoresis)
or
Activity

Vendor

Ubiquitin (Ub)

10.7

Powder

98%

Sigma Aldrich

Human Serum Albumin (HSA)

66.3

Powder

96-99%

Sigma Aldrich

Prothrombin (FII)

72

Powder

>95%

Enzyme Research

Human IgG (IgG)

160

Powder

>95%

Sigma Aldrich

Fibrinogen (Fib)

341

Powder

80% Clottable Protein

Sigma Aldrich

Name of Protein (Acronym)

adsorbent surface area or a 97:3 adsorbent-to-tube surface area ratio. OS particles were resuspended by gentle pipette aspiration in 25 μL protein solution prepared in advance to the
desired protein composition or concentration so that the final depletion volume VB = 30 μL .

Adsorption experiments were performed as specified below in either sessile or
continuously-mixed protein solutions in contact with adsorbent particles. In the mixed case,
microtubes were attached to an inverting hematology mixer and continuously turned for the
duration of the kinetic experiment. In both cases, particle-free supernate was sampled by either
allowing particles to settle to the bottom of the conical test tube after mixing with protein solution
(sessile experiments) or by pelleting by brief centrifugation (40 RPM for 1 min in a Hettick
microtube fixed-rotor centrifuge, VWR).

3.2.2. Depletion measurements

Experimental details for the SDS-electrophoresis implementation of the depletion method
have been disclosed elsewhere [44-46].

Briefly, protein solutions (25 μL) in PBS at

concentrations specified above were mixed with a fixed amount (surface area) of washed
sepharose particles by gentle pipette aspiration and either allowed to stand undisturbed in 0.5 mL
conical microtubes or continuously mixed on a hematology mixer.

In a typical kinetic

experiment, 18 identical tubes containing adsorbent and solution mixture were setup and
supernates sampled every 5 min. for 90 min. Supernates were held for analysis on SDS-PAGE
electrophoresis as described below.
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3.2.3. SDS-PAGE electrophoresis

26 lane NuPAGE® Novex Tris-Acetate precast gels (Invitrogen; 500 kDa capacity) were
used to separate and quantify protein pairs with MW > 30 kDa. NuPAGE® Novex Bis-Tris gels
were used for experiments involving ubiquitin. Electrophoresis was carried out for 70 min. at
150 V (Tris-Acetate) or 35 min. at 220V (Bis-Tris) using an XCell SureLock™ Cell (Invitrogen).
Gels were stained with SimplyBlue™ SafeStain (Invitrogen) for 1 hour and destained with deionized (18 MΩ) water for several hours while mixing on a standard hematology rocker. Band
intensity was quantified using the Gel-doc system (Bio-Rad Laboratories) that employed a
highly-sensitive CCD camera to read optical density (OD). A standard curve was prepared for
each protein and each gel using the first 6-8 lanes by applying solutions of known concentration
of the probe protein(s).

Linear calibration curves were obtained ( R 2 > 95% ) within the

concentration range of interest for all proteins.

Each different protein required a separate

calibration curve on the same gel to account for differences in staining density.

3.2.4. Computational and statistical methods

Computational and statistical methods have been disclosed in detail in ref. [44]. Briefly
reiterating essential details for the purposes of this paper, amount of the ith protein adsorbed to OS
adsorbent was calculated by difference Di in weight/volume (w/v, mg/mL) protein-solution

(

)

o
concentrations before WBi and after WBi adsorption to particulates ( Di ≡ WBoi − WBi , see

further Section 3.3.1). In the absence of particulate adsorbent, Di < 0.1 mg/mL for all proteins at
surface-saturating bulk-solution concentrations

(W )
o
Bi

max

and decreased in proportion to
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o
decreasing WBi . This background adsorption, due to all sources of protein loss to tubes and

pipette tips in handling procedures, represented less than 1-2% of experimental Di measured in
the presence of particulate adsorbent. Thus, it was concluded that background correction of
o
depletion measurements was unnecessary within the WBi range explored in this work [44].

Error in depletion values listed in Table 3.2 was estimated by standard propagation-ofo
error in experimental determination in WBi and WBi associated with calibration curves (error in

slope of calibration curves). Likewise, error estimates in parameters calculated from depletion
measurements such as depletion ratios listed in Tables 3.2 and 3.3 were computed by
propagation-of-error in individual depletion measurements. Computational details for the model
of Section 3.4.2.1 is given in Appendix 3A.
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3.3. Results

Proteins listed in Table 3.1 were used in various combinations in binary proteinadsorption competition experiments. Tables 3.2-3.4 summarize experimental parameters derived
from an extensive experimental program comparing competition outcomes for different initial
relative-solution concentrations. Experimental data is plotted for experiments selected from these
tables in Figs. 3.1, 3.4-3.5 representing different competition behaviors observed. The following
sections attempt to organize these detailed experimental results in a way that reveals the
surprising complexity of adsorption competition between just two proteins, as compared to
adsorption of either protein from purified solution. This complexity nevertheless collapses into a
systematic pattern that allows prediction of competitive-adsorption outcomes between any two
blood proteins. Section 3.3.1 first discusses the solution-depletion method in the measurement of
protein-adsorption kinetics.

This section serves as background to Section 3.3.2 disclosing

application of solution depletion to probe binary protein-adsorption kinetics.

Section 3.3.2

further reveals that selectivity between two proteins engaged in adsorption competition scales
smoothly with the ratio of molecular weights (proportional to relative size).

Results are

qualitatively and quantitatively interpreted in Section 3.4.

3.3.1 Solution depletion measurement of protein adsorption

The basic idea behind the depletion method was to measure the w/v concentration
o

(mg/mL) of protein in solution before ( WBi ) and after ( WBi ) contact with octyl sepharose (OS)
adsorbent particles. Loss in solution concentration at any time t due to adsorption was calculated

(

)

by difference (mass balance) as the solution depletion Di ≡ WBoi − WBi , where Di is expressed
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as protein-mass-adsorbed-per-unit-volume bulk solution VB (mg/mL). The actual adsorbed mass

mi = DV
i B ( VB = 30 μL in all cases). Solution depletion occurred because protein adsorbed from
solution into the interfacial region (a.k.a. interphase) surrounding adsorbate particles. According
to the “volumetric interpretation” of adsorption from a single-protein solution [44, 45, 48], this
interphase had a discrete volume VIi (mL) related to the dimensions of the protein and a

⎡

⎛ VIi
⎝ VB

concentration WIi (mg/mL) so that Di = ⎢WIi ⎜

⎢⎣

⎞⎤
⎟ ⎥ at steady state. When solution contained
⎠ ⎥⎦

two proteins i and j, depletion of individual proteins Di and D j were measured. At steady-state,
the mixed interphase concentration

(WI )i , j = ⎡⎢(WI )i , j + (WI
⎣

i

j

)

i, j

⎤ occupied an interphase
⎦⎥

volume (VI )i , j ; where the “i,j” subscript denotes a binary protein mixture. The relationships
among (VI )i , j , VIi , and VI j are dependent on the complexities of packing two dissimilar-shaped
proteins within the interphase [46].

SDS-gel electrophoresis was used as a multiplexing, separation-and-quantification tool to
measure protein adsorption as described in Section 3.2. Implementation of the depletion method
using electrophoresis met the need for a single method that could be applied to both single- and
multiple-protein solutions that was a substantially unambiguous and largely free of experimental
artifacts related to solute labeling, rinsing/drying, or complicated instrumentation. In particular,
depletion allows assessment of protein adsorbed from solution without perturbing the interphase
region. The experimental method applied herein has been shown to be sensitive to about 0.1-0.2
mg/mL (estimated to be equivalent to 0.3 mg/m2 [45] with approximately 10% CV), which was
adequate for studying protein adsorption from mg/mL solutions.

Previous work “certified”
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method and interpretive mass-balance theory applied to steady-state adsorption ( t → 1 hr.) by
first studying adsorption of a broad range of single proteins to hydrophobic [44] surfaces (OS and
silanized glass) from purified aqueous-buffer solution.

These results comported with

thermochemically-measured free energies of adsorption and interfacial energetics measured by
tensiometry (contact angle and wettability methods). Subsequently, HSA adsorption to silanizedglass adsorbent particles with incrementally-increasing hydrophilicity was measured [45],
showing here that mass and energy balances for HSA adsorption were in full agreement.
Consistent mass-and-energy balance obtained using very different analytical methods engendered
confidence that this gel-electrophoresis implementation of the depletion method provided
internally-consistent and accurate results for proteins adsorbing to surfaces from both stagnant
and continuously-mixed solutions at steady state. We have also demonstrated utility of the
depletion method in studying protein-adsorption competition to the same adsorbent surface
immersed in multi-component solutions [46]. Standard radiometric methods have been used as a
further check on the electrophoresis method described above [48] and electrophoresis results
obtained with purified proteins agreed with spectrophotometry (not shown).

3.3.1.1 Adsorption kinetics by solution depletion

The above methods were used to measure adsorption kinetics by setting up 18 identical
depletion experiments as outlined in Section 3.2 and serially sampling solution from one of these
identical microtubes at increasing time intervals. Methods outlined in Section 3.2 could not be
reliably executed by our hands in less than about 3 min., yielding a minimum reproducible
elapsed-time resolution of about 5 minutes; which was small compared to the 15-60 minutes time
span over which significant adsorption kinetics was observed using tensiometry [6, 14, 22, 43, 50,
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51, 61] and the 60-90 minute time span over which competition kinetics were experimentally
observed (see below and section 3.4).

Protein solutions and OS adsorbent were either subjected to continuous mixing on a
rotating hematology rocker or allowed to rest unperturbed in a tube rack. Using the above kinetic
implementation of the depletion method, we found in this and previous work that there was no
detectable adsorption kinetics to OS from single purified protein buffer solutions (for lysozyme,
15 kDa; albumin, 66 kDa; prothrombin, 72 kDa; IgG, 160 kDa; fibrinogen, 341 kDa) at any
concentration studied, either from stagnant solution or continuously-mixed solutions [48]. That is
to say, Di was a constant proportion of solution concentration with time up to saturation of the

( )

o
adsorbent surface that occurred at a characteristic solution concentration WBi

max

.

However,

mixing was observed to affect competition kinetics, as described separately below for stagnant
solutions and continuous-mixing conditions.

3.3.2 Binary adsorption competition

Five general cases for adsorption competition between two different proteins i, j with

MWi ≠ MW j were identified on the basis adsorption of single proteins from buffer solution [46].
These general cases were related to the bulk-solution concentrations of various purified proteins
required to saturate the OS adsorbent surface area. Saturating bulk-solution w/v concentrations

( )

(mg/mL) were designated as either WBoi

max

( )

or WBoj

max

; where the “B” subscript differentiated

bulk solution from interphase “I” and the “o” superscript denoted initial concentration of either
purified protein “i” or “j” identified by subscripts enclosed in parentheses. The total binary-

80

( )

solution concentration was designated as WBo

i, j

, where the “i, j” subscript has been used

throughout this work to denote a binary mixture. Initial binary-solution concentrations were
prepared by mixing protein i at

(W )

o
Bi i , j

( )

o
with protein j at WB j

i, j

, where superscripts and

subscripts are as specified above.

Case 1: Proteins i, j neither individually nor collectively at bulk-solution concentrations

( )

sufficient to saturate the adsorbent surface. Total binary-solution concentration WBo

( )

prepared by mixing protein i at WBoi

i, j

( )

 WBoi

max

( )

with protein j at WBoj

i, j

( )

 WBoj

i, j

max

was

(see

Table 3.2 and Appendix 3B for details).

Case 2: Proteins i, j at bulk-solution concentrations insufficient to independently saturate
the adsorbent surface but collectively sufficient to saturate the adsorbent surface. Total solution

( )

concentration WBo

(W ) < (W )
o
Bj

i, j

o
Bj

max

i, j

( )

prepared by mixing protein i at WBoi

i, j

( )

< WBoi

max

with protein j at

(see Table 3.2 and Appendix 3B for details).

Case 3: Protein i at bulk-solution concentration sufficient to independently saturate the
adsorbent surface mixed with protein j at bulk-solution concentrations insufficient to

( )

independently saturate the adsorbent surface. Total solution concentration WBo

( )

mixing protein i at WBoi

i, j

( )

≥ WBoi

with reversed saturating protein.

max

( ) < (W )

with protein j at WBoj

i, j

o
Bj

max

i, j

prepared by

. Same as Case 4 but
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Case 4: Protein j at bulk-solution concentration sufficient to independently saturate the
adsorbent surface mixed with protein i at bulk-solution concentrations insufficient to

( )

independently saturate the adsorbent surface. Total solution concentration WBo

( ) ≥ (W )

mixing protein j at WBoj

i, j

o
Bj

max

( )

with protein i at WBoi

i, j

( )

< WBoi

max

i, j

prepared by

. Same as Case 3 but

with reversed saturating protein.

Case 5: Proteins i, j each at bulk-solution concentrations sufficient to independently

( )

saturate the adsorbent surface. Total solution concentration WBo

( )

at WBoi

i, j

( )

≥ WBoi

max

( ) ( )

with protein j at WBoj

i, j

≥ WBoj

max

i, j

prepared by mixing protein i

(see Table 3.2 and Appendix 3B for

details).

In summary, two broad categories of adsorption competition were studied; total-mixedsolution concentration presumed (on the basis of pure-protein adsorption characteristics) to be
insufficient to saturate the adsorbent surface (Case 1) and total-mixed-solution concentration
presumed to be sufficient to saturate the adsorbent surface (Cases 2-5). Case 5 differed from
surface-saturating Cases 2-4 in that both competing proteins were at total-mixed-solution
concentrations well in excess of the amount needed to saturate available adsorbent. At least one
of the competing proteins was at under-saturating solution concentrations in Cases 2-4.
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3.3.2.1 Adsorption-competition kinetics from stagnant solution – component
analysis (Table 3.2)

Adsorption-competition kinetics from stagnant solution between two different proteins
selected from those listed in Table 3.1 gave rise to different competition behaviors that depended
on protein identities and initial-solution concentrations. Table 3.2 collects data for experimental
pairs tested (column 1) under some-or-all of the 5 adsorption cases identified in the preceding
section (column 2) prepared by mixing proteins i, j at the specific concentrations listed in

( )

columns 3-4 such that WBo

i, j

( )

= ⎡ WBoi
⎣⎢

i, j

( )

+ WBoj

i, j

⎤.
⎦⎥

Fig. 3.1 represents the full range of competition behaviors observed in experiments
summarized in Table 3.2. Cases 4 and 5 always exhibited two sequential pseudo-steady-state
regimes (see State 1 and State 2 annotations) connected by a smooth transition, giving rise to
sigmoidally-shaped adsorption-kinetic profiles (illustrated by Fig. 3.1 Panel A; Case 5 with i =

( )

FII and j = IgG). Steady-state depletions ( Di )i , j and D j

i, j

corresponding to State 1 and State 2

were taken to be the mean ± standard deviation of the first N measurements of State 1 or last N
measurements of State 2, respectively, and are sequentially collected in columns 6-7 and 9-10 of
Table 3.2 along with N for each case.

Cases 1 and 3 did not always give rise to a detectable State 1 → State 2 transition and
sometimes a transition was just detectable above experimental error.

Panel C of Fig. 3.1

illustrates a circumstance where no State 1 → State 2 transition was observed (Case 1 with i = FII
and j = IgG). Panel B illustrates as case wherein the transition is just detectable (Case 3 with i =

Table 3.2: Protein-Adsorption Kinetics from Binary Solution to Octyl Sepharose
State 1
Protein
Paris

Condition

(WBoi )i , j

(WBoj )i , j

(mg / mL) (mg / mL)

⎛ (WBoj )i , j
⎜
⎜ (WBo )i , j
i
⎝

⎞
⎟
⎟
⎠

( Di )i , j

State 2

⎛ ( D j )i , j
mg / mL, ( N ) ( D j )i , j mg / mL, ( N ) ⎜⎜ ( D )
⎝ i i, j

⎞
⎟⎟
⎠

( Di )i , j mg / mL, ( N ) ( D j )i , j mg / mL, ( N )

⎛ ( D j )i , j
⎜⎜
⎝ ( Di )i , j

⎞
⎟⎟
⎠

Transition
Period
(min)

Si , j
( N , R2 )

HSA (i)
+
Fib (j)

Case 1
Case 2
Case 3
Case 4
Case 5

1.25
2.00
4.00
2.00
4.00

1.25
3.00
2.00
6.50
6.50

1.00
1.50
0.50
3.25
1.62

0.66 ± 0.05, (9)
0.98 ± 0.06, (9)
1.61 ± 0.09, (9)
0.96 ± 0.05, (9)
2.34 ± 0.07, (6)

0.46 ± 0.05, (9)
1.21 ± 0.08, (9)
0.60 ± 0.03, (9)
2.60 ± 0.11, (7)
2.86 ± 0.13, (5)

0.70 ± 0.09
1.23 ± 0.11
0.37 ± 0.02
2.71 ± 0.18
1.22 ± 0.26

0.53 ± 0.05, (3)
0.60 ± 0.01, (3)
1.11 ± 0.09, (6)
0.62 ± 0.05, (4)
1.57 ± 0.05, (5)

0.28 ± 0.03, (3)
0.74 ± 0.01, (3)
0.45 ± 0.04, (5)
2.01 ± 0.03, (4)
2.14 ± 0.04, (3)

0.53 ± 0.08
1.23 ± 0.03
0.41 ± 0.05
3.24 ± 0.26
1.36 ± 0.05

55-75
45-80
35.70
50-75
35-80

0.80 ± 0.02
(5, 0.99)

HSA (i)
+
IgG (j)

Case 1
Case 2
Case 3
Case 4
Case 5

1.25
2.08
4.17
2.08
4.17

1.25
5.00
5.00
10.00
10.00

1.00
2.40
1.20
4.81
2.40

0.56 ± 0.03, (9)
1.12 ± 0.06, (8)
2.21 ± 0.09, (6)
0.92 ± 0.04, (7)
2.26 ± 0.22, (9)

0.52 ± 0.03, (8)
2.20 ± 0.14, (8)
2.02 ± 0.16, (6)
4.04 ± 0.17, (7)
4.35 ± 0.15, (5)

0.94 ± 0.07
1.96 ± 0.16
0.91 ± 0.08
4.39 ± 0.26
1.92 ± 0.20

0.36 ± 0.02, (4)
0.90 ± 0.05, (4)
0.64 ± 0.10, (3)
0.69 ± 0.01, (4)
0.92 ± 0.14, (3)

0.35 ± 0.02, (3)
1.58 ± 0.11, (4)
0.75 ± 0.04, (3)
2.75 ± 0.08, (4)
2.10 ± 0.23, (4)

0.97 ± 0.08
1.76 ± 0.16
1.17 ± 0.19
3.98 ± 0.13
2.28 ± 0.43

40-80
40-75
25-80
35-80
50-85

0.88 ± 0.03
(5, 0.99)

HSA (i)
+
Ub (j)

Case 1
Case 3
Case 5

1.33
5.00
5.00

1.25
2.08
5.00

0.94
0.42
1.00

0.67 ± 0.02, (7)
2.29 ± 0.09, (9)
2.18 ± 0.29, (8)

0.66 ± 0.01, (9)
1.00 ± 0.06, (8)
2.49 ± 0.12, (5)

0.98 ± 0.03
0.44 ± 0.03
1.14 ± 0.16

0.55 ± 0.00, (3)
1.30 ± 0.03, (4)
0.96 ± 0.09, (4)

0.48 ± 0.01, (5)
0.60 ± 0.03, (5)
0.86 ± 0.10, (6)

0.87 ± 0.02
0.46 ± 0.02
0.90 ± 0.13

50-75
40-75
25-65

1.09 ± 0.04
(3, 0.98)

IgG (i)
+
Fib (j)

Case 1
Case 3
Case 5

3.00
10.00
10.00

1.50
2.50
7.00

0.50
0.25
0.70

1.22 ± 0.06, (13)
4.02 ± 0.37, (10)
4.89 ± 0.22, (9)

0.55 ± 0.03, (13)
0.97 ± 0.06, (10)
3.06 ± 0.14, (9)

0.45 ± 0.03
0.24 ± 0.03
0.63 ± 0.04

0.94 ± 0.04, (4)
2.60 ± 0.14, (3)
3.33 ± 0.22, (3)

0.41 ± 0.02, (4)
0.71 ± 0.01, (3)
2.27 ± 0.10, (3)

0.43 ± 0.03
0.27 ± 0.02
0.68 ± 0.05

65-80
55-80
45-80

0.90 ± 0.01
(3, 1.00)

FII (i)
+
Fib (j)

Case 1
Case 3
Case 5

1.50
6.00
6.00

1.25
2.50
7.00

0.83
0.42
1.17

0.74 ± 0.04, (11)
3.05 ± 0.18, (17)
2.35 ± 0.10, (10)

0.55 ± 0.03, (11)
1.04 ± 0.10, (17)
2.79 ± 0.11, (10)

0.74 ± 0.06
0.34 ± 0.11
1.19 ± 0.07

0.31 ± 0.03, (4)

0.81 ± 0.15

1.40 ± 0.19, (4)

0.25 ± 0.04, (4)
No State 2
1.86 ± 0.03, (4)

1.33 ± 0.18

65-75
No State 2
50-75

0.96 ± 0.06
(3, 0.96)

FII (i)
+
IgG (j)

Case 1
Case 3
Case 5

1.50
6.00
6.00

1.50
3.00
10.00

1.00
0.50
1.67

0.64 ± 0.04, (18)
2.60 ± 0.11, (15)
2.46 ± 0.15, (8)

0.70 ± 0.04, (18)
1.17 ± 0.09, (17)
3.81 ± 0.20, (8)

1.09 ± 0.09
0.45 ± 0.04
1.55 ± 0.12

1.10 ± 0.08, (6)

No State 2
No State 2
2.01 ± 0.15, (6)

1.83 ± 0.19

No State 2
No State 2
40-65

0.97 ± 0.06
(3, 0.96)

Notes: See text for symbology and Section 3.3.2 for discussion of experimental conditions Cases 1-5.
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Figure 3.1:

Adsorption-competition kinetic profiles plotting amount of proteins i and j adsorbed to the same

hydrophobic octyl sepharose (OS) adsorbent from stagnant binary-protein solutions. Adsorption is measured as
solution depletion

( Di )i , j

and ( D j )i , j (see text for nomenclature). Simultaneous adsorption competition between i,

j proteins exhibit different kinetic profiles that depend on relative competing-protein size (molecular weight) and

relative solution concentration (see Table 3.2). Panel A (i = FII and j = IgG) and Panel B (i = HSA and j = Fib)
illustrate experimental circumstances (Cases 5 and 3, see Section 3.3.2) wherein two pseudo-steady-state adsorption
regimes (State 1 and State 2) were observed (solid lines are guides to the eye). State 1 and State 2 were connected by a
smooth transition lasting for 20 to 30 minutes (vertical dotted lines note the approximate half-maximum transition
time). The State 1 → State 2 transition for HSA in Panel B was just detectable above experimental uncertainty. Panel
C (i = FII and j = IgG) illustrates an experimental circumstance (Case 1) where only a single steady-state adsorption of
both i, j proteins were observed. For comparison, dashed horizontal lines indicate the depletion

Di

or

Dj

adsorbing

from a single-protein solution at the concentration used in the binary competition experiment. Vertical arrows indicate
loss or gain of adsorption in binary competition compared to adsorption from single-protein solution.

86
HSA and j = Fib). Table 3.2 indicates competitive-protein pairs and conditions in which State 2
was not detectable above 1σ error limits with a “No State 2” entry. For convenience, when no
State 1 → State 2 transition was observed, it was assumed that the steady-state corresponded to
State 1, although this assumption had no impact on conclusions drawn from this work. The
transition period between states (mid range indicated by dotted vertical line in Panels A, B of Fig.
3.1) was surprisingly long, between 25 to 80 minutes of solution/adsorbent equilibration
transition time (column 12 of Table 3.2).

Detailed inspection of Table 3.2 revealed that, when a transition was observed, ( Di )i , j

( )

and D j

i, j

corresponding to State 1 was always greater than State 2, meaning that the State 1 →

State 2 transition always involved ejection of initially-adsorbed mass of both competing proteins

⎛ ( D j )i , j ⎞
⎟⎟
⎝ ( Di )i , j ⎠

from the interphase. Columns 8 and 11 of Table 3.2 compute the depletion ratios ⎜
⎜

⎛ ( m j )i , j ⎞
) obtained for i, j proteins at State 1 and State 2. Comparison
⎜ ( m ) ⎟⎟
⎝ i i, j ⎠

(equivalent to mass ratio ⎜

of entries in column 8 to column 11 revealed that the mass ratio of adsorbed proteins in State 1
and State 2 were always statistically identical at the 2σ confidence interval and different at the

1σ interval only for 3 cases out of 22 studied (Case 4 for HSA/Fib and HSA/IgG and Case 1 for
HSA/Ub). It was concluded that the State 1 → State 2 transition always involved ejection of
adsorbed mass of both competing proteins from the interphase in the same mass ratio as initially
adsorbed in State 1.
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⎛ ( D j )i , j ⎞
⎟⎟ against solution concentration ratio
⎝ ( Di )i , j ⎠

Fig. 3.2 plots the State 1 depletion ratio ⎜
⎜

⎛ (WBoj )i , j ⎞
⎜ o ⎟ used in the competition experiments between HSA and Fib, with annotations
⎜ (WB )i , j ⎟
i
⎝
⎠
indicating the corresponding adsorption cases.

Similar plots were obtained for all other

competitive-protein

either

pairs

(not

shown)

for

State

1

or

⎛ ( m j )i , j ⎞
⎛ (m ) ⎞
within experimental error, see above).
= ⎜ j i, j ⎟
⎜⎜
⎟⎟
⎜ ( mi )i , j ⎟
(
m
)
i
i
,
j
⎝
⎠ State 1 ⎝
⎠ State 2

State

2

(because

Different adsorption

cases identified on the basis of adsorption behavior of purified proteins did not align with any

⎛ (WBoj )i , j ⎞
perceivable regularity, suggesting that ⎜
⎟ dominated competition. Column 13 of Table
⎜ (WBo )i , j ⎟
i
⎝
⎠
3.2

collects

slope

values

Si , j

and

statistics

of

linear-best-fit

to

the

equation

⎛ (WBoj )i , j ⎞
⎛ ( D j )i , j ⎞
(⎜
= Si , j ⎜
⎟ ) for all tested pairs and conditions (linear regression for N = 3
⎜ ( D ) ⎟⎟
⎜ (WBo )i , j ⎟
⎝ i i, j ⎠
i
⎝
⎠
cases was regarded as only an estimate). In certain competitive situations, Si , j was detectably
less than unity (more protein i adsorbed than protein j). In other competitive situations, Si , j was
equal-or-nearly-equal unity (nearly the same mass of proteins i, j adsorbed). As a consequence,

Si , j was interpreted as a selectivity factor that measured adsorption discrimination between
competitive-protein pairs at the solution concentration tested (Cases 1 - 5). Fig. 3.3 scales Si , j by

⎛ MW j ⎞
⎟ , where open circles correspond to data of column 13 of Table
⎝ MWi ⎠

the molecular weight ratio ⎜

3.2 and the closed circles correspond to data of column 3 of Table 3.3 discussed below (data point
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Figure 3.2: Linear relationship between the measured State 1 depletion ratio

concentration ratio

⎛ (WBoj )i , j ⎞
⎜ o ⎟ for
⎜ (WB )i , j ⎟
i
⎝
⎠

Si , j

⎛ ( D j )i , j ⎞
⎟⎟
⎜⎜
D
(
)
i
i
,
j
⎝
⎠

and initial solution-

5 conditions of adsorption competition between HSA and Fib (Cases 1-5, see

Section 3.3.2). Line through the data represents the best fit to

slope

3

⎛ (WBoj )i , j ⎞ 2
⎛ ( D j )i , j ⎞
⎟ ( R = 0.99 ).
⎜⎜
⎟⎟ = Si , j ⎜⎜
o
⎟
(
W
)
,
B
i
j
⎝ ( Di )i , j ⎠
i
⎝
⎠

The

is interpreted as a selectivity factor measuring adsorption discrimination between competitive i, j protein

pairs (see also Eq. 3.5 of Appendix 3A). Notice that there is adsorption discrimination between HSA and Fib for all 5
adsorption-competition conditions, including Case 1 wherein adsorbent surface area does not limit adsorbent capacity.
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Figure 3.3: Curvilinear relationship between the adsorption selectivity factor

molecular-weight ratio

⎛ MW j ⎞
⎜
⎟
⎝ MWi ⎠

Si , j

(left ordinate, see also Fig. 3.2) and

for i and j proteins in adsorption competition for the same hydrophobic octyl

sepharose (OS) adsorbent from stagnant binary-protein solutions.

competition between two identical proteins (i = j for which Si , j

and closed circles correspond to the reversed-selectivity factor

Star data point represents the hypothetical

⎛ MW j ⎞
=⎜
⎟ ≡ 1 ).
MW
i ⎠
⎝

Si , j

Open circles correspond to

Si , j

(see Sections 3.3.2.2 and 3.4.1.2). Solid line

through the data is a guide to the eye. Dashed line (right ordinate) is the ratio of diffusion-coefficients calculated from
the Stokes-Einstein equation for two dissimilar-sized proteins with radius scaling as

MW 1/ 3 (see Section 3.4.1.2).

Similarity in trends and magnitude between experiment and theory suggests that adsorption selectivity could arise from
a difference in protein diffusion rates that preferentially fills the surface region with smaller proteins.
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represented by a star corresponds to the hypothetical circumstance i =j for which

⎛ ( D j )i , j ⎞ ⎛ MW j ⎞
⎜⎜
⎟⎟ = ⎜
⎟ ≡ 1 ).
⎝ ( Di )i , j ⎠ ⎝ MWi ⎠

3.3.2.2 Adsorption-competition selectivity based on size (Table 3.3)

Si , j measurements collected in Table 3.2 were supplemented by measuring adsorption
competition under Cases 1 - 5 between pairs with reversed i, j identity (protein i used as protein j
and vice versa; compare Column 1 of Tables 3.2 to Table 3.3). Column 3 of Table 3.3 collects
the reversed-selectivity factor Si , j obtained for comparison to Si , j in column 4 (repeated from

⎛
⎞
Table 3.2 for convenience). Interestingly, Si , j = ⎜ 1
⎟ for all cases (at 2σ or less) and
S
i, j ⎠
⎝
experimental Si , j values filled in an exponential-decay-like curve when co-plotted with Si , j in
Fig. 3.3 (solid circles).

3.3.2.3 Adsorption-competition kinetics from stagnant solution – comparison to
adsorption from purified-protein solution (Table 3.4)

Columns 3 and 4 of Table 3.4 list the solution depletions Di and D j obtained with pure i
and j solutions, respectively, for the concentrations specified in columns 3-4 of Table 3.2
(corresponding to the adsorption cases given in column 2 of either table). Columns 5-8 of Table

⎛ (Dj ) ⎞
⎛ ( Di )i , j ⎞
i, j
⎟ that compared the amount of i, j proteins
and ⎜
⎟
⎜ Di ⎟
D
⎜
⎟
j
⎝
⎠
⎝
⎠

3.4 compute the ratios ⎜
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Table 3.3: Selectivity Factors for Reversed i, j Competition

Reversed Protein
Pairs
(from Table 3.2)

Experimental
Condition

Si , j ( N , R 2 )

Si , j ( N , R 2 )

HSA (j) + Fib (i)

Case 1
Case 2
Case 3
Case 4
Case 5

1.35 ± 0.03 (5, 0.99)

0.80 ± 0.02 (5, 0.99)

HSA (j) + IgG (i)

Case 1
Case 2
Case 3
Case 4
Case 5

1.18 ± 0.06 (5, 0.95)

0.88 ± 0.03 (5, 0.99)

HSA (j) + Ub (i)

Case 1
Case 3
Case 5

0.94 ± 0.02 (3, 1.00)

1.09 ± 0.04 (3, 0.98)

IgG (j) + Fib (i)

Case 1
Case 3
Case 5

1.06 ± 0.02 (3, 0.99)

0.90 ± 0.01 (3, 1.00)

FII (j) + Fib (i)

Case 1
Case 3
Case 5

1.19 ± 0.06 (3, 0.98)

0.96 ± 0.06 (3, 0.96)

FII (j) + IgG (i)

Case 1
Case 3
Case 5

1.07 ± 0.05 (3, 0.98)

0.97 ± 0.06 (3, 0.96)

Notes: See text for symbology and Section 3.3.2 for discussion of experimental conditions Cases
1-5. Column 4 is repeated from Table 3.2 for convenience of comparison.

Table 3.4: Characteristic Parameters obtained from Binary Protein Adsorption Kinetics to Octyl Sepharose
State 1
Protein Pairs

Experimental
Condition

State 2
⎛ ( D j )i , j ⎞
⎜⎜
⎟⎟
⎝ Dj ⎠
0.70 ± 0.08
0.74 ± 0.06
0.56 ± 0.05
0.77 ± 0.04
0.85 ± 0.05

⎛ ( Di )i , j ⎞
⎜
⎟
⎝ Di ⎠
0.82 ± 0.09
0.52 ± 0.03
0.50 ± 0.05
0.53 ± 0.05
0.71 ± 0.05

⎛ ( D j )i , j ⎞
⎜⎜
⎟⎟
⎝ Dj ⎠
0.42 ± 0.05
0.45 ± 0.02
0.42 ± 0.05
0.60 ± 0.02
0.64 ± 0.02

( mg / mL)

( mg / mL)

HSA(i) + Fib (j)

Case 1
Case 2
Case 3
Case 4
Case 5

0.65 ± 0.04
1.16 ± 0.07
2.20 ± 0.13
1.16 ± 0.07
2.20 ± 0.13

0.66 ± 0.02
1.64 ± 0.06
1.08 ± 0.08
3.36 ± 0.17
3.36 ± 0.17

⎛ ( Di )i , j ⎞
⎜
⎟
⎝ Di ⎠
1.02 ± 0.10
0.84 ± 0.07
0.73 ± 0.06
0.83 ± 0.07
1.06 ± 0.07

HSA (i) + IgG (j)

Case 1
Case 2
Case 3
Case 4
Case 5

0.65 ± 0.04
1.21 ± 0.07
2.20 ± 0.13
1.21 ± 0.07
2.20 ± 0.13

0.55 ± 0.07
2.31 ± 0.29
2.31 ± 0.29
4.44 ± 0.57
4.44 ± 0.57

0.86 ± 0.07
0.92 ± 0.07
1.00 ± 0.07
0.76 ± 0.05
1.03 ± 0.12

0.94 ± 0.13
0.95 ± 0.13
0.87 ± 0.13
0.91 ± 0.12
0.98 ± 0.13

0.55 ± 0.04
0.74 ± 0.06
0.29 ± 0.05
0.57 ± 0.03
0.42 ± 0.07

0.64 ± 0.09
0.68 ± 0.10
0.32 ± 0.04
0.62 ± 0.08
0.47 ± 0.08

HSA (i) + Ub (j)

Case 1
Case 3
Case 5

0.70 ± 0.04
2.20 ± 0.13
2.20 ± 0.13

0.33 ± 0.03
1.22 ± 0.10
2.19 ± 0.18

0.96 ± 0.06
1.04 ± 0.07
0.99 ± 0.14

2.00 ± 0.31
0.82 ± 0.08
1.14 ± 0.11

0.78 ± 0.03
0.59 ± 0.04
0.44 ± 0.05

1.45 ± 0.14
0.49 ± 0.05
0.39 ± 0.06

IgG (i) + Fib (j)

Case 1
Case 3
Case 5

1.37 ± 0.17
4.44 ± 0.57
4.44 ± 0.57

0.80 ± 0.03
1.36 ± 0.05
3.36 ± 0.17

0.89 ± 0.12
0.90 ± 0.18
1.10 ± 0.20

0.69 ± 0.04
0.71 ± 0.05
0.91 ± 0.06

0.69 ± 0.09
0.58 ± 0.11
0.75 ± 0.14

0.51 ± 0.03
0.52 ± 0.02
0.68 ± 0.04

Case 1
Case 3
Case 5

0.12 ± 0.01
2.01 ± 0.12
2.01 ± 0.12

0.66 ± 0.02
1.36 ± 0.05
3.36 ± 0.17

6.17 ± 0.61
1.52 ± 0.13
1.17 ± 0.08

0.83 ± 0.05
0.76 ± 0.08
0.83 ± 0.06

2.58 ± 0.33

FII (i) + Fib (j)

Case 1
Case 3
Case 5

0.12 ± 0.01
2.01 ± 0.12
2.01 ± 0.12

0.66 ± 0.08
1.37 ± 0.17
4.44 ± 0.57

5.33 ± 0.56
1.29 ± 0.09
1.22 ± 0.10

1.06 ± 0.14
0.85 ± 0.12
0.86 ± 0.12

FII (i) + IgG (j)

Di

Dj

Notes: See text for symbology and Section 3.3.2 for discussion of experimental conditions Cases 1-5.

0.38 ± 0.06
No State 2

0.70 ± 0.10

0.55 ± 0.03
No State 2
No State 2

0.55 ± 0.05

0.45 ± 0.07

adsorbed under State 1 and State 2 competitive conditions to the amount adsorbed from pure
protein solutions. Dashed horizontal lines shown in Fig. 3.1 correspond to Di and D j for visual
comparison of competition to adsorption from pure solution. Inspection of Fig. 3.1 and Table 3.4
for State 1 revealed that, in some cases, competition caused more protein to adsorb than obtained
from pure solution at the tested concentration (see vertical arrow for FII, Panel A for example).
In other cases, competition caused less protein to adsorb than obtained from pure solution at the
tested concentration (see vertical arrow for IgG, Panel A for example). In a few Case 1 trials,

⎛ (Dj ) ⎞
⎛ ( Di )i , j ⎞
i, j
⎜
⎟ were ≥ 2 (see HSA/Ub, FII/Fib, and FII/IgG of Table 3.4, State 1).
or
⎜⎜
⎟⎟
D
D
⎜
⎟
i
j
⎝
⎠
⎝
⎠
⎛ (Dj ) ⎞
⎛ ( Di )i , j ⎞
i, j
⎟ were within 10% of unity for all Case 5 (State 1)
and ⎜
Remarkably, both ⎜
⎜ Di ⎟⎟
D
⎜
⎟
j
⎝
⎠
⎝
⎠
tested. Thus, according to the data of Table 3.4 (State 1), competition between i, j proteins each
at initial solution concentrations sufficient to independently saturate the adsorbent surfaces (Case
5) led to co-adsorption of a mass of protein i sufficient to independently saturate the adsorbent
surface together with 90-100% of the mass of protein j required to independently saturate the
adsorbent surface. In other words, adsorbent capacity was much greater when two proteins
engaged in adsorption competition from Case 5 saturating solutions than under identical
experimental circumstances using only one of the competing pairs in solution.

3.3.2.4 Stability of State 2

Competition kinetics reviewed in the preceding sections revealed that State 1 was a
transient pseudo-steady state.

Time stability of State 2 in stagnant solution was tested by

measuring HSA/Fib competition periodically for 24 hours for Case 5 (Panel A of Fig. 3.4) and
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Figure 3.4: Stability of State 2 to long-term (24 hour) adsorption competition between HSA (closed circles) and Fib

(open circles) for the same hydrophobic octyl sepharose (OS) adsorbent from stagnant binary-protein solutions. Panels
A and B correspond to competition Case 5 and Case 1, respectively (see Table 3.2). State 2 is stable within
experimental error but final data points are suggestive of a slow change in relative amounts of HSA and Fib adsorbed to
OS. Solid lines represent the mean of all depletion values for HSA and Fib, respectively, and dashed lines represent
standard-deviations of those mean values.
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Case 1 (Panel B of Fig. 3.4). Average values over this testing interval could not be confidently
distinguished from shorter-term measurements collected in columns 9 and 10 of Table 3.2.
However, data corresponding to Fib in Panel A and HSA in Panel B was suggestive of a
downward trend, possibly indicating that State 2 was also a pseudo-steady state, but one of much
longer duration than State 1.

Other complicating experimental factors such as solution

evaporation from sealed-cap polymer microtubes, protein unfolding/denaturation at adsorbent
surfaces [65], or even growth of bacteria in non-sterile solutions complicated unambiguous
interpretation of these results as definitive evidence for a beginning of a hypothetical State 3. For
the purposes of this work, State 2 was treated as a final equilibrium (lowest-energy) adsorption
condition for all adsorption cases exhibiting competition kinetics. Assuming otherwise did not
affect overall conclusions drawn from this work.

Again using HSA/Fib competition as a single test protein pair, results of proteinadsorption competition under stagnant or continuous solution/adsorbent mixing were compared in
Fig. 3.5 (stagnant-solution competition correspond to Panels A, C; mixed-solution competition
correspond to Panels B, D for Cases 5 and 1, respectively). This comparison revealed that mixing
blurred an otherwise clear transition between State 1 and State 2 obtained under stagnant-solution
conditions and appeared to extend State 1 in time or eliminate State 2 altogether. State 2 was
clearly sensitive to fluid mixing.
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Figure 3.5: Comparison of adsorption competition between HSA (closed circles) and Fib (open circles) for the same hydrophobic octyl sepharose (OS) adsorbent from

either stagnant (Panel A) or continuously-mixed (Panel B) binary-protein solutions. Panels A and B correspond to competition Case 5 whereas Panels C and D correspond to
competition Case 1 (see Table 3.2). Continuous mixing of adsorbent with protein solution blurred an otherwise clear State 1 → State 2 obtained under stagnant-solution
conditions and appeared to extend duration of State 1 or eliminate State 2 altogether (compare to Figs. 3.1, 3.4).

3.4. Discussion

The primary experimental finding of this work is that adsorption competition between
two proteins i, j competing from stagnant binary solution for the same hydrophobic adsorbent
surface (octyl sepharose, OS) exhibits surprisingly complex kinetics that depend on relative i, j
protein size and solution concentrations (Section 3.3.2.1). Two sequential pseudo-steady-state
adsorption regimes are typically observed (State 1 and State 2). State 1 and State 2 are connected
by a smooth transition lasting 20-30 minutes, giving rise to sigmoidally-shaped adsorption-kinetic
profiles over 90 minutes of observation.

In sharp contrast to competition kinetics, protein

adsorption from single-protein solutions to OS adsorbent under otherwise identical experimental
conditions exhibits no measurable protein-mass-adsorption kinetics [48]. State 2 is effectively
eliminated when the binary solution is continuously mixed with OS adsorbent whereas mixing
has no measurable effect on amount adsorbed from single-protein solutions [44, 45, 47, 48].

State 1 is apparently not the minimum-energy arrangement of proteins within the thinnest
(lowest volume) interphase possible. Consequently, proteins within the State 1 interphase slowly
reorganize into a thinner (and presumably more ordered) State 2 interphase by ejection of water
and a portion of initially-adsorbed protein (see further Section 3.4.1). For reasons that are not yet

⎛ ( m j )i , j ⎞
⎟⎟ as initially adsorbed from
m
(
)
⎝ i i, j ⎠

understood, i, j proteins are ejected at the same mass ratio ⎜
⎜

solution (Section 3.3.2.1). Hence, it is quite evident from competition kinetics that at least some
State 1 proteins are not irreversibly adsorbed. This observation supplements our conclusion
based on previous studies that protein adsorption is not an inherently irreversible phenomenon
[22, 47, 48, 63], as is sometimes contended otherwise in the protein-adsorption literature.
Continuous solution/adsorbent mixing apparently prevents or substantially slows attainment of
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State 2 (Section 3.3.2.4) apparently by perturbing a delicate exchange dynamic between solution
and interphase that is reminiscent of the concentration-dependent viscoelasticity of blood proteins
adsorbed at the liquid-vapor interface [49].

Under certain State 1 conditions, much more protein adsorbs from binary solution than
from surface-saturating solutions of either single protein of the competing i, j pair (Case 5, see
Section 3.3.2.3). Effectively, all of the purified i that can possibly adsorb to OS adsorbent from
single-protein solution co-adsorbs with nearly all of the purified j that can possibly adsorb from
single-protein solution, leading to “doubly saturated” OS adsorbent. This consistently-observed
result for 6 different i, j pairs shows that maximum adsorbent capacity depends on solution
concentration, not just on surface area. Since surface saturation of OS with purified proteins
leads to monolayer- or multilayer-surface coverage depending on protein size [44, 51], coadsorption of surface-saturating masses of both i, j proteins must form multilayers. As such,
adsorption-competition results are completely inconsistent with monolayer protein adsorption and
entirely consistent with multilayer protein adsorption. Multilayer adsorption is itself inconsistent
with the popular idea that protein adsorbs to surfaces primarily through protein/surface
interactions because proteins within second (or higher-order) layers are too distant from the
adsorbent surface to be held surface bound by strong forces in close proximity. Multilayer
adsorption observed herein corroborates the conclusion drawn by a number of investigators using
a variety of experimental methods over the last twenty years or so [6, 38, 44, 46, 49-60] that
proteins can, in fact, adsorb from concentrated solutions in multiple layers; especially if surfaces
bear ion-exchange functionalities [47]. Quite apparently, interactions other than just between
protein and surface are important in protein adsorption to hydrophobic surfaces [45, 47].

99
Globular-blood proteins are oblate spheroids in solution with volume proportional to
molecular

weight

(molecular-packing

radius

for

globular

proteins

closely

follows

rv = 6.72 × 10-8 MW 1/ 3 in cm for molecular weight MW expressed in kDa; see refs. [66-72] for
basic information regarding spherical dimensions and molecular packing of proteins). As a
consequence, protein volume is proportional to MW with a concomitantly conserved partial
specific volume v o falling with the range 0.70 ≤ v o ≤ 0.75 cm3/g protein [73]. In light of this
fact, we take systemization of otherwise quite perplexing adsorption-competition results (Table
3.2) on the basis of relative protein molecular weight (Sections 3.3.2.2 and 3.3.2.3, Fig. 3.3) as
strong evidence for adsorption selectivity based substantially on a size-based discrimination (see
further Section 3.4.1.2).

3.4.1 Volumetric interpretation of protein adsorption and protein-adsorption
competition

Our physical explanation of the above-summarized experimental findings is based on the
idea that protein adsorbs into a 3D interphase region and, in so doing, adsorbing protein displaces
an equivalent volume of interfacial water; as briefly discussed in Section 3.1.

Complete

justification of this so-called ‘volumetric interpretation’ of protein adsorption is beyond the
intended scope of this paper, so let it suffice only to say that we find this theory adequately
explains both energy-and-mass balance of adsorption of a wide variety of blood proteins
adsorbing to surfaces spanning the full range of observable surface energy [6, 14, 22, 43-51, 61,
63, 74-76]. In particular, multilayer protein adsorption is a natural outcome of the volumetric
theory.
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Fig. 3.6 illustrates core concepts as applied to adsorption from single-protein (top group of
panels) and binary-protein solutions (bottom group of panels). Panels A-D represent snap-shots
of the hypothetical arrangement of proteins at different times in the adsorption process. Fig. 3.6
is intended only to present qualitative features of the volumetric interpretation of protein
adsorption and should neither be interpreted literally nor accepted as substitute for a quantitative
kinetic model of binary competition that has yet to be developed. However, we hasten to point
out in this latter regard that adsorption kinetics from purified-protein solution has been modeled
[48]. The related computational example of Section 3.4.2.1 emphasizes importance of binary
competition in understanding biocompatibility.

3.4.1.1 Diffusion into an inflating interphase

Each panel of Fig. 3.6 diagrams the same unit area of physical OS surface in contact with
a solution containing proteins, drawn here as spheres consistent with the oblate-spheroidal
dimensions of blood proteins (see citations in Section 3.4). At the very instant of surface-solution
contact (A Panels, top and bottom groups), there has been no time for the system to respond to the
significant energetic perturbation caused by creation of a (in this case) hydrophobic interface
[48]. In the fleeting moments after interface formation, however, there is wholesale movement of
water and ions in response to this imposed interface [5, 23]. A thin interphase is created that is
depleted in proteins relative to bulk-solution concentration.

This concentration (chemical

potential) gradient drives diffusion of protein into the newly-created interphase. The interphase
necessarily inflates to accommodate arriving proteins (B Panels, top and bottom groups) [48].
But two objects cannot occupy the same space at the same time and, as a consequence, arriving
hydrated proteins must displace a volume of interfacial water equal to the protein volume (curved
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Figure 3.6: Graphical illustration of the volumetric interpretation of single-protein adsorption (top panel group) and

binary-adsorption competition between i, j proteins for the same hydrophobic adsorbent (bottom panel group).
Essential steps depicted in both cases are: (Panel A) instantaneous creation of a thin interface between adsorbent
(Physical Surface) and protein solution (Bulk Solution); (Panel B) rapid diffusion of proteins from solution into an
inflating interphase region with concomitant displacement of interphase water; (Panel C) reorganization and
concentration of protein within an interphase that is shrinking by expulsion of either interphase water (top panel group)
or both interphase water and initially-adsorbed protein (bottom panel group); and (Panel D) attainment of steady-state
interphase protein concentration by entrapment of initially-adsorbed protein in a minimal volume interphase (see
Section 3.4.1 for detailed discussion).
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arrows and dashed spheres, B Panels).

Displacement of interfacial water is referred to as

“interphase dehydration” [44, 45, 51, 63].

3.4.1.2 Adsorption selectivity imposed by diffusion

It is apparent from Fig. 3.2 that the relative adsorbed mass of competing i, j proteins

⎛ (WBoj )i , j ⎞
⎛ ( D j )i , j ⎞ ⎛ ( m j )i , j ⎞
⎟ . We
⎜⎜
⎟⎟ = ⎜⎜
⎟⎟ is linearly related to relative solution concentrations ⎜⎜
o
⎟
(
W
)
,
B
i
j
⎝ ( Di )i , j ⎠ ⎝ ( mi )i , j ⎠
i
⎝
⎠
observe that the slope of this linear relationship Si , j is not typically unity (Table 3.2). Non-unity

Si , j means that, for a given pair of competitive proteins, there is a modest adsorption bias for one
protein over another, even if adsorbent surface area is not limiting (Case 1 in Fig. 3.2 for

⎛ MW j ⎞
⎟ (Fig.
⎝ MWi ⎠

example). This bias scales smoothly with relative protein size as measured by ⎜

3.3). The effect of competing-protein size is emphasized by experiments described in Sections
3.3.2.1 and 3.3.2.2 in which protein identity is switched for particular adsorption cases, causing

⎛
⎞
measured selectivity Si , j = ⎜ 1
⎟ within experimental error. This adsorption bias apparently
S
i, j ⎠
⎝
arises during the initial diffusion of proteins into the inflating State 1 interphase and persists into

⎛ ( m j )i , j ⎞
⎛ (m ) ⎞
= ⎜ j i, j ⎟
,
⎟
⎜ (m ) ⎟
⎜
⎟
⎝ i i , j ⎠ State1 ⎝ (mi )i , j ⎠ State 2

State 2 by ejection of i, j proteins at the same mass ratio ( ⎜
Section 3.3.2.1).

A first-level approximation is that two proteins diffuse as independent particles from
solution toward the same adsorbent surface against individual (not net) concentration gradients.
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The diffusion coefficient D (not to be confused with depletion) for each protein is related to
protein radius r and solution viscosity η by the well-known Stokes-Einstein-Sutherland

⎛ k BT ⎞
⎟ , where k BT is the product of the Boltzmann constant and Kelvin
⎝ 6πη r ⎠

equation D = ⎜

temperature. Using the relationship rv = 6.72 × 10-8 MW 1/ 3 mentioned above for the radius of i, j

⎛ MWi
proteins, it is evident then that the diffusion-constant ratio follows ⎜
⎜ MW
j
⎝

1/ 3

⎞
⎟⎟ , predicting that the
⎠

rate-of-diffusion of the smaller protein to a plane from any point in solution will exceed that of
the larger protein.

There are many reasons to expect that this relationship will hold only

approximately for real proteins, not the least of which is that proteins are not exactly spherical
and hence volume scales only approximately with molecular weight ( v o = 0.77 cm3/g for a
perfectly-spherical protein rather than the observed 0.70 ≤ v o ≤ 0.75 range; see Appendix 3C).

As shown in Fig. 3.3, the Stokes-Einstein-Sutherland equation predicts a size bias that follows the

⎛ MW j
⎝ MWi

general trend and magnitude of increasing selectivity Si , j with decreasing ⎜

⎞
⎟ . This leads
⎠

us to speculate that State 1 protein-adsorption selectivity is substantially due to the relative rates
at which i, j proteins arrive at the inflating interphase region (B Panels, Fig. 3.6).

This

interpretation is consistent with the observation that there is adsorption selectivity even in Case 1
wherein surface area does not present a limitation (surface is not saturated) and cannot, therefore,
impose any selectivity based on available space within the interphase. It is clear, however, that
the Stokes-Einstein-Sutherland equation does not quantitatively reproduce experimentallymeasured adsorption selectivity, so it can be concluded that relative diffusivity does not entirely
explain adsorption selectivity. Noting that the difference between experiment and theory also
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⎛ MW j ⎞
⎟ (not shown), leads us to further speculate that other factors
MW
i ⎠
⎝

varies systematically with ⎜

(such as molecule-packing restrictions) also influences adsorption competition.

This relative-diffusion-rate rationalization of adsorption selectivity is quite different than
the classical time-dependent-adsorption-displacement interpretation of the Vroman effect
mentioned in Section 3.1. Here, we attribute adsorption selectivity to relative i, j diffusion rates
and not to any adsorption-displacement effect. Furthermore, diffusion-rate selectivity occurs over
the short time span required to fill the interphase, which is experimentally found to occur in less
than 5 minutes and is expected theoretically to be over within milliseconds for mg/mL solution
concentrations [48].

3.4.1.3 Protein entrapment within the interphase

Mass transfer from bulk solution quickly comes to a halt as interphase concentration rises
to a fixed proportion of solution concentration (see Appendix 3D). Back diffusion of protein out
of the interphase must overcome energy barriers related to rehydration of the interphase
(replacing water originally displaced by adsorbing protein) and the undoing of either-or-both
protein/protein and protein/surface interactions that may have formed upon arrival within the
interphase. The fact that protein concentration within the interphase can be 100-500X bulksolution concentrations at steady-state [23, 44] is testimony that back diffusion is not
energetically favored.

Hence, the initial mass of protein transported to the interphase is

effectively captured within the interphase by an energetic preference for the adsorbed state.
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However, the initially-swollen interphase formed at the end of the protein-diffusion stage
(B Panels of Fig. 3.6) is not the thinnest possible that can contain all of the protein supplied by
diffusion in the preceding step. As a consequence, the interphase shrinks in volume (thickness)
by expulsion of either just water, or both water and protein. It is this latter distinction that seems
to be a fundamental difference between adsorption from single-protein solution and adsorption
competition from binary solutions, as separately detailed below in continued reference to Fig. 3.6.

3.4.1.4 Adsorption from single-protein solution

We find from previous work that protein mass adsorbed from a single-protein solution
remains a constant proportion of solution concentration even though interphase protein
concentration increases with time [48].

We conclude, therefore, that interphase thickness

decreases by expulsion of only interphase water to arrive at the minimal interphase volume
containing a single-protein type (Panel C, upper panel group of Fig. 3.6).

This minimal-

interphase volume is related to protein dimensions and number of layers occupied by adsorbed
protein. More specifically, Fig. 3.6 (upper panel group) models the interphase as consisting of

M slabs with thickness δ i , the characteristic size of the protein molecule under study (in cm).
The total interphase thickness (in cm) is Ω = M δ i and volume VIi = AΩ = AM δ i (in cm3);
where A is the interfacial area (cm2) and M is an integer number of slabs that may be fully or
partially filled [44].

As solution concentration rises, diffusion adds proportionately greater

number of protein molecules to the interphase that serially fill unoccupied space within the firstformed layer and, if necessary, successive layers. As a consequence, relatively-simple Henrytype adsorption isotherms result wherein adsorbed amount increases in direct proportion to bulksolution concentration for a wide range of proteins and adsorbent surface chemistries [44, 45, 47].
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Of course, the stratified-layer model depicted in Fig. 3.6 is but one of a number of
possible protein arrangements within the interphase that might actually occur and should be
accepted as only illustrative of more general packing possibilities. Face centered cubic (or
hexagonal) packing of hydrated protein spheres represents the maximum conceivable packing
within a very highly-ordered interphase [44, 51].

Protein captured within an interphase that has shrunk to VIi establish the equilibrium
interphase concentration WIi (Panel D of the upper panel group of Fig. 3.6). WIi is related to the
concentration remaining in bulk solution after adsorption, WBi , by the partition coefficient

⎛ WI
Pi ≡ ⎜ i
⎜ WB
⎝ i

⎞
⎟⎟ .
⎠

Pi is itself related to slopes of adsorption isotherms mentioned above [44].

However, diffusion cannot bring indefinitely-increasing mass of protein to the interphase.
Instead, it is experimentally observed that a fixed adsorbent surface area saturates at a specific

( )

solution concentration WBoi

max

related to adsorbent surface energy (water-wettability) [44-46].

The volumetric interpretation of protein adsorption asserts that there is a maximum w/v
(not molar) maximum interphase concentration (WI )

max

that is controlled by the energetics of

interphase dehydration, as briefly mentioned in Section 3.1 and more fully discussed in refs. [4447]. According to this theory, (WI )

max

is a material property related to the adsorbent water-

wettability but unrelated to the specific identity of protein(s) adsorbing to that material.
estimate that (WI )

max

We

= 300 ± 60 mg/mL for OS adsorbent used herein for any protein or protein

mixture [44]. Protein size (molecular weight) determines how many adsorbed layers are required
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to reach

(WI )

max

( )

and the w/v solution concentration WBoi

max

required by the ith protein to

saturate a given adsorbent surface area. A natural outcome of this process is that maximal
adsorbed mass (maximum depletion Dimax ) increases with increasing protein size because the
max

interphase volume increases with size ( mi

= DimaxVB = WImaxVI i ). As a consequence, the

depletion method is relatively difficult to implement for small proteins such as lysozyme [44].

3.4.1.5 Adsorption from binary-protein solution

Competitive-protein adsorption is more complicated than single-protein adsorption from
the outset because diffusion transports two proteins into the inflating interphase (Panel B, lower
panel group of Fig. 3.6) in proportion to i, j solution concentrations, with only modest selectivity
between i, j proteins based on size (see Section 3.4.1.2). For this reason, State 1 can contain
more total protein than adsorbs from corresponding single-protein solutions (especially for Case
5, see Section 3.3.2.3).

As in the single-protein circumstance just discussed, the interphase at the end of the
diffusion process is not the thinnest possible and consequently shrinks. Continuous shrinkage of
the State 1 interphase concentrates the mixed interphase to a limit that triggers the observed State
1 → State 2 transition to achieve yet higher-efficiency packing of i, j proteins. Unlike the singleprotein circumstance, however, this transition expels both water and protein to achieve this bestpacking limit (Panel C, lower panel group). The final State 2 is stable for at least hours (Panel D,
lower panel group; see also Section 3.3.2.4) and probably represents the energy minimum under
ambient pressures.
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3.4.2 Summary and implications for understanding biocompatibility

There can be no doubt that understanding protein adsorption from multi-component
solution under various conditions of flow encountered in vivo is essential to prospective
biomaterials design for the reasons outlined in Section 3.1. Although understanding how two
proteins compete for the same adsorbent surface is but a small step toward understanding
adsorption from biological milieu such as blood, five outcomes of this and previous work [48] on
protein-adsorption kinetics seem to have broad implications for understanding biocompatibility
and warrant summary here. A simple illustrative computational example is offered in closing to
emphasize impact of these factors on understanding hemocompatibility of cardiovascular
biomaterials.

1. Immersion of a hydrophobic material into a concentrated, multi-component protein
solution (such as blood) leads to rapid diffusion of protein molecules from the proximal fluid
phase into an inflating interphase that separates the physical surface from bulk solution. There is
little reason to suspect that this proximal solution is significantly depleted by adsorption [6],
especially in light of the facts that: (i) surface capacity for protein is actually quite small
(typically in the range of 2-3 mg/m2 or μmoles/m2 for kDa-size proteins), (ii) the total bloodprotein concentration is large (50-60 mg/mL, [77, 78]), and (iii) proteins exhibit surprisingly little
difference in adsorption energetics across a broad range of blood protein types (3 decades in
molecular weight, see refs. [14, 22, 43-46, 49-51, 61, 63] for more discussion).

2. Individual proteins diffuse into an inflating interphase in proportion to individual (not
collective) bulk-solution concentration. Proteins diffusing into the interphase become effectively
trapped by an energetic preference for the adsorbed state. As a consequence, the interphase can
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contain much more protein than otherwise estimated from single-protein studies.

Under

conditions of flow (mixing in lab experiments or possibly flow in vivo), this state of excess
persists for many hours, perhaps indefinitely.

Mixing apparently prevents or inhibits

establishment of the most efficiently-packed 3D interphase region rather than facilitating mass
transport to-and-from the interphase, as might otherwise seem consistent with ordinary physical
intuition. Evidently, adsorption measurements from single-protein solutions or static mixtures are
not necessarily good indicators of adsorption from flowing fluids (although relevant to
understanding the physical chemistry of adsorption).

3. Simultaneous diffusion of two proteins into an adsorbing interphase causes a modest
size selectivity that appears to be partly due to relative rates of diffusion. Hence, relative
adsorbed masses of proteins engaged in adsorption competition strongly resembles that of the
bulk solution from which adsorption occurs so that “…in mixtures such as blood, the proteins
would be adsorbed simply in proportion to their surface collision frequency or concentrations…”;
as argued by Brash and Lyman in the early 1960’s [16]. Relative diffusion rates leads to a
number discrimination against larger proteins such that a greater number of smaller proteins
adsorb from a mixture of larger-and-smaller proteins [46]. A disproportionately higher number of
small proteins such as enzymes at a surface can have significant consequences on the biological
response to materials (see following section).

4. The popular qualitative explanation for the Vroman Effect [1, 17, 20, 24-43] based on
the idea that lower-molecular-weight proteins arriving first at a surface are displaced by highermolecular-weight proteins arriving later seems untenable in view of the above, at least for binaryprotein competition.

Diffusion from concentrated protein solutions is too rapid [48], only

modestly selective (item 3 above), and proteins traverse only short distances from concentrated
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solutions to arrive at a rapidly-filled surface region (item 1 and ref. [48]). Hence, there seems
simply too little time-and-space for mass transfer to exert a significant adsorption-discrimination
effect from concentrated protein solution. Rather, it appears that a Vroman-like discrimination is
substantially due to a purely-physical process unrelated to protein biochemistry other than size.

5.

Proteins adsorbing within the interphase necessarily displace interphase water.

Energetics of this “interphase dehydration” controls maximum adsorbent capacity. Maximum
adsorbent capacity is consequently observed to be related to adsorbent water wettability [22, 23,
44, 45, 63, 74-76] (with the notable exception of surfaces bearing ion-exchange functionalities
[47]). Maximum adsorbent capacity scales with w/v (not molar) solution concentration [44, 51]
and is a material property unrelated to the specific identity of protein or proteins adsorbing from
purified or mixed solution, respectively. At any particular interphase w/v concentration, there is
naturally higher-number of lower-molecular-weight proteins than higher-molecular-weight
proteins.

3.4.2.1 Modeling the adsorption-dilution effect on contact activation of plasma
coagulation

Material contact activation of blood factor XII (FXII, Hageman factor) is widely thought
to be a primary cause of poor hemocompatibility (see ref. [79] and citations therein). We have
surface
discovered that this so-called “autoactivation” reaction ( FXII ⎯⎯⎯
→ FXIIa , a.k.a.

autoactivation) is not specific for anionic surfaces, as proposed by the generally-accepted surface
biophysics involved in contact activation of blood-plasma coagulation [80]. Rather, it is found
that autoactivation in the presence of plasma proteins leads only to an apparent specificity for
anionic-hydrophilic surfaces that is actually due to a relative diminution of the
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surface
FXII ⎯⎯⎯
→ FXIIa reaction at hydrophobic surfaces [81, 82]. We refer to this phenomenon

as an “adsorption-dilution effect” whereby adsorption competition dilutes FXII contact with
procoagulant surfaces, sharply reduces frequency of FXII/surface interactions that lead to
autoactivation, and renders hydrophobic surfaces nearly inert to plasma coagulation [79].
Nevertheless, it is observed that hydrophobic surfaces retain measurable activation properties [8385], which is thought to be due to persistent contact of FXII with activating surfaces in the
presence of a plethora of blood proteins [79].

The adsorption-dilution effect is modeled by reducing the problem to a hypothetical
binary competition between FXII (protein i at physiological blood concentration ~ 30 μg/mL,
[79]) and a protein j ranging in size from smaller than FXII (low relative molecular weight) to
larger than FXII (high relative molecular weight). The adsorbent is hydrophobic octyl sepharose
(OS) surfaces for which the adsorption selectivity factor is estimated from Fig. 3.3.
Computational details are given in Appendix 3A for the specific circumstance that OS adsorbent
is saturated with protein j for all circumstances considered (Cases 2-4, Section 3.3.2).

Fig. 3.7 compiles computational results in a 3D surface plotting FXII surface composition

⎛ MW j ⎞
⎟.
⎝ MWi ⎠

(in %) as a function of protein j solution concentration and relative molecular weight ⎜

Inspection of Fig. 3.7 reveals that high relative concentrations of protein j is indeed effective in
diluting FXII from the surface.

⎛ MW j ⎞
⎟.
⎝ MWi ⎠

lower ⎜

This effect is becomes especially pronounced as at

But even high concentrations of smaller proteins smaller than FXII

⎛ MW j ⎞
⎟ < 1 ) fail to compete away all FXII at the surface. Residual FXII in contact with the
⎝ MWi ⎠

(⎜
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Figure 3.7: Binary-competition model of the “adsorption-dilution effect” on blood Factor XII (see Appendix 3A for

computational details). FXII (protein i) at physiological concentration competes with a hypothetical protein j with

⎛ MW j ⎞
⎟.
⎝ MWi ⎠

variable molecular weight measured by the ratio ⎜

Solution concentration of FXII is fixed but protein j

concentration is variable. The computed surface shows that high relative concentrations of protein j is effective in

diluting FXII from the surface, especially for lower

⎛ MW j ⎞
⎟
⎜
⎝ MWi ⎠

representing j proteins that are smaller than FXII. But

⎛ MW j ⎞
⎟ < 1 ) fail to compete away all FXII at the surface.
⎝ MWi ⎠

even high concentrations of smaller proteins ( ⎜

Residual

adsorbed FXII can hypothetically undergo autoactivation ( FXII ⎯⎯⎯
→ FXIIa ) even in the presence of an
surface

overwhelming concentration of other proteins, possibly accounting for the observed sluggish coagulation of blood
plasma in contact with hydrophobic procoagulants.

114
surface can undergo autoactivation, releasing FXIIa into solution to propagate coagulation. Thus,
results of this computational model qualitatively reproduces general aspects of the adsorptiondilution effect on FXII autoactivation at hydrophobic surfaces [80, 81] in that it is observed that
autoactivation depends on the protein composition of the fluid phase.

These results help

understand the small-but-measurable residual activation properties of hydrophobic surfaces
immersed in blood plasma [79].

Fig. 3.7 is in essential agreement with computational modeling previously reported by us
in ref. [46] in that a number bias for adsorption of low-molecular-weight proteins was predicted.
However, because [46] assumed that binary-adsorption competition between proteins came to
steady state within 1 hour of solution/adsorbent contact, it failed to take into account the State 1
→ State 2 transition that this work observed. Modeling theory employed did not account for
adsorption specificity between two proteins discovered by this work and mass balance equations
are consequently in error.
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3.5. Conclusions

Kinetics of protein-adsorption competition from binary solution to the same hydrophobic
octyl sepharose adsorbent exhibits surprising complexity related to the way dissimilarly-sized,
hydrated molecules diffuse into the 3D interphase region that separates the physical adsorbent
surface from bulk solution.

Experimental results are consistent with reversible, multilayer

adsorption and thereby inconsistent with the assumption of irreversible adsorption into a single
monolayer used by certain protein-adsorption theories. Multilayer adsorption is itself inconsistent
with the popular idea that protein adsorbs to surfaces primarily through protein/surface
interactions because proteins within second (or higher-order) layers are too distant from the
adsorbent surface to be held surface bound by strong forces in close proximity.

Proteins diffuse from binary solution into a rapidly inflating interphase in proportion to
individual solution concentration with a modest size selectivity between competing proteins.
This initially-formed interphase shrinks in volume by expulsion of both water and proteins to
minimize system energetics.

The diffusion-based adsorption selectivity persists by ejecting

adsorbed proteins in the same mass ratio as initially adsorbed. Adsorption-competition kinetics
has important ramifications in the interpretation of biocompatibility and emphasizes an important
role of water in protein adsorption.
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Appendices

Appendix 3A: Computational Details for the Adsorption-Dilution Effect on Contact
Activation of Plasma Coagulation

Equation (3.1a-d) gives mass balance requirements for adsorption from single- and
binary-protein solutions, respectively:

WIi =
WI j =

mIi
VIi
mI j
VI j

=

DV
i B
VIi

=

D jVB

(a)
(b)

VI j
and

(W )
Ii

(W )
Ij

i, j

i, j

=

=

(m )
Ii

i, j

=

i, j

=

(VI )i , j

(m )
Ij

(VI )i , j

(3.1)

( Di )i , j VB
(VI )i, j

(D )

j i, j

VB

(VI )i , j

(c )

(d )

where subscripts I and B refer to interphase and bulk-solution phases, respectively.

The

subscripts i and j differentiate between two different proteins with adsorbed masses mi and

m j that may be in either pure solution or in a mixture denoted by the “i, j” subscript. WIi and

( )

WI j are w/v concentrations of i, j proteins such that (WI )i , j = ⎡ WIi
⎣⎢

i, j

( )

+ WI j

i, j

⎤ which is to be
⎦⎥

read as the sum of individual contributions to the i, j binary mixture. In pure solution, each
protein occupies a characteristic volume VIi or VI j . The volume of the binary mixture is denoted
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(VI )i , j which

is not necessarily the sum of individual characteristic protein volumes due to

packing constraints of mixing two dissimilar-sized proteins with the mixed interphase. It is
readily apparent from Eq. (3.1) that:

( )

⎛ W
⎜ Ij
⎜ W
⎜ Ii
⎝

( )

i, j

i, j

⎞ ⎛ ( D ) V (VI )
i, j
⎟ = ⎜ j i, j B
⎟ ⎜⎜ ( D ) V (V )
i i, j B
I i, j
⎟
⎠ ⎝

⎞ ⎛ (D )
⎟ = ⎜ j i, j
⎟⎟ ⎜ ( Di )
i, j
⎠ ⎝

⎛ ( Dj )
i, j
In view of the experimental finding that ⎜
⎜ ( Di )i , j
⎝

( )

⎛ WI
j
apparent that ⎜
⎜ W
⎜ Ii
⎝

( )

i, j

i, j

( )

⎞
⎛ Wo
⎟ = S ⎜ Bj
i, j ⎜
o
⎟
⎟
⎜ WBi
⎠
⎝

( )

i, j

i, j

⎞
⎟
⎟
⎠

(3.2)

( )

⎛ WBo
⎞
j
⎟ = Si , j ⎜
⎜ Wo
⎟
⎜ Bi
⎠
⎝

( )

⎞
⎟ (Section 3.3.2.1), it is
⎟
⎟
⎠

i, j

i, j

⎞
⎟ .Using the relationship W
( I )i , j = ⎡⎢ WIi
⎟
⎣
⎟
⎠

( )

i, j

( )

+ WI j

i, j

⎤,
⎥⎦

Eq. (3.2) can be solved for either i or j contributions to the total (WI )i , j :

(WI )i , j

⎡
= ⎢⎢ WIi
⎢⎣

( )

( )

⎛ WBo
j
+ Si , j ⎜
o
⎜ W
i, j
⎜ Bi
⎝

( )

(W )
Ii

i, j

=

i, j

i, j

⎞
⎟ W
⎟ Ii
⎟
⎠
or

( )

( )

⎤ ⎡
⎛ WBo
j
⎥ = ⎢1 + S ⎜
i, j ⎜
o
⎥
⎢
i, j
⎜ WBi
⎥⎦ ⎢⎣
⎝

( )

i, j

i, j

⎞⎤
⎟⎥ W
⎟ ⎥ Ii
⎟⎥
⎠⎦

( )

i, j

(3.3)

(WI )i, j

( )

⎡
⎛ Wo
⎢1 + S ⎜ B j
i, j ⎜
o
⎢
⎜ WBi
⎢⎣
⎝

( )

i, j

i, j

⎞⎤
⎟⎥
⎟⎥
⎟⎥
⎠⎦

Eq. (3.3) permits calculation of the i contribution if (WI )i , j happens to be known. In
fact, (WI )i , j is known for the circumstance when the adsorbent surface area is saturated with
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adsorbate and (WI )i , j = WImax (Cases 2-5, see Sections 3.3.2.1 and 3.4.1.1).

(WI )

max

We estimate that

= 300 ± 60 mg/mL for OS adsorbent used herein [44]. Accordingly,

(W )
Ii

i, j

=

300

( )

⎡
⎛ Wo
⎢1 + S ⎜ B j
i, j ⎜
o
⎢
⎜ WBi
⎢⎣
⎝

( )

(W )
Ij

i, j

i, j

⎞⎤
⎟⎥
⎟⎥
⎟⎥
⎠⎦

and
i, j

(3.4)

( )

= 300 − WIi

i, j

The selectivity factor Si , j was fitted (Fig. 3.3) with an arbitrary three-parameter
exponential-decay function yielding:

Si , j = (0.9 ± 0.04) + (0.4 ± 0.09)e

⎡
⎛ MW j
− ⎢ (1.4 ± 0.82) ⎜⎜
⎝ MWi
⎣⎢

⎞⎤
⎟⎟ ⎥
⎠ ⎦⎥

( R 2 = 0.76)

(3.5)

Eq. (3.5) permitted estimation of a protein selectivity for any competitive i, j protein

⎛ MW j ⎞
⎟ . Combining Eqs. (3.4) and (3.5) leads to:
⎝ MWi ⎠

pairs with molecular-weight ratio ⎜

(W )
Ii

i, j

=

300
⎡ ⎛
MW j
⎢1 + ⎜ 0.9 + 0.4e− (1.4) MWi
⎢ ⎜
⎣⎢ ⎝

(W )
Ij

( )

o
⎞ ⎛ WB j
⎜
⎟
⎟ ⎜⎜ WBo
i
⎠⎝

( )

and
i, j

i, j

i, j

⎞⎤
⎟⎥
⎟⎥
⎟⎥
⎠⎦
(3.6)

( )

= 300 − WIi

i, j
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Eq. (3.6) permitted calculation of the concentration of FXII (at 0.03 mg/ml FXII
physiological blood concentration ~ 30 μg/mL, [79]) adsorbed within the interphase in

⎛ MW j ⎞
⎟ under the conditions of surface
⎝ MWi ⎠

competition with a hypothetical protein j with variable ⎜

saturation. Results shown in Fig. 3.7 are reported in percent interphase concentration by:

( )

⎡ WI
⎤
i i, j
⎥ ×100
% FXII = ⎢
⎢ 300 ⎥
⎣
⎦

(3.7)

Appendix 3B: Surface-Saturating Bulk-Solution Concentration

Bulk solution concentrations that saturated the OS surface area employed in this work
was obtained from depletion adsorption isotherms measured for proteins used in this work, as
summarized in Table 3A1.

Appendix 3C: Arithmetic of the Spheres

Molecular volume of a hypothetical protein sphere V p =
radius in cm/molecule. Consequently, molar volume V p =

4 3
π rv where rv is molecular
3

4 3
π rv N A in cm3/mole if N A is the
3

⎛ Vp
⎞
in cm3/g, where MW is molecular
⎟
⎜ MW ⋅103 ⎟
⎝
⎠

Avagadro number. The specific volume v o = ⎜

weight in kDa. Using the relationship rv = 6.72 X 10-8 MW 1/ 3 , it is apparent that
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Table 3A1: Surface-Saturating Bulk-Solution Concentrations

Name of Protein (Acronym)

(W )
o
Bi

max

mg/ml

Ubiquitin (Ub)

2.99 ± 0.35

Human Serum Albumin (HSA)

3.53 ± 0.21

Prothrombin (FII)

4.05 ± 0.50

Human IgG (IgG)

9.53 ± 0.37

Fibrinogen (Fib)

6.07 ± 0.22

Notes: Solution concentrations required to saturate surface area of OS adsorbent used in this
work.
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⎡ ( (6.72 X 10−8 MW 1/ 3 )3 ) ⎤ ⎛ 4π (6.72 X 10−8 )3 ⎞
4
23
3
⎥=⎜
v = π NA ⎢
⎟ ( 6.02 X 10 ) = 0.77 cm /g (see
3
3
3
10 MW
3 X 10
⎢⎣
⎥⎦ ⎝
⎠
o

citations in section 3.4.1.2).

Appendix 3D: Protein Diffusion into the Interphase

Varoqui and Pefferkorn’s classic treatment of diffusion to a semi-reflecting interface [86]
improved upon classical Fickian diffusion [87] by incorporating the idea of an energy barrier to
adsorption (see ref. [48] for more discussion including historical context). This energy barrier
accounts for the fact that surfaces have a finite capacity for adsorbate. As a consequence, not
every solute encounter with a surface leads to adsorption over the entire timeframe of adsorption.
In this treatment, the surface is construed to be a semi-adsorbing or reflecting plane, as opposed
to a perfectly-adsorbing sink [86]. This energy barrier to adsorption increases as the surface
region fills with adsorbate.

The basic premise of this work was to couple the Langmuir adsorption equation with

⎛ dcs ⎞
⎟ is
⎝ dt ⎠

standard diffusion theory by proposing that rate-of-change in surface concentration ⎜

controlled by a forward rate that was a function of unoccupied surface area and a reverse rate that
was itself a function of surface concentration cs (molecules/area), such that:

dcs
= K1δ c(0, t )(1 − σ cs ) − K 2 cs
dt

(3.8)
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where c ( x , t ) is solution concentration at position x at time t (molecules/volume), δ is a
characteristic size (length), K1 is a forward rate constant, and K 2 is a reverse rate constant. Eq.
3.1 was coupled with standard diffusion theory through

⎛ ∂ 2 c( x, t ) ⎞
dc( x, t )
= D⎜
⎟ ; where D is
2
dt
⎝ ∂x
⎠

the diffusion constant and for which the boundary conditions c( x, t ) = c0 for x = ∞ , t > 0
and c = c0 , x > ∞ , t = 0 apply. Eq. 3.8 cannot be solved explicitly but short- and long-time
asymptotic solutions can be readily obtained. We focus on the long-time limit because it is
experimentally found that protein mass adsorption to a surface is complete within minutes for
mg/mL solution concentrations [48] and the time scale of protein competition is of the order of
hours. The long-time asymptotic solution reads [86]:

cs ( t ) =

K1δ
c(0, t )
K 2 + K1δσ c0
or

mI ( t ) =

(3.9)

K1δ A
c(0, t )
( K 2 + K1δσ c0 )

where time-dependent surface concentration cs (t ) has been converted to time-dependent mass
adsorbed within the interphase mI (t ) (in molecules/interphase volume) by multiplying by
adsorbent area A .

Application of the above-mentioned boundary conditions leads to the

conclusion that:

⎛
⎞
K1δ A
mI = ⎜
⎟ c0 = χ c0
⎝ K 2 + K1δσ c0 ⎠

(3.10)
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Eq. (3.10) uses the fact established by Varoqui and Pefferkorn that K 2  K1δσ c0 (see Eqs. 4347 of ref. [86]) to show that mass adsorption is proportional to solution concentration near steady
state

( c ( 0, t ) = c , t → ∞ ) .
0

( )

⎛ mI
j
⎜
⎜ m
⎜ Ii
⎝

( )

i, j

i, j

( )

⎞
⎛ c
⎟ = χ j ⎜ 0j
⎟ χ ⎜ c
i ⎜
⎟
0
⎠
⎝ i

( )

i, j

i, j

Applied to binary-protein adsorption leads to the conclusion

⎞
⎟ , meaning that the mass ratio of two proteins diffusing to a surface is
⎟
⎟
⎠

proportional to the ratio of solution concentrations, as is observed experimentally.
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Chapter 4

Superhydrophobic Effect on the Adsorption of Human Serum Albumin 3

Abstract

Analytical protocol greatly influences the measurement of human serum albumin (HSA)
adsorption

to

commercial

expanded

polytetrafluororethylene

(ePTFE)

exhibiting

superhydrophobic wetting properties. Degassing of buffer solutions and evacuation of ePTFE
adsorbent to remove trapped air immediately prior to contact with protein solutions are shown to
be essential. Results obtained with ePTFE as a prototypical superhydrophobic test material
suggest that vacuum degassing should be applied in the measurement of protein adsorption to any
surface exhibiting superhydrophobicity. Solution depletion quantified using radiometry (125Ilabeled HSA) or electrophoresis yield different measures of adsorption, with nearly 4-fold higher
surface concentrations of unlabeled HSA measured by the electrophoresis method. This outcome
is attributed to the influence of the radiolabel on HSA hydrophilicity which decreases
radiolabeled-HSA affinity for a hydrophobic adsorbent in comparison to unlabeled HSA. These
results indicate that radiometry underestimates the actual amount of protein adsorbed to a
particular material. Removal of radiolabeled HSA adsorbed to ePTFE by 3× serial buffer rinses
also shows that the remaining ‘‘bound fraction” was about 35% lower than the amount measured
by radiometric depletion. This observation implies that measurement of protein bound after
3

This chapter is based entirely on Leibner ES, Barnthip N, Chen W, Baumrucker CR, Badding
JV, Pishko M, and Vogler EA. Superhydrophobic Effect on the Adsorption of Human Serum Albumin.
Acta Biomaterialia. In Press.
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surface rinsing significantly underestimates the actual amount of protein concentrated by
adsorption into the surface region of a protein-contacting material.
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4.1. Introduction

Surface engineering has had a long and successful role in the development of
biomaterials for a wide variety of medical devices to improve compatibility with blood and tissue
[1–14]. A recent trend in surface engineering has been texturing surfaces at the micro- to
nanoscale to influence important interfacial events such as protein adsorption [15, 16] and cell
adhesion [17, 18]. A particular subgroup of textured materials of interest to this work are poorly
water-wettable (hydrophobic) materials exhibiting ‘‘superhydrophobicity” or ultrahigh water
repellency [19–29] (also occasionally termed ultrahydrophobic [19, 22] and super anti-wetting
[23] in the literature). The superhydrophobic effect ultimately arises from air trapped within the
interstices of a rugose surface (patterned or random) that water fails to wet or wick into, so that
water is partially riding on a cushion of air, yielding observed water contact angles much greater
than the inherent contact angle of the smooth material—sometimes in excess of 150°. The
superhydrophobic effect is common in nature, accounting for the water-repellent properties of
bird feathers and plant leaves (the ‘‘lotus effect”) [21, 22, 30–32] as examples. Certain materials
in widespread biomedical application such as expanded polytetrafluororethylene (ePTFE) are
superhydrophobic as commercially prepared because of the inherent hydrophobicity of PTFE
(advancing water contact angle of about 114°) [33] and a fibrillated texture introduced by biaxial
stretching (see Fig. 4.1) [34,35]. For example, we observe an advancing contact angle of about
138° on the ePTFE used in this work. The blood compatibility of ePTFE vascular grafts [36, 37]
has stimulated interest in understanding, and improving upon, biocompatibility of the general
class of superhydrophobic materials.

A fundamental aspect of biocompatibility is protein adsorption [38–43]. Consequently, it
is important to fully characterize protein adsorption to superhydrophobic materials. The general
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literature on protein adsorption is controversial and inconsistent [44,45], so it should be of no
particular surprise that there is considerable diversity of opinion regarding protein-adsorption
properties of superhydrophobic materials, with some investigators reporting protein-adsorbent
properties [16,36] and others non-adsorbent properties [26,32,46].

We have initiated a program investigating a novel jet-blowing method of producing
nanofibrous PTFE for biomedical applications [47, 48] and have interest in relating protein
adsorption to material properties and processing conditions, using commercial ePTFE (Fig. 4.1)
as a reference material. Herein, we report that analytical protocol greatly affects measurement of
the adsorption of human serum albumin (HSA) to ePTFE and show that different methods of
calculating the amount adsorbed (bound vs. solution depletion) give rise to quite different
impressions of ePTFE adsorbent capacity.
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A)

B)

Figure 4.1: Field emission scanning electron microscopy images of ePTFE at 5000 × (A) and 20,000 × (B) showing

the fibular structure of the expanded PTFE matrix. ePTFE exhibits superhydrophobic wetting properties with water
contact angles in excess of 150°.
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4.2. Methods and materials

4.2.1. Protein solutions

Fraction V HSA (MW = 66.3 kDa, 96–99%, lyophilized powder) was used as received
from Sigma Aldrich (St Louis, MO) with no further purification. Solutions were prepared in
phosphate-buffered saline (PBS, 0.01 M, prepared in 18 MΩ deionized water) degassed under
reduced pressure obtained by evacuating the headspace with a rotary vacuum pump
(approximately 500 torr) for 5 min. HSA was labeled using the Chloramine T method [49–51] for
30 s to yield a specific activity of 36.4 μCi/μg. We estimated that an average of ~3 iodine
molecules were incorporated into each molecule of HSA (see Appendix 4A). HSA radioactivity
(cpm) was measured by gamma counting in a Wallac 1470 Wizard Automatic Gamma Counter
(PerkinElmer). Free iodine was separated from the labeled protein using a G50 Sephadex column
(Sigma Aldrich). Labeled protein was stored at 2 °C and used within 2 weeks, over which time
protein degradation was regularly assessed by chromatography on a G100 Sephadex column
(Sigma Aldrich) to detect protein fragments or aggregation. Analysis of chromatographic peak
area revealed that less than 10% of labeled protein was affected by radiolysis over the 2 week
storage period. Test protein solutions were prepared by mixing 3 μL of stock labeled protein
solution with 1.5 mL unlabeled protein solution at the desired concentration to yield
approximately 0.09 μCi in each 200 μL sample.

4.2.2. ePTFE adsorbent preparation

Expanded ePTFE was a gift from Atrium Medical Corp (Hudson, NH). As illustrated in
the left-hand side of Fig. 4.2, 20 mg portions were weighed into glass screw-top glass vials VWR
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Figure 4.2: Experimental flowchart outlining the procedures used to measure HSA adsorption to superhydrophobic

ePTFE using either radiometry or electrophoresis as methods of protein quantification. Left-hand side illustrates critical
steps of air removal and pre-wetting that ensures intimate contact of the fibular ePTFE structure with protein solution.
Protein molecules (*, with radiolabel for radiometry and without radiolabel for electrophoresis) adsorb to ePTFE and
are distributed between surface and solution at steady state (1 h). Solution depletion is quantified by either radiometry
(upper left panel) or by electrophoresis (lower left panel, see Section 4.2). Radiolabeled HSA bound to ePTFE was
measured after 3 × serial rinses of adsorbent with PBS.
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(West Chester, PA) using a precision microbalance (XS 105, Mettler Toledo). Each vial was
fitted with a rubber septum lined with PTFE with an evacuation port. Air was continuously
evacuated from the vial through a syringe needle connected to a rotary vacuum pump (Precision,
1/8 HP) during subsequent wetting steps in which ePTFE was first pre-wet with 1 mL of 100%
ethanol (EtOH, Pharmco) followed by 3 × serial rinsing with 1 mL of degassed PBS. The vacuum
pump was double trapped to assure no backflow into the vial. Just before the vacuum line was
removed, 200 μL of test HSA solution was injected through the septum to completely cover
ePTFE adsorbent using a precision volumetric syringe (700 Series Hamilton, 250 μL) fitted with
a Chaney adapter that ensured reproducible volumetrics.

The surface area of the ePTFE used in this work was measured using the Brunauer–
Emmett–Teller (BET) method on a Micromeritics ASAP 2000 using nitrogen as the probe gas.
The scanning electron microscopy (SEM) images shown in Fig. 4.1 were obtained on a JEOL
6700F field emission scanning electron microscope. ePTFE samples were mounted on SEM stubs
with small amounts of conductive tape and sputter coated with iridium. No attempt was made to
further interpret surface area measurements in terms of porosity or size of putative pores.

4.2.3. Protein-adsorption methods

Fig. 4.2 further outlines general aspects of the protocol used to construct HSA adsorption
isotherms. Radiometry was implemented two ways:

(i) Radiometric measurement of solution depletion (counts remaining in solution after
contact with ePTFE) for direct comparison with the electrophoresis method 2 (see further below).
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(ii) Measurement of ‘‘bound” HSA (counts remaining after 3 × serial wash of ePTFE) for
comparison of bound HSA to solution depletion.

Radiometric HSA adsorption isotherms were constructed by measuring the amount of
125

I-labeled HSA adsorbed to ePTFE (see further below) from bulk-solution concentrations

0 ≤ WBo ≤ 50 mg/mL prepared in 5 mg/mL increments using degassed PBS. Three microliters of
hot trace of
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I-labeled HSA was mixed into 1.5 mL HSA solution at each concentration.

Measurements at each HSA concentration were made in triplicate using three separate samples of
ePTFE and carrying three empty vials as blanks. Labeled HSA solutions were equilibrated with
ePTFE for 1 h during which time total radioactivity was integrated using a gamma counter. Two
hundred microliters of HSA solution was aspirated from the test vial using a pipette and
transferred into a test tube (VWR, 12 × 75 mm). The pipette transfer tip (VWR 1–200 μL Barrier
Tips) was placed into the test tube along with solution to eliminate the possibility of protein loss.
ePTFE remaining in the original vial was serially rinsed 3 × with 200 μL of degassed PBS,
collecting wash and tip into separate test tubes (with the tip) for each wash (see Fig. 4.2). Mass
balance was found to be with ±5% of the radioactivity in the starting solution, verifying no
significant protein loss through the protocol. Depletion was corrected for background by
subtraction of the average background determined from the triplicate blank vials. Triplicates were
averaged and the standard deviation of the mean accepted as an adequate measure of
experimental error. Appendix 4B details the calculations used in radiometry.

Adsorption kinetics were not measured in this work and 1 h equilibration time was
assumed to be sufficient to reach adsorption steady state based on prior kinetics measurements
using interfacial energetics [43, 52–58]. Indeed, recent studies of protein adsorption kinetics
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reveal that mass adsorption rates significantly exceed rate-of-change in interfacial energetics due
to adsorption [59], leading us to conclude that 1 h adsorption equilibration time was conservative
by at least 10-fold.

4.2.4. Protein adsorption by electrophoresis

The lower-right-hand panel of Fig. 4.2 outlines basic steps used in the electrophoretic
implementation of the standard solution-depletion measurement of unlabeled HSA adsorption
(see Refs. [60–63] for experimental details and example applications). Briefly, for the purpose of
this report, HSA adsorption isotherms measured by depletion using bulk solution concentrations

0 ≤ WBo ≤ 50 mg/mL prepared in 5 mg/mL increments in degassed PBS. Sample preparation was
as described in Section 4.2.2 above. Electrophoresis was performed using 26 lane
NuPAGE®Novex Tris–acetate precast gels (Invitrogen; 500 kDa capacity) carried out for 1 h at
150 V using an XCell SureLockTM Cell (Invitrogen). Gels were stained with SimplyBlueTM
Safe-Stain (Invitrogen) for 1 h and destained with deionized (18 MΩ) water for several hours
while mixing on a standard hematology rocker. Band intensity was quantified using the Gel-doc
system (Bio-Rad Laboratories) that employs a highly-sensitive CCD camera to read optical
density (OD). A standard curve was prepared for each gel using the first six or seven lanes by
applying solutions of known (by gravimetry) HSA concentrations. Linear calibration curves were
obtained (R2 > 98%) within the concentration range 1–50 mg/mL for all gels used in this work.
Previous work has ‘‘certified” this method of measuring protein adsorption by first studying
adsorption of a broad range of single proteins to hydrophobic[60] surfaces (octyl sepharose and
silanized glass) from aqueous-buffer solution, showing that results correlated with
thermochemically measured free energies of adsorption and interfacial energetics measured by
tensiometry (contact angle and wettability methods). Subsequently, HSA adsorption to silanized-
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glass adsorbent particles with incrementally increasing hydrophilicity was measured [61],
showing here that mass and energy balances for HSA adsorption were in full agreement. The
consistent mass and energy balance obtained using very different analytical methods engendered
confidence that this gel- electrophoresis implementation of the depletion method provided
internally consistent and accurate results—at least for proteins adsorbing to surfaces from
stagnant fluids at steady state. It is important to emphasize that previous work has shown that
periodic or continuous mixing (by agitating tube contents or using a hematology rocker,
respectively) does not influence results [60]. Furthermore, time and concentration interfacial
energetics of a wide variety of blood proteins and mixtures shows that adsorption to stagnant
buffer/air or buffer/solid surfaces comes to steady state within the 1 h equilibration time utilized
in depletion experiments [43, 52–58, 64].
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4.3. Results

4.3.1. ePTFE adsorbent

BET surface area measurements and electron microscopy show that ePTFE used in this
work was of very high specific surface area (5.57 ± 0.09 m2/g) due to the fibular structure that is a
product of biaxial stretching. Close examination of these fibers (Fig. 4.1) indicates numerous
cracks, fissures and spaces that confer a high degree of porosity. No attempt was made in this
work to further analyze surface area in terms of porosity or measure the size distribution of pores
relative to the molecular dimensions of HSA (3.6 nm hydrodynamic radius [52, 65]). However, it
is visually evident from Fig. 4.1 that many of the cracks, fissures and spaces are much larger than
HSA itself, most probably accounting for the high absorbency reported in the following sections,
which exceeds the 2–3 mg/m2 typically anticipated for protein adsorption to smooth surfaces by
10-fold or more (see Table 4.1). Without detailed porosity information, it is not possible to fully
account for measured adsorbed mass (as measured by the three methods discussed below) in
terms of the geometry of adsorbed HSA or possible formation of adsorbed multilayers.

4.3.2. Comparison of experimental protocols

Fig. 4.2 depicts general aspects of the experimental protocol applied in this work to
measure HSA adsorption to ePTFE (see also Section 4.2). PBS solutions containing initial HSA
concentrations 0 ≤ WBo ≤ 50 mg/mL were brought into contact with 20 mg of ePTFE either under
ambient conditions or under vacuum to remove air (left-hand side of Fig. 4.2). After 1 h
equilibration, protein solution was separated from the ePTFE by aspiration (right-hand side of
Fig. 4.2). Adsorbed protein was measured one of two ways: (1) radiometry for
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I-labeled HSA

Table 4.1: Characteristic HSA adsorption parameters by radiometry and depletion
Radiometry

(W )

Adsorbed
Fraction

D max
( N , Std .Dev.)

Γ max
( N , Std .Dev.)

( N , R 2 )*

Bound

-

4.20 ± 0.59
(mg/m2)
(18, 0.92)

0.10 ± 0.005
(mL/m2)
(11, 0.81)

42.39 ± 6.32
(mg/mL)

3.73 ± 1.77
(mg/mL)
(17, 0.70)

-

0.08 ± 0.005
(11, 0.84)

46.16 ± 22.07
(mg/mL)

6.54 ± 2.60
(mg/m2)
(17, 0.70)

-

0.14 ± 0.009
(mL/m2)
(13, 0.84)

45.24 ± 18.17
(mg/mL)

Total

S

o max
B

Electrophoresis

Total

15.97 ± 1.73
(mg/mL)
(18, 0.89)

-

0.41 ± 0.022
(9, 0.84)

38.74 ± 4.67
(mg/mL)

28.46 ± 3.08
(mg/m2)
(18, 0.89)

-

0.73 ± 0.039
(mL/m2)
(9, 0.84)

38.75 ± 4.67
(mg/mL)

Notes: Bound = protein remaining after 3 × PBS rinse.
Total = protein depleted from solution.
(N, R2)* = (number of data points, R2 of linear regression through the adsorption isotherm).

(upper quadrant, right-hand side of Fig. 4.2) [66–73] or (2) solution depletion implemented using
electrophoresis for unlabeled HSA (lower quadrant, right-hand side of Fig. 4.2) [60–63].
Radiometry was itself implemented two ways: (i) radiometric measurement of solution depletion
(counts remaining in solution after contact with ePTFE) for direct comparison with method (2)
and (ii) measurement of ‘‘bound” HSA (counts remaining after 3 × serial washes of ePTFE) for
comparison of bound HSA to solution depletion.

Fig. 4.3 compares radiometric measurement of surface-bound HSA (open circles) to the
amount depleted from solution depletion (open diamonds) obtained by either bringing protein
solutions into contact with ePTFE under vacuum (Fig. 4.3A) or under ambient conditions (Fig.
4.3B). Comparison of Fig. 4.3A with Fig. 4.3B clearly reveals that removal of air from the
surface was essential to measuring HSA adsorption to ePTFE at any solution concentration.
Comparison of different experimental strategies optionally combining solution degassing with
evacuation revealed that reliable results could be obtained only when HSA solutions prepared in
degassed PBS were brought into contact with ePTFE under vacuum. If either of these two steps
were not applied, results were erratic, sometimes leading to measurable adsorption and sometimes
not (not shown). If neither PBS degassing nor evacuation were used, typically no adsorption was
measurable, except for an occasional spurious adsorption event at higher-solution concentrations
(Fig. 4.3B).

4.3.3. Adsorption isotherms of 125I-labeled HSA

Data of Fig. 4.3A constitute adsorption isotherms comparing ‘‘total” radiolabeled HSA
adsorbed (by solution depletion) and ‘‘bound” HSA (remaining on ePTFE after 3 × rinsing). Both
radiometric methods revealed that the amount of HSA adsorbed increased in proportion to
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Figure 4.3: Radiometric adsorption isotherms measured with (A) and without (B) solution degassing and removal of

air from ePTFE adsorbent (see Fig. 4.2), comparing amounts of HSA bound to the surface (open circles) to the amount
depleted from solution (diamonds). Nearly no adsorbed HSA was measured without removal of air and results were
erratic at higher solution concentrations. Error bars represent mean and standard deviation of triplicate trials at each
solution concentration. Lines through the data of panel A represent statistical treatment of isotherm data as described in
Section 4.2 that identify the maximum amount of protein adsorbed
occurs at the solution concentration

(W )

o max
B

Γ max (bound HSA) and D max (depletion) that

indicated by horizontal line annotations.
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solution concentration, up to an apparent surface saturation that occurred at a statistically

( )

identical solution concentration WBo

max

mg/mL (see Table 4.1 and Fig. 4.3A annotations). Lines

drawn through the data of Fig. 4.3A (best-fit lines through the linear regions) nominally suggest
that the total amount of HSA adsorbed was greater than bound HSA at any WBo > 10 mg/mL.
Table 4.1 compares quantitative parameters derived from statistical treatment of data of Fig. 4.2A
(see Section 4.2) under the heading ‘‘Radiometry”, where Γ max measured maximum bound HSA
and D max maximum total adsorbed (see Fig. 4.3A annotations). Note that D max in Table 4.1 is
expressed both in terms of surface concentration mg/m2 and mg/mL bulk solution (maximal
solution depletion). Slopes S of total and bound adsorption isotherms were statistically different
at the 1 σ (65%) confidence interval (Table 4.1) but not at 2 σ (95%) confidence.

Fig. 4.4 shows the distribution of radioactivity among total (depletion), bound and 3 ×
serial rinses for one of triplicate radiometric adsorption experiments performed at 0 ≤ WBo ≤ 30
mg/mL solution concentrations. Inspection reveals that third-rinse solutions contained little
radioactivity. We thus concluded that additional PBS rinsing would have little impact on the
measured bound fraction and, further, that the bound fraction was between 38.5% and 50.8%
(corresponding to 10 and 30 mg/mL solution concentration, respectively) of the total for these
particular experiments. However, experimental error represented by 1 σ error bars of Fig. 4.3A
(standard deviation of triplicates, see Section 4.2) clearly showed considerable variation among
triplicates, even though >95% mass balance was obtained for each experiment involved in the
triplicate trial (no loss of radioactivity). We thus concluded that an uncontrolled variable was
responsible for experimental irreproducibility but that experimental precision was adequate to
support the conclusions drawn in this paper.

150

1.0

0.6

30

0.2

l)

0.4

Co HS
nc A
en So
tra lu
tio tio
n( n
mg
/m

Protein (mg)

0.8

20

io
n
De
pl
et

Ri
ns
e#
1

10

Ri
ns
e#
2

Ri
ns
e#
3

Bo
un
d

0.0

Figure 4.4: Distribution of radiolabeled HSA in a single adsorption trial at three different solution concentrations (see

Fig. 4.5). The total amount of HSA adsorbed measured by depletion was greater than the amount remaining (bound
fraction) after 3 × serial PBS rinses of the ePTFE adsorbent. The third rinse contained negligible quantities of HSA.
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4.3.4. Adsorption isotherms of unlabeled HSA

Fig. 4.5 is an HSA adsorption isotherm for unlabeled HSA adsorption to ePTFE
measured by the electrophoresis method (see Section 4.2), where the amount adsorbed was
measured by the decrease in (depletion of) solution concentration (D mg/mL) caused by contact
with adsorbent, consistent with previous reports by this group [60–63]. This isotherm followed
the same general trends obtained by radiometry (Fig. 4.3A), except that the curve slope S was
approximately 5 × greater than obtained by radiometry (on a consistent mg/m2 basis; compare
row 3, column 4 in Table 4.1 under the heading ‘‘Radiometry” to row 5, column 4 under
‘‘Electrophoresis”). Moreover, the estimated solution depletion at surface saturation

D max obtained by electrophoresis was about 4 × greater than that obtained by radiometry (on a
consistent mg/m2 basis; compare row 3, column 2 in Table 4.1 under the heading ‘‘Radiometry”
to row 5, column 2 under ‘‘Electrophoresis”). Interestingly, the solution concentrations
corresponding to surface saturation

((W ) ) obtained by electrophoresis and radiometry were
o max
B

not statistically different (on a consistent mg/mL basis; compare entries in column 5 of Table 4.1
under ‘‘Radiometry” and ‘‘Electrophoresis” headings; see also Fig. 4.3A).
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Comparison with the depletion results of Fig. 4.3A shows that more unlabeled HSA adsorbs to the same surface area of
ePTFE than labeled HSA.
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4.4. Discussion

4.4.1. Effect of trapped air in superhydrophobic materials

Comparison of results obtained by the experimental protocols outlined in Fig. 4.2 shows
that elimination of air from ePTFE adsorbent and degassing of solutions is essential to obtaining
reliable measures of HSA adsorption. Significant HSA adsorption was measured if evacuation
and degassing steps were included in the protocol (Fig. 4.3A), whereas no adsorption was
measured under ambient conditions (Fig. 4.3B). Erratic results were obtained when either of these
steps were not used (not shown). We attribute this outcome to the variable presence of air trapped
within the interstices of the fibular ePTFE structure that prevented intimate contact with HSA
solutions with the solid phase. Given that trapped air gives rise to superhydrophobic wetting
properties, we speculate that the evacuation/degassing protocol is a necessary step for reliable
measurement of protein adsorption to any superhydrophobic material. We further speculate that
the erratic results obtained when evacuation/degassing is not rigorously followed accounts for
conflicting literature reports of protein adsorption to materials exhibiting superhydrophobic
wetting properties.

4.4.2. Radiometric assessment of solution depletion and bound protein

Solution depletion is an established method of measuring the total amount of protein
adsorbed to a material immersed in a protein solution. This mass-balance method is, for the most
part, unambiguous because no surface-rinsing steps are involved that might perturb the
‘‘interphase” region separating the physical surface from the bulk solution or lead to artifacts
related to drying between rinses [60–63]. However, solution depletion does not resolve adsorbed
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protein into strongly and loosely adsorbed fractions, but reports only the total amount removed
from the solution phase by contact with adsorbent. Rinsing is frequently applied to eliminate
contribution from the bulk solution, assuming that only the bound fraction that resists rinsing
from the surface is important and that the loosely adsorbed fraction is either irrelevant or
negligible. Fig. 4.3A and 4.4 together show that rinsing does remove a significant portion of
adsorbed protein and that the bound fraction is, in fact, only between 30% and 50% of the total
ascertained by radiometric depletion, depending on solution concentrations employed. This work
does not attempt to measure the activity or biological importance of bound HSA in comparison to
that fraction that can be rinsed from the surface, but it is clear that this loosely adsorbed fraction
is certainly not negligible in quantitative terms. Thus, although rinsing is commonly applied in
measurement of protein adsorption, especially in radiometric assays, accurate assessment and
interpretation of adsorption must take into account both adsorbed fractions. Caution is especially
warranted when two or more proteins are involved in adsorption competition to the same surface
because it is not known how rinsing might affect the relative amounts of bound protein. We
speculate that failure to account for total and bound fractions is a significant contributor to the
notorious controversy that surrounds mechanistic studies of protein adsorption, and certainly a
factor that complicates intercomparison of results from different measures of protein adsorption
(see Ref. [44] and citations therein). Furthermore, the fact that the substantial portion of HSA
adsorbed to ePTFE can be rinsed from the adsorbent shows that protein adsorption is not
inherently irreversible as proposed by different theories, such as the random sequential adsorption
(RSA) model (see Refs. [58, 61] and citations therein). Future work may well prove that the
bound fraction is practically irreversible, but the majority of adsorbed HSA is easily displaced
from ePTFE.
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4.4.3. Effect of radiolabeling

Covalent attachment of 3–4 iodine atoms per HSA molecule (see Appendix 4A) certainly
affects protein structure and hydrophilicity to some extent [70, 74–79]. For example, Desbuquois
and Aurbach [75] showed that incorporation of more than one iodine atom per insulin molecule
caused a significant change in protein solubility, and Hunter et al. [79] suggested that lysozyme
hydrophilicity was affected by radiolabeling. However, in spite of persistent reports of
radiolabeling artifacts, such effects are typically construed to be negligible for large proteins or
simply ignored altogether, and radiometry has hence enjoyed widespread application in the
measurement of protein adsorption. Comparison of results obtained by radiometric and
electrophoretic depletion methods (Fig. 4.3A and 4.5, respectively; see also Table 4.1) shows that
125

I-radiolabeling of HSA reduces adsorption nearly 4-fold. Labeled and unlabeled HSA

adsorption isotherms were qualitatively similar in that each was adequately described by a simple
Henry isotherm (adsorbed amount increases in direct proportion to bulk solution concentration),
corroborating previously published work from this group measuring adsorption of diverse
proteins to surfaces spanning the full range of observable water wettability [60–63]. But the lower
adsorption of radiolabeled HSA to the same ePTFE adsorbent under identical conditions strongly
suggest that the adsorption characteristics are significantly altered. Given that isotherm slopes S
that measure protein-adsorption affinity were also 5-fold higher for unlabeled HSA (Table 4.1,
leading to a nearly 4-fold difference in absolute amounts adsorbed), it is evident that the
difference between radiometric (labeled) and electrophoretic (unlabeled) depletion assays
increases linearly with solution concentration up to surface saturation. Thus, the discrepancy
between adsorption measurements of labeled and unlabeled protein increases with solution
concentration. However, the solution concentration corresponding to surface saturation
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((W ) ) was not statistically different for the different analytical protocols employed herein
o max
B

(see annotations on Fig. 4.3A and Table 4.1). We interpret this latter observation to mean that the
presence of a few tracer molecules among an overwhelming number of unlabeled proteins did not
measurably affect the protein packing at the ePTFE surface that leads to surface saturation (more
specifically stated, protein packing within the interphase region separating the physical ePTFE
surface from bulk solution was not affected by the presence of a minority of tracer molecules).
Apparently, a fixed proportion of the protein adsorbed within this interphase actually contacts the
physical surface and engages in protein–surface interactions with sufficient strength to resist 3 ×
PBS rinses. Based on data of Fig. 4.3A and Section 4.3.2, we estimate that between 38.5% and
50.8% of adsorbed molecules actually contact the surface and become bound.

Thus, although radiometry has been widely applied in the measurement of protein
adsorption, the effect of the radiolabel on quantitation has apparently been underestimated, at
least as measured here for HSA adsorption to ePTFE. The systematic effect of solution
concentration on the measured difference between labeled and unlabeled results is of particular
concern since this introduces yet another factor that complicates comparisons of experiments
from different laboratories. We speculate that failure to account for labeling artifacts is yet
another significant contributor to the notorious controversy that surrounds mechanistic studies of
protein adsorption.
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4.5. Conclusions

Analytical protocol greatly affects the measurement of HSA adsorption to commercial
ePTFE. Specifically, it was found that consistent adsorption results could be obtained only when
ePTFE adsorbent was brought into contact with degassed protein solutions under vacuum
(reduced air pressure). These observations strongly suggest that air trapped within the interstices
of the fibular ePTFE structure that gives rise to superhydrophobic wetting properties prevents
intimate contact with HSA solutions, which, in turn, strongly influences protein-adsorption
outcomes. Given that trapped air is the underlying cause of the superhydrophobic effect, results
obtained with ePTFE imply that the trapped-air effect on protein adsorption is general and that
removal of trapped air is essential to measuring the adsorption of protein to any material
exhibiting superhydrophobicity.

Comparison of two methods of measuring adsorption, standard radiometry and solution
depletion of unlabeled protein, showed that

125

I-radiolabeling reduced the amount of HSA

adsorbed to ePTFE by about 4-fold. Furthermore, the amount of bound HSA (that portion
remaining on the adsorbent after 3 × buffer rinsing) was found to be systematically lower than the
total adsorbed from solution (quantified by solution depletion) and varied as a function of initial
HSA solution concentration, up to and including surface saturation. Thus,

125

I-radiolabeling of

HSA appears to significantly alter protein adsorption properties, and measurement of bound
protein significantly underestimates the total protein actually adsorbed from solution.
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Appendices

Appendix 4A. Estimate of Iodine Incorporation

Artifacts associated with radiolabeling presumably increase with the number of iodine
atoms incorporated per protein molecule (see Section 4.4.3). We estimate incorporation of three
atoms of 125I per HSA molecule used in this work in the following way. Twenty-five micrograms
of HSA (2.26 × 1014 at MW = 66.5 kDa) was iodinated with 1 mCi of 125I (6.53 × 1014, MW = 53
g/mol) at a specific activity of 17.4 Ci per mg, resulting in a solution of HSA with a specific
activity of 36.4 μCi/μg. Trichloroacetic acid precipitation showed that 93% of the
attached to HSA, implying

125

I was

125
6.07 ×1014 atoms I 125
I
=
2.7
or about three iodine
14
2.26 × 10 molecules of HSA
HSA

atoms per HSA. This suggests that of the 19 tyrosine residues on each HSA molecule [80], of
which 12 are on the solvent-exposed surface of the molecule and easily attacked [76], there is an
average of 0.2 iodine atoms per surface tyrosine.

Appendix 4B. Radiometry

The basic idea behind the depletion method is to measure the amount of protein in
solution before and after contact with adsorbent. If CT is the cpm of the originating solution and
CR is the cpm of the solution separated from adsorbent (see Fig. 4.5), then depletion is

ΔC = ( CT − CR ) cpm
⎛ C × mT
mR = ⎜ R
⎝ CT

and

the

total

mass

of

protein

remaining

in

solution

is

⎞
⎟ mg; where mT is the total mass (mg) of protein in solution. Mass depletion is
⎠
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then Δm = mT − mR . Background is assumed to be the radioactivity depleted out of solution on to
an empty glass vial controls (no ePTFE) mDb mg. Thus the background corrected depletion

D = Δm − mDb mg, normalized to surface area of the ePTFE Sa m2 or volume of the protein
solution V mL is given by:

⎛ C × mT
mT − ⎜ R
⎝ CT
D=
Sa

⎞
b
⎟ − mD
⎠
(mg/m 2 )

or

⎛ C × mT
mT − ⎜ R
⎝ CT
D=
V

⎞
b
⎟ − mD
⎠
(mg/mL)

Bound protein is the amount of protein that is remaining on the ePTFE surface after
coming in contact with the protein solution and 3 × PBS rinses (see Fig. 4.5). If CT is the cpm of
the originating solution and CA is the cpm of the ePTFE surface after being separated from

⎛ C A × mT
⎝ CT

adsorbent, then the total mass of protein remaining on the surface is mA = ⎜

⎞
⎟ mg, where
⎠

mT is the total mass (mg) of protein in solution. Background is assumed to be the radioactivity
remaining on an empty glass vial controls (no ePTFE) m bA mg. Thus the background corrected
adsorption

(m

A

− mbA ) mg, normalized to surface area of the ePTFE Sa m2 or volume of the

protein solution V mL is then:

⎛ Cs × PT ⎞
b
⎜
⎟ − PT
CT ⎠
Γ=⎝
Sa

( mg/m )
2

or

⎛ Cs × PT
⎜
CT
Γ=⎝
V

⎞
b
⎟ − PT
⎠

( mg/mL )
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Chapter 5

Summary and Future Work

5.1 Summary

Solution depletion quantified using gel electrophoresis or radiometry is used to measure
protein adsorption in this work. Gel electrophoresis is mainly used to determine the adsorbed
protein mass depleting from both purified-protein solutions and mixtures to the interphase
(Chapter 2-3). Radiometry is used as a tool to check on protein adsorption of purified-protein
cases obtained from electrophoresis (Chapter 2) and is also used to study the superhydrophonic
effect on the adsorption of human serum albumin (Chapter 4). Results obtained from
electrophoresis are in agreement with those from radiometry.

Results show new experimental findings relating to protein adsorption process. New idea
of protein adsorption is developed based on the volumetric-interpretation concept. Single protein
solution and binary protein solution are tested herein. The new thought is expected to be able to
extendedly explain the competition from n-protein solution.

Core concept of the modified kinetic-model of protein adsorption is that protein
molecules rapidly diffusing into an inflating interphase that is spontaneously formed by bringing
a protein solution into contact with a physical surface follows by rearrangement of proteins within
this interphase to achieve the maximum interphase concentration (dictated by energetics of
interphase dehydration) within the thinnest (lowest volume) interphase possible. Interphase
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volume decreases due to surface dehydration for the adsorption process of single protein
solutions, and due to surface hydration together with ejection of adsorbed proteins from the
interphase for the case of binary mixtures. Protein amount diffusing from the bulk solution into
the interphase is also observed to be in proportion to solution concentration (individual solution
concentration for binary-solution case).

A straightforward mathematical model approximating the surface composition is
developed for any case of binary-protein solution that both proteins can individually or
collectively saturate the surface. It is very interesting if the model can be applied to predict the
surface concentration of each protein competing from any n-protein solution. However, more
experimental data is needed to be obtained in order to verify the use of the model.

There are many important factors including surface properties of materials and protein
behavior itself that control the adsorption of proteins to biomaterials. Superhydrophobic property
of materials is observed to affect the process. The air trapped within the studied ePTFE structure
gives rise to superhydrophobic wetting properties preventing intimate contact of material surface
from protein (HSA) solution, which strongly influences protein-adsorption outcomes. Degassing
of buffer solutions and evacuation of any material exhibiting superhydrophobicity to remove
trapped air are immediately recommended prior to contact with protein solutions.

Overall, this work provides better understanding on protein-adsorption process from
purified-protein adsorption, and competitive adsorption from binary solutions and multicomponent solutions such as blood. This knowledge could partly be an important step that helps
to clarify unsolved issues relating to biological responses such as blood coagulation.
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5.2 Future work

In order to comprehend the protein-adsorption problem that greatly influences human
healthcare by improving biomaterials with better biocompatibility, unanswered questions of the
process that are believed to be fundamental surface-science issues need to be clarified. To
complete or to make the work of this thesis better, the following problems are required to be
considered;

i) How do proteins from multi-component biological milieu such as human blood
adsorb to biomaterial surfaces?

Understanding how protein adsorbs from multi-component solution and prediction of the
concentration of each component at biomaterial surfaces are critical. Only one- and two-protein
solutions are studied in this thesis. The work developed methods for interpreting pure-protein
adsorption and competitive adsorption from binary mixture, but only briefly considered solutions
as complex as blood. Consequently, competitive adsorption of four-, six-, eight-, and n-protein
solutions to material surfaces are required to be conducted. Developing the computer simulation
of the process and checking the computational data with experimental results will be an efficient
extension of this work. Obtaining the interfacial tension profiles changing with time of protein
adsorption from mixtures as well as understanding how proteins selectively adsorb to surfaces
will also definitely be helpful to clarify the adsorption-process idea proposed in the work.
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ii) How do proteins pack within the interphase?

It is very important to know how proteins pack within the interphase so that adsorption
models can be constructed. Details of the protein packing from mixtures are not fully resolved in
this work. Therefore, it will be one interesting plan to understand this problem in order to fulfill
the research. Two pseudo-steady states of adsorption kinetics obtained in this work might be
affected by the difference in size of two competing proteins in solution. Consequently, one
possibly basic and interesting way to comprehend this problem is trying to understand the
packing process of at least two different size-sphere systems and comparing the outcome to
experimental observations.

iii) How does protein adsorption kinetics vary with adsorbent surface energy?

In this work, protein adsorption kinetics to only a single adsorbent (OS) was studied.
Different kinetic-pattern of protein-adsorption competition might or might not be observed when
different adsorbent particles with different surface chemistry/energy are used. In order to verify
the kinetic adsorption concepts proposed in this work and to extend this thesis, various types of
surfaces should be examined. Hydrogels which have broad biomedical utility spanning contact
lenses to tissue-engineering scaffolds might potentially be an interesting choice of testedmaterials.
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iv) Does the first layer of adsorbed protein denature and irreversibly bind to the
surface? Do the outer layers of adsorbed protein adsorb weakly and remain in the native
state, providing a 10X higher effective protein concentration in the vicinity of the surface?

Rinsing process could be applied to the depletion experiment in order to study the
reversible/irreversible protein adsorption. Conformation change or denaturation of proteins with
adsorbed time at surfaces is very interesting to monitor. Tapping-mode atomic force microscopy
would be helpful in this regard.
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