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In the macroscale, the combination between bone tissue and implant is dominated by the cellular responses to their
microenvironment, which are initially influenced by the cell — extracellular matrix (ECM) interactions. The ECM adsorp-
tion on nanoscale Ti-topography is dominated by the Coulomb’s force, we proposed a theoretical model to simulate
multiple random fibronectin adsorption.

Abstract

The success of orthopedic implants depends on the sufficient integration between tissue and implant, which is
influenced by the cellular responses to their microenvironment. The conformation of adsorbed extracellular matrix
is crucial forcellular behavior instruction via manipulating the physiochemical features of materials. To investigate the
electrostatic adsorption mechanism of fibronectin on nanotopographies, a theoretical model was established to
determine surface charge density and Coulomb’s force of nanotopography — fibronectin interactions using a Laplace
equation satisfying the boundary conditions. Surface charge density distribution of hanotopographies with multiple
random fibronectin was simulated based on random number and Monte Carlo hypothesis. The surface charge density
on the nanotopographies was compared to the experimental measurements, to verify the effectiveness of the
theoretical model. The model was implemented to calculate the Coulomb’s force generated by nanotopographies to
compare the fibronectin adsorption. This model has revealed the multiple random quantitative fibronectin electrostatic
adsorption to the nanotopographies, which is beneficial for orthopedic implant surface design.

Significance: The conformation and distribution of adsorbed extracellular matrix on biomedical implants are crucial
fordirecting cellular behaviors. However, the Tinanotopography-ECM interaction mechanism remains largely unknown.
This is mostly because of the interactions that are driven by electrostatic force, and any experimental probe could inter-
fere with the electric field between the charged protein and Ti surface. A theoretical model is hereby proposed to simu-
late the adsorption between nanotopographies and fibronectin. Random number and Monte Carlo hypothesis were
applied for multiple random fibronectin simulation, and the Coulomb’s force between nanoconvex and nanoconcave
structures was comparatively analyzed.
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Introduction

In the past few decades, the demand for orthopedic
implants has been growing rapidly, especially in
trauma, osteoporosis, bone cancer, joint and spine dis-
eases, etc.® Success in application of orthopedic
implants depends on surgeon, patient, and implant fac-
tors.?2 Two leading factors cause implant failure. The
first is the lack of adequate adhering of bone tissue to
implant surface, which leads to biomechanical loosing.
The other failure is infection caused by biofilm forma-
tion at the bone implant interface. Both failures are
caused by the lack of bonding at the bone-implant
interface.>® Indeed, the success of an implant bioma-
terial in microscale depends on factors of topological
features, chemical composition, and mechanical prop-
erties, which co-influence cellular behaviors, such as
adhesion, spreading, differentiation, and proliferation
of cells.® Surface modification is an effective approach’
to improve cell adhesion, bone tissue differentiation
and regeneration, and biomechanical performance of
implants.®1® Nanoscale roughness has been reported
to have a great effect on protein adsorption,** thus gen-
erating nanotopography on the surface of implants is a
feasible strategy to manipulate cell responses and avoid
changing the chemical and mechanical features of Ti-
based implants.1>13

Cell adhesion to biological materials is crucial at the
initial stage of bone implant contact.!* The interactions
between tissue-implant in the macroscale and cells-
implant in the microscale are illustrated in Figure 1. In
the macroscale, the combination between bone tissue
and implant is dominated by the cellular responses to
their microenvironment, which are initially influenced

by the cell — extracellular matrix (ECM) interactions.®®
Specifically, cell adhesion to implant surface is achieved
due to the interaction between the surface micro-
features and cellular receptors, such as integrin receptor
to arginine-glycine-aspartic (RGD) sequences on fibro-
nectin (FN) (ECM, red box in Figure 1).2 FN can
directly influence the behavior of integrin receptors and
trigger downstream pathways.*":18

Protein adsorption is regulated by several factors,
namely hydrophobicity/hydrophilicity, surface free
energy, pH of adsorbing environment, charge of pro-
tein, and topographical features of the surface.®??
Therefore, manipulating the surface of implants in
nanoscale has attracted the attention of researchers
because it can create a topographical niche that regu-
lates protein adsorption®2* and further influences cell
behaviors, such as affecting the gene expression of
osteoblasts.?® The adsorption is caused by the electro-
static interaction between charged proteins and implant
surface.?62” The electrostatic force can be manipulated
by nanotopographical features to enhance osteoblast
adhesion.?®-%0 In particular, the electrostatic adsorption
can be obtained by linearizing the finite difference
Poisson-Boltzmann equation algorithm.3! Kabaso
et al.?” and Asthagiri and Lenhoff®? adopted an algo-
rithm to further show that implants and osteoblasts are
electrostatically attracted when the surface charge den-
sity reaches the threshold. Aiming to investigate the
interactive attraction of implant surface charge density
and electric field strength, Gongadze et al.% established
a model based on highly curved edges of titanium sur-
faces and calculated the electric field strength using the
Laplace equation. Their study showed that nano-scale
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Figure 1. Implants atdifferentscales. Bone implantintegrationinthe macroscale is dominated by cell behaviorsin the microscale.

regions on the titanium sharp edges and spikes may
promote the adhesion of osteoblasts. The different
adsorption mechanisms between nanoconvex and
nanoconcave surfaceshave beendemonstrated inprevi-
ous work, which further influence the human osteo-
blast adhesion.® Regards the adsorption mechanisms,
Canpolat and Tatlisoz®** presented a model for protein
adsorption within a charged silica nanoparticle with an
electrical double layer using finite element analysis.
Atif et al.3> used a Langmuir isotherm-based model to
characterize protein and cell adhesion on a biomimetic
hydroxyapatite surface. The equations were discretized
in the time dimension and solved numerically using
finite element method. Ercan et al.% proposed a linear
regression-based protein adsorption model. Canpolat
and Tatlisoz®" also simulated the adsorption of a pro-
tein on a structured-nanoparticle by considering the
charge regulation by using COMSOL Multiphysics.
However, the efficiency of the finite element method is
relatively low. Lubarsky et al.3® showed that electro-
static force is an important driver (attraction or repul-
sion) for protein adsorption. The steric adsorption can
be precisely controlled by designing electrostatic field
distribution on the surface and by tuning the isoelectric
points of the proteins.

Based on the electro-interaction between nanotopo-
graphies and proteins, a realistic model was established
aiming tosimulate the adsorption mechanisms of multi-
ple FN and nanotopographies (nanoconvex and nano-
concave) via variation of Coulomb’s force. Specifically,
a nanotopographical model with charge density distri-
bution and Coulomb’s force was established. The
charge density distribution in two conditions of FN
adsorption was further simulated. The first hypothesis
was based on random number of FN, and the otheron

Monte Carlo simulation. The simulation results were
comparatively analyzed with the experimental measure-
ments from atomic force microscopy (AFM). The
model to calculate Coulomb’s force was implemented
to compare the Coulomb’s force between FN and dif-
ferent nanotopographies. Furthermore, the effect of
nanotopographical diameter on the adsorption of
nanoconvex structures was compared. Compared with
our previous theoretical model,®® the current model
was developed by achieving proteins’ randomness and
multiple nanotopographies-protein interactions, thus
improved the model’s reliability.

Material and methods

Modeling of Coulomb’s force between
nanotopographies and fibronectin

The charge density is the key factor in protein adsorp-
tion and can be regulated by nanotopographies’ fea-
tures.®® Inspired by this, nanotopographies were
selected to adjust the charge distribution, affecting the
protein adsorption. The electric field of charged nano-
topographies is usually determined by the Poisson
equation derived from the Maxwell equations of the
electrostatic field. The Poisson equation is expressed as
follows:

ro=— alb

e

Because the free charge is only distributed on the sur-
face of the nanotopography, the charge inside the nano-
topography is zero. Thus, the Poisson equation for this

situation can be simplified as the Laplace equation,
expressed as follows:
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Figure 2. AFM morphological characteristics and geometric
model characteristics of nanotopographies: (a) the
morphological characteristics of nanoconvex surface,

(b) geometric schematic diagram of a single nanoconvex surface,
(c) morphological characteristics of nanoconcave surface, and (d)
geometric schematic diagram of asingle nanoconcave surface.

ru=0 d2p

The electric field determination of the charged nanoto-
pography is transformed into a solution for the Laplace
equation satisfying specific boundary conditions. Since
the nanotopographies are spherical crown in shape
(Figure 2), the Laplace equation in spherical coordi-
nates can be established and solved by the method in
our previous research.*

In the initial state, the electric fields Ero and Ewuo with
respect to radius r and polar angle u can be described
as:

E =—a—u=b*+mcosu o3b
10 or r2 r3

ou by .
Eon= o= ,sinu 04b

Combining of the two components of the field strength
at a specific point, yields the initial electric field strength
Eo at a specific point on the surface of the nanotopogra-
phy as:
Elmm_ﬂifﬁfﬁmfﬁfﬁfh{ﬁmﬁfﬁfﬁfﬁmmfﬁfﬁ a5p
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According to the relationship between the electric field
strength and the surface charge density, the charge

density at a specific point on the nanotopography in the
initial state can be obtained as:

So =ekEy o6b

where e is the dielectric constant.

Without the influence of charged proteins, the distri-
bution of the electrons on the surface of the nanotopo-
graphies isuniform. In this situation, the charge density
on the surface of the structure is So. Considering
charged FN around the nanotopography, the free elec-
trons on the surface of nanotopographies redistribute
and reach equilibrium again. It is noted that conforma-
tional changes of the protein were not considered. The
conformational changes of proteins are at lower dimen-
sions compared to the nanotopography, which is in
nanoscale. In nanoscale, the distribution of proteinsis
the principal consideration in this research.

Following the influence of FN, the redistributed elec-
tric field strength will be changed on the basis of the ini-
tial field strength, and the redistributed field strength
can be described as:

Er1 = El’g -+ EUr 67'3

Ev, =Eu, +E, asp

where, E, is the field strength increment along the
radial direction of the nanotopography surface affected
by charged FN and EL is the field strength increment
along the polar direction of the nanotopography sur-
face. The detailed modeling process for nanoconcave
and nanoconvex structures is illustrated in Supporting
Information.

Model effectiveness verification

The surface charge density distribution of a single
nanotopography affected by multiple randomly distrib-
uted FN was compared with the experimentally mea-
sured potential.

Nanoconvex structure. From the geometric relationship
of a single nanotopography affected by multiple ran-
dom FN, depicted in Figure 3, the coordinate of a ran-
dom FN can be expressed as (X, y, z), and the
coordinate of the diminutive surface on the nanocon-
vex structure can be expressed as (r sin u sin a, r sin u
cos a, r cos u). The distance d between FN and the
diminutive surface is expressed as shown in equation
(9):
d=

@ Lt i
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Figure 3. Geometric relationship between multiple random
proteins and a single nanotopography: (a) nanoconvex and
(b) nanoconcave.

Similarly, the d%ﬁﬂﬂiﬁiﬁimﬁﬁﬁmﬁﬁ?n FN and the origin can
be expressed asgx+ y° + z2, so the angle b between
the radius and the straight line which connects the FN
and the diminutive surface can be obtained as follows:

. z
-r2+d2_X2+y2+222
b= arccos ord

010p

According to the proposed theoretical model, the elec-
tric field intensity distribution on the nanoconvex sur-
face can be obtained, considering the influence of
multiple random proteins, and the surface charge den-
sity redistribution can also be obtained. The redistribu-
ted and normalized nano-surface charge density s; is
obtained from equation (11).
s = %s

o11p
oQu ?

where Qo is the total surface charge before redistribu-
tion, Qu is the total surface charge after redistribution
considering multiple random proteins, and So is the
surface charge density in the initial state before

redistribution.

Nanoconcave structure. The coordinate of a single ran-

dom FN in the nanoconcave structure was similar to
that in the nanoconvex structure, expressed as (X, y, z).
The diminutive surface on the nanoconcave structure is
expressed as (r sin U sin a, r sin U cos a, 2r cos u) in this
coordinate system and the distance between them is as
follows:

A A A A i
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The determination process of the charge density on the
nanoconcave structure affected by multiple random FN
was the same as that on the nanoconvex structure.

Results and discussion
Model verification

Numerical results based on random number
simulation. When FN was randomly distributed, the
charge density distribution on surface also varied with
the distribution of FN. Three cases with 30, 40, and 50
random FN were selected to be compared. Numerical
simulations based on random numbers were performed
multiple times to obtain the charge density distribu-
tions in different random states (Figures 4 and 5).

The number of random proteins affects the surface
charge density. The charge density distribution in case
1 was significantly different, a large randomness was
observed and the charge density could not be accu-
rately predicted (Figure 4(a)). The charge density in
case 2 was stabler, the charge concentration was basi-
cally on the top of the nanoconvex surface, with this
concentration trend being more obvious in case 3. The
charge density distribution in Figure 5(a) showed that
the charge density distribution on the nanoconcave
structure had a large uncertainty and the charge density
distribution on nanoconcave structure was generally
irregular. The top of the nanoconvex surface had a
high-density charge at the location closest to the FN
(Figure 4(a)). However, in the case of the nanoconcave
surface, the charge at the edge with the minimum dis-
tance was relatively scattered (Figure 5(a)).

To compare the number of FN on the surface charge
density in different random states, the three cases were
randomly calculated 25 times. Then the charge density
error of the nanoconvex surface after each randomiza-
tion was calculated as:

o M e AR

s2 sl 4 + 52
Er= . 013p
— si.. —

where si and sznare the charge densities of the diminu-

tive surface at the same location for different cases. The
errors were calculated according to equation (13) as
shown in Figure 4(c).

The error analysis in Figure 4(c) shows that when
the number of random FN was 30 and 40, the errors of
the charge density distribution in different random
states were relatively higher. Among the 25 random
states, there were multiple errors of more than 4% and
one more than 5%. The charge density distribution
errors caused by 40 and 50 random proteins were
smaller. In particular, they were less than 4% and the
maximum error was 5% in the majority of states.
When the number of random proteins was 30, the dis-
tribution of charge density on the nanotopography
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Figure 4. Numerical and experimental analysis of nanoconvex structures: (a) surface charge density distribution of the nanoconvex
surface influenced by different amounts of random FN, (b) experimental results of the nanoconvex structure, (c) nanoconvex surface
charge density distribution errors influenced by different amounts of FN in different random states, and (d) comparison of
theoretical calculation and experimental results.
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Figure 5. Numerical and experimental analysis of nanoconcave structures: (a) surface charge density distribution of the
nanoconcave surface influenced by different amounts of random FN, (b) experimental results of the nanoconcave structure, (c)
nanoconcave surface charge density distribution errors influenced by different amounts of FN in different random states, and (d)
comparison of theoretical calculation and experimentalresults.
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Figure 6. Charge density distribution of nanotopographies under limitdistances with 6, 9,and 12nm by Monte Carlo simulation.

surface was closely related to the position of FN, and
the charge density distribution in this situation had a
large randomness that could not be predicted. In the
case of 40 proteins, the nanotopography surface charge
density became less random and more concentrated on
top of the nanoconvex surface due to the increased
number of FN. As the protein number reached 50, the
charge density distribution had no significantly ran-
domly changed, compared with 40 random proteins.

Similarly, the charge density distribution errors for
nanoconcave structures affected by different numbers
of random FN are presented in Figure 5(c). The influ-
ence of FN number on the charge density distribution
of the nanoconcave surface was smaller than that of the
nanoconvex one.

The numerical results were compared with the
experimental results, to verify the proposed theoretical
model. The potential on the nanotopography was mea-
sured by AFM. To ensure accuracy of the experimental
results, a point on the edge of the nanotopography sur-
face was assigned potential zero. Then, the potential on
the nanotopography on a line along the radial direction
was measured, and the potential curve was obtained as
shown in Figures 4(b) and 5(b). The effectiveness of
this model can be verified by comparing the potential
of a nanotopography on the curve (the truncated part
in Figures 4(b) and 5(b)) with the theoretical charge
density.

In Figures 4(d) and 5(d), the red curve is the poten-
tial intercepted from the experimental result, and the
blue curve is the charge density distribution determined
according to the proposed model. A single nanoconvex
structure can be regarded as an isolated conductor, and
the relationship between its charge and voltage can be
obtained as:

U= "= Es 0l4pb
c ¢C

where Q is the charge, C is the capacitance of the nano-
convex structure, and S is the area of the required
charge.

Equation (14) shows that when the area and capaci-
tance are constant, the voltage is proportional to the
charge density. The surface of nanotopographies was
negatively charged, featured with inversely propor-
tional. Therefore, the formula shows that the higher
the charge density, the lower the voltage and the lower
the absolute value of the potentialare.

Comparison between the simulation and the experi-
ment of the nanoconvex structure in Figure 4(d) shows
the voltage at the top of the nanoconvex structure was
lower than the voltage at the bottom. Due to the nega-
tive charge being concentrated on the top, and the
absolute value of the potential on the top was smaller
than that at the bottom. Thus, the higher the charge
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Figure 7. Comparison of experimental results and the results from Monte Carlo simulation.

density, the lower the voltage and the lower the abso-
lute value of the potential are. Similarly, Figure 5(d)
shows that the absolute value of the potential was
lower at the region with higher charge density on the
nanoconcave surface, and the distribution followed an
inversely proportional relationship. The charge density
curve obtained by theoretical simulation was basically
consistent with the experimental results. Therefore, it
could be concluded that the proposed model is able to
predict the charge density distribution on the nanoto-
pography surface.

Numerical results based on Monte Carlo simulation. Random
simulations were able to simulate the protein distribu-
tion in a completely random state. However the distri-
bution of FN above the nanotopography was not a
completely random state. Other constraints that affect
the random states of proteins need to be discussed. The
Monte Carlo random simulations were carried out
based on the constraints. In nanoscale, a cluster of pro-
tein molecules was considered as a point charge, so a
minimum limiting distance in nanometers between the
two point charges needed to be considered in the ran-
dom process, to efficiently simulate the distribution of
proteins. The limit distance was determined by the elec-
trostatic repulsion between the two point charges.
When the distance was less than the limit distance, a
large electrostatic repulsion between the two point
charge manifests, making the proteins are unstable.
Due to the electrostatic repulsion, the proteins undergo
relative motion until electrostatic repulsion is no longer
presented between them, that is, the distance between
the two point charges is greater than or equal to the
limit distance. The exact value of this limit distance has
not been explicitly reported in existing studies and was

ignored,?” until the effect of the limit distance between
two proteins that generate electrostatic repulsion is no
longer considered. In order to represent the electrostatic
repulsion of the proteins’ random distribution, the
Monte Carlo randomization was employed in the simu-
lation of FN distributions. Random distribution of pro-
teins at different limiting distances was considered.
According to the mathematical model, the nano-surface
charge density distribution under multiple proteins ran-
domly distributed by Monte Carlo simulation was
obtained. Three different limit distances of 6, 9, and
12 nm were compared and the comparison results are
shown in Figures 6 and 7.

The results obtained by Monte Carlo random simu-
lations were generally close to the results in Section
““Numerical results based on random number simula-
tion.”” For the nanoconvex structure, the high concen-
tration of charge density was essentially distributed on
the top, because the charges were subjected to protein
attraction. Comparison with the experimental results
showed that the charge density distribution on the
nanotopography, the results of multiple random pro-
teins by Monte Carlo simulation were basically consis-
tent. Regarding the limit distance between multiple
FN, the simulation results showed the negligible effect
on the nano-surface charge density distribution.

Coulomb force analysis of different
nanotopographies

Based on the theoretical model, numerical simulations
were performed to evaluate the effect of the nanotopo-
graphy on Coulomb force and the nanotopography dia-
meter effects on Coulombforce.
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Figure 8. Coulomb force between the entire surface of nanotopographies and FN: (a) nanoconvex and (b) hanoconcave.

Table 1. Total Coulombforce of different nanotopography.

Nanotopography Nanoconvex Nanoconcave
surface surface
Total Coulomb’s force (nN) 0.32 0.23

Since each nanoconvex/nanoconcave surface has an
adsorption effect on proteins, the adsorption effect on
FN was ignored if Coulomb forces were less than
10% of the maximum Coulomb force. According to
the model, the vertical Coulomb force that had the
effects on the protein attraction was selected for
comparison.

Coulomb force of a single FN and the entire nanoto-
pography is shown in Figure 8. Each cylinder repre-
sents Coulomb force between a single nanoconvex/
nanoconcave surface and an FN. It was concluded that
for all qualified nanotopographies distributed in a cir-
cle around the FN, Coulomb force generated by nano-
convex structures was larger than that of nanoconcave
ones. The dark purple regions in Figure 8 were
ignored because Coulomb force was less than 10% of
the maximum value. Coulomb force between each
nanoconvex/nanoconcave and FN was accumulated
to obtain a total Coulomb force between the entire
nanotopographical surface and FN, as shown in
Table 1. It was concluded that the total Coulomb
force of nanoconvex surfaces was 39% larger than
that of the nanoconcave ones.

Coulomb’sforce analysis of nanoconvex surfaces with
different diameters
Due to the different curvatures leading to the inhomo-

geneous charge distribution, the surface charge
density is affected by nanotopographical dimensions,3*

subsequeny influencing the FN adsorption. The influ-
ence of nanoconvex diameter on FN adsorption was
investigated. With the same offset of the FN, the
Coulombs force changes due to the variation of the
nanoconvex diameter. Four diameters of nanoconvex
surfaces with 15, 20, 30, and 50 nm were selected to
compare the Coulomb’s force with the 40 nm.

Coulombs force comparison between FN and entire
surface of nanoconvex structures with different dia-
meters is shown in Figure 9. The results show that the
smaller the diameter, the higher the number of nano-
convex structures that satisfy the Coulombs force
assumption is, and the smaller the Coulombs force of a
single nanoconvex structure is. Among these diameters,
Coulombs force of the 50 nm nanoconvex structure
was the largest when single nanoconvex structure was
considered. In order to clarify this trend, the Coulombs
forces between the nanoconvex structures with different
diameters/numbers and FN were calculated, as shown
in Figure 10.

The total Coulombs force of the entire nanoconvex
surface with different diameters on FN (based on
Figure 9) was calculated and compared, as shown in
Table 2.

Figure 9 and Table 2 show that the Coulombs force
of a single nanoconvex structure with a 15nm diameter
was the smallest. However, the total Coulombs force
between the entire area of the nanotopography with
15nm diameter and FN was the largest.

The model has indicated that the smaller the dia-
meters of the nanoconvex structure surface, the stron-
ger the adsorption effect of the protein is. This is
mainly because under the same area, the higher number
of smaller diameter nanoconvex structures is higher
than that with a larger diameter (Figure 10). Previous
studies®-42 have mentioned that in the relatively nar-
row nano-size range, the behavior of osteoblasts had
changed, and small-diameter nanotopographies had
more convex edges with high curvature, which might
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Figure 9. Coulomb’s force between FN and nanoconvex structures with different diameters.

lead to higher amount of protein  adsorption.
Moreover, the convex edge with the small-diameter
nanoconvex structure was sharper than that of the large-
diameter, to increase the adhesion affinity of the

structure surface.*® In summary, the surface of the
nanoconvex structure with a diameter of 15 nm leads to

a greater Coulombs force, and its protein adsorption
effect is stronger.



Table 2. Total Coulomb’s force of nanoconvex structures with different diameters.

Diameter 15 nm

20 nm

30 nm 40 nm 50 nm

Total Coulomb force (nN) 0.40

0.34

0.25 0.20 0.17

© 0.33 4 |[Max 0.74 )
000 T T T T
50 100 150 200
Nanoconvex number

Figure 10. Coulomb’s force betweenthe various diameters of
nanoconvex structures and FN.

Conclusions

In this study, a theoretical method for determining
Coulomb force was proposed to predict the random
fibronectin (FN) adsorption on nanotopographies. The
charge density distribution on the surface of the nano-
topography and Coulomb force under different condi-
tions were analyzed, producing the following
conclusions.

O When multiple FN were randomly distributed
above the nanotopography, the charge density
distribution of the nanotopography under the
influence of the random proteins was obtained by
random number and Monte Carlo simulations.
The distribution was compared with the charge
distribution obtained experimentally, and the
effectiveness of this model was validated.

@ In terms of identical nanotopographies’ diameter,
the Coulombs force of single nanoconvex-FN was
greater than single nanoconcave-FN. After
Coulomb force was accumulated, it was estimated
that the total Coulombs force between the entire
nanoconvex surface and FN was 39% larger than
that on the nanoconcave surface, which indicated
that the nanoconvex structure had a enhanced
adsorption capacity for FN.

® With different nanoconvex diameters, it was
found that the total Coulomb’s force of small dia-
meter nanoconvex surface — FN was more intense
than large diameter nanoconvex surface — FN. In

specific, the surface of the nanoconvex structure
with a diameter of 15 nm had a stronger adsorp-
tion force for FN.

Although a mathematical model of protein adsorption
considering the randomness of proteins and the multiple
nanostructures was established, however, the protein-
protein interactions were not considered in this research.
Therefore, future study can focus on the inclusion of
protein-protein interactions. Additionally, surface wett-
ability, topography, charge, and chemistry can deeply
modify surface-protein interactions. Apart from this, pro-
tein conformations, such as structural stability, charge,
and dimension, can also greatly affect adsorption. Other
environmental factors that can influence adsorption
include pH, ionic strength, protein concentration, protein
mixture, and temperature of the solution.** Integration
of these factors in the mathematical model will be the
focus in the next stage of research work.
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