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1 Background and Preliminary Data

Biocompatibility of materials describes their performance with respect to the
normal biological function, ‘the ability of a material to perform with an ap-
propriate host response in a specific application’. This definition is seemingly
broad due to the wide variation in material characteristics necessary to meet
such requirements, considering the different environments which biomaterials
may observe. For instance a biomaterial intended for a hip replacement would
necessitate the accumulation of proteins and subsequent cell attachment on its
surface, allowing it to be incorporated into the body and function properly. If
this same material were used in the fabrication of vascular stents (normally used
to hold open blood vessels) adsorbed proteins would promote the formation of
clotting, ultimately resulting in the impairment to cardiovascular function. Bi-
ological species interact with only the outermost atomic layers of the materials
they encounter [1]. Consequently research towards the development of advanced
biomaterials has focussed on methods to modify material surface to achieve more
desirable biological interaction. The adsorption of a protein layer on the surface
of a material is the first stage of biological accumulation or ‘bio-fouling ’.

1.1 Protein Adsorption

Initial protein adsorption occurs within milliseconds of the biological fluid com-
ing in contact with the material surface. Protein molecules adsorb, rearrange
and desorb in a highly dynamic process. In a simple system where only one
protein species is present, the amount attached to the surface depends upon the
time of incubation and the concentration of proteins presented in the solution.
As a protein molecule diffuses near to a surface interaction is governed by the
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chemical groups presented by the material and of the outermost shell of the
protein molecule. Areas of localised charge and/or polarisable groups, along
with the strength of inner bonding holding the secondary structure in place,
dictate initial adsorption orientation and conformation. Depending on the size
of the protein molecule there may be many areas on the surface having similar
characteristics, and therefore adsorption is more likely to result in a many ran-
domly oriented molecules. Being largely limited by diffusion, protein molecules
experience a greater number of surface collisions at higher concentrations, be-
ing cumulative with time, giving rise to a greater tendency for species to be
bound. Dependent upon these parameters, as well as environmental effects,
such as temperature and shear flow, equilibrium surface concentrations can be
reached, being dependent upon the affinity between the adsorbing protein and
the surface.

Generally a biological fluid, such as serum, will comprise many hundreds of
thousands of proteins each having specific surface affinities. From such complex
systems the composition of the adsorbed protein layer is truly dynamic, chang-
ing rapidly over time as one desorbing protein is replaced by another. Those
proteins with higher affinity for the surface will reside for longer, eventually
being replaced by molecules with even higher surface affinity. Leo Vromann was
the first to highlight this effect whilst examining the surface concentration of
fibrinogen [6]. Fibrinogen adsorbs relatively rapidly to hydrophilic glass sur-
faces, displacing earlier bound more motile proteins from the surface. After
some time fibrinogen itself is then displaced by larger, usually lesser abundant
but more adhesive proteins such as high molecular weight kininogen [4, 6, 7].
Due to the dynamics of this process, and dependent upon the complexity of
the protein mixture and concentration, the protein layer may evolve to mediate
or hinder cell attachment. Clearly the ability to define the adsorbed protein
layer composition allows the surface engineer to design specific requirements of
materials through the careful consideration of material surface properties.

Protein molecules adsorb in differing quantities, with different surface den-
sity, conformation, and orientation dependent upon the chemical and physical
characteristics of the materials surface [2, 3, 5]. Although the specific interac-
tions between protein molecules and surfaces remain little understood due to
their inherent complexity, surface chemistry is well known to play a fundamental
role in direction of adsorption. The adsorption process is complex involving van
der Waals, hydrophobic and electrostatic interactions, and hydrogen bonding.
Driven by thermodynamics, a spontaneous protein adsorption process reduces
the overall energy of the system, releasing energy as proteins move from an aque-
ous environment onto a solid surface. This process is described by the following
equation

∆G = ∆H − T∆S, (1)

where G is the Gibbs free energy of the system, H is the enthalpy of adsorption,
T is absolute temperature and S is the entropy of the adsorption process. For
the process to be spontaneous the overall free energy must be negative. This
may be realised by taking into account several factors:

• Electrostatic interactions between protein and adsorbate surface, possibly
along with co-adsorption of ions. The most favourable situation for protein
adsorption is that of charge neutralisation without ion incorporation.
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• Dehydration (and/or changes in the hydration state) of the adsorbate
surface and regions of the protein. Hydrophobic residues are normally
hidden within the interior of the proteins structure but still a large fraction
of the outer surface of proteins can be hydrophobic which is unfavourable
if the protein is in aqueous medium.

• Structural rearrangements of the protein can be both entropically and
enthalpically favourable for protein adsorption, due to the decrease in or-
dered secondary structure and increase in intra-molecular hydrogen bond-
ing respectively. Bonding between neighbouring protein molecules can
allow hydrophobic regions to be shielded from the aqueous phase, due to
the increase in flexibility of the polypeptide backbone brought about by
loss of secondary structure. van der Waals, electrostatic and hydrogen
bonds can also form which are enthalpically favourable.

• Dispersion interactions always favourable but are lower with lower molec-
ular weight proteins and an increase in distance between protein and the
surface.

The exposure of hydrophobic sections within a protein molecule to water is en-
ergetically unfavourable. While the enthalpy of this interaction may be small
and negative, the associated Gibbs free energy will increase as a result of the
negative entropic contribution. As a protein molecule adsorbs to minimise sol-
vent interaction, the energy of the system is minimized, even more so when both
the protein and surface are hydrophobic and expulsion of water from both is
favourable.

1.2 Influence of Surface Chemistry on Protein Adsorption

The binding characteristics of protein adsorption are largely dominated by the
chemical characteristics presented at the surface. There are many standardised
methods by which to assess the characteristics of a surface in terms of chemical
functionality, each giving an indication of particular surface properties. Termi-
nal chemical functionality is often used to categorise defined surface chemistry,
i.e. amine or carboxyl groups are presented outwardly at the surface. Al-
though this gives a clear label to specific surfaces, only well prepared materials
have highly ordered functional groups, with many methods of surface modifica-
tion having mixed layers of different chemical groups, or present lesser defined
surfaces with unknown components (as is the case for e.g. plasma deposited
polymers). Wettability, assessed by measurement of water contact angle, gives
an indication of how the chemical groups at the solid surface interact with an
added water droplet. This method is probably the most widely used, giving an
assessment of not only the terminal functional group, but also 4-5 carbon length
beneath. Other methods of surface characterisation include the assessment of
dissociation constant (Ka) or partition coefficient (logP ) of molecules presented
at the surface. Both of these methods give information on a much larger molec-
ular scale compared to wettability assessment, although it is unclear to what
extent this information is useful in terms of protein adsorption responses.

Proteins generally adsorb more readily to hydrophobic surfaces, with protein
molecules having a higher fraction of non-polar groups adsorbing more rapidly
and with a higher affinity. In our earlier work we have compared the adsorption
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Figure 1: Adsorption profiles of albumin and fibrinogen onto hydrophilic and
hydrophobic surfaces. Data acquired using 5MHz quartz crystal microbalance
with protein concentrations of 1 mgmL−1 [2].

Figure 2: Initial adsorption profiles of albumin and fibrinogen highlighting ad-
sorption steps in derivative spectra [2].

characteristics of albumin and fibrinogen onto flat hydrophilic (OH terminated)
and hydrophobic (alkane terminated) surfaces [2]. Both proteins were found to
bind to both surfaces, with albumin binding much more rapidly to hydrophobic
surfaces, Figure 1.

Quartz crystal microbalance was used to assess real time adsorption from
a number of concentrations, allowing adsorption isotherms to be established.
Albumin was found to undergo a single stage adsorption, with fibrinogen having
a multi-stage adsorption mechanism, Figure 2.

Albumin is a globular protein compared to fibrinogen which has a rod-like
shape. We hypothesise that fibrinogen adsorbs initially to maximise interaction
with the surface. When the surface is covered and no further adsorption in
this molecular orientation can take place, a thermodynamic orientational switch
takes place such that the molecules stand on end. Interaction between the
molecules is favoured resulting in minimisation of interaction with water, Figure
3.

Our more recent work has extended investigation to a range of different
proteins on surfaces presenting hydroxyl, amine, carboxyl and alkane surface
functional groups. These groups present a range in surface wettability and
surface charge at physiologically relevant pH. Albumin was found to adsorb
in similar amounts to all surface after 1 hour, although fibrinogen adsorption
different dependent upon surface chemistry. Significantly more fibrionogen was
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Figure 3: Schematic illustration of possible multi-step fibrinogen adsorption
adsorbing i) side-on and flipping to ii) end-on orientation [2].

Figure 4: Albumin and fibrinogen adsorption onto surfaces presenting differing
chemical functionalities. Adsorption was assessed after 1 hour incubation.

found to adsorb onto amine terminated compared to carboxyl surfaces, Figure
4. There was no trend in relation to surface wettability, with large amounts also
adsorbing to alkane surfaces. This suggests that fibrinogen interacts strongly to
positively charged and hydrophobic surfaces.

Adsorption isotherms give information on protein adsorption characteris-
tics. Fitting a Langmuir type adsorption model to the experimental data yields
comparative data on protein-surface affinity and maximum saturation amounts
adsorbed. The Langmuir model describes the relationship between the adsor-
bate surface concentration Q and the concentration in the phase adjacent to the
surface C, written as,

Q

Qm
=

KdC

1 +KdC
, (2)

where Qm is the maximum adsorbate binding capacity and Kd is a binding
affinity constant. Some of the assumptions of this model are not necessarily
true for protein adsorption, although Langmuir models are widely used as a
first approximation. Affinity parameter Kd and Qm are very useful parameters
to understand how protein molecules interact and adsorb to materials. A higher
affinity gives rise to a steeper initial slope to the isotherm, as can be seen for
fibrinogen adsorption onto hydrophobic surfaces, Figure 5.
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Figure 5: Adsorption isotherms of fibrinogen onto hydrophilic (OH) and hy-
drophobic (alkane) terminated surfaces.

Table 1: Albumin and fibrinogen adsorption characteristics [2].

Saturation Values /Hz Binding Constant
Fg OH 102.0 10.9
Fg CH3 92.6 36.0
BSA OH 47.2 5.3
BSA CH3 40.9 5.4

In our work we have collected experimental data on a number of protein-
adsorption systems. As well as the amount of protein adsorbed, it is useful
to investigate the structure of the molecules once adsorbed. Using Infrared
spectroscopy to evaluate secondary structure, we were able to demonstrate that
proteins adsorbing onto hydrophobic surfaces underwent greater molecular de-
formation compared to those adsorbing to hydrophilic surfaces.

Data relating to affinity, maximum amounts adsorbed and structural changes,
Table 1, strongly suggests that upon adsorption to hydrophobic surfaces protein
molecules experience higher affinity and therefore deform to maximise interac-
tion. Such deformation results in molecular spreading, increasing the footprint
of each molecule and therefore reducing further available space for subsequently
adsorbing molecules, Figure 6. This leads to a reduction in the maximum
amount that can adsorb.

1.3 Influence of Nanoscale Topography on Protein Ad-
sorption

Surface curvature on the same length scale as protein molecules (1-100 nm)
has been shown to effect how protein molecules adsorb and alter conformation
once bound to the surface [3]. Due to the curvature presented by nanoscale
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Figure 6: Schematic illustration of a protein molecule adsorbing and deforming,
increasing footprint highlighted by red bar.

Figure 7: Secondary structure variation of albumin and fibrinogen adsorbing
onto nano-curved surfaces.

features, the size and shape of the protein molecule is key to the adsorption
characteristics. Upon adsorption the secondary structure of the protein alters
demonstrating a conformation change induced by the adsorption process. In-
teraction of the molecule with the nano-curvature impacts on how deformed
the protein molecule becomes. Globular albumin adsorbs onto surface of low
curvature (large features in comparison to its own dimensions) resulting in high
deformation; random coil conformation is afforded mostly as a result of a loss of
alpha-helical structure, Figure 7. Onto surfaces of high curvature the amount
of random coil is lower. Fibrinogen in contrast undergoes more deformation
on surfaces of high curvature. These effects are observed for both hydrophilic
and hydrophobic surfaces, with the latter showing a more pronounced loss of
ordered structure.

Due to the shape of these molecules, and the size of the features show-
ing these changes, we hypothesise that albumin adsorbs being able to interact
more closely with ‘flatter’ substrates, whereas fibrinogen can wrap around highly
curved surfaces, Figure 8.
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Figure 8: Schematic of albumin (left) and fibrinogen (right) adsorption onto
nano-curved surfaces.

Figure 9: Dynamic adsorption process of multiple proteins competing for surface
sites.

1.4 Competitive Protein Adsorption

Adsorption from multiple protein containing solutions is a highly dynamic pro-
cess. Smaller, lesser adhesive proteins are usually more abundant and so are of-
ten found to adhere rapidly. Lesser abundant more adhesive proteins can replace
initially bound molecules as the equilibrium of protein adsorption-desorption en-
sues. Those molecules with a higher surface affinity will reside on the surface
for longer and therefore not allow further proteins to adsorb, Figure 9.

The composition of the afforded layer at any given time will therefore be
dependent upon the composition of the protein containing solution, concentra-
tion of each of the protein molecules in solution, affinity for each of these for
the surface the latter being dictated by the surface chemistry in synergy with
the presented nanoscale curvature.

In previous experiments (unpublished data) we have shown that human serum
albumin (HSA) and fibrinogen ratios can be dictated by the surface character-
istics, Figure 10. Here we aim to mathematically model the adsorption of single
and competing proteins, taking into account solution concentration, molecular
size and specific surface affinity measured through experimental work.
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Figure 10: Adsorption ratios of HSA and fibrinogen onto chemically defined
surfaces: carboxyl, amine, hydroxyl and alkane, each presented by spheroid
nanofeatures having diameters 100, 70, 50 and 30 nm.

2 Model Formulation

We proceed to derive two mathematical models to describe the protein composi-
tion at a surface. In the first model we consider a situation in which two protein
species of different molecular sizes compete for binding sites at a surface. In
the second model we consider a situation in which a single protein species binds
to a surface with one of two orientations. In both models we will assume that
the binding sites (on the surface of the beads) and the proteins are well mixed.
We use these models to determine how the concentration of protein on the sur-
face develops over time and also to determine the steady-state concentration of
protein on the surface.

2.1 Model 1 - Two proteins of different sizes

In this model we consider the dynamics of two protein species as they bind
to and unbind from a surface. We wish to determine how their relative sizes,
binding and unbinding affinities and initial bulk concentrations affect their early
dynamics and ultimate steady-state concentrations on the surface. This scenario
is illustrated in Figure 11.

We denote protein 1 (protein 2) in solution as C1 (C2) and its protein-surface
complex as S1 (S2). The free surface area is denoted by S and the number of sites
to which proteins 1 and 2 bind by µ1 and µ2 respectively. Technically there are
no discrete ‘sites’ as such to which proteins may bind, but rather a continuous
surface to which proteins may bind at any point provided the free area in a
given location is sufficient to accommodate the protein’s profile. However, the
idea of a site is helpful in conceptualising the process of protein binding, so we
will continue to use the term in this report. We write the binding affinity of
protein 1 (protein 2) as k+1 (k+2 ) and the rate of unbinding as k−1 (k−2 ). This
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Figure 11: Model 1 diagram. Two protein species, a smaller (black) and a larger
(red), compete for binding sites at a surface.

gives rise to the following reaction scheme:

C1 + µ1S
k+
1−−⇀↽−−

k−
1

S1,

C2 + µ2S
k+
2−−⇀↽−−

k−
2

S2.

Using the above reaction scheme together with the law of mass action we
may derive the following pair of ordinary differential equations (ODEs) for the
surface concentration of each protein, s1(t) and s2(t) over time, t:

ds1
dt

= k+1 c1s
µ1 − k−1 s1, (3)

ds2
dt

= k+2 c2s
µ2 − k−2 s2, (4)

where c1(t) (c2(t)) is the bulk concentration of protein 1 (protein 2), s(t) is
the concentration of free binding sites and k+1 , k−1 , k+2 , k−2 , µ1 and µ2 are
positive constants (see Table 2.1). The concentration of binding sites is directly
proportional to the surface area. Therefore, whilst si, s and sT (see below) have
the units of moles m−2, we will often refer to them in terms of surface area.

We impose the following initial conditions:

s1(0) = s2(0) = 0, c1(0) = c01, c2(0) = c02, s(0) = sT , (5)

where c01, c02 and sT are positive constants. Therefore, at time t = 0, all the
protein is in the bulk and none is bound to the surface, with the surface area
free for binding, s, equal to the total surface area of the beads, sT .

We close the system by ensuring that both the total quantity of each protein
species and the number of binding sites on the bead surfaces are conserved.
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Variable/
Parameter

Description Units

t Time s
si Concentration of protein i on moles m−2

the surface
ci Concentration of protein i in moles m−3

the bulk (that is in solution)
s Concentration of free binding sites moles m−2

c0i Initial concentration of protein moles m−3

i in the bulk (that is in solution)
sT Concentration of binding sites moles m−2

Mi Total quantity of protein i moles
A Total surface area of the beads m2

V Volume of the bulk/solution m3

β Ratio of bead area to bulk volume m−1

µi Number of sites occupied dimensionless
by protein i

k+i Rate constant of protein i moles−µim1+2µis−1

binding to the surface

k−i Rate constant of protein i s−1

unbinding from the surface

Table 2: Model 1 variables and parameters.

Firstly, by conservation of mass we have that:∫
s1dS︸ ︷︷ ︸

integral over
surface of beads

+

∫
c1dV︸ ︷︷ ︸

integral over
volume of bulk

= M1, (6)

where M1 is a positive constant equal to the total number of moles of protein
1 present in the system. In line with our assumption that the system is well
mixed we assume that each of the protein species is evenly distributed, both
within the bulk and across the surface. Thus, denoting the total surface area of
the beads by A and the total volume of the bulk by V , equation (6) simplifies
to

As1 + V c1 = M1. (7)

Dividing through by V and rearranging we obtain

c1 = c01 − βs1, (8)

where β = A/V and c01 = M1/V , satisfying the initial condition (5). We may
apply the same argument to the second protein species to obtain

c2 = c02 − βs2, (9)

where c02 = M2/V , again satisfying the initial condition (5).
Secondly, by conservation of binding sites we have that

s = sT − µ1s1 − µ2s2, (10)
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Figure 12: Model 2 diagram. Proteins may bind to the surface with one of two
orientations, side-on (left) and end-on (right). The latter orientation allows the
protein to coat the surface at a higher concentration.

such that the number of free binding sites, s, is equal to the total number
of binding sites, sT , minus the number occupied by the two protein species,
µ1s1 + µ2s2.

Substituting for c1, c2 and s from equations (8)–(10) into equations (3)–
(4) we obtain the following pair of ODEs for the concentration of each protein
species on the surface, s1(t) and s2(t):

ds1
dt

= k+1 (c01 − βs1)(sT − µ1s1 − µ2s2)µ1 − k−1 s1, (11)

ds2
dt

= k+2 (c02 − βs2)(sT − µ1s1 − µ2s2)µ2 − k−2 s2, (12)

together with the intitial conditions

s1(0) = s2(0) = 0. (13)

2.2 Model 2 - One protein with two binding modes

In our second model we consider the case of a single protein species, the molecules
of which have an elongated shape and may bind to the surface with one of two
orientations; either side-on, with the long edge against the surface, or end-on,
with the short edge against the surface (see Figure 12). Protein molecules bound
to the surface in the side-on orientation will thus occupy more surface area than
those in the end-on orientation. The protein molecules may also switch between
the two orientations whilst remaining bound to the surface. This gives rise to
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the following reaction scheme:

C + µ1S
k+
1−−⇀↽−−

k−
1

S1

C + µ2S
k+
2−−⇀↽−−

k−
2

S2

S1

k+
3−−⇀↽−−

k−
3

S2

where C is the protein in solution, S is the free surface area, S1 is the protein-
surface complex associated with the side-on orientation and S2 is the protein-
surface complex associated with the end-on orientation. The number of sites to
which the protein binds in its side-on and end-on orientations are denoted by µ1

and µ2 respectively. We write the binding affinity of the protein in its side-on
(end-on) orientation as k+1 (k+2 ) and the rate of unbinding as k−1 (k−2 ). The
rate at which the protein switches between its two orientations depends upon
the amount of free space available. When there is lots of free space the proteins
prefer to remain in a side-on orientation, but when free space is scarce the end-
on orientation is more thermodynamically favourable. In order to capture this
property we incorporate a dependence upon the amount of free surface area, s,

into the the rate constants k+3 and k−3 such that k+3 = k̃+3 /s and k−3 = k̃−3 s.
Using the above reaction scheme together with the law of mass action we may

derive the following pair of ODEs for the surface concentration of the protein
in its side-on, s1(t), and end-on, s2(t), orientations, over time, t:

ds1
dt

= k+1 cs
µ1 − k−1 s1 −

k̃+3
s
s1 + k̃−3 ss2, (14)

ds2
dt

= k+2 cs
µ2 − k−2 s2 +

k̃+3
s
s1 − k̃−3 ss2, (15)

where c(t) is the bulk concentration of the protein, s(t) is the surface area free

for binding and k+1 , k−1 , k+2 , k−2 , k̃+3 , k̃−3 , µ1 and µ2 are positive constants (see
Table 2.2).

We impose the following initial conditions:

s1(0) = s2(0) = 0, c(0) = c0, s(0) = sT , (16)

where c0 and sT are positive constants. Therefore, at time t = 0, all the protein
is in the bulk and none is bound to the surface, with the surface area free for
binding, s, equal to the total surface area of the beads, sT .

As before, we close the system by ensuring that both the total quantity of
protein and the number of binding sites on the bead surfaces are conserved.
Firstly, by conservation of mass we have that:∫

(s1 + s2)dS︸ ︷︷ ︸
integral over

surface of beads

+

∫
cdV︸ ︷︷ ︸

integral over
volume of bulk

= M , (17)

where M is a positive constant equal to the total number of moles of protein
present in the system. This simplifies to

A(s1 + s2) + V c = M . (18)
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Variable/
Parameter

Description Units

t Time s
si Concentration of protein in moles m−2

orientation i on the surface
c Concentration of protein in moles m−3

the bulk (that is in solution)
s Concentration of free binding sites moles m−2

c0 Initial concentration of protein moles m−3

in the bulk (that is in solution)
sT Concentration of binding sites moles m−2

M Total quantity of protein moles
A Total surface area of the beads m2

V Volume of the bulk/solution m3

β Ratio of bead area to bulk volume m−1

µi Number of sites occupied dimensionless
by protein in orientation i

k+i Rate constant of protein moles−µim1+2µis−1

binding to the surface with
orientation i

k−i Rate constant of protein in s−1

orientation i unbinding from
the surface

k̃+3
Rate constant of protein changing moles m−2 s−1

from orientation 1 to orientation 2

k̃−3
Rate constant of protein changing moles−1 m2 s−1

from orientation 2 to orientation 1

Table 3: Model 2 variables and parameters.
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Dividing through by V and rearranging we obtain

c = c0 − β(s1 + s2), (19)

where β = A/V as before and c0 = M/V satisfying the initial conditions (16).
As in the previous model (see Eqn (10)) we obtain the following expression

for the conservation of binding sites:

s = sT − µ1s1 − µ2s2.

Substituting for c and s from equations (10) and (19) into equations (14)–
(15) we obtain the following pair of ODEs for the concentration of protein in
each orientation on the surface, s1(t) and s2(t):

ds1
dt

= k+1 (c0 − β(s1 + s2))(sT − µ1s1 − µ2s2)µ1 − k−1 s1

− k̃+3
(sT − µ1s1 − µ2s2)

s1 + k̃−3 (sT − µ1s1 − µ2s2)s2, (20)

ds2
dt

= k+2 (c0 − β(s1 + s2))(sT − µ1s1 − µ2s2)µ2 − k−2 s2

+
k̃+3

(sT − µ1s1 − µ2s2)
s1 − k̃−3 (sT − µ1s1 − µ2s2)s2, (21)

together with the initial conditions

s1(0) = s2(0) = 0. (22)

3 Results

Having derived both models we now describe the results of our numerical so-
lutions. Simulations were run using the MATLAB routines ode45 and ode15s,
where ode45 uses an explicit Runge-Kutta method, whilst ode15s is a variable
order solver based on numerical differentiation formulas. All parameters are set
to unity unless otherwise stated.

3.1 Model 1 - Two proteins of different sizes

Figure 13 shows adsorption isotherms for a range of adsorption affinities k+1 . For
a given value of k+1 , the steady-state value of s1 is plotted for values of the initial
bulk concentration, c01, between 0 and 15 moles m−3. It can be seen that as the
bulk concentration increases the steady-state concentration increases, reaching
a plateau for high c01. Also, the steady-state value of s1 is greater for larger
values of k+1 , plateauing out at a higher value for large c01. These curves are
qualitatively similar to those derived from experimental data in Figure 5.

Figure 14 shows the four qualitatively different dynamical behaviours that
can be exhibited by a two protein system when the protein species are of the
same size (µ1 = µ2 = 1) and when protein 1 has a higher initial bulk concentra-
tion than protein 2 (c01 = 100, c02 = 1). The different behaviours are achieved by
varying the binding rate of protein 2, k+2 , and the dissociation rate of protein
1, k−1 . In case 1 (top-left) s1 remains higher than s2 at all times; in case 2
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Figure 13: Model 1: One protein species. Adsorption isotherms (that is steady-
state values of s1 for a range of values of c01) are plotted for a range of values of
the rate constant k+1 . The curves are qualitatively similar to those in Figure 5.
Equation (11) was solved using the MATLAB routine ode45, setting s2(t) = 0
and imposing the initial condition s1(0) = 0. Simulations were run until s1
reached steady-state. All parameters equal to unity with the exception of k+1 .

(top-right) s2 is initially higher than s1, but for large time s1 is higher than
s2; in case 3 (bottom-left) s2 remains higher than s1 at all times and in case
4 (bottom-right) s1 is initially higher than s2, but for large time s2 is higher
than s1. In this way the binding affinities can be chosen to determine the early
dynamics and steady-state values of s1 and s2.

Lastly, Figure 15 shows the dynamics of a two protein system in which
protein 2 takes up four times as many binding sites as protein 1 (µ1 = 1,
µ2 = 4). Unlike the other simulations which use ode45, this routine was found
to be numerically unstable for this problem, suggesting that it stiff. These
numerical instabilities are avoided by using ode15s which is designed to handle
stiff problems. The graph on the left shows the concentrations of protein species
1 and 2 over time. It can be seen that the smaller protein 1 has a higher
concentration than protein 2 for all times and that protein 2 rises to a local
maximum before falling to a lower steady-state value. The graph on the right
shows the concentration of binding sites occupied, or equivalently the ‘surface
area’ occupied. In this case protein 2 initially takes up more space on the surface
than protein 1, rising to a local maximum, before falling beneath the protein
2 curve to a diminished steady-state. These results are intuitive as one would
expect the two proteins to bind in roughly equal numbers initially. Over time
as the larger proteins unbind, smaller proteins may come in to take their place,
filling the surface and making it harder for the larger proteins to find sufficiently
large binding sites to reattach to the surface. This would explain the decrease
in the concentration and hence area covered by the larger proteins following an
early maximum value.
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Figure 14: Model 1: Two Protein species, each with one binding site (µ1 = µ2 =
1) with a larger quantity of protein 1 than of protein 2 in solution (c01 = 100 and
c02 = 1). Varying the protein 2 on-rate, k+2 , and protein 1 off-rate, k−1 , changes
the early dynamics and the ultimate steady-state concentrations. Equations
(11)–(12) were solved using the MATLAB routine ode45 for times t = [0, 0.03]
(top-left and bottom-left), t = [0, 0.02] (top-right) and t = [0, 0.1] (bottom-
right) and with initial conditions (13). All remaining parameters equal to unity
unless otherwise stated.
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Figure 15: Model 1: Two Protein species, with µ1 = 1 and µ2 = 4 binding sites
respectively. The concentration of protein 1 on the surface remains lower than
that of protein 2 at all times, however protein 2 initially covers a larger portion
of the service, before being overtaken by protien 1. Equations (11)–(12) were
solved using the MATLAB routine ode15s for times t = [0, 10] and with initial
conditions (13). All parameters equal to unity with the exception of µ2.

3.2 Model 2 - One protein with two binding modes

The left-hand graph in Figure 16 shows the concentration of a protein in each
of two orientations, s1 and s2, together with it’s total concentration, s1 + s2. In
its first (side-on) orientation the protein occupies four binding sites and in the
second (end-on) a single binding site, thus µ1 = 4 and µ2 = 1. The graph on the
right shows the same results, but in terms of the concentration of binding sites
occupied, which is equivalent to the ‘surface area’ occupied. Protein molecules
occupy the surface in the end-on orientation with a higher concentration than in
the side-on orientation at all times, however proteins in the side-on orientation
initially occupy more binding sites. The concentration and hence area covered
by proteins in the side-on orientation achieves a local maximum, before falling
to a lower steady-state value. This is to be expected, since as the surface is
filled with proteins it will be harder for proteins to find space to bind side-on
and since the side-on to end-on transition is favoured when free space on the
surface is limited.

4 Discussion

Mathematical models derived to represent binding capability of protein adsorp-
tion showed adsorption profiles characteristic of those found experimentally,
with increasing concentration leading to an increase in adsorbed species at any
given time, and equilibrium surface saturation reached as concentration was in-
creased above a threshold level (Figure 13). When affinity was increased the
model showed that saturation of the surface was reached at a lower solution
concentration, as would be expected.

Two models were investigated to further validate experimental results: two
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Figure 16: Model 2: One protein species, which can bind to the surface in one of
two orientations, occupying µ1 = 4 and µ2 = 1 binding sites respectively. The
protein remains at a higher concentration in the second orientation at all times,
however protiens in the first orientation cover more of the surface intially, before
being overtaken by those in the second orientation. Equations (20)–(21) were
solved using the MATLAB routine ode45 for times t = [0, 5] and with initial
conditions (22). All parameters equal to unity with the exception of µ1.

proteins competing for surface sites and one protein having two modes of bind-
ing. The latter model was used to understand how fibrinogen can interact
to have different bind characteristics dependent upon how it orients onto the
surface upon adsorption. The models produced showed that when two pro-
teins, each being of a same size, were competing for adsorption sites, changes
in binding constants (adsorption and desorption equilibrium constants k+2 and
k−1 ) rendered differences in protein layer composition. When k−1 was increased,
protein 2 was found to dominate the surface after a time (Figure 14) adsorbed
protein layer composition only actually reducing in protein 1 concentration when
k−1 = 100 and k+2 = 50. We did not run through all permutations of binding
affinities although further work to identify such relative affinity values may be
interesting.

A model of protein adsorption taking into account differences in binding sites
(relative to those found experimentally, e.g. protein 1 occupying 1 binding site
and protein 2 occupying 4 binding sites) showed a marked decrease in surface
concentration of protein 2 after an initial ‘burs’ phase of adsorption, Figure 15.
This was supported by examination of the surface area covered by these com-
peting proteins, showing a reduction in surface area for protein 2. This model
highlights the difficulties encountered when considering adsorption of molecules
that can 1) take on multiple orientations and more so 2) that can switch between
oriented adsorbed states.
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5 Conclusions and Future Work

We have successfully developed two models able to investigate the adsorption
characteristics of proteins having different solution concentrations, surface affini-
ties, sizes and therefore binding areas and also having them compete for surface
adsorption sites. Using these models we have shown that the dynamic nature
of protein adsorption can be accounted for in this way, restricting models to
incorporate only these conditions affords simulations not unlike those found ex-
perimentally. Adsorption profiles as well as steady-state surface protein concen-
trations can be estimated from such simulations, using experimentally derived
dimensions and affinity constants to further evaluate protein accumulation at
surfaces.

Future work will be to parametrise and non-dimensionalise the models such
that experimental data can be mapped onto the model, and equally the model
can feed back into experimental design. This will allow us to deepen our under-
standing of protein adsorption processes, particularly when considering multiple
proteins. At present only two proteins have been incorporated into the model,
although this can be extended to suit n-number of proteins. A further extension
to the model could be to include a ‘size’ change of the molecule upon adsorp-
tion. This would then give information useful for the investigation of protein
denaturation (conformational distortion) and how this effects the dynamics of
protein adsorption.
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