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Abstract: Fibrinogen (FB) can trigger several biological reactions and is one of the critical proteins
targeted during hemodialysis (HD). A better understanding of the thermal behavior of FB and its
interactions with polymeric membranes during the HD process is needed in both normal and fever
temperature conditions. This study calculated the thermal behavior of FB along with its interaction
energy with polyarylethersulfone (PAES) clinical HD membranes using molecular dynamics (MD)
approaches. The Dreiding force field was used for the MD simulations. The influence of temperature
on the thermal conductivity (TC) and the interaction energy of the FB structure was assessed to
understand the activation trends in fever conditions. Based on the MD simulation, the TC of FB at
normal body temperature was 0.044 and 0.084 W/m·K according to equilibrium and non-equilibrium
approaches, respectively. The elevation of temperature from normal to fever conditions increased the
thermal conduction of FB to 0.577 and 0.114 W/m·K for equilibrium and non-equilibrium approaches,
respectively. In addition, the elevation of patient blood temperature resulted in nearly 32 kcal/mol
higher total interaction energy between FB and the PAES model. When end-stage renal disease
(ESRD) patients have a HD session and experience fever and elevated temperature as a side effect,
the interaction between FB and the membrane increases. More importantly, FB is exposed to more
heat passage and accordingly more temperature-induced confirmation and activation compared to
other human serum proteins such as albumin.

Keywords: hemodialysis; membrane; human serum fibrinogen; thermal conductivity; interaction
energy

1. Introduction

Hemodialysis (HD) is a life-sustaining treatment for end-stage renal disease (ESRD)
patients. Despite the ability of the HD process to remove metabolites, high mortality
and morbidity rates are still reported [1]. Many side effects or complications can occur,
including inflammation (due to interactions between human serum proteins (HSPs) and
HD membranes) and cardiovascular complications due to protein attachment to the HD
membrane surface [2–5]. Interactions, protein adsorption, and fouling, which contribute
to cardiovascular shocks, are responsible for more than half of the mortality rate. The
interactions and protein conformation changes that activate the immune system and other
cascades in the body are the result of the incompatibility of HD membranes with the
patient’s blood (lack of hemocompatibility) [6–8]. Despite several advances in the field,
knowledge of these interactions is still limited.

Computational studies and molecular dynamics (MD) simulations in particular have
been increasingly employed in recent decades in the field of materials science and mem-
brane technology [9]. Computational frameworks have also seen significant use for medical
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and biomedical engineering purposes [10–12]. MD efforts aid research in these areas by ei-
ther predicting the behavior of the materials or calculating their properties at the molecular
level [13–16]. Despite the advantages of MD frameworks for materials science and mem-
brane technology, their application in HD membrane assessment has only recently been
reported. Sasongko et al. report molecular docking of urea and creatinine uremic toxins in
the polymeric structure of polysulfone (PSF) [17]. Our recent publication reveals the unique
application of MD frameworks for HD membrane interactions with HSPs, simplified water
interaction simulations with membranes, and the experimental assessment of the inter-
action [18,19]. The frameworks introduced also apply to membrane separation processes
beyond HD [20,21]. Recent MD efforts in the area of membrane separation and porous
media and recent insights related to dialysis are reviewed by the same authors [22,23].

Understanding the behavior of the HSPs is important for medical science and biomed-
ical engineering applications because several vital biological functions are carried out by
these proteins in the human body. Folding of these proteins can result in their malfunction
and related diseases [24]. Understanding the folding and misfolding of the proteins is
crucial as this can lead to the formation of amyloids and cardiovascular shocks [25]. Several
phenomena can contribute to the folding of proteins. Common reasons for protein denatu-
ration as previously described by Mollahosseini et al. include altering the chemical balance
in the blood (pH change), mechanical shocks (attachment of proteins to a foreign surface),
and temperature-induced shocks (fever). Figure 1 is a schematic of these denaturation path-
ways. Measuring the characteristics of the proteins can be challenging due to their small
size and limitations related to experimental instrumentation and technical approaches, so
computational approaches can be helpful in this regard. The thermal conductivity (TC)
of proteins is important as it reflects the capacity of the biological structure to conduct
(expose itself to) heat. Accordingly, understanding the TC profile of a protein structure can
be important for better explaining folding and aggregation behavior.
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Among the HSPs, the thermal behavior of human serum albumin (HSA) has been
calculated using MD tools [26]. HSA’s TC will drop with an increase in temperature and
accordingly this protein is exposed to less heat transfer and denaturation. Another HSP,
fibroginen (FB), is reported in high concentrations in the blood of kidney failure patients [27].
FB contributes to the coagulation cascade [28] and, accordingly, can facilitate the adhesion
and aggregation of platelets on an external surface when it contacts blood [6,29]. Elevation
FB levels are associated with cardiovascular risks [30,31] a non-linear relationship between
the FB content in dialysis patient blood and cardiovascular shock-assisted mortality has
been reported [32]. Heat can promote the folding of FB, so assessing the TC of the FB and
its correlation with elevated temperature, i.e., during fever (a side effect of dialysis), is
important. As such, this study focuses on assessing the TC of FB (Figure 2) as one of the
most important proteins in the bloodstream interacting with the HD membrane.
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There are previous reported efforts of the measurement of proteins’ thermal conduc-
tivity, experimentally. An instance of these approaches could be the measurement of energy
transport through a solution of α-aminoisobutyric acid-based structures in chloroform [33].
The study reported the thermal conductivity measured non-equlibrium molecular dynam-
ics computational measurement as well. While the experimental approaches could offer a
realistic value, several parameters such as experimental errors, interference of structures
and solvents on each other, etc., might affect the final result. On the other hand, compu-
tational studies could focus on one single protein structure and avoid interference effects.
MD approaches are also used for the calculation of the thermal conductivity of various
proteins such as villin headpiece subdomain [34], 7S globulin [35], 11S globulin [36], and
natural silk structure [37].

Computational efforts to better understand the thermal behavior of FB, along with
many other essential blood proteins, in the HD process have not been reported. Accord-
ingly, the objectives of this study were to: (i) calculate the TC of FB using previously
established MD frameworks; (ii) investigate the influence of elevated temperature (re-
sembling fever conditions in patients) on the TC of FB; (iii) measure the binding energy
of FB to aryl sulfone HD membranes; and (iv) compare the binding energies for normal
and fever condition temperatures.

2. Computational Methods

The atomic interactions of the structures of both FB and membrane oligomers were
defined using the Dreiding force field potential, which is appropriate for biological,
organic, and main group inorganic structures [38]. The Dreiding force field is a generic
potential and therefore can be used to simulate both biological protein structures and
organic polymeric chains. This force field has been used to calculate the TC of differ-
ent proteins and for interaction energy calculations [18,26]. The cut-off for non-bond
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interactions was considered to be 10 Å. The FB structure was obtained from the protein
databank (PDB ID 3GHG). The structure of FB, details regarding its active sites, the
PDB-ID and its root mean square distance, and amino acid active sites are described in
our previous publication [18]. Visual molecular dynamics (VMD) software was used
for visualization purposes [39]. The polymeric chains were built and minimized us-
ing Avogadro software [40]. Packing polymeric chains to create a membrane model
and creating a simulation box with membranes and proteins were accomplished using
PACKMOL software [41]. Polyarylethersulfone (PAES) (Figure 3) was chosen as the
membrane material as it is commonly used in Canadian hospitals [18]. Polymeric chains
were built by attaching five monomers of PAES using Avogadro. Membranes were built
by packing 70 polymer chains in a slab with dimensions of 300 Å × 300 Å × 30 Å. The
authors tried creating membranes with a higher number of polymeric chains; however,
this resulted in either the failure of the PACKMOL software to fit the chains in the box or
a long simulation time during the data generation process. Validation of the simulated
polymer was performed using a density calculation (consecutive NPT ensemble; 500 ps
NPT run at 1 bar, 100 ps run at 100 bar, 100 ps run at 10,000 bar, and final value after
500 ps run at 1 bar) [18]. The calculated equilibrium density of PAES was 1.22 g/cm3,
which is close to the actual density of 1.37 g/cm3 [42].
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Interaction simulations were conducted as follows. The FB was initially located on
the top of the membrane model at a distance of 100 Å. The simulation was performed
for 1000 steps. Then, the protein was moved to the surface of the membrane model
so it could interact with the polymeric structure. The simulation proceeded again for
another 1,000,000 steps. The protein was then moved away from the polymer structure,
and the simulation was run for another 10,000 steps. The boundary conditions were
set to be periodic. The MD simulations were conducted at 298 K, 310.15 K (normal
body temperature), and 311.65 K (representing fever temperature) using the Langevin
thermostat ensemble. The NVE ensemble was used prior to the Langevin thermostat
for the equilibrium process. The energy term calculated in the simulation is the total
interaction energy imposed by the macromolecule protein to the polymeric structure.
The binding interaction energy was also calculated by subtracting the total energy of the
FB and the polymeric structure from protein + polymer energy [22]. To eliminate any
interference due to the environment, the interaction simulations were performed with
only polymer and FB structures without the further addition of water or air molecules,
similar to the authors’ previous publications [18,21,43].

The TC was measured using equilibrium MD (EMD) and non-equilibrium MD (NEMD)
approaches [26]. TC simulations were performed for 1 ns. The FB structure was located in
the center of a box with water molecules used to fill the void areas and hydrate the box.
The TC was computed using the Green–Kubo theory and the NVE ensemble. The Fourier
theory was also implemented for TC calculations via NEMD simulation. In this simulation,
by applying NVT and then NVE ensembles, the TC of the hydrated FB was measured after
a 1 ns simulation. Water molecules were simulated using the TIP3P model.

The simulations here were not repeated in this research. The authors have previously
reported the reliability of the methods used for interaction energy studies in their previous
articles [18,19,21]. The interaction studies between modeled membranes and human serum
protein approaching interacting with the membrane by different angles were also reported
in the same teams’ previously published article [43]. The thermal conductivity measure-
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ments were not repeated as the previous computational-based published papers which
measured thermal conductivity did not repeat the simulations for reliability purposes [26].

3. Results and Discussion
3.1. Thermal Conductivity

Stabilization of the system prior to TC calculation was performed using an NPT
ensemble for both non-equilibrium and equilibrium calculations. The NVT ensemble was
used along with the well-known Green–Kubo method according to the following equation:

k =
1

3kBVT2

∫ ∞

0
< S(t).S(0) >dt (1)

where K is the TC, T is the temperature, S is the heat flux, V represents the simulated
volume, and KB denotes the Boltzmann constant. The normalized heat flux and TC are
reported for hydrated FB boxes at different temperatures.

The Furrier equation was used to calculate the equilibrium TC of hydrated FB located
between a heat source and heat sink (high and low-temperature sources, respectively):

k =
dQ
dt

A
(

dT
dx1

+ dT
dx2

) (2)

where dQ
dt is the heat variations through time, A is the surface area of the box, and dT

dx1
and

dT
dx2

are the temperature gradient of the hot and cold sources, respectively. Different values
calculated for the TC are reported in Table 1.

Table 1. Thermal conductivity of FB at normal and fever temperatures.

Temperature (K) EMD (W/m·K) NEMD (W/m·K)

310.15 0.044 0.084

311.65 0.577 0.114

The TC of the FB at normal body temperature was determined to be 0.04 W/m·K
using the EMD and 0.08 W/m·K using the NEMD approaches. An elevation of TC values
was observed after increasing the temperature. The TC is a function of the nanoscale
structure; specifically, the parameter is a function of temperature, crystallinity of the
protein, molecular chain alignment, and chemical bonding.

3.2. Interaction Studies

An elevated temperature could increase the resonance of atoms, which could conse-
quently result in the limitation of the effective movements of the structures and reduction
in the TC [26]. A similar study targeted HSA and demonstrated the influence of the pro-
tein’s number on the value of the TC [26]. The thermal conductivity for the HSA was
reported to be equal to 0.496, 0.491, and 0.483 W/m·K for the simulations with one, two,
and three protein structures, respectively. A decrease in the TC of biological structures with
increasing temperature has also been reported for DNA structures [44]. The TC of blood
constituents and biological structures of the human body is reported to be less than that of
water (0.598 W/m·K) [26,44,45]. An increase in the biological content of the simulation cell
could push the final TC to values less than the TC of water. As reported in the previous
section, the TC of FB is less than that of water, which lends credibility to the current study.
The TC of FB at normal body temperature was estimated to be 0.08 and 0.04 W/m·K using
NEMD and EMD approaches, respectively. At fever conditions (elevated temperature),
these values were 0.11 and 0.58 W/m·K, respectively. The levels of FB are reportedly
high in HD patients [46–49]. When these patients experience fever (along with exposure
of their blood to HD membranes with poor compatibility), some serum proteins such as
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FB could be affected. While previous computational reports show HSA’s TC decreases
with an increase in temperature, the present study indicates FB experiences an opposite
effect [26]. This could result in higher heat passage through FB in comparison with other
proteins, consequently resulting in thermal-induced conformation change and activation.
Accordingly, the different thermal behavior of FB is one possible explanation for its higher
concentration in CKD patients.

The total energy was assessed in simulations in which FB and PAES were interacting at
different temperatures. Figure 4 reflects the total interaction energies for FB in the vicinity
of the PAES membrane. Table 2 summarizes the energy values resulting from FB-PAES
simulations. This method has been used along with experimental frameworks by the
same authorship for common HSPs (HSA, FB, and human serum transferrin (TRF)) [18].
Nonbond interactions can alter the interaction pattern between blood proteins and blood
filtration membranes [50]. This interactive pattern could initially control the provocation of
the proteins, which consequently results in the inactivation of the proteins and compatibility
issues for the incorporated membrane.
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Table 2. Interaction energies between FB and the aryl sulfone membrane.

Polymer–Protein
Interaction

Total Energy
(kcal/mol)

van der Waals
Interaction (kcal/mol)

Electrostatic Interaction
(kcal/mol)

Hydrogen Bonding
(kcal/mol)

Number of
Hydrogen Bonds

Binding Energy
(kcal/mol)

T1-PAES-FB * 231,664.31 16,233.86 36,347.13 −192.24 1306 52,383.50

T2-PAES-FB * 233,075.42 16,392.48 36,269.15 −189.33 1305 52,318.88

T3-PAES-FB * 233,107.8 16,370.63 36,218.66 −188.28 1306 52,167.98

* T1 = 298 K, T2 = 310.15, T3 = 311.65.

As depicted in Figure 4, the interaction energy values start to increase and reach
a stable value after the 900,000th step. Based on the values reported in Table 2, the
interaction energy increases by 32 kcal/mol when body temperature increases from
normal (310.16 K) to fever (311.65 K) conditions. Figure 5 is a schematic of the MD
scenario as well as the MD capture of the simulation performed. Figure 6 reflects the
binding energy between the protein and the polymeric membrane model. Assessment of
the binding interaction energy shows a decrease concurrent with the increase in temperature.
Increasing the temperature from room temperature to body temperature results in a decrease
in the binding energy of 64.62 kcal/mol (from 52,383.50 to 52,318.88 kcal/mol). A further



C 2023, 9, 33 7 of 11

change in the temperature from body temperature to fever conditions results in a further
150.9 kcal/mol decrease in the binding energy (from 52,318.88 to 52,167.98 kcal/mol).
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A closer look at the trends of each type of energy shows an increasing trend in van
der Waals (VDW) energy from 298 to 310.15 K. However, electrostatic interactions decrease
when the temperature is elevated from 298 K to 310.15 K, and further decrease with fever
temperature. This could be interpreted as the higher contribution of VDW energy to the
overall interaction energy in comparison with electrostatic energies resulting from charged
moieties on both the membrane and protein structures. The higher contribution of VDW
energy was observed in a previous study [18].

Hydrogen bonding is another aspect that could affect the interaction and binding
energy trends. For smaller chemical structures such as urea and creatinine, or for solutes
studied in aqueous media filtrations, higher hydrogen bonding (between the polymeric
film and the solute) is interpreted as a higher capability of the solute to pass through the
membrane [51–53]. Previous studies by the same group also show HSA and TRF can be
more prone to attachment to the surface as they possess a higher number of weak hydrogen
bonds (which could manipulate the interfacial adhesion) [54]. As reported in Table 2,
increasing the temperature from normal body temperature to fever temperature results in
lower intensities and a higher number of hydrogen bonds. Accordingly, fever temperature
could elevate the level of FB activation on the membrane surface.

Reversible or irreversible deactivation and denaturation of the native structure of
proteins can occur as a result of high pressure, chemical imbalance, high acidity, and high
temperature. Molecular mechanisms of the denaturation and unfolding are different in
each aforesaid scenario [55]. Heat exposure can result in aggregation and gel formation
(coagulation) of proteins if the concentration is sufficiently high [56]. Considering the
separation mechanisms of HD membranes (molecular sieving and diffusion, or convective
mass transfer), the concentration of proteins will increase on the surface of the membrane
when uremic metabolites and extra water are removed. In addition to incompatibility of
the membrane with the blood, temperature increase due to possible shocks and fevers
in ESRD patients could increase the chances of coagulation-mediated activation of the
proteins and, consequently, their fouling on the dialysis membrane. While some proteins
such as HSA will show a decrease in TC with higher temperature (which could be due to
a natural defense system that prohibits the protein from excessive folding), FB will allow
higher heat passage through its structure.

Most biological structures have a high water content, so calculated TCs are expected
to be near 0.6 W/m·K. The computationally calculated TC of blood proteins is reported to
be near 0.5 W/m·K [26]. Computational-driven values are always a function of the force
fields, assumptions, simplifications, and simulation setups. Our calculations determined
a similar value for FB in the EMD simulation scenario at the higher temperature; however,
the increasing trend of the TC value with temperature is more interesting as it gives
insights regarding the behavior of FB in fever conditions. The higher total energy is
mainly due to the increased movement of atoms within the molecular structure. The
decrease in binding energy shows that FB could have less tendency to foul on the
membrane at fever temperature.

4. Conclusions

Computational studies are becoming more and more common in the area of chemical
and materials engineering with a coincident better understanding of the issues with various
computational tools. Knowledge regarding how simulation and modeling procedures are
different could result in better comprehension of the results and their differences. Some
differences in simulation approaches can result in different final values that cannot be
compared with other published data. Creating a realistic environment, such as with a high
number of water molecules in the simulation, could generate a more accurate final result,
especially when thermodynamic characteristics are being discussed [26,36]; however, this
can also result in interference with the interactions and long computation times. System
sampling is another important factor. The bigger the biomolecules, the more challenging it
becomes to reach a realistic final result because more angles, functional groups, or active
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sites must be considered. Parameters such as surface energy of interacting materials, buffer
pH, temperature, and time might also lead to incompatible numerical results from study to
study [57]. This could happen in computational areas as well.

A computational framework using MD simulations was incorporated in this study
to simultaneously measure the temperature-dependent interactions between FB and aryl
sulfone membrane models and the TC of the FB structure. MD studies were performed to
better understand the effect of elevated temperature during fever side effects experienced
by HD patients on the interaction of their blood with the HD membrane material. Based on
the MD results, the TC of the FB was calculated to be 0.044 W/m·K based on an equilibrium
approach. Temperature elevation resulted in an increase in the TC, which can be interpreted
as more exposure of the protein to heat flux. Temperature elevation from normal to fever
conditions led to a nearly 32 kcal/mol increase in total interaction energy. Findings from
this study, informed by those of other computational studies, suggest fever side-effects in
HD patients could result in FB temperature-induced activation and could be one reason
why HD patients have an elevated level of FB in their bloodstream.
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